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I. INTRODUCTION 

Blood clotting is a normal physiological process designed to prevent 
loss of blood from severed blood vessels. It involves a transition of 
the blood from a flowing liquid to a static, jellylike plug or clot. In 
circulatory malfunction, a major contributory factor is an enhanced po
tential of the blood to form clots under conditions of stasis and vascular 
wall change. In the coronary artery, the formation of a thrombus may 
prevent blood from flowing to the heart muscle. Deprived of the oxygen 
carried to it by the blood the heart stops beating. 

Curiously enough, much of our understanding of this process stems 
from studies carried out on the blood of hemophiliacs, individuals whose 
blood is unable to clot normally due to a hereditary defect. When a 
blood sample from a hemophiliac is mixed with that of a normal person 
one of two possible results may ensue. In one case, the mixture may 
clot quite readily, indicating that a factor missing from the hemophiliac's 
blood has been donated from the normal blood. In another case, coagula
tion is still retarded, from which it can be inferred that the hemophilic 
blood contains an inhibitory component able to interact with the normal 
coagulation mechanism. It should be stressed, however, that the results 
obtained in crossing such blood samples depend largely on the type 
of test used. One reason for this is that there exist several pathways 
of blood coagulation, which may be manifested more or less in different 
test systems. It will be worthwhile to review present concepts of these 
various pathways as they pertain to inhibitory mechanisms, together 
with some of the more important methods of quantitative analysis used 
in routine laboratory work. 

A. Mechanisms of Normal Blood Coagulation 

1. CONVERSION OF SOLUBLE FIBRINOGEN TO AN INSOLUBLE FIBRIN CLOT 

The chemistry of fibrinogen has been recently reviewed (1-4), and 
only selected aspects will be mentioned here. Fibrinogen has a 
molecular weight of about 340,000. Physicochemical measurements indi
cate that the molecule consists of three spheres connected by a thin 
rod, yielding a rigid, highly asymmetric structure. The protein consists 
of three pairs of duplicate polypeptide chains, referred to as a (A) , /?(B), 
and y chains, whose molecular weights have been determined (5). The 
formula [a (A) , /3(B), y ] 2 thus represents fibrinogen. The a (A) chains 
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of bovine fibrinogen have N-terminal glutamic acid residues and contain 
arginyl-glycine peptide bonds 19 residues removed from the N-termini. 
The a (A) chains of human fibrinogen were shown to be heterogeneous 
by SDS-polyacrylamide gel electrophoresis (6). The /3(B) chains of 
bovine fibrinogen exhibit no N-terminal amino groups and are believed 
to contain pyroglutamic acid at these positions (7). The chains also con
tain arginyl-glycine bonds 21 residues removed from the N-terminal posi
tions. Both the a (A) and /?(B) chains contain a number of acidic amino 
acid residues located quite close to the N-terminal positions. The y chains 
have N-terminal tyrosine residues. (For data on human fibrinogen see 3.) 
Fibrinogen contains a large number of disulfide bonds including both 
inter- and intrachain types (3). The half-life of bovine fibrinogen is 4-5 
days and its degradation may be due either to shearing effects (8) or to 
low levels of intravascular enzymic activities (1). 

The initial step in conversion of fibrinogen to fibrin is catalyzed by 
the enzyme thrombin. The physical and chemical properties of bovine 
thrombin have been reviewed recently by Magnusson (9). Knowledge 
of these properties is a prerequisite for comprehension of several inhibi
tory mechanisms and so will be discussed in some detail. 

The most probable molecular weight of thrombin (33,700) is based 
on data obtained initially by Seegers and associates in 1961 (10). Lower 
values obtained by a number of investigators (11-13), may represent 
products of partial autodigestion (14). Determination of the amino acid 
sequence of bovine thrombin by Magnusson and Hartley (cf. 9) has 
greatly facilitated understanding of the activity of this enzyme. The 
molecule consists of two polypeptide chains, one containing 49 amino 
acid residues (A chain), the second containing about 265 residues (B 
chain). The A chain has N-terminal threonine and C-terminal arginine 
and shows no obvious homologies with other known proteolytic enzyme 
sequences. The B chain, on the other hand, exhibits several interesting 
features. It contains residues homologous with isoleucine (16), histidine 
(57), aspartic acid (102), aspartic acid (194), serine (195), glycine 
(216), and glycine (226) in a-chymotrypsin. The residue corresponding 
to serine (189) is an aspartic acid residue, as in trypsin. From the exten
sive sequence homologies observed, it could be inferred that the crystal-
lographic structure of a-chymotrypsin (15) might serve as a useful model 
to explain some features of the activity of thrombin. On this basis, 
the active site of the enzyme would contain serine (195), histidine (57), 
and aspartic acid (102), the elements of the catalytic mechanism (16-19) 
required to hydrolyze the peptide bond. Similarly, isoleucine (16), re
leased as a primary protonated amine during activation of the zymogen, 
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FIG. 1. Representation of the action of bovine thrombin on bovine fibrinogen. 
[From Gladner (25a)]. (Reproduced by permission of Dr. J. A. Gladner and 
Marcel Dekker, Inc.) 

might be expected to form an ion pair with aspartic acid (194), en
hancing the catalytic activity of the molecule. Aspartic acid (189), 
glycine (216), and glycine (226) would, as in trypsin, be expected to 
border the "tosyl hole," providing an electrostatic binding site for side-
chain groups of arginine, lysine, and ornithine residues. 

In agreement with these inferences, thrombin hydrolyzes blocked syn
thetic esters of arginine, lysine, and ornithine (20, 21) (for more detailed 
information see 9). In striking contrast with trypsin, however, thrombin 
has a very limited action on many polypeptide and protein substrates 
including its natural substrates, fibrinogen (22-24) and factor XIII (25). 
The action of thrombin on fibrinogen is depicted in Fig. 1. Four 
arginyl-glycine bonds are rapidly hydrolyzed per molecule of fibrinogen, 
one in each a (A) chain and one in each /3(B) chain. Thus, the fibrin 
monomer contains six N-terminal amino groups (four glycines, two tyro
sines) in contrast with its precursor, fibrinogen, which contains only 
four N-terminal amino groups (23). Normally, the susceptible bonds 
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in the a (A) chain of fibrinogen are preceded nine residues on the N-ter
minal side by a phenylalanine residue (7, 26), and it may be assumed 
that this requirement relates to a specificity determinant in the tertiary 
structure of the thrombin molecule. Additional specificity may be im
posed by the highly charged extended chains at the N-terminal portions 
of the fibrinogen molecule. The products of thrombin cleavage of bovine 
fibrinogen are thus of two types: (a) the residual fibrin monomer, (a, 

y )2, containing most of the polypeptide and carbohydrate material 
of fibrinogen but being considerably less acidic than the parent molecule, 
and (b) two pairs of identical acidic peptides, fibrinopeptides A (19 
residues) and fibrinopeptides B (21 residues). Several other enzymes 
convert fibrinogen to fibrin monomers without releasing fibrinopeptides 
B (27-31). 

Possibly, removal of these highly charged sequences permits initial 
aggregation of the fibrin monomers through reduction of electrostatic 
repulsive energy. The liberated peptides potentiate the action of brady-
kinin in stimulating muscle contraction, but the physiological significance 
of this activity is not fully understood. It may be related to vasoconstric
tion as a hemostatic mechanism. 

The fibrin molecules polymerize rather readily to form the bundles 
or networks that comprise the fibrin clot, the final structure of which 
is dependent on the conditions under which it is formed. Pure fibrinogen 
subjected to treatment with thrombin usually forms a rather fragile 
fibrous-looking clot, which is soluble in 5 I urea and 1% mono-
chloracetic acid. It is believed that this reversible polymerization reac
tion involves purely physicochemical forces, and hydrogen bonding has 
been particularly implicated. 

In contrast, the fibrin clot produced in plasma is a firm translucent 
gel that readily forms as a cast of the vessel in which it is generated. 
This difference is due to the presence in plasma of a thrombin-activable 
precursor of a Ca

2+
-dependent transamidase (32) or transpeptidase (33) 

(factor XIII , Laki-Lorand factor, fibrinoligase, fibrin-stabilizing factor), 
which catalyzes the formation of amide bonds probably between the 
y chain of one molecule and the a or y chain of another, simultaneously 
releasing NH3 (32). Earlier it was believed that N-terminal amino 
groups of glycine were involved as amine donors in this reaction but 
it is now known that the cross-linkage is an c-(y-glutamyl) lysine 
(34-38). The plasma precursor, factor XIII , can be activated by throm
bin (25, 39), by reptilase, and by short exposure to trypsin (40). It 
is resistant to plasmin and is destroyed by prolonged incubation with 
trypsin, chymotrypsin, Pronase, and elastase (40). Arvin, a component 
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of the venom of the Malayan pit viper (Agkistrodon rhodostoma), con
tains at least two enzymes capable of attacking fibrinogen (30, 4 -0 
but is not able to activate factor XIII (42) and hence gives rise to 
clots that are readily disseminated in vivo ( 4 - 0 - Arvin, therefore, has 
considerable potential as a defibrinating agent in anticoagulant therapy 
(48). 

The degradation of fibrinogen and fibrin by the proteolytic enzyme 
plasmin (fibrinolysin) is another important area of consideration in terms 
of several associated inhibitory mechanisms. A heterogeneous zymogen 
(44) j plasminogen (MW 81,000), circulates in plasma and is specifically 
activated to plasmin (MW 75,400) (45) by streptokinase (46, 4 7 ) , 
staphylokinase (48), urokinase (49, 50), and several other mammalian 
tissue enzymes (51-55). Activation appears to involve, essentially, hy
drolysis of one arginyl-valine peptide bond, converting a single, in
ternally bridged polypeptide chain to two chains bridged by a disulfide 
bond (56, 57). Plasmin itself appears to contain the elements common 
to the active site of other serine proteases in that it is inhibited by 
diisopropyl phosphorofluoridate (DFP) (58, 59) and L-l-chloro-3-tosyl-
amido-7-amino-2-heptanone (TLCK) (59) and contains N-terminal 
valine homologous with isoleucine (16) in chymotrypsin and an aspartic 
acid residue homologous with residue 194 (60). The partial amino acid 
sequence of a tryptic peptide containing the active serine residue has 
been published (60). The enzyme hydrolyzes p-tosyl-L-arginine methyl 
ester (TAMe) and arginyl and lysyl peptide bonds in various macro
molecular substrates (24, 61, 62). In general, as well as in its particular 
reactivity toward fibrinogen, it appears to be intermediate in specificity 
between trypsin and thrombin. 

The study of the degradation of fibrinogen and fibrin by plasmin 
has been facilitated by the presence in the native protein molecule of 
multiple antigenic determinants (63, 64). During the degradative process, 
individual antigenic sites are associated with particular molecular frag
ments or "split products" (65, 66), which allows them to be detected 
by immunological methods (67-70) and then to be characterized by 
various physicochemical techniques (71). On this basis, the following 
sequence of degradative steps has been postulated (72). Fibrinogen is 
split by plasmin, yielding a fragment X (MW 240,000-270,000) and 
one or more smaller polypeptides. Fragment X subsequently is degraded 
to a fragment Y (MW 155,000-165,000) and a smaller fragment D (MW 
83,000-85,000). The Y molecule breaks down to form a second molecule 
of the D fragment plus two molecules of a new plasmin-resistant frag
ment, E (MW 35,000-56,000). Thus, 1 mole of fibrinogen eventually 
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degrades to 2 moles of fragment E plus 2 moles of fragment D . These 
two species are therefore referred to as the "final split products." Hetero
geneity of fragment D has been described (73). Further studies, designed 
to characterize both "intermediate" and "final" products, would lend 
credence to the above hypothesis and are reportedly in progress (74)-
Plasmin treatment of fibrin yields products similar but presumably not 
identical to those obtained from fibrinogen. 

During fibrinolysis in vivo, the presence of split products in the circu
lating blood can be demonstrated by their antigen-antibody reactions, 
using immunoelectrophoresis, immune diffusion, precipitation, and 
clumping methods (67-70, 75). Much interest has centered on the anti
coagulant properties of the split products (76, 77) and this will be dis
cussed in more detail in Section VI. Split products in the circulation 
form an important criterion for detection of intravascular coagulation 
and defibrination in pathological states of augmented fibrinolysis (78, 
79). They also accumulate during vigorous exercise (80). 

2. ACTIVATION OF PROTHROMBIN TO THROMBIN 

A procedure for the preparation of bovine prothrombin that involved 
adsorption to Mg(OH)2, subsequent elution, ammonium sulfate fraction
ation, and isoelectric precipitation was developed by Seegers and asso
ciates prior to 1952 (81). The physicochemical characteristics of this 
preparation were described in a subsequent series of publications, which 
have been reviewed (82, 83). The protein had s ° 0 w, 5 .2 ; v, 0 .70 ; JD2 0,W, 
6.25 X 10"

7
; giving MW 68,500. The amino acid composition showed 

a high proportion of acidic residues with N-terminal alanine. Carbohy
drate content was between 11 and 1 2 % by weight. The material, when 
placed in strong salt solutions and under a variety of other conditions, 
activated to thrombin (84, 85). More recently, a variety of alternative 
procedures, utilizing principally ion-exchange chromatography and gel 
filtration, in addition to conventional adsorption methods, have been 
described (86-95). Prothrombins from other species have also been puri
fied (96-99). 

While the physicochemical properties of the bovine species have in 
general been similar to those described earlier, many of the chromato-
graphed prothrombin preparations have not normally activated to throm
bin in strong salt solutions. The N-terminal amino acid of one such 
preparation was reported to be threonine (100). To explain these dis
crepancies it is necessary to assume either that the nonchromatographed 
material is impure or that chromatography, particularly on DEAE-cellu-
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lose, alters the structure of the prothrombin molecule. The evidence re
lating to this controversial aspect has been reviewed (Wl). Some authors 
have preferred to use the terms "prothrombin complex" and "Factor 
II" to distinguish the two types of preparation (102). For the purpose 
of this discussion, it will be assumed that the zymogen, prothrombin, 
can be converted by proteolysis to the active enzyme, thrombin, in much 
the same way that trypsinogen can be converted to trypsin (103, 104) • 
In view of recent structural information on thrombin this analogy seems 
quite reasonable. 

Perhaps the most puzzling feature emerging from comparisons with 
other zymogen-enzyme conversions is the relatively large molecular size 
of the protecting polypeptide in prothrombin. Bovine prothrombin has 
a molecular weight now estimated to be between 68,000 and 74,000 (10, 
92, 93, 105) and consists of a single polypeptide chain with intrachain 
disulfide bridges (88, 92, 106). Thrombin most likely has MW 33,700 
and consists of two chains so that prothrombin cannot be a dimer and 
the protecting fragment must correspond to MW 34,000-40,000. Several 
interpretations of this enigma are possible (106,107). 

In spite of this rather confusing picture of the nature of prothrombin, 
it has been generally agreed that conversion to thrombin is principally 
a function of a single enzymic activity (108-110) variously referred 
to as thrombokinase (108), autoprothrombin c (110), product I (111), 
activated Stuart-Prower factor (112), or activated factor X (Xa) . The 
last is the preferred name (113). For autoprothrombin c, a probable 
molecular weight of 21,500 was obtained from s ° 0 w, 2.27; v, 0.695; 
and D2o,w, 84 X 10~

7
 cm

2
/second. From the amino acid and carbohy

drate composition a value of 27,000 was calculated (110). From the 
data reported by Esnouf and Williams (114) on products present after 
digestion of factor X with Russell's viper venom, values of MW 36,000 
(114) and MW 27,000 (83) were calculated. Gel nitration methods have 
indicated considerably higher molecular weights for activated factor X 
species of from 50,000 to 70,000 (115-117). The molecular weight of 
factor X activated with Russell's viper venom is, in fact, close to 48,000 
as judged by sedimentation-velocity and sedimentation-equilibrium 
analyses in the ultracentrifuge, by gel filtration, and by SDS-acrylamide 
electrophoresis (118). The protein consists of two polypeptide chains of 
MW 30,000 and 18,000. Data on the amino acid composition have been 
reported (116, 118). Despite earlier reports to the contrary (119, 120), 
activity is inhibited by DFP, and the active serine residue, located in the 
chain of MW 30,000 (118), forms part of the sequence Gly-Asp-Ser-Gly 
(121). The N-terminal amino acids of activated factor X are alanine and 
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isoleucine and a C-terminal amino acid is arginine (118). The enzyme 
hydrolyzed TAMe (116, 122), released a C-terminal arginine residue 
from prothrombin during activation to thrombin (9), and slowly activated 
chymotrypsinogen (123). Hence, there are indications that activated 
factor X will show the characteristics typical of serine proteases as further 
studies develop. This is not intended to imply the absence of additional 
specificity determinants in the structure of this molecule since its effect 
on prothrombin is clearly different from the effects of other proteases, 
such as thrombin, on this substrate (124) • 

The rate of reaction between activated factor X and prothrombin 
is far too slow to account for the physiological generation of thrombin, 
unless three cofactors are also present (108). These are factor V (a 
high molecular weight, labile plasma protein), platelet factor 3 or a 
phospholipid substitute, and Ca

2+
 ions. Together with factor Xa these 

three components form a macromolecular complex (125-127) referred 
to as "prothrombin activator" (128) or "prothrombinase" (129). The 
interactions between individual components have been described 
(125-127) but at the molecular level the mechanisms of interaction have 
not been elucidated (130). Phospholipids form liquid crystals in aqueous 
media (131, 132), affording a lipid-water interface appropriate for the 
adsorption of the various clotting factors (125, 133, 134)- This effect 
is related to the composition of the phospholipids and to their surface 
charge density (135-137). This topic has been treated in two recent 
reviews (130, 138). Bile acids, which form micelles in aqueous solution, 
reportedly can replace phospholipids (139). The acceleratory role of 
factor V is not understood. It is probably not an enzyme (109, 140, 
141) and, while it may increase VmsiX and KM for factor Xa and pro
thrombin, the evidence for this (142) is not convincing. 

A model for prothrombin activation has been proposed in which the 
lipid component serves as a heterogeneous catalyst (130). This is based 
on the observation that prothrombin and factor Xa bind to phospholipids 
in the presence of Ca

2+
 ions while thrombin, the product of their reaction, 

does not (133, 140). The kinetics of prothrombin activation are con
sistent with catalysis at the lipid-water interface and subsequent release 
of thrombin into the aqueous phase. This mechanism would favor the 
forward reaction by removing reaction products from the site of their 
formation, at the same time creating sites for the renewed adsorption 
of prothrombin. Even if this model should prove to be essentially correct, 
it does not specify any surface chemical effects responsible for the cata
lytic action, nor does it confer a role on factor V to explain the dramatic 
acceleratory effect of this protein. 
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Although much attention has been focused on the interactions of highly 
purified clotting factors with artificial phospholipids, the reaction in 
vivo probably takes place at the surfaces of blood platelets. Isolated 
platelet membranes are highly active in this respect (14$) and activated 
factor X generates thrombin from platelet-bound prothrombin, an effect 
that subsequently causes platelet aggregation (144)- The requirements 
for binding of factor Xa and prothrombin to rabbit platelets appear 
to be similar to those for binding to phospholipids. 

3. GENERATION OF ACTIVATED FACTOR X 

In large measure, the complexity of the blood coagulation mechanism 
can be traced to mechanisms of activation of factor X . Figure 2 illus
trates this point. "Extrinsic" systems involve participation of material 
derived from extracirculatory tissues, while the "intrinsic" system in
volves interactions of substances derived exclusively from the blood 
itself. It is now known that factor X , activated in different ways, yields 
physicochemically as well as functionally identical products. Further 
discussion here will be restricted to the intrinsic pathway and to one 
extrinsic pathway, that involving tissue thromboplastins and factor VII. 

Contact 
+ 

factors (vm)--(xn) 

Tissue factor j 

I 
factor (VII) | 

1 
j (Spontaneous) I 

L . I 

Snake venoms, 
trypsin, papain, | 

cathepsin C, 
factor (Xa) 

Sodium citrate j 

j Amm. sulfate j 

Factor (X) - Activated factor (X) 

FIG. 2. Pathways for the activation of factor X during blood coagulation. [From 
Barton (130).] 
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a. Intrinsic System. Sequential activation of clotting factors was pro
posed independently by Macfarlane {145) and Davie and Ratnoff (146) 
in 1964. The propositions restated by Macfarlane (147) are as follows: 

1. Normal prothrombin activation involves a number of functionally 
and perhaps physically distinct entities (clotting factors) present in the 
plasma. 

2. These entities react one upon the other in a certain preferential 
sequence during normal clotting. 

3. Most if not all are proenzymes, each yielding an enzyme capable 
of activating the next component of the sequence. 

The last proposition has not been entirely sustained and the original 
"cascade" has been reduced from a seven-stage mechanism of thrombin 
generation to a four-stage reaction in which factors XI , VIII, and V 
are regarded as high molecular weight cofactors for the enzymic reactions 
of factors Xl la , IXa, and Xa (109, 134, W, H8, 149). This concept 
is depicted in Fig. 3. The initial stimulus for the intrinsic system is 
considered to be contact of factor XI I with a "foreign" surface; thus, 
in normal circulation, an important role is assigned to the surface proper
ties of the vascular lining. 

b. Pathway Involving Tissue Thromboplastins. Tissue thromboplastins 
are lipid-protein complexes (150-152) that, in association with factor 
VII, are able to activate factor X (153-155). Since the stimulus for 
initiation of blood coagulation via this route is the entry of the tissue 
lipoprotein into the circulation, a postulated activation of factor VII 
to Vi la appears superfluous. No convincing evidence for such a reaction 
has been presented (150-152). It is assumed, therefore, that circulating 
factor VII is an enzyme that requires a thromboplastin to manifest 
activity toward factor X, as indicated in Fig. 3. 

In summary, the vitamin K-dependent clotting factors II, VII, IX, 
and X in their active forms are probably proteolytic enzymes, while 
factors V, VIII, and tissue factor protein component are probably non
enzymic cofactors. 

B. Classification of Inhibitors 

Since this review is intended to emphasize biochemical mechanisms 
of inhibition, the classification shown in Table I is based primarily on 
the known or postulated mode of action of each inhibitor. The list con
tains both artificial and natural anticoagulants, including among the 
latter both hereditary and acquired inhibitors. Limiting the classification 
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FIG. 3. Schematic representation of the lipid-protein interactions occurring dur
ing blood coagulation. Activated clotting factors are considered to combine with 
a nonenzymatic protein at an appropriate lipid surface in the presence of Ca

2 +
. 

to substances that oppose ongoing coagulation was considered undesirable 
and we have thus included inhibitors of procoagulant and anticoagulant 
reactions. The classification is quite arbitrary since some substances 
appear to exert multiple inhibitory effects, for example, heparin and 
fibrinogen degradation products (FDP). Other substances, probably per
forming a single biochemical function, could appear in more than one 
class, for example, antithrombin III (classes la and 4b). 

C. Terminology of "Antithrombins" 

The term "antithrombin" was introduced and defined in 1905 by 
Morawitz (156) as a blood component that destroys thrombin. Since 
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T A B L E I 
CLASSIFICATION OF INHIBITORS 

Class 

1. Inhibitors of proteo
lytic enzymes 

a. Protein "pseudo-
substrates" 

b . Other proteins 

c. Organic reagents 

c. Polypeptide from 
bloodsuckers 

e. Vitamin K antago
nists 

2. Acquired inhibitors 
a. Immunoglobulins 

b . Certain drugs and 
drug metabolites 

3. Genetic variants of 
clotting factors 

4. Lipid and lipoprotein 
inhibitors 

a. Antithrombo-
plastins 

b . Inhibitors of plate
let factor 3 re
lease 

5. Inhibitors of intravas
cular clotting 

6. Heparin 

7. Proteolytic enzymes 
a. Mammalian 

enzymes 

b . Snake venom 
8. Other inhibitors 

a. Adsorbants 

b . Chelating agents 

Examples

0 

STI , antithrombin I I I 

Fibrinogen degradation 
products 

DPF , T L C K , H N 0 2 Urea, mercaptoethanol 
Hirudin, argasin 

Warfarin, puromycin 

Factor V I I I inhibitor 

Aspirin 

Abnormal factors VI I , I X , 
and X 

Phosphatidylserines 

Prostaglandins, antithrom
bin III 

Polyanionic compounds 

Plasmin, trypsin 

Arvin 

B a S 04, M g ( O H ) 2, kaolin 
bentonite 

Oxalate, citrate, E D T A 

Inhibitory function 

React with active site to 
form stable acyl inter
mediates 

Active site directed 
Disrupt tertiary structure 
Form complexes with 

thrombin and factor X a 
Interfere with protein syn

thesis and/or release 

Form inactive antigen-
antibody complexes 

Inhibit acetylcholinester
ase, hence inhibit vaso
constriction 

Compete with normal clot
ting factors 

Interfere with function of 
lipid-containing tissue 
and platelet factors 

Affect platelet aggregation 
and viscous metamor
phosis 

Increase negative charge 
density on vascular wall 
and blood cells 

Accelerates reaction of 
thrombin and factor X a 
with antithrombin I I I ; 
increases vessel wall 
charge (negative direc
tion) 

Hydrolyze clotting factors 
to inactive or inhibitory 
products 

Same 

Remove specific clotting 
factors from aqueous 
solution 

Remove C a

2+
 ions 

"Abbreviat ions: DFP , diisopropyl phosphorofluoridate; T L C K , N-a -p - tosy l -L-
lysine chloromethyl ketone-HCl; STI , soybean trypsin inhibitor. 
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its inception, this terminology has been somewhat indiscriminately ap
plied to any substance that can either block the thrombin-fibrinogen 
reaction, neutralize the enzyme itself, or remove it from solution by 
adsorption. These "antithrombins" may be naturally occurring or ac
quired circulating blood antagonists, products of fibrinogenolysis or 
fibrinolysis, chemical poisons, or charged surfaces. To date, the Interna
tional Committee for the Standardization of Blood Clotting Factors has 
not assigned a nomenclature to these "antithrombins" similar to that 
recommended for the blood coagulation factors. However, Seegers et 
al. (157) introduced an arbitrary nomenclature to differentiate the first 
four types of antithrombin (I-IV) activity observed in blood, at the 
same time pointing out that conclusive evidence for their existence as 
four different separate components was lacking. 

Antithrombin I refers to the adsorption of thrombin to fibrin (158). 
According to Gerendas, the adsorption is reversible and his data satisfy 
the Langmuir adsorption isotherm requirements (159). The adsorption 
is accelerated in the presence of heparin (160,161). 

Antithrombin II is the so-called heparin plasma cofactor. Together 
with heparin, antithrombin II exerts a potent, immediate interference 
with the action of thrombin on fibrinogen. 

Antithrombin III refers to a blood component that can neutralize 
thrombin in a progressive manner independently of heparin. For many 
years this substance was considered to be the principal inhibitor in blood 
responsible for maintaining blood fluidity in vivo. Some have suggested 
that antithrombin III is identical with antithrombin II (162-171) while 
others have claimed that it is not (172-180). The major cause of confu
sion has been a failure to isolate and purify these entities for conclusive 
identification. 

Yin et al. (181-183) developed a technique for the isolation and puri
fication of a plasma inhibitor of activated factor X . They observed 
that the activated factor X inhibitor fraction also demonstrated anti
thrombin II and antithrombin III activities. They proceeded to study 
the action of this inhibitor on thrombin and activated factor X in the 
presence and absence of heparin and provided evidence that antithrombin 
II, antithrombin III, and activated factor X inhibitor are activities be
longing to a single protein molecule. They proposed that this inhibitor, 
because of its greater affinity for activated factor X than for thrombin, 
in both the presence and absence of heparin, be termed the "activated 
factor X inhibitor." 

An ax-antithrombin activity was described by Gans and Tan (184). 
They reported that the plasma of patients with severe pulmonary em-
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physema and homozygous at-antitrypsin deficiency lacks a "fast" anti
thrombin activity, when compared to a normal plasma. According to 
them, the anticoagulant that remains in the oji-antitrypsin-deficient 
plasma acts slowly and progressively on thrombin and constitutes ap
proximately 20-25% of the total antithrombin anticoagulant activity 
of normal blood. They suggested that 75% of the antithrombin activity 
of blood is contributed by the «i-antithrombin activity. Such a claim 
was supported by meager data. 

a2-Maeroglobulin antithrombin, another type of plasma antithrombin, 
is estimated to have a molecular weight of 820,000 (185). The antithrom
bin property of this globulin fraction was first reported by Lanchantin 
et al. (186) and was later confirmed (187). This protein was shown 
to form an enzymically active complex with trypsin (188) and to be 
capable of binding thrombin (186). The complex with thrombin was 
enzymically inactive against fibrinogen but hydrolyzed synthetic esters. 
The action of this inhibitor on thrombin clotting activity was slow and 
progressive but not enhanced by heparin. Inactivation of thrombin clot
ting activity followed a bimolecular reaction (188). 

Antithrombin IV refers to an antithrombin activity that was believed 
to be activated during and shortly after blood clotting (189). The ex
istence of antithrombin IV could not be confirmed (190), a view that 
is currently shared by Seegers (191). 

The term antithrombin V was used for an antithrombin activity ap
pearing in the blood of a patient with rheumatoid arthritis (192). This 
activity is a reflection of the abnormally high content of gammaglobulin 
in the blood. 

Neither antithrombin IV nor antithrombin V is normally present in 
circulating blood in significant quantities and both are considered to 
be acquired inhibitors. 

The term antithrombin VI was applied to the anticoagulant liberated 
during fibrinogenolysis by plasmin (193). A similar anticoagulant was 
previously reported by Triantaphyllopoulos (76, 194), who called it the 
"anticoagulant fraction of incubated fibrinogen (AFIF)." The same anti
coagulant was obtained when a fibrin clot was dissolved in a solution 
of plasmin (195). 

D. Laboratory Tests for Inhibitors 

The clinical management of hemorrhagic diathesis and the control 
of anticoagulant therapy are areas that fall outside the scope of this 
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review (196-203). However, numerous laboratory tests designed to cope 
with these problems (198, 200, 204), or modifications of those tests, 
have proved no less useful in detecting the presence of inhibitory mecha
nisms and in elucidating their site of action. Here we shall discuss only 
the basic principles in the design of these tests and give one example 
of their use. 

In the present context, the value of any test is measured by its ability 
to render one component rate limiting with respect to formation of a 
fibrin clot. Thus, we can conveniently distinguish three types of tests. 

1. Nonspecific tests that may merely indicate whether an impairment 
of clotting function exists. These generally involve the use of whole 
blood, e.g., "clotting time" (205), "Ivy bleeding time" (206), and "Duke 
bleeding time" (207) tests. Since the last two named are really tests 
of hemostatic competence rather than of clottability per se and the first 
is an extremely insensitive test, these are of little value in the present 
context. This applies also to the "plasma recalcification time" test (208, 
209). 

2. Specific tests that attempt to provide an optimal or excess amount 
of all clotting factors except those whose activities are to be measured. 
These include the "prothrombin time" test (210) and the "prothrombin 
consumption time" test (211). Frequently, two-stage assays are used 
to partially delineate intermediate reaction sequences, as in "partial 
thromboplastin time" (212) and "thromboplastin generation time" (213) 
tests. The most useful tests, however, are those that measure a single 
step in the reaction sequence. They require as substrate, plasmas from 
patients lacking individual factors or artificially prepared equivalents 
(214-216). Nevertheless, such tests do not distinquish single-step de
ficiencies from inhibitory mechanisms directed toward single factors. 

3. Tests that distinguish deficiency from inhibitory states. Two types 
of test may be employed. In the first, a defective plasma is mixed with 
normal plasma and the clotting time is measured. If the clotting time 
is normal, a deficiency in the substrate plasma has been replaced by 
the factor present in normal plasma. If, on the other hand, the clotting 
time is prolonged the substrate plasma contained an inhibitor capable 
of restraining the factor from the normal plasma. Alternatively, a two-
stage assay can be employed to determine whether interaction of the 
defective and normal plasmas is time dependent. If so, this would usually 
indicate reaction of an inhibitor with its substrate factor in the normal 
plasma. An example is shown in Fig. 4 (217). 
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FIG. 4. Time-dependent inactivation of activated factor X ( X a ) b y an inhibitor 
present in normal human citrated plasma (217). Activated factor X (4.5 units in 
0.1 ml) was incubated with plasma (0.9 ml or 0.9 ml, 1:6 dilution in 0.14 M NaCl ) , 
and at various time intervals aliquots (0.1 ml) of reaction mixture were removed 
and immediately assayed for residual activity using a specific factor X-deficient 
plasma (215); 0.14 M NaCl replaced plasma in the control experiments. 

II. INHIBITORS OF ENZYME ACTION 

A. Protein "Pseudosubstrates" 

In 1960, Seegers et al. (218) suggested that antithrombin exerts its 
inhibitory effect by providing an alternative substrate for the action 
of thrombin. Circumstantial evidence accumulated during the past 
decade has tended to support this basic concept. In the meantime, studies 
with parallel systems, such as inhibition of trypsin by soybean trypsin 
inhibitor (STI), have progressed to a more advanced stage and have 
contributed to our understanding of antithrombin and other inhibitors 
of coagulant enzymes. We shall therefore first discuss the mechanism 
of action of some of these inhibitors not directly involved in clotting 
processes. 
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1. MECHANISM OF ACTION OF PROTEASE INHIBITORS 

Since the discovery of STI in 1944 (219, 220) a large number of 
proteins have been discovered, in both plants and animals, which have 
the ability to inhibit different proteases to various degrees (221-223). 
Several investigators (224, 225) have proposed a generalized mechanism 
of protease inhibition that is based on a number of characteristic proper
ties of these inhibitors. 

Each inhibitor contains one or more peptide bonds susceptible to the 
enzyme in question. Thus, trypsin inhibitors contain arginyl-X bonds 
or lysyl-X bonds, while chymotrypsin inhibitors contain tryptophanyl-X, 
tyrosyl-X, phenylalanyl-X, or methionyl-X bonds. In the case of STI, 
part of the reactive site of the inhibitor consists of a trypsin-accessible 
arginyl-isoleucine bond contained within a disulfide loop (224, 226), 
whereas in chicken ovomucoid an arginyl-alanine bond is involved (226). 
The activity of many inhibitors can be abolished by modification of 
lysyl or arginyl residues (227, 228). The retention of the newly formed 
terminal amino acids within a single molecule, which results from the 
disulfide bridge, is also a common but not necessarily obligatory feature. 
Recently, the complete amino acid sequences of several inhibitors 
(229-236) and the crystallographic structure of one, the basic trypsin 
inhibitor of bovine pancreas (Trasylol) (237), have been determined. 
These studies have confirmed the existence of specific, susceptible bonds 
in the inhibitors. Cocoonase and trypsin, two enzymes of similar specifi
city, interact with STI at the same reactive site (238), while other, 
"double-headed" inhibitors (239) have independent reactive sites for en
zymes of quite different specificity (240-246). For example, lima bean 
trypsin inhibitor contains a lysyl-X bond as the active site against tryp
sin and a remote leucyl-serine bond as the active site against chymotryp
sin (247). Chymotrypsin inhibitor I ( M W 39 ,000) appears to contain four 
subunits ( M W 9 5 0 0 ) , each having an active site capable of binding 
one chymotrypsin molecule (248). Bovine pancreas contains a basic in
hibitor (Kunitz), which is active against both trypsin and chymotrypsin, 
and an acidic inhibitor (Kazal) (249-251), which is active against 
trypsin but not chymotrypsin (252). Leupeptins, isolated from culture 
filtrates of actinomycetes, are blocked tripeptides containing a C-termi
nal aldehyde derivative of arginine and are potent inhibitors of various 
proteases (253). 

Upon addition of STI to trypsin at pH 4 an instantaneous pH drop 
was observed followed by a slow backdrift (254). This "overshoot," 
initially ascribed to a rate-limiting mixing step, was later shown to 
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be due to a consecutive series of reactions in which the initial forward 
reaction (proton release) was faster than subsequent reactions (proton 
uptake) [224). Ovomucoid reacting with trypsin at pH 3.75 also gave 
rise to an overshoot (224). At higher pH this phenomenon was not ob
served; only the rapid release of protons was seen. 

The inhibition of enzyme generally bears a linear relationship to in
hibitor concentration only up to 70-90% inhibition (221). If sufficiently 
sensitive assays are used some enzyme activity can usually be detected, 
providing evidence of an equilibrium state in the final reaction mixture. 

The phenomenon of temporary inhibition" was first observed several 
years ago in studies with chicken ovomucoid (255, 256) and acidic bovine 
pancreatic inhibitor (257). Reappearance of enzyme activity, usually 
several hours after inhibition with "virgin inhibitor" ( I ) , was later found 
to be accompanied by generation of a "modified inhibitor" (I*) (224). 
Because of the length of the incubation period required to obtain this 
effect (1-4 days) the regeneration of enzyme may have been overlooked 
in many instances; it is not, however, a universal feature of such systems 
(222, 225). 

On the basis of the above observation, Laskowski's group and Feeney's 
group have proposed mechanisms (224, 225) that can both be represented 
by the general reaction 

ki ki kz ki 
E + I ^± [EI] ^± [ E I ]

+
 ^± [EI]* ^± E + I* 

k-i k-2 k-z k-i 

where E is enzyme, I is inhibitor, EI is the initial Michaelis-Menton 
complex, [ E I ]

+
 is the stable, inhibited complex, EI*"* is the complex 

containing inhibitor with peptide bond cleaved, and I'"' is the free, modi
fied inhibitor. Each intermediate reaction may involve more than one 
step. In both postulated mechanisms, the equilibrium position favors 
formation of complexes at the expense of E + I and step 1 is fast 
( f c i > > fc-i, k2 > fc_2). Two possibilities then exist, (a) The complexes 
decompose very slowly to E + I* (k4 > fc_4 and k3 > fc_3; fc3fc4 > 
fc_3fc_4) (224). (b) The complexes do not decompose to E + I* 
(fc_3 > k3) (225). In (a), clearly best represented by the "temporary 
inhibitors," I is considered thermodynamically as a normal substrate 
but kinetically as a poor substrate, whereas in (b) I is thermodynami
cally a poor substrate ("permanent inhibitor"). Obviously, these cases 
represent two extremes and it is likely that the known inhibitors exhibit 
a range of intermediate behaviors. 

Hixson and Laskowski (258) constructed a rapid mix quenching ap
paratus in which a mixture of trypsin and STI could be subjected to 
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"acid shock" (pH 2) , allowing attainment of kinetic control distribution. 
For (a) above they showed that fc_2 and k3 are rate limiting under 
these circumstances. Hence 

[I*]/[I] = * . / * - . 

This ratio strongly favors formation of I and hence resynthesis of the 
trypsin-cleaved arginyl-isoleucine bond could be achieved {259). Like
wise, isolated I* obtained by thermodynamic control of the reaction 
could be converted back to I by kinetic control {258). 

Enzymic replacement of arginine by lysine in the reactive site of 
STI elegantly demonstrated the relevance of Laskowski's proposal to 
this system (260). The original residue, arginine (64) (63?), was removed 
from I* by treatment with carboxypeptidase B. Incubation with lysine 
in the presence of this enzyme plus trypsin yielded an EI complex 
containing [lysine (64) ] inhibitor. This was then dissociated to free 
[lysine (64)] inhibitor with 6 M guanidine HC1. Kinetic control dissocia
tion could presumably have been utilized for this step. The substituted in
hibitor showed a reduced rate of reaction with trypsin. 

The development of concepts involving covalent enzyme-inhibitor in
teractions has not displaced the older idea that secondary (noncovalent) 
interactions might play an important role (261). Measurement of asso
ciation constants can be achieved by a variety of methods (254, 
262-270), and values ranging from 10~

12
 to 10"

7
 M have been reported 

for different enzyme-inhibitor complexes. This might suggest that the 
extent of noncovalent interaction varies considerably from one situation 
to another. When the denaturation of trypsin, free or bound to three 
inhibitors (basic bovine pancreatic inhibitor, chicken ovomucoid, and 
Ascaris inhibitor), by 8 M urea at different pH values was investigated 
by following the changes in light absorption, fluorescence emission, and 
optical rotatory dispersion, it was found that the protection afforded 
by each inhibitor was directly related to the association constant for 
the EI complex (269). Hydroxylamine, a reagent expected to deacylate 
the enzyme, enhanced the denaturation of weakly bound complexes but 
had little effect on a tightly bound complex (trypsin basic pancreatic 
inhibitor). The latter must therefore have been strongly stabilized by 
secondary binding forces and was susceptible to attack by other enzymes 
only under extreme conditions expected to extensively alter such forces 
(271). 

The involvement of hydroxyl and c-amino groups of basic residues 
in this stabilization has been studied (272-275). Acetylation with 
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iV-acetylimidazole before and after complex formation (276, 277) showed 
that four tyrosyl and five amino groups are involved in formation of 
trypsin-STI complexes (276). Acetylation of ovomucoid and STI also 
interfered with their inhibitory activity without altering greatly their 
structural stability as measured by circular dichroism (CD) (277). How
ever, iV-aeetylimidazole is a somewhat indiscriminate reagent (278-280) 
and cyanuric fluoride has been suggested as an alternative (277, 281). 
The tyrosine present in lima bean trypsin inhibitor is inaccessible to 
both these reagents, a result in agreement with spectrophotometric 
studies of solvent perturbation (277). Rather surprisingly, turkey ovo
mucoid cross-linked to Sepharose, probably through lysyl-e-NH2 groups, 
retained its ability to bind and inhibit trypsin with the same pH dis
sociable characteristics as the native inhibitor (282). If lysyl-c-NH2 
groups were involved it must be assumed that a low level of cross-linking 
to Sepharose was attained. Conversely, trypsin bound to Sepharose re
tained the ability to bind inhibitor (283). 

The conformation of the polypeptide chain of the basic trypsin inhibi
tor (bovine pancreas) in crystals has been determined (237). The mole
cule is pear shaped, with the trypsin-susceptible lysyl ( 1 5 ) residue in 
a highly exposed position at the top (narrow end) of the molecule. From 
studies with molecular models, it is apparent that several favorable con
tact zones can be formed between such a molecule and chymotrypsin 
or trypsin (284). Furthermore, interaction may be accompanied by ex
tensive conformational changes (225) in which established intermolecular 
binding (284) might be complemented by additional binding. Changes 
in the ultraviolet absorption, fluorescence emission, and CD spectra of 
trypsin and STI during their interaction seem to be indicative of such 
conformational changes (285-287). 

2. INHIBITION OF PLASMA ENZYMES BY EXTRINSIC PROTEASE INHIBITORS 

Several studies have been concerned with the possible inhibition of 
thrombin, plasmin, and other coagulant activities by inhibitors from 
plants and from animal organs. Thromboplastin-induced intravascular 
coagulation was inhibited by Trasylol (288) but the site of inhibition 
was not elucidated (289). Thrombin itself was not inhibited by STI 
(20). However, in 1955, it was found that thrombin generation from 
prothrombin in 2 5 % sodium citrate solution was inhibited by STI, al
though other prothrombin derivatives were still formed (290). Much 
later, evidence became available to demonstrate that STI forms a 1:1 
mole per mole complex with thrombin that is enzymically active against 
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fibrinogen and synthetic esters but not against prothrombin (291). Like
wise, human thrombin esterase activity was not inhibited by any of 
23 inhibitors tested (292), although their effect on clotting activity was 
not examined. Acidic bovine pancreatic inhibitor was found to be a 
potent inhibitor of bovine thrombin clotting but not esterase activity 
(252), and the basic inhibitor of the same origin was stated to be a 
weak inhibitor of clotting activity. 

Several reports have indicated that factor Xa is strongly inhibited 
by STI (115, 116, 119, lJfi, 293-296). In contrast, activated factor I X 
was apparently not inhibited (297), while factor VII was inhibited only 
after its interaction with a tissue thromboplastin (150). '"Activation" 
of factor VII by storage at 4°C was inhibited by STI and Trasylol 
(298). 

Plasmin was reported to be inhibited by STI (299, 300), basic bovine 
pancreatic inhibitor (301), Trasylol (44), lima bean trypsin inhibitor 
(300, 301) and kidney bean trypsin inhibitor (246) but not by acidic 
bovine pancreatic inhibitor (252) or chicken ovomucoid (301). In view 
of the last report, activation of coagulase clotting by egg-white inhibitor 
could not be due to inhibition of plasmin as claimed (302). 

3. INHIBITORS IN PLASMA AND SERUM 

The inhibitory activity of serum is associated with protein components 
revealed by electrophoresis. Since the «i-globulin fraction contains most 
of the antitrypsin activity, this «i-antitrypsin (o^-at) has been inten
sively studied. A second inhibitory fraction, consisting of a2-macroglobu-
lin inhibitor of trypsin, plasmin (immediate inhibitor), elastase, and 
arvin (303, 304), formed a complex with thrombin that was inactive 
against fibrinogen but hydrolyzed TAMe (186, 305). In diseases with 
reduced thrombin formation the hydrolytic activity of the as-macro-
globulin toward blocked arginine esters was greatly reduced (306), indi
cating that this protein fraction may be important as a thrombin-binding 
component during clotting. An ax-plasmin inhibitor (progressive inhibi
tor) , an ai-chymotrypsin inhibitor, and an inter-a-trypsin inhibitor have 
also been recognized. 

The total inhibitory activity of normal human serum was expressed as 
0.42-1.9 mg trypsin inhibited/ml serum, a level that was increased or 
decreased in pathological states (307). A deficiency of a^-antitrypsin, 
associated with emphysema (308), is common in some ethnic populations 
and has been studied, particularly in Scandinavia. Data on the Pi system 
of inherited variants have been reviewed by Fagerhol and Laurell (309). 



6. INHIBITORS OF BLOOD-CLOTTING MECHANISMS 237 

They suggest that the variants may be due to amino acid substitutions 
caused by point mutations. 

Only very recent contributions not covered by previous reviews (221, 
309-311) will be further mentioned here. The total inhibitory capacity 
of human serum was redetermined using synthetic substrates for trypsin 
and chymotrypsin (312). Serum was found to have a higher proteolytic 
capacity than plasma, presumably due to removal of inhibitory activity 
during clotting (313). In whole rabbit blood, platelets contributed to 
the antiplasmin and antitrypsin activity (314-316). Human ^-anti
trypsin was shown to be antigenically similar to corresponding proteins 
in the sera of other primates (317) and may be responsible for inhibition 
of streptokinase, urokinase, and tissue activator of plasminogen (318, 
319). Trypsin, thrombin, plasmin, and leucoproteases were also inhibited 
(320). Many reports have considered the relationship between deficiency 
of the ai-protein and obstructive pulmonary disease (321-328), and the 
pattern of inheritance seems well established (329-333). The a2-niacro-
globulin has been further purified (334) and its interactions with trypsin 
(335), thrombin (336), elastase (337), and plasmin (338) have been 
studied in normal and diseased states (339, 340). 

Several of the protease inhibitors present in serum and plasma have 
been physically and chemically characterized (185-187, 341-352) and 
these data are collected in Table II. 

4. THROMBIN INHIBITOR OF PLASMA AND SERUM 

Antithrombin fractions have been isolated by Monkhouse and his col
leagues using salting-out techniques, electrophoresis, and chromatog
raphy (165, 353-355). Vertical curtain electrophoresis was apparently 
the most successful purification procedure (353). Seegers et al. (356) 
prepared a bovine plasma antithrombin III fraction which on analytical 
ultracentrifugation showed the presence of more than one component 
and which was capable of neutralizing activated factor X . They postu
lated that the two anticoagulant activities might belong to a single sub
stance. The existence of a blood antagonist to activated factor X was 
subsequently confirmed, and it was isolated and purified from human 
and rabbit plasmas by Yin and Wessler (181, 217). This fraction, homo
geneous by disc electrophoresis on polyacrylamide gel, also inhibited 
thrombin, trypsin, and plasmin. It was a glycoprotein migrating as an 
a2-globulin on electrophoresis, soluble in 2.5% but not 5% trichloracetic 
acid (TCA), and containing 4.1% hexose and 4.6% sialic acids. It neu
tralized thrombin in a progressive and apparently irreversible manner. 
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SOME PHYSICOCHEMICAL CONSTANTS AND OTHER PROPERTIES OF THE PROTEASE INHIBITORS PRESENT IN SERUM AND PLASMA 

Electro-

phoretic Partial 
mobility specific Total 
(cmVV Iso (cmV volume Carbo anti

X second) electric _ 
point ^ icm 

second) (cm'/ hydrate Enzyme trypsin Mode of Refer
Plasma fraction X 105 

electric _ 
point ^ icm S2o,w (cone) X 107 gm) M W X 103 (%) specificity (%) action ence 

ai-Globulin - 5 . 4 2 4.0 5.3 3 .3 -3 .8 5.2 0.646 45-62 14 Trypsin, 90 3U-3U 
(ai-glycoprotein) (8.6) (0) chymo

trypsin, 
thrombin 

ai-Globulin 3.35 5.2 0.72 55 7.8 Plasmin, 
trypsin 

"Slow" 
plasmin 
inhibitor 

344-346 

ai-Globulin 3.9 
(1%) 

68 27 Chymo
trypsin 

343, 347 

ou-Macroglobulin 5.07 15.5-19 1.93 0.72 800-845 8 Plasmin, 
trypsin, 
chymo
trypsin 

10 "Fast" 
plasmin 
inhibitor 

185-187, 
335, 342, 
343, 348, 

351 
Inter-a 6.4 

(1%) 
177 9 Trypsin, 

chymo
trypsin 

343, 352 
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Inhibitory activity was maximal at pH 7.5-8.5 and at 37°C. It was 
weakly adsorbed to BaS04 but rather strongly to A l (OH)3 {165). When 
heated at 56°C approximately 80% of its capacity to neutralize thrombin 
was lost. 

Monkhouse has stated that antithrombin is an enzyme that destroys 
thrombin (353), but this conclusion is not adequately supported by ex
perimental evidence. A more likely explanation is that antithrombin 
is a "pseudosubstrate" for thrombin and for activated factor X and 
much circumstantial evidence is available to support this hypothesis 
(218, 356-358). Features of the inhibitory reaction that resemble the 
previously described characteristics of protease inhibitor reactions are 
illustrated in Fig. 5 and include the following: 

a. Thrombin activity disappeared rapidly during the first 15 minutes, 
then more slowly, and finally a certain amount remained stable for 
at least 2 hours. 

b. At the same time, the inhibitor itself became unavailable, suggesting 
the formation of a stable [EI] complex. More direct evidence for the 
existence of such a complex was later obtained from gel filtration studies 
(359). 

—• • Thrombin added 

I l i I l I 

0 1 2 3 4 5 
T i m e (hours ) 

FIG. 5 . The effect of antithrombin III on thrombin activity. Initial thrombin 
concentration 2 0 0 units/ml with antithrombin 0 .5 mg /ml , p H 7 .2 , and 2 8 ° C . After 
equilibration for 2 hours, the original thrombin concentration was restored by 
adding a small amount of thrombin solution ( 3 0 0 0 units/ml). A new equilibrium 
was rapidly established with a loss of about 2 2 units of thrombin. [Reproduced 
from Seegers et al. (357) by permission.] 
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c. After addition of a second quantity of thrombin, a further small 
reduction in thrombin activity occurred in a few minutes, establishing 
a new equilibrium position. 

d. It is highly significant that after about 70 hours thrombin but 
no detectable antithrombin regenerated from the mixture. This is pre
cisely to be expected from the equations given in Section II,A,1. Pre
sumably, a modified cleaved inhibitor product was formed during this 
time. 

e. The thrombin-antithrombin complex could be dissociated at pH 
11.2 in 25% ethanol and thrombin activity recovered by restoring the 
pH to 7.2 in the presence of ethanol (360). 

f. When activated factor X was used instead of thrombin, similar 
results were obtained and the capacity to inhibit thrombin was lost 
concomitantly. This suggested that both enzymes react at the same resi
due (s) in the inhibitor molecule. 

The influence of heparin on this reaction has been carefully studied 
(182, 183, 217, 361, 362). When a mixture of heparin and inhibitor 
was added to a solution of thrombin, the clotting activity of thrombin 
on fibrinogen was almost instantaneously blocked (182). This is the 
classical heparin cofactor phenomenon, and is illustrated in Fig. 6. Al
though heparin caused a profound change in the reaction rate, it did 
not increase the amount of thrombin that would eventually have been 
neutralized by the inhibitor alone. Furthermore, the influence of heparin 
could be completely reversed by addition of protamine sulfate, leaving 
only the slow progressive inhibitory activity. The pH dependence of 
this reversal was determined and found to be optimal at pH 7.5, being 
completely abolished at pH 5.5. A critical ratio of inhibitor:heparin 
was also required. With 20 /xg inhibitor per unit of heparin the amount 
of thrombin recovered by adding protamine sulfate was inversely de
pendent on the length of the preincubation time of the primary reaction 
mixture. When the inhibitor concentration was reduced to 4 /xg per unit 
of heparin, thrombin recovery progressively diminished during the first 
10 minutes and reached a plateau thereafter. However, at an inhibitor 
concentration of 2 /xg per unit of heparin, thrombin recovery was near 
100%, irrespective of the length of preincubation time of the primary 
reaction mixture. 

These data indicate that the inhibition of thrombin clotting activity 
by heparin plus antithrombin is a readily reversible process. When the 
heparin was neutralized with protamine sulfate, both the inhibitor and 
thrombin activities were released. However, in the absence of heparin, 
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FIG. 6. Influence of heparin on the inhibition of thrombin b y activated factor X 
inhibitor. Each reaction mixture consisted of 0.1 ml thrombin (12 units), 0.1 ml 
heparin, 0.7 ml tris-HCl (0.02 M, p H 8.32), and 0.1 ml inhibitor (25 /xg). An equal 
volume of 0.145 M NaCl replaced the heparin in the control experiment. At the 
indicated time intervals 0.1-ml samples from the reaction mixture were diluted in 
0.145 M NaCl and tested for remaining thrombin activity. Legend: 25 jug inhibitor: 
plus NaCl, • ; plus 0.05 unit heparin, O ; plus 0.25 unit heparin, • ; plus 1.00 unit 
heparin, A. [Reproduced from Yin et al. (182).] 

the neutralization of the thrombin clotting activity was complete and 
operationally irreversible and resulted in loss of the inhibitory as well 
as enzymic activity. In addition to the loss of thrombin clotting activity, 
the thrombin esterase activity was also neutralized. However, when 
heparin was present only the clotting activity was blocked. 

The aggregation of human platelets induced by thrombin was inhibited 
by antithrombin III (363). 

The identity of antithrombin II with antithrombin III has been con
troversial. Abildgaard (171) prepared a fraction of antithrombin III 
by disc electrophoresis and found it to possess heparin cofactor (anti
thrombin II) activity. From this, he concluded that both activities be
longed to the same protein. This interpretation is in agreement with 
that of Monkhouse and Milojevic (170), who failed to separate anti
thrombin II from antithrombin III by starch block electrophoresis. How
ever, Sephadex gel filtration, cellulose acetate electrophoresis, and 
agarose gel electrophoresis gave results which were interpreted as proof 
that antithrombin II and antithrombin III activities belong to different 
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plasma components (178-180). Employing a highly purified inhibitor 
fraction, Yin et al. (183) arrived at the conclusion that antithrombin 
II and antithrombin III are activities belonging to the same protein 
molecule. 

5. FACTOR X A INHIBITOR OF PLASMA AND SERUM 

The protein isolated by Yin et al. (181) inhibited activated factor 
X in a slow, progressive, and irreversible manner. The capacity of the 
inhibitor to neutralize activated factor X was limited and it had a pH 
optimum between 7 and 9. The esterase and clotting activities were 
simultaneously neutralized. 

The plasma of a patient who had received heparin therapy possessed 
an unexpectedly high capacity to neutralize activated factor X as com
pared with a normal plasma (217). This was due to the presence of 
a trace amount of heparin in the patient's blood. Further studies demon
strated that heparin greatly increased the rate of the inhibition of factor 
X without apparently increasing the total amount of enzyme neutralized 
(Fig. 7). Both the coagulant and esterase activities were neutralized 
by the inhibitor in the presence and absence of heparin. This was in 
contrast to the effect with thrombin, in which only the clotting activity 
was blocked. The inhibition of activated factor X was apparently not 
reversed when the heparin was neutralized by protamine, again a striking 
difference from the action on thrombin.. 

The probable identity of antithrombin III with the plasma component 
capable of neutralizing factor X was first suggested by Seegers' group 
(356). There is now no doubt that the inhibitor described by Yin et 

al. (181-183, 217) is identical with the autoprothrombin c inhibitor de
tected in a heterogeneous fraction of bovine plasma antithrombin III 
(356). Further studies on the purified Xa inhibitor indicated that the 
fraction contained both antithrombin II and antithrombin III activity. 
The purification of Xa inhibitor was achieved by employing a combina
tion of gel filtration and ion-exchange chromatography. In each of these 
steps, antithrombin III cochromatographed with the Xa inhibitory activ
ity. The two activities comigrated on preparative disc electrophoresis 
on polyacrylamide gel. Likewise, when an electrophoretically homo
geneous fraction of Xa inhibitor was rechromatographed on Sephadex 
G-200, antithrombin III, heparin cofactor, and Xa inhibitor eluted to
gether (183). On heating the inhibitor fraction at 56°C for 6 hours 
the gradual loss of antithrombin III paralleled the loss of Xa inhibitor 
activity. When the antithrombin III activity of the purified inhibitor 
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FIG. 7. Influence of heparin on the neutralization of activated factor X by the 
inhibitor of activated factor X . Each reaction mixture consisted of 0.8 ml activated 
factor X in 1% bovine serum albumin dissolved in Tris-maleate (0.02 M, p H 7.5) 
containing 120 units of activity, 0.1 ml heparin, and 0.1 ml inhibitor. An equal 
volume of 0.456 M NaCl replaced the heparin in the control experiments. At the 
indicated time intervals, 0.1-ml samples from the reaction mixtures were tested for 
residual activated factor X activity. Samples were appropriately diluted in 1% 
bovine serum albumin dissolved in 0.145 M NaCl for the assay. Legend: 25 /ug in
hibitor: plus NaCl, • ; plus 0.1 unit heparin, # ; plus 0.2 unit heparin, O ; plus 
0.3 unit heparin, A; 250 fig inhibitor plus NaCl A , [From Yin et al. (182).] 

fraction was neutralized by thrombin the resulting fraction lost its origi
nal capacity to inhibit activated factor X and vice versa. These observa
tions supported the idea that all three activities arise from a single 
protein species. Antithrombin III also inhibited the activities of auto
prothrombin Ic and autoprothrombin Ip (357). 

6. PHYSIOLOGICAL SIGNIFICANCE 

Since it has been established that one protease inhibitor can act on 
at least two different enzymes that arise sequentially in the same bio
chemical pathway, the primary role of the inhibitor now becomes a 
subject of concern. A fixed excess concentration of each enzyme was 
incubated separately with varying amounts of inhibitor at pH 7.5 (182). 
A plot of the amount of each enzyme inhibited against the inhibitor 
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concentration is shown in Fig. 8. One microgram of inhibitor neutralized 
32 units of activated factor X in contrast with 1.2 NIH units of throm
bin. By assuming the specific activity of thrombin to range from 2100 
to 3600 NIH units/mg protein and the specific activity of activated 
factor X to be 2100 units/mg then, on a weight basis, the inhibitor 
was approximately 30-50 times more effective toward factor X than 
toward thrombin. However, to appreciate the biological significance of 
the above comparisons it must be remembered that activated factor 

0 5 10 15 20 25 30 
I n h i b i t o r cone (fj.g) 

FIG . 8. Inhibition of activated factor X ( O ) and thrombin ( • ) by activated factor 
X inhibitor as a function of inhibitor concentration. Activated factor X and thrombin 
were individually incubated with the inhibitor. In the activated factor X inhibition 
study, the reaction mixture consisted of reactants added in the following order: 0.2 ml 
activated factor X containing 210 units activity, 0.7 ml 1% bovine serum albumin 
dissolved in tris-maleate (0.02 M, p H 7.5), and 0.1 ml inhibitor at the indicated con
centrations. At every 15-minute time interval over a 60-minute period, 0.1 ml of the 
reaction mixture was removed and appropriately diluted in the bovine serum albumin 
solution and assayed for residual activated factor X activity. In the thrombin inhibi
tion experiments, the reaction mixtures consisted of reactants added in the following 
order to a siliconized test tube: 0.2 ml thrombin containing 21 units of activity, 0.7 ml 
tris-HCl (0.02 M, p H 8.32), and 0.1 ml inhibitor at the indicated concentrations. The 
residual thrombin activity in the reaction mixture was tested every 15 minutes over a 
period of 60 minutes by removing 0.1 ml of the sample, appropriately diluted in 
0.145 M NaCl, and adding it to 0.2 ml fibrinogen solution. The amount of each 
enzyme inhibited by each concentration of activated factor X inhibitor at the end of 
the 60-minute period was plotted against the inhibitor concentration. 
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X is the enzyme in "prothrombinase" that directly activates prothrombin 
to thrombin (108, 109). Under given experimental conditions 1 unit of 
activated factor X generated 50 NIH units of thrombin (182). It was 
calculated that 1 fxg of inhibitor, by destroying 32 units of factor X , 
could indirectly prevent a potential 1600 NIH units of thrombin from 
forming. To neutralize this amount of thrombin directly would require 
a 1300-fold increase in the quantity of inhibitor. 

Factor X occupies a pivotal position in the blood coagulation sequence 
at which both the intrinsic and extrinsic clotting pathways converge 
(Section I,A,3). The formation of prothrombin activator takes place 
almost instantaneously when activated factor X is in contact with factor 
V, phospholipid, and calcium ions. Therefore, during blood clotting, if 
the rate of factor X activation is faster than its neutralization by the 
inhibitor, "prothrombinase" is formed, followed immediately by genera
tion of thrombin. However, if the rate of destruction of factor X (es
pecially in the presence of heparin) exceeds that of its formation then 
little or no thrombin can form. In vivo experiments (364-366) also 
illustrated the impressive potential of activated factor X to form large 
quantities of thrombin. For example, 5 units of activated factor X alone 
infused into a fasted rabbit caused thrombosis under conditions of vascu
lar stasis, whereas 200 NIH units of thrombin were required to achieve 
the same result. The fact that factor X is potentially more thrombogenic 
than thrombin itself (365), coupled with the economy in inhibitor utiliza
tion when directed against factor X , strongly suggests that the primary 
physiological target of the inhibitor may be activated factor X rather 
than thrombin. Yin et al. (183) therefore proposed that this inhibitor 
be appropriately termed the "activated factor X inhibitor." 

7. PLASMIN INHIBITOR OF PLASMA AND SERUM 

As mentioned previously, plasma contains two distinct inhibitors. One 
appears to act instantaneously over a wide range of temperature and 
is referred to as "fast" or "immediate" inhibitor. The other acts slowly 
over a period of incubation at 37°C and is referred to as "slow" or 
"progressive" inhibitor (345, 367). The use of casein as a substrate for 
plasmin (368) allowed the development of convenient methods for sepa
rately measuring the two activities (345). The plasmin inhibitors have 
been isolated by ethanol fractionation of Cohn Fraction IV (345), by 
ion-exchange chromatography on DEAE-Sephadex (346), by ammonium 
sulfate precipitation (320), and by electrophoresis (320, 346). Estimates 
of molecular weight ranged from 45,000 to 60,000 (320, 341, 344, H6, 
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369). In the study by Shamash and Rimon (346) values of s ° 0w = 3.3 
and D2 0, w = 5.2 were obtained and, by assuming v = 0.72, MW 55 ,000 

was calculated. The carbohydrate content was 7 .8%. This material was 
determined by sedimentation velocity and immunoelectrophoresis to be 
homogeneous. The "fast" and "slow" inhibitory activities were not sepa
rated by any of these procedures and it was suggested on this basis 
that both activities might have originated from a single protein species 
(346). The presence of both in an a^-globulin fraction is at variance 
with earlier reports that the "immediate" inhibitor was present in an 
«2-globulin fraction (367). The purified a± inhibitor was shown to inhibit 
trypsin, chymotrypsin, and thrombin as well as plasmin (320, 344)-
The enzymes were, however, affected via two different mechanisms. 
Trypsin and chymotrypsin reacted instantaneously in a stoichiometric 
manner, whereas a time-dependent and nonstoichiometric inhibition of 
plasmin and thrombin could be demonstrated. On the basis of their 
failure to demonstrate a competition between inhibitor and substrate 
(casein), Rimon et al. (344) suggested an inhibitory mechanism involv
ing enzymic inactivation of the proteolytic enzymes. However, other 
interpretations of the available evidence are possible. 

Heparin was reported to form a complex with plasmin inhibitor which 
had potent antithrombin activity but decreased antiplasmin activity 
(370). 

B Polypeptide Inhibitors 

1. HIRUDIN 

Morawitz (371) referred to the early belief that wounds produced 
by therapeutic leech bites continued bleeding because of the triangular 
shape of the wound. In 1884, Haycraft (372) proved that leeches contain 
an anticoagulant, hirudin, and characterized it as a heat-resistant, 
water-soluble substance that could combine with thrombin to inhibit 
clotting activity. 

More recently the purification and chemical and physical characteriza
tion of hirudin, together with studies on antithrombic activity, have 
been undertaken in Germany by Markwardt (373). A molecular weight 
estimate of 13 ,000-16 ,000 (374, $75) has been revised downward to 
9 0 0 0 - 1 1 , 0 0 0 (376, 377). Values for s°2̂, D°20w, and v of 0.98, 10.8, 

and 0.741, respectively, gave MW 9 0 6 0 ; sedimentation equilibrium 
methods gave closely similar values (376). The amino acid composition 
was determined (377) and isoleucine was found to be N-terminal (377) 
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while leucine was C-terminal (378). The molecule was remarkably stable 
under rather extreme conditions of treatment (373) and was not suscepti
ble to hydrolysis by plasmin, trypsin, and chymotrypsin unless intra-
chain disulfide bridges were previously oxidized (377). Hirudin did not 
inhibit the clotting activity of factor Xa (379). It did, however, inhibit 
platelet aggregation induced by either thrombin (380) or factor Xa 
(144)- This was because the effect of factor Xa on platelets is mediated 
through thrombin (144) -

While the mechanism of thrombin inhibition by hirudin has not been 
elucidated, some inferences may be drawn from the following 
observations: 

a. Since thrombin, like trypsin, is specific for peptide bonds in which 
the carbonyl residue is donated by arginine, lysine, or ornithine, one 
of these residues would have to be present in hirudin if an acyl inter
mediate were to be formed. Hirudin does not contain arginine or orni
thine residues but does contain four lysines per molecule (377). 

b. The reaction of thrombin with hirudin is faster than the reaction 
of thrombin with fibrinogen (373). 

c. There have been no reports of products of the "modified inhibitor" 
type after inhibition of thrombin with hirudin. Time periods of several 
days are characteristically required and this does not appear to have 
been investigated. 

d. The dissociation constant for the complex (8 X 10"
11
 at pH 7.4 

and 20°C) (373) was of the order of tightly bound [EI] complexes utiliz
ing extensive secondary interactions (269). The complex could be isolated 
by electrophoretic and chromatographic procedures, indicating its stabil
ity (373). Hirudin could be titrated with thrombin or vice versa to 
a fairly sharp end point above which the titrant was present in excess. 

The nature of noncovalent interactions has been investigated. Esteri
fication of carboxyl groups of hirudin or acetylation of amino groups 
of thrombin prevented complex formation (381). It was implied that 
electrostatic interactions contributed mainly to the association (373, 
374). Certainly, hirudin contains a large excess of acidic residues (10 
aspartyl and 13 glutamyl) over basic residues (4 lysyl, 1 histidyl) and 
has a high, negative electrophoretic mobility. Prevention of complex 
formation by polybasic compounds such as protamine might be expected. 

e. Complex formation was not abolished by phosphorylation of the 
serine (195) of thrombin with DFP, in contrast with the trypsin-STI 
system. The dissociation constant for the phosphoserine-containing com
plex was not reported, however, so that a weaker complex stabilized 
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solely by noncovalent forces could have been formed. This experiment 
did not therefore eliminate the possibility of an acyl complex formation 
from native thrombin and hirudin. 

In summary, convincing evidence of a "pseudosubstrate" mechanism 
for hirudin inhibition is lacking; the possibility has not been eliminated, 
however. Electrostatic interactions may be primarily responsible for com
plex formation. In this sense, hirudin may mimic the highly acidic bind
ing site for thrombin on the fibrinogen molecule (382) (see Section 
I ,A,1) . Confirmation of this speculation must await sequence studies 
on hirudin (383). 

2. REDUVIIN 

Reduviin was extracted from winged insects prevalent in parts of South 
America (Rhodnius prolexus and Triatoma infestans) and was purified 
by chromatography on Amberlite IRC-50 (384) • The purified polypeptide 
had an isoelectric point at pH 4.0 and was rather stable in acid and 
alkali and on heating to 80°C for 10 minutes. Like hirudin it is an 
acidic polypeptide specifically inhibiting thrombin. 

3. TABANIN 

Tabanin was found to be present in several related blood-sucking 
insects (385). Extracts were partially purified by heat treatment (100°C 
for 10 minutes) and centrifugation. The .isoelectric point was at pH 
3.0, indicating that it, too, is a rather acidic polypeptide. It inhibited 
thrombin clotting activity but in contrast with hirudin and reduviin 
had little effect on the TAMe esterase activity of the enzyme. A compari
son of some properties of hirudin, reduviin, and tabanin is given in 
Table III. 

4. ARGASIN 

Argasin was isolated from the tick Ornithodorus moubata (386). It 
had chemical and physical properties generally similar to those of the 
preceding inhibitors but was directed specifically against "Thrombo-
kinases" (375). In the German literature, the term Thrombokinase is 
used to denote tissue thromboplastin (Gewebsthrombokinase) or platelet 
factor 3 (Plasmathrombokinase). Argasin also inhibited the clotting ac
tivity of trypsin but not its TAMe esterase activity and blocked the 
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T A B L E I I I 

COMPARATIVE SUMMARY OF THE REACTIVITY OF THROMBIN 

INHIBITORS TOWARD THROMBIN" 

Dissocia
tion con- Inhibi-
stant of Inhibition tion of Activity 

the of pro- estero- Protection loss after 
throm- teolytic lytic of Reaction Reaction esterifi-

bin-inhi- clotting activity thrombin with with cation of 
bitor activity of against D I P - esterase - C O O H 

In- complexes of thrombin D F P thrombin thrombin groups 
hibitor ( X 1 0

1 1
) thrombin 

Hirudin 8 + + + + - + 
Reduviin 12 + + + + - + 
Tabanin 20 + - - + - + 

° From Markwardt (375). 

action of Russell's viper venom on prothrombin activation. Later, it 
was found that argasin directly inhibited activated factor X (379). 

5. IXODIN 

Ixodin was obtained from the tick Ixodes ricinus and was purified 
by solvent precipitation (387). It was stable at 70°C for 15 minutes 
but not at 100°C. It was adsorbed by C a 3( P 0 4) 2 , BaC03, and BaS04, 
and Amberlite IRC-50. Like argasin, it inhibited systems in which factor 
X was undergoing activation. It is not clear whether argasin and ixodin 
actually inhibit the conversion of factor X to activated factor X or 
are directed solely against the conversion of prothrombin to thrombin 
by activated factor X (379). In either case these inhibitors could easily 
be very useful tools for elucidation of blood-clotting mechanisms because 
of their restricted specificity. Unfortunately, no further studies on them 
have been carried out since those reported in 1963 (375). 

6. BDELLINS A AND B 

Commercial preparations of hirudin are almost always contaminated 
with trypsin and plasmin inhibitors called bdellins. These have been 
separated from the thrombin-specific inhibitor by Sephadex gel filtration 
and by chromatography on DEAE-cellulose (388). Further purification 
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of the trypsin-plasmin inhibitor using affinity chromatography on tryp-
sin-ethylenemaleic acid copolymer or trypsin-carboxymethyl cellulose 
resulted in the separation of two fractions, bdellin A and bdellin B, 
each of which was still heterogeneous (889). Carbohydrate and free 
sulfhydryl groups were absent and the amino acid composition of each 
fraction was determined. Proline, methionine, isoleucine, phenylalanine, 
and tryptophan were absent from at least one major component of bdellin 
B (B-3) analyzed. The molecular weights calculated from the amino 
acid compositions, from specific activities, and from gel filtration ranged 
from 5000 to 7000 daltons. Inhibition of the proteolytic enzymes, porcine 
plasmin and bovine trypsin, involved the formation of 1:1 molar com
plexes. Both bdellin groups contained lysyl groups in their active sites; 
maleylation destroyed their activity while subsequent deacylation in 
acid solution reversed this effect (388). Presumably, part of the hetero
geneity found among bdellins was due to splitting of lysyl-X bonds 
by the insoluble trypsin polymers used in the purification procedure. 
Subsequent treatment with carboxypeptidase B destroyed activity as 
the liberated lysyl terminal was removed. The bdellins did not inhibit 
porcine pancreatic kallikrein, bovine a-chymotrypsin, or subtilisin under 
the conditions tested. The possible use of bdellin A as a plasmin inhibitor 
in medical therapy is under investigation (390). 

C. Organic Chemical Inhibitors 

The use of organic compounds as tools for probing protein and es
pecially enzyme structure has been described in detail, with particular 
emphasis on active-site-directed reagents (391-394). We shall describe 
briefly the reactivity of a few selected reagents, their applicability to 
coagulant and anticoagulant proteins, and the utility of such studies 
for comprehension of clotting mechanisms. 

1. ORGANOPHOSPHORUS COMPOUNDS 

These compounds are powerful phosphorylating reagents because the 
substituent (usually fluorine) is highly electronegative. Diisopropyl phos-
phorofluoridate (DFP) and isopropyl methylphosphorofluoridate (sarin) 
are typical examples. Primarily, DFP has been used to phosphorylate 
the hydroxyl group of the active serine residue, serine (195), of pro
teolytic enzymes forming the diisopropylphosphate (DIP) derivatives 
thereby inactivating the enzymes (395). 
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The compound DFP inhibited the proteolytic and esterolytic activities 
of "citrate thrombin" and "bioactivated thrombin" (396-398). Radioac
tive peptides were isolated from digests of DI

3 2
P-thrombin (399) but 

DFP had no effect on prothrombin (396) or thrombin in 8 M urea 
(397). This implied that the serine (195) residue was unavailable or 
unreactive in the zymogen and in the unfolded enzyme. In fact, puri
fications of bovine prothrombin and factor X in undegraded states were 
greatly facilitated by the presence throughout chromatography of low 
levels of DFP (93, 122). Partial reactivation of DIP-thrombin was 
achieved by hydrolysis of the phosphoserine with 0.6 N NH2OH (399). 

Partial inhibition of thrombin by sarin was reported, but the reports 
conflicted as to the extent of inhibition of the clotting and esterase activi
ties (400, 401). This was attributed to the presence of other enzymes, 
especially factor Xa, in the crude commercial thrombin preparations 
used (402). When partially purified thrombin was used parallel inhibi
tion of clotting and esterase activities was observed to 99% in 15 minutes 
at pH 7. Simultaneous reactivation of the two activities with 2-pyridine 
aldoxime methochloride was also achieved (402). 

Failure of DFP to inhibit factor Xa was reported (119, 403), but 
this was most likely due to inappropriate experimental conditions (121, 
404)' Provided that adequate concentrations of enzyme and DFP were 
used, nearly complete inhibition of both clotting and TAMe esterase 
activity was observed (121, 404)- After reaction of factor Xa with 
DF

3 2
P, a

 32
P-containing peptide was isolated which had the sequence 

Gly-Asp-(DI
3 2
P)-Ser-Gly (121). 

Factor XIa was reported to react with DFP (405), whereas both 
factor VII (150) and factor IXa (297) were unaffected. However, these 
results should be considered tentative until a wider range of experimental 
conditions has been investigated, especially in the light of experiences 
with factor Xa. 

After inhibition of plasmin with DF
3 2

P, radioactivity was found in 
the light chain (MW 25,700) obtained after reduction and carboxy-
methylation (58). A single

 3 2
P-labeled peptide was isolated from the 

tryptic digest (59) and a partial sequence of 34 amino acids was deter
mined including Gly-Asp-Ser-(DI

3 2
P)-Gly (60). Plasminogen, as ex

pected, was unaffected by DFP (406). 

2. SULFONYL HALIDES 

Sulfonylation of the reactive hydroxyl group of serine (195) of trypsin 
and chymotrypsin by phenylmethanesulfonyl fluoride (PMSF) or similar 
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reagents is analogous to phosphorylation with organophosphorus com
pounds and yields an inactive product (407). The sulfonyl compounds 
have the advantage of lower toxicity but may react with serine residues 
outside the active site (408). Thrombin was inhibited 95% in 1 hour 
at pH 7.3, 0.01 M phosphate, when incubated with 2.3 X 10'

3
 M PMSF 

(409). Factor Xa was not inhibited by PMSF under one set of conditions 
(409), but the clotting and TAMe esterase activities were inhibited 80% 
under another set of conditions (122). 

3. CHLOROMETHYL KETONES 

These reagents combine substrate analogy with a chemically reactive 
chloromethyl ketone group and are thus designated as "site specific." 
For enzymes possessing a trypsinlike specificity, L-l-chloro-3-tosyl-
amido-7-amino-2-heptanone (TLCK), a lysine analog, has been an ex
ceptionally useful reagent for effecting inactivation (410). For chymo-
trypsinlike enzymes L-l-tosylamido-2-phenylethyl chloromethyl ketone 
(TPCK) was used (411)- Although it has usually been assumed that 
such chloromethyl ketones react with essential histidyl residues of pro
teolytic enzymes, this should not be regarded as sine qua non until 
all modified residues have been identified. 

Seegers et al. (409) reported that TPCK did not inhibit thrombin; 
they were under the impression that this reagent inhibited trypsinlike 
enzymes. This is actually only true of the lysyl analog (TLCK), which 
did inhibit thrombin with a first-order rate constant, K, of 
4.4 X 10-

3
/second (412). The reagent TPCK did not inhibit factor Xa 

(409), but we are not aware of any reports of the effect of TLCK 
on this enzyme or on factors VII and IXa. Its effect on plasmin has, 
however, been studied in some detail (58, 59) and it was found to ir
reversibly inhibit the enzyme. Purified human plasmin was inactivated 
much more slowly than trypsin (413). [

1 4
C]L-l-Chloro-3-tosylamido-7-

amino-2-heptanone was incorporated into the light chain obtained after 
reduction and carboxymethylation, and it was stated that a single essen
tial histidine was involved in this reaction (60). 

4. AMINES 

Three categories of amine inhibition can be considered, two of which 
are related and pertain to serine protease activity and one of which 
is completely independent and pertains to transamidase activity. 
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a. Competitive Inhibition by Amines, Amidines, and Guanidines. Akyl-
or arylamines, amidines, and guanidines which mimic the side-chain 
structure of basic amino acids such as lysine and arginine share a com
mon binding site on trypsin with peptides containing these amino acids. 
Therefore, they act to various degrees as competitive inhibitors (414) • 
Presumably, binding to the enzyme is at aspartic acid (189) located 
in the "tosyl hole" (see Section I,A,1). 

Compounds of this type also inhibit other enzymes of trypsinlike 
specificity, including thrombin (415, 416) and plasmin (414) • In general 
amidines are more effective in inhibiting thrombin than are guanidines, 
while simple primary amines are least effective. p-Amidinophenylpyruvic 
acid and 4-aminobenzamidine are particularly strong inhibitors (415). 
4-Chloro ring substitution in benzylamine and 4-amino substitution in 
benzamidine were found to increase binding (416). Recently, the search 
for ever more potent inhibitors led to the discovery of a series of 
diamidinophenyl compounds that surpassed p-amidinophenylpyruvic 
acid in their activity against trypsin (417, 418). They were also ex
tremely active against thrombin, plasmin, and plasminogen activator 
(418). While inhibition of trypsin, plasmin, and thrombin generally ran 
parallel, some differences, especially among benzylamine derivatives, 
were noted (414)- Benzamidine was used as an inhibitor of trypsin to 
elucidate the mechanism of trypsin-activated blood clotting (419). 
Methylamine prevented autodigestion of plasmin without affecting the 
inhibitory action of serum on this enzyme (420). 

b. Bifunctional Amines, Amidines, and Guanidines. A second group 
of reagents incorporating side-chain analogy with basic amino acids as 
well as an ester or amide group potentially capable of acylating reactive 
serine residues was introduced (421). The principles in design of such 
active-site titrants have been discussed (392). The main features are 
(a) rapid acylation followed by slow deacylation, so that quantitative 
release of the alcohol is obtained, and (b) the choice of a chromophoric 
leaving group such as p-nitrophenoxide. Thus, p-nitrophenyl p-guani-
dinobenzoate (p-NPGB) has been successfully used as a titrant for 
trypsin (422). The inhibition of plasmin and thrombin by benzyl 
p-guanidinobenzoate (BGB) and p-NPGB, by acylation of the active 
site, was reported and second-order rate constants were determined (412, 
423, 424). Failure to acylate plasmin with p-NPGB (412) was not con
firmed (423, 424)' It was noted that thrombin was acylated much more 
slowly than plasmin, while trypsin was acylated most rapidly. Thrombin 
was able to readily hydrolyze p-nitrophenyl m-guanidinobenzoate, and 



254 P. G. BARTON AND E. THYE YIN 

it was suggested that the active center of thrombin has greater geometric 
adaptability to simple substrates than do those of trypsin or plasmin 
(423). Similar conclusions were reached from studies of the inhibitory 
effects of co-ammo acid hexyl esters and co-guanidino acid hexyl esters 
on trypsin, plasmin, and thrombin (425, 426). A mechanism involving 
three possible points of attachment to enzyme was postulated (427) 
in which an e-amino or S-guanidino group was bound to one site, an 
a-amino or a-acylamino group was bound to a second site, and the car-
bonyl function of ester or amide was bound to the third site. The effec
tiveness of various inhibitors was then interpreted in terms of their 
ability to gain access to one, two, or three sites. The distinction between 
different enzymes was based on differences in their flexibility in the 
vicinity of sites 1, 2, and 3. Trypsin and plasmin were protected from 
inhibition by DFP by these competitive inhibitors in proportion to their 
inhibitory effectiveness, but thrombin was not protected in this manner. 
In contrast, TAMe in high concentrations did protect thrombin against 
DFP. w-Amino acids and their hexyl esters also inhibited plasminogen 
activation by streptokinase (428). 

c. a)-Amino Acid Inhibitors of Fibrinolysis. An interesting group of 
(o-amino acid inhibitors of fibrinolysis was discovered in Japan (429), 
and because of their potential therapeutic value these compounds have 
been intensively investigated (430). The compounds shown in Fig. 9 

(a) N H 2( C H 2) 5C O O H 

C O O H 

C O O H 

C O O H 

FIG. 9. Chemical structures of some potent plasmin inhibitors, (a) e-Amino-
caproic acid ( E A C A ) , (b) ^rans-4-aminomethylcyclohexanecarboxylic acid ( A M C H A ) , 
(c) 4-aminomethylbenzoic acid ( A M B A ) , (d) 4-aminomethylbicyclo[2.2.2]octane-
1-carboxylic acid ( A M B O A ) . 
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illustrate the basic structural features required to establish inhibitory 
activity. They possess a primary amino and a carboxylate group sepa
rated by a distance of about 7 A and their potency appears to be related 
to the rigidity of the intervening structure. Thus, AMBOA was found 
to be 50-100 times more active than EACA when assayed in vitro (431). 

Inhibition of fibrinolysis might promote development of atherosclerosis 
through its influence on fibrin dissolution in the arterial wall (432). 

Despite the feverish activity in the pharmaceutical industry to produce 
more and better inhibitory compounds, relatively little information is 
available to explain the mechanism of inhibition at the detailed molecu
lar level. At high concentrations, EACA inhibited the proteolytic and 
esterolytic activity of plasmin and trypsin (433-435) in a manner prob
ably analogous to other Afunctional amines, but this is unlikely to be 
related to the major physiological effect. At much lower concentrations, 
EACA inhibited the activation of plasminogen (436), itself a rather 
unusual and little-understood process (52, 53, 437) involving ultimately 
the hydrolysis of an arginyl-valine bond (56). A further complication 
arose from the selective activation of plasminogen adsorbed within the 
fibrin network so that problems of access by inhibitory agents could 
have been encountered (438). In Fig. 10 an attempt has been made 
to summarize these complex relationships, but this should be regarded 
as tentative. Clot lysis induced by o-thymotic acid was also inhibited 
by EACA (439). 

d. Amine and Amide Inhibitors of Factor XIII. Following the proposal 
that cross-linking of fibrin monomers involves transpeptidation (33), 
it was predicted that low molecular weight amines should act as inhibi
tors of factor XII I (33, 440). Amines were expected to compete with 
donor groups and amide carbonyl functions were expected to compete 
with acceptor groups of the fibrin substrate. It was therefore anticipated 
that these inhibitors would be chemically incorporated into the fibrin 
monomer. Glycine ethyl ester (GEE), NH2OH, and NH2NH2 (donors) 
and carbobenzoxy-L-asparaginylamide (acceptor) were found to be in
hibitors of cross-linking in accordance with these predictions (440, 441)-
At the same time, it was found that [

3 4
C]glycylglycine was incorporated 

into fibrin when clotted in the presence of factor XIII , cysteine, and 
Ca

2+
 ions (32). A survey of 25 amines, selected for basicity and side-

chain substituents, revealed a requirement for a pentamine or hexamine 
attached to an apolar group (44%, 443). A^-(5-Aminopentyl)-5-dimethyl-
amino-l-naphthalenesulfonamide was found to be extremely potent and 
could be used as a fluorescent label to measure the extent of incorporation 
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Streptokinase Urokinase 

Fibrin 

FDP 

Streptokinase 

FIG. 10. Possible relationship of co-amino acids to the fibrinolytic system. The 
inhibitors are assumed to all interact at the same sites although this has not been 
verified experimentally. Major physiological action at low concentrations of inhibi
tors ( ; minor action requiring high concentrations ( z z z ) . 

(U2). The Km was 1.6 X 10"
4
 M as compared with 3 X 10"

3
 M for 

[
1 4

C]GEE. Amides and esters of trans-k- (aminomethyl)cyclohexanecar-
boxylic acid (£rans-hexamic acid) synthesized as possible fibrinolytic 
agents proved to be extremely weak inhibitors of factor XIII (444)-
Since fibrinogen was not cross-linked by factor XIII , it was suggested 
that thrombin "unmasks" the amine acceptor sites by removal of fibrino
peptides (441)-

Inhibitory compounds have found considerable use in studies designed 
to identify and quantitate the cross-linkages in stabilized fibrin. For 
example, fibrin was treated with NH2OH in the presence of factor XIII 
and the resulting hydroxamate was converted to the dinitrophenyl 
(DNP) derivative with l-fluoro-2,4-dinitrobenzene (Fig. 11). In base, 
a Lossen rearrangement occurred, releasing phenoxide ion with formation 
of an isocyanate, which then converted to the aminoalkyl derivative, 
releasing C 02. After acid hydrolysis of the protein, 2,5-diaminobutyric 
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acid was identified, indicating that the initial amine acceptor had been 
glutamine rather than asparagine (441, 44$) • This formed a part of 
the evidence for the €-(y-glutamyl) lysine cross-linkage. Enzymic 
degradation of [

1 4
C]GEE-blocked fibrin was used to confirm this conclu

sion (446) and to locate the two y-y cross-links in overlapping carboxy-
terminal segments of the chains (447). Likewise, incorporation of dansyl 
cadaverine, a 5-aminopentyl fluorescent probe and a potent inhibitor 
of factor XIII , into fibrin supported the concept of lysine specificity 
for this enzyme (34). Estimates of the number of £- (y-glutamyl) lysine 
residues present have varied from 1 to 5 moles/mofe fibrin with a prob
able value of 2-3 moles/mole (32, 38, 445). 

The ability of factor XIII to incorporate labeled amines into fibrin 
and other substrates has found use in methods for assaying the enzyme 
activity. As an example, the incorporation of [1-

1 4
C]GEE into casein 

at 37°C in tris-HCl buffer (0.2 M, pH 8.0) in the presence of EDTA, 
mercaptoethanol, and CaCl2 was used in a study of the activation of 
purified human factor XIII by thrombin (448). Since factor XIII is 

CONH2 I 
(CH2)2 factor (XIII) 

NH2OH 
CONHOH + NH3 I 

(CH2)2 
RCONHCHCONHR' RCONHCHCONHR' 

N02 

NO. 

NaOH 

RCONHCHCONHR' RCONHCHCONHR' 

H20 

NH2 + C02 I 

(CH2)2 
RCONHCHCONHR' 

HCl 

RCOOH + NH2CHCOOH + R'NH2 
FIG. 11. Formation of 2,5-diaminobutyric acid from glutaminyl residues of fibrin. 

Fibrin hydroxamate was formed by treatment of fibrin with hydroxylamine in the 
presence of the enzyme, factor X I I I (441, 445). 
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insensitive to DFP, the latter reagent could be conveniently used to 
stop the activation reaction prior to assay. Similar methods were used 
to demonstrate absence of transamidase activity [446, 449) in congenital 
factor XIII deficiency (450). 

It was noted that the clotting of vertebrate blood itself was not in
hibited by such amines but that the clots so formed were much more 
susceptible to lysis by plasmin. Blood coagulation in the lobster 
(Homarus americanus) was found to be quite different from that in 
vertebrates. Prothrombin was absent from the plasma and clotting oc
curred via a reaction analogous to the fibrin stabilization of higher spe
cies. The clots formed were insoluble in 5 M urea and 1% CH2ClCOOH. 
The enzyme catalyzing this reaction, "tissue coagulase," was present 
in highest concentration in the tail muscle (451). This primitive mecha
nism of blood coagulation was therefore expected to be especially sensi
tive to inhibitors of cross-linking (452). This was indeed found to be 
the case since lobster blood coagulation induced by addition of homolo
gous muscle extract was found to be inhibited by glycine methyl ester 
and glycylglycine methyl ester at concentrations of less than 0.2 mM" 
(452, 453). Hydroxylamine, lysine, and histamine derivatives were also 
very effective (454)- Transglutaminase preparations from guinea pig 
liver could substitute for the "tissue coagulase" and were similarly in
hibited (455). 

The possibility has been raised that amines in the blood may be re
sponsible for pathological inhibition of fibrin cross-linking and subse
quent hemorrhage (456). This followed a report of a patient with an 
acquired inhibitor of factor XIII associated with y-globulins (457). This 
patient had received isonicotinic acid hydrazide, which was found to 
be a potent inhibitor (456). The implication that a metabolite of this 
compound might have been responsible for the hemorrhage is difficult 
to reconcile with the nondialyzable characteristic of the inhibitor. An
other patient, reported later with a similar problem, had not received 
any drugs (458). Induced inhibition of fibrin stabilization by polymyxin 
B sulfate has been reported, but a number of other antibiotics tested 
were ineffective (459). Abnormalities of fibrin stabilization in kidney 
disease due to decreased factor XIII activity have been noted (460, 
461) which could be attributed to the elevation of amine levels in the 
blood. 

e. Sulfhydryl Reagents. This group includes such commonly used re
agents as iodoacetate, iodoacetamide, p-chloromercuribenzoate (PCMB), 
iV-ethylmaleimide (NEM), and more recently methyl p-nitro-
benzenesulfonate (462), which react primarily with thiol groups (463, 
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464) (also conceivably with hydroxyl and amino groups) of proteins. 
If thiol groups are essential for biological activity these reagents will 
be inhibitory (465). However, several possibilities exist to explain the 
inhibitory effects (466) and not all involve reaction of an essential, 
"active-site" -SH group. Sulfhydryl compounds such as cysteine and 
glutathione are expected to protect against inhibitory agents and in some 
cases may even reverse their effect. In contrast, performic acid oxidation 
of -SH groups is considered essentially irreversible. 

There is no evidence that -SH groups play any role, other than a 
structural one, in the catalytic activity of thrombin, plasmin, or factors 
VII, IXa, and Xa. Factor V activity of partially purified preparations 
was rapidly inhibited with 0.03 M iodoacetate, while PCMB at 0.0025 
M inhibited completely in 2 hours (467). If cysteine was added when 
50% activity still remained, the inhibition by PCMB could be reversed. 
However, cysteine and glutathione did not themselves prevent inhibition. 
It was concluded that factor V requires a free thiol group for its activity. 
Likewise, the activity of factor VIII was inhibited by I2, H 20 2, iodo-
acetamide, and PCMB (468). In the last case activity was regenerated 
in the presence of cysteine. 

Investigations of factor XHIa suggested a dependence on -SH groups 
(469) in that the enzyme was inhibited by Hg salts, methylmercurie 
nitrate (10~

5
 M), and iodoacetamide (10"

3
 M) (470-472). Inhibition was 

also observed with 3 X JO"
6
 M Ag

+
, 5 X 10~

4
 M iodoacetate, and 6 X 10"

7 

M PCMB when these were present in the reaction mixture with Ca
2+ 

and substrate (473). When Ca
2+
 and substrate were not present the 

enzyme was inhibited by 1.2 X 10"
5
 M Ag

+
 and by 2 X 10"

7
 M PCMB 

but not by iodoacetate. These results were complicated by the fact that 
the authors were attempting to substantiate a disulfide interchange the
ory of fibrin cross-linking (470, 473). Since this reaction is now known 
to involve transamidation, the design of their experiments and the inter
pretation of their results are of limited value. With the recent availabil
ity of purified components, the possibility of a thiol ester enzyme-sub
strate complex deserves more thorough investigation. Interestingly, low 
concentrations of PCMB were recently found to substantially reduce 
the inhibition of fibrinolysis, which resulted from inclusion of factor 
XIII in the lytic system (474) • 

D. Inhibitor Elicited by Thrombin 

When "prothrombin complex," isolated by the methods of Seegers (82), 
was treated with thrombin and the reaction mixture chromatographed 
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on DEAE-cellulose, three derivatives were separated (124, 475). Elution 
with 0.075 M phosphate buffer, pH 7.2, yielded prethrombin, a precursor 
of thrombin; elution with 0.175 M phosphate buffer, pH 7.45, yielded 
an inhibitory component; and elution with 0.40 M phosphate buffer 
yielded factor X (autoprothrombin III) . Except in the presence of 25% 
sodium citrate, the inhibitor retarded the release of thrombin from "pro
thrombin complex" under all conditions tested (476). These included 
Russell's viper venom, lipid, and Ca

2 +
; trypsin; tissue thromboplastin, 

factor V and Ca
2 +

; activated factor X , factor V, lipid, and Ca
2 +

. From 
kinetic studies it was concluded that the inhibitor functioned on a com
petitive basis, providing a substrate alternative to prothrombin or pre
thrombin for the action of activated factor X (476). More recently, 
evidence was presented that this inhibitor was derived from a precursor 
protein present in bovine plasma that was independent of prothrombin 
(477). It was shown that thrombin could convert the proinhibitor to 
the active inhibitor. Furthermore, the proinhibitor was at least partially 
separable from prothrombin by DEAE-cellulose chromatography and 
the resultant prothrombin fraction did not yield inhibitor after treatment 
with thrombin. Preliminary observations indicated that this inhibitor 
interfered with the coagulation mechanism at two different stages. One 
stage was the activation of factor X by factors VIII and IX, phospho
lipids, and Ca

2 +
; the second stage was the conversion of prothrombin 

to thrombin (477). The molecular weight of the inhibitor, estimated 
by gel filtration, was about 80,000. The activity was quite stable in 
purified preparations but was rather rapidly lost in serum or plasma. 
It was suggested that the bleeding which follows continuous infusion 
of thrombin (478, 479) could be caused by this inhibitor. 

III. INHIBITORS OF COAGULANT PROTEIN BIOSYNTHESIS 

Compounds of the vitamin K series are required for the synthesis 
of blood coagulation factors. Coumarin analogs act as antagonists of 
this activity. Thus, these compounds have served a primary role in oral 
anticoagulant therapy (480-482). 

In order to facilitate recognition of the various structural relationships, 
the chemical formulas of some representative compounds are shown in 
Fig. 12. The protagonists are aromatic polycyclic compounds with 
quinone, semiquinone, or hydroquinone substituents and frequently with 
alkyl, alkoxy, or aryl substituents at the 2 and 3 positions. To some 



Coumarins and phenindione 

FIG. 12. Compounds of the vitamin K series and their antagonists, the coumarins 
and phenindione. (a) Vitamin Ki (phylloquinone), (b) vitamin K2 series, (c) 
vitamin K 3 (menadione), (d) vitamin K5, (e) vitamin K6, (f) vitamin K7, (g) 
vitamin K-S ( I I ) , (h) coumarin, (i) dicumarol (bishydroxycoumarin), ( j) 7 -
hydroxycoumarin (umbelliferon), (k) 4-hydroxycoumarin, (1) warfarin (Coumadin), 
(m) phenylindandione (phenindione). 

extent, the oxygen functions at C-l and C-4 can be replaced by nitro
gen-containing substituents. The antagonists are generally oxygen hetero-
cycles with C-2-keto substituents. Indandiones also exhibit vitamin K 
antagonism. The relationships between structure and function in these 
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compounds are largely unknown but would presumably include consider
ations such as the nature and position of substituents, stereochemistry, 
and conformational properties (483, 484) • Very many analogs have been 
synthesized with a view to improved pharmacological properties, and 
a bewildering array of commerical preparations is available, varying 
in water solubility, rate and extent of absorption from the intestine, 
and rate and extent of metabolic degradation. The choice of compounds 
for clinical anticoagulant therapy depends to a large extent on their 
half-lives in the circulation. The half-life of ethyl biscoumacetate [bis-
3- (4-hydroxycoumarinyl) ethyl acetate] was estimated to be 2.5 hours 
when 1650 mg were administered (485). When 460 mg of dicoumarol 
[methylenebis-3-(4-hydroxycoumarin) ] and 65 mg of warfarin [3-(a-
acetonylbenzyl)-4-hydroxycoumarin] were given separately, the half-life 
values were 32 and 90 hours, respectively. Similarly, the half-life of 
phenindione (2-phenylindan-l,3-dione) when 350 mg were given was 
6.5 hours. Many of these compounds are present in the circulation as 
complexes with serum proteins such as albumin. In the United States, 
the most common oral anticoagulant drug used on patients is warfarin. 
Two cases of warfarin-resistant kindreds have been described by O'Reilly 
and associates (486, 487). 

Vitamin K antagonists appear to exert their effects through a decrease 
in the circulating levels of prothrombin, factor X , factor IX, and factor 
VII, all of which are synthesized in the liver. The "prothrombin time" 
assay is the simplest and most popular technique for studying the overall 
influence of the coagulation parameters * in patients treated with oral 
anticoagulants of the type described above. This test utilizes the extrinsic 
coagulation pathway and measures three (factors VII, X , and II) of 
the four coagulation factors suppressed by the drug. Approximately 1 
hour after ingestion of dicumarol, the drug was already detectable in 
the plasma but peak concentration was not attained for 4-12 hours (485). 
Usually a lag period of 24 hours or more after the initial dose of anti
coagulant preceded any appreciable change in the "prothrombin time." 
This was largely a manifestation of the time required for the consump
tion of circulating clotting factors. The half-lives of factors VII, IX, 
X , and II are 5, 30, 40, and 60 hours, respectively. For this reason, 
during the first days of coumarin therapy, with complete blockade of 
synthesis of these proteins in the liver, the four clotting factors may 
have very different activities (488). Also, the effects of these drugs vary 
markedly from one individual to another and depend on the dose ad
ministered. Determinants of the response to oral anticoagulant drugs 
have been explicity evaluated in several articles (480-482, 489). 
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Despite recent investigations, disagreement exists as to the precise 
biochemical mechanisms involved. A number of possibilities may be 
taken into account. 

1. Anticoagulants may compete with vitamin K at a site that precedes 
the site at which the vitamin stimulates production of clotting factors. 
Low levels of warfarin inhibited the release of factor VII by vitamin 
K in vivo and in vitro, but when the concentrations were increased 
at a constant ratio of vitamin K: warfarin the inhibition disappeared 
(490-492). These findings suggested that warfarin inhibited the normal 
transport of vitamin K into the cell but that, when that transport system 
was completely saturated at high concentrations, the vitamin could enter 
by an alternate mechanism, possibly diffusion, which was not inhibited 
by warfarin. 

2. Anticoagulants may inhibit or alter transcription. Actinomycin D, 
which blocks the DNA-dependent RNA polymerase, was found to inhibit 
the vitamin K-dependent appearance of prothombin in chicken blood 
(493). The time dependence of inhibition was interpreted as either an 
incomplete block on the activity of the polymerase or as a manifestation 
of tRNA lability (494, 495). Subsequent evidence, however, has indicated 
a later site of action (496-501). 

3. Anticoagulants may inhibit or alter translocation (transfer from 
mRNA from DNA template to ribosomes). 

4. Anticoagulants may inhibit translation either at the level of peptide 
chain initiation or at the level of chain termination and release. The 
synthesis of protein on the ribosomes involves the ATP-dependent forma
tion of aminoacyl-tRNA's. Since vitamin K was shown to participate 
in oxidative phosphorylation in some bacteria (502) it was considered 
possible that coumarins exerted their effect through a decreased avail
ability of ATP (503). This seems unlikely, however, since these drugs 
do not influence general protein synthesis (497, 504, 505). 

Puromycin competes with aminoacyl-tRNA during peptide synthesis, 
causing release of a peptidyl puromycin (506, 507), while cycloheximide 
has been reported to inhibit both initiation and extension of the peptide 
chain (508) as well as termination and release (509). The use of these 
antibiotics as inhibitors of clotting factor activity has thus led to some 
equivocal results. Puromycin was reported to completely block the effect 
of vitamin K on factor VII production in perfused liver (498, 510), 
while in another study of perfused liver the same antibiotic had no 
effect (511). Nor was any effect observed when liver slices were used 
(512). Cycloheximide partially blocked prothrombin production (25%) 
in perfused liver (510) at levels of the antibiotic that completely blocked 
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general protein synthesis (499). A specific antagonism between vitamin 
K and cycloheximide was demonstrated in vitro (510), but this was 
not apparent in intact animals (499). 

The incorporation of [l-
1 4
C]L-leucine into prothrombin in sonicates 

of light microsomes from rat liver was markedly reduced after treatment 
of the experimental animals with warfarin, although

 1 4
C incorporation 

into total protein and into albumin was normal. Warfarin-treated rats 
given vitamin K produced a much higher level of incorporation of the 
label than when vitamin K was omitted (513). 

On the basis of these and other data, Olson (514) has concluded that 
the action of vitamin K is at the ribosomal level and has suggested 
that coumarin drugs control initiation of coagulation protein synthesis 
and not its termination. Suttie's interpretation is that a postribosomal 
site of action is implicated (499). In view of the different test sys
tems used and the uncertainty surrounding the precise mode of action 
of cycloheximide, a firm commitment to either view would be 
premature. 

5. Anticoagulants may inhibit the conversion of a polypeptide pre
cursor to the circulatory form of clotting factor. The response of hypo-
prothrombinemic rats to a single dose of vitamin K was to produce 
an initial burst of prothrombin followed by a slower increase to normal 
levels (499, 515). This result could be interpreted as an indication of 
a preformed pool of precursor molecules requiring vitamin K for a reac
tion leading to completion of the clotting factors. It was suggested that 
the step sensitive to vitamin K might be the assembly of glycoprotein 
from polypeptide and polysaccharide components (516), a step known 
to be terminal in glycoprotein biosynthesis (517, 518). 

6. Anticoagulants may inhibit release of preformed clotting factors 
from storage sites in liver cells. Although this postulate is consistent 
with the initial burst of clotting factor release already mentioned (499, 
515), several other experiments seem to have ruled out this possibility. 
Liver studies with immunofluorescent reagents have shown that following 
coumarin treatment of dogs the antigenic determinant of prothrombin 
was absent from the hepatic cells; after administration of vitamin Kx 
appearance of antigen was evident (519-522). The time-dependent for
mation of factor VII in a cell-free system from rat liver and its reduction 
by prior treatment of the animals with warfarin (523) are also suggestive 
that altered release through the cell membrane is not a factor. 

7. Anticoagulants may inhibit the conversion of zymogen to activated 
clotting factors or may inhibit the activity of such factors, once formed. 
The shortening of the "factor VII time" by cell homogenates following 



6. INHIBITORS OF BLOOD-CLOTTING MECHANISMS 265 

vitamin K administration could not be explained on the basis of activa
tion of factors subsequent in the clotting mechanism since phospholipid 
was unable to substitute for thromboplastin {523). However, the choice 
of a factor VII assay was rather unfortunate in this respect since it 
is not clear whether factor VII can be "activated" in the sense of a 
zymogen-enzyme conversion (Section I,A,3). 

Assays of plasma clotting factors of coumarin-treated patients by 
the thrombotest procedure (524) yielded lower values than when the 
factors were assayed individually (525). It was suggested on this basis 
that, in vitamin K deficiency, an inhibitor was present (526, 527). Com
parative kinetic analyses of the various clotting tests produced the same 
conclusion (516). The origin of this inhibitor was considered to be release 
of incomplete clotting factors from the liver. Such incomplete proteins 
might behave as competitive substrate analogs. The evidence supporting 
this theory was indirect and it was not possible to isolate the postulated 
inhibitor (516). Factor X appeared to be the principal target of inhibi
tion (528). 

8. Anticoagulants may increase the rate of destruction of clotting fac
tors. Following administration of coumarin drugs, factor VII levels de
creased most rapidly followed by factor IX, X , and prothrombin levels 
(529). This was ascribed to the shorter half-life of factor VII coupled 
with a decreased rate of synthesis of all factors (529). A careful study 
of the kinetics of synthesis and destruction of prothrombin in normal 
and treated rats indicated that destruction was not markedly altered 
(BIB). 

Vitamin K± and warfarin also affected the synthesis of protein and 
nucleic acids in E. coli (B30). The incorporation of glucosamine into 
lipopolysaccharide was dramatically reduced by vitamin Kx and by 
warfarin. The latter profoundly inhibited RNA and DNA synthesis. 

IV. HEREDITARY INHIBITORS 

Congenital inheritance of specific blood coagulation factor inhibitors 
is a rare finding. There appear to be two distinct types of inherited 
anticoagulant: (a) specific against factor IX and (b) abnormal factor 
IX molecule. In both types the siblings present clinical and some labora
tory findings typical for a congenital factor IX-deficient patient. The 
weak inhibitor in the second group is predominantly of academic interest 
since it is not the cause of hemorrhagic disorder. 
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A. Congenital Factor IX Inhibitor 

In a Swiss family of nine children many of the siblings exhibited 
severe hemorrhagic disorders. This family was tentatively diagnosed in 
1959 as being factor IX deficient (531) but with certain reservations 
because a typical factor IX deficiency with slightly different characteris
tics had already been diagnosed (532). The abnormality was reinvesti
gated in 1962 (533) and typical data for a factor IX deficiency were 
again obtained. However, when a technique for the preparation of crude 
factor IX was used (534), normal amounts of the factor were recovered 
from the plasma and serum of these patients. No factor IX was obtained 
from other established factor IX-deficient patients unrelated to this 
family. An inherited inhibitor was then postulated, and on paper elec
trophoresis an extra protein component migrating between the and 
a-globulins was observed. Further studies (535) confirmed these findings. 

The inhibitor was adsorbed by concentrations of BaS04 and Al (OH)3 
that were insufficient to remove the greater part of the factor I X in 
oxalated plasma and serum. It could be eluted from the BaS04 with 
0.14 M sodium citrate. It was destroyed by heating at 56°C for 30 
minutes but was stable at —20°C over a period of 1 year. Attempts 
to isolate this inhibitor from plasma by starch gel and paper electro
phoresis failed. It was labile in the presence of (NH4)2S04. 

The inhibitor was specifically directed against factor IX activation. 
It required a cofactor that is absent from congenital factor VIH-deficient 
plasma. This was demonstrated by factor I X activation tests. When 
the patient's plasma was mixed in various proportions with a normal 
plasma and recalcified, the resulting serum contained very little serum 
factor IX activity. However, when the patient's plasma was mixed with 
factor VIH-deficient plasma and recalcified, the resulting serum con
tained the same amount of serum factor IX activity as that found in 
a recalcified sample of normal plasma mixed with buffer. These findings 
would account for the fact that the factor IX activity in the plasma 
or the serum was not detectable until it was separated from the inhibitor. 

B. Abnormal Factor IX 

It was suggested that patients with congenital factor IX deficiency 
should be divided into at least two groups: (a) those exhibiting a total 
absence of factor IX protein and (b) those with functionally defective 
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factor IX molecules {536, 537). Recent work appears to support the 
validity of this concept {538-541). Differentiation of the two types of 
hemophilia B was made possible through the perceptive observations 
of Hougie and Twomey {538) on two siblings with factor I X "de
ficiency." The patients' plasma gave abnormal "prothrombin time" when 
bovine instead of human brain thromboplastin was employed. Both had 
low factor VII and negligible factor I X levels. The levels of inhibitor 
were low and were demonstrable only by coagulation tests employing 
bovine brain thromboplastin. The inhibitor could not have been responsi
ble for the bleeding disorder. 

The inhibitor was demonstrated to be an abnormal factor I X molecule. 
It was absorbed by BaS04 and Al (OH)3 and was inactivated at pH 
3 and by heating at 56°C for 30 minutes. It was eluted in the same 
peak as normal factor IX when chromatographed on Sephadex G-200, 
and it sedimented at the same rate as normal factor IX during sucrose 
density gradient centrifugation. The abnormal factor I X reacted with 
factor I X antibody in a similar manner to normal factor I X protein. 

C. Abnormal Factor X 

Recently a new defect, "factor X Friuli," has been recognized which 
can be corrected by Russell's viper venom but not by tissue thrombo
plastins {542-544)- The laboratory features were intermediate between 
classical factor VII and factor X deficiencies {544) • The presence of 
an abnormal factor X was demonstrated by antibody neutralization and 
immunodiffusion {544) • The amount of antigenically recognizable protein 
varied considerably among different patients and at least five different 
abnormalities have been identified {545). It was suggested that these 
arise from different genetic mutations. 

V. ACQUIRED CIRCULATING ANTICOAGULANTS 

It is now accepted that animals can form antibodies against certain 
of their own antigens. These autoantibodies react with the host's anti
gens, causing the so-called "autoimmune" diseases. In man, severe 
hemorrhagic diathesis can result from the presence of circulating anti
coagulants directed against specific coagulation proteins {546). The 
majority of such anticoagulants have been characterized as immuno-
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globulins and are believed to be antibodies. However, in rare instances, 
patients with dysproteinemic syndromes exhibit bleeding states, such 
as those found in macroglobulinemia, myeloma, and hypergamma
globulinemia. 

A. Factor V Inhibitor 

An acquired specific anticoagulant directed against factor V is rela
tively rare. Since the first reported case (547) in 1955, six others have 
been described (548-551). In all of these cases, the inhibitory activity 
was confined to the patient's immunoglobulin fractions. In general, the 
activity was not strictly species specific. It appeared to react with factor 
V instantaneously (549) and stoichiometrically (551) and had the physi
cochemical characteristics of an immunoglobulin. That the anticoagulant 
could be neutralized with antihuman immunoglobulin antiserum estab
lished it to be an immunoglobulin (551). In two cases, the anticoagulant 
was an IgM (550, 551) and one belonged to the IgG class (551). 

B. Factor VIII Inhibitor 

Circulating anticoagulant that specifically inhibits factor VIII is the 
most common type of inhibitor found in patients with acquired hemor
rhagic disorders (552, 553). It may be present in patients congenitally 
deficient in factor VIII (hemophilia A ) , in some women within a year 
postpartum, and in apparently healthy elderly subjects of either sex 
with no previous history of bleeding. There is no general agreement 
as to the etiology of the acquired inhibitor in hemophiliacs, but it seems 
likely that the antibody is formed by repeated infusion of human factor 
VIII preparations. The anticoagulants obtained from hemophiliacs and 
nonhemophiliacs appear functionally identical. Patients who are not con
genitally deficient in factor VIII and who have acquired this anticoagu
lant have coagulation profiles similar to those of hemophiliacs. Such 
patients are therefore termed "autoimmune hemophiliacs" (554). Two 
excellent clinical reviews on this subject are available (555, 556). 

In general, these inhibitors are found in plasma as well as in serum. 
They are not removed by Al (OH)3 or BaS04, resist heating to 56°C 
for at least 30 minutes, and are stable for several years at —20°C. 
They are all immunoglobulins, mostly of the IgG (7 S) class, although 
some are IgA and IgM (557, 558). Shapiro (559) studied three cases 
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and classified their antifactor VIII as y2y2 monotypic antibody species. 
One factor VIII inhibitor was reported to belong to the yG4 (IgGd) 
subclass with K type of chains (560), while another was reported with 
yG3 (IgGc) heavy chains (561). After digestion of a factor VIII inhibi
tor fraction with papain the anticoagulant activity was located in the 
Fab fragment (562). Further, the factor VIII inhibitor activity was 
removed by precipitation with a rabbit antihuman IgG antiserum (563). 

The action of factor VIII anticoagulants is specific and they do not 
react with other known coagulation factors. The reaction between the 
inhibitor and factor VIII was shown to be temperature, pH, and concen
tration dependent and not species specific (564) • It was time dependent 
and followed the general kinetic behavior of antibody-antigen reactions. 
By varying the amount of inhibitor and keeping the factor VIII level 
constant, Andersen and Troup (564) demonstrated a marked variability 
in the reaction rates. When these data were expressed in terms of residual 
factor VIII activity over a reaction period of 2 hours, it appeared that 
the reaction was not first order. However, Biggs and Bidwell (565) found 
that the inhibitor-factor VIII reaction was bimolecular and was a first-
order reaction when the inhibitor was present in excess. Andersen and 
Troup (564) stressed that meaningful kinetic studies on the inhibi
tor-factor VIII reaction could not be obtained by the type of assay 
procedures currently available. Their attempts to establish a linear plot 
by Lineweaver-Burk analysis failed, and a Van't Hoff analysis employed 
by Shapiro (559) also failed to demonstrate linearity. Antibodies formed 
against factors VIII and IX were used to clarify the sequence of events 
involving these factors during blood coagulation (149). 

C. Lupus Erythematosus Inhibitor 

A small percentage of patients with systemic lupus erythematosus 
(SLE) have bleeding disorders due to the presence of an acquired cir
culating anticoagulant. An excellent review on the clinical and laboratory 
abnormalities of such patients can be found (556). 

Unlike inhibitors of factor V and factor VIII, the lupus inhibitor 
is not known to destroy any specific clotting factor. The inhibitor acts 
late in the blood coagulation scheme and generally does not affect "pro
thrombinase" formation. The inhibitor was first isolated and purified 
in a homogeneous state from the blood of a patient with SLE by Yin 
and Gaston (566) and found to be an IgG with a sedimentation rate 
of 6.6 S. The inhibitor was not adsorbed on BaS04, precipitated between 
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25 and 33% saturation with (NH4)2S04, and resisted heating at 56°C 
for 60 minutes. The chromatographically purified inhibitor prolonged 
the plasma recalcification time, the partial thromboplastin time, and 
the one-stage prothrombin time and had no effect on the thromboplastin 
generation test. If the inhibitor was added to a mixture of prothombin 
and fibrinogen, the ability of a normal thromboplastin generation test 
incubation mixture to clot the substrate was impaired. This indicated 
that the inhibitor was affecting the conversion of prothrombin to throm
bin by the prothrombin activator. 

To verify this interpretation, prothombin activator was prepared by 
mixing purified factor V, an equimolar mixture of phosphatidylserine 
and phosphatidylcholine, activated factor X , and calcium ions. A fraction 
of purified prothrombin was incubated with the preformed activator 
in the presence and absence of the lupus inhibitor. Surprisingly, thrombin 
generation in both reaction mixtures was absolutely normal despite the 
fact that the inhibitor was inhibitory in the partial thromboplastin time 
assay. The fraction of inhibitor used had been obtained by gel filtration 
followed by DEAE-cellulose chromatography. When the experiments 
were repeated, either with the patient's serum or with a fraction obtained 
after gel filtration, the amount of thrombin generated by the preformed 
activator was found to be impaired. A cofactor for the inhibitor was 
therefore suspected that was perhaps separated from the inhibitor on 
the DEAE-cellulose column. Subsequently, a small protein peak without 
any clotting or anticoagulant activity eluting immediately behind the 
lupus inhibitor with 10~

2
 M phosphate buffer, pH 8.6, was found to 

act as cofactor for the inhibitor in affecting the yield of thrombin (566). 
Since the low yield of thrombin was not due to the direct action of 
the inhibitor on the thrombin activity, the inhibitor could not be regarded 
as an antithrombin. A mixture containing preformed prothrombin activa
tor, prothrombin, and the lupus inhibitor plus cofactor was then allowed 
to react at 37°C. When the impaired thrombin formation reached a 
maximum an additional quantity of activator was added and a further 
increase of thrombin activity was obtained. In control experiments the 
inhibitor cofactor mixture was replaced with buffer and at maximal 
thrombin formation either buffer or prothrombin activator was added. 
A dilution effect on the thrombin activity was then obtained. These 
results indicate that (a) the inhibitor does not destroy thrombin or 
its precursor, (b) the inhibitor blocks the action of prothrombinase on 
prothrombin, possibly by stoichiometric combination with the active site 
of the prothrombin activator, and (c) the action of the inhibitor is 
immediate. 
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It appears that many of the inhibitors formed in systemic lupus 
erythematosus may fall in the category described above. The mechanism 
of inhibition of the inhibitor found in subsequent cases {567, 568) ap
pears to be similar. The action of the lupus inhibitor was claimed to 
be species specific (569) but this was subsequently refuted (566, 568). 
No conclusive evidence was obtained that the lupus inhibitor is an anti
body. Two cases of acquired circulating anticoagulants that behaved 
much like the lupus inhibitor were described and the inhibitors were 
shown to belong to the IgM class of immunoglobulins (570). The inhibi
tory activity was abolished by reaction with anti-IgM antiserum. 

D. Factor XIII Inhibitor 

There are only two reported cases of acquired circulating inhibitors 
of factor XII I found in the English literature (457, 458). In one case, 
(47) (see also Section II,C,4,d) the inhibitor was located in the y-globu-
lin fractions. Immunoelectrophoresis revealed the presence of a morpho
logical abnormal IgM precipitation arc resembling a monoclonal para
protein. The inhibitor in the case reported by Godal (458) was identified 
tentatively as an IgG. The activity was not neutralized by anti-IgG 
antiserum. The inhibitor did not prolong the thrombin-fibrinogen clotting 
time, thus indicating that the early phase of polymerization of fibrin 
monomers was not affected. It appeared that the inhibitor acted on acti
vated factor XIII to form a complex that could be readily dissociated 
by dilution and acidification. 

E. Factor IX Inhibitor 

Circulating anticoagulants specific against factor IX, except in true 
hemophilia B, are extremely rare. The total incidence of antifactor I X 
complicating congenital factor IX deficiency is approximately 12% 
(556). The first case of acquired factor IX inhibitor was reported in 
1959 (571) and the only other one was reported in 1970 (572). The 
inhibitor was reported to impair the thromboplastin time test. 

F. Inhibitors of Other Clotting Factors 

Acquired circulating anticoagulants against factor VII (556) and fac
tor X I (573) have been reported. The former interfered with the extrinsic 
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VI. FIBRINOGEN DEGRADATION PRODUCTS 

An anticoagulant effect of "incubated fibrinogen" was first reported 
independently by Triantaphyllopoulos (76) and Niewiarowski and 
Kowalski ( 7 7 ) . The actions of whole plasma and of preparations of 
plasmin and trypsin were studied, and a partial purification of the anti
coagulant fraction was achieved by 50% saturation with ammonium 
sulfate. The anticoagulant was believed to be a high molecular weight 
derivative of fibrinogen (77) and prolonged the thrombin time of fresh 
plasma (76). When injected into rabbits "incubated fibrinogen" was 
a potent anticoagulant (574) • Subsequent reports have indicated multiple 
sites of action of fibrinogen degradation products (FDP), resulting in 
both anticoagulant and procoagulant activities under different conditions 
(575, 576). These are summarized below. 

A. Anticoagulant Effects of FDP 

1. ANTITHROMBIN EFFECT 

This term was used to describe the inhibition of the proteolytic action 
of thrombin by FDP. Inhibitory effects of this type were elicited from 
both 0-25% and 25-50% ( N H4)2S 04 fractions of "incubated fibrinogen." 
Further purification of the latter fraction by electrophoresis gave two 
main components exhibiting antithrombin activity (577). The specific 
activities of these products were dependent to some extent on the length 
of time that the digestion of fibrinogen had been allowed to proceed. 
Purified thrombin liberated TCA-soluble protein fragments from the 
anticoagulant fraction of incubated fibrinogen, and it was concluded 
that FDP act as substrate for the enzyme and so act competitively 
to inhibit fibrinogen conversion to fibrin (578). 

2. INHIBITION OF FIBRIN POLYMERIZATION 

Both "incubated fibrinogen" and fibrinogen digested with plasmin in
hibited the polymerization of fibrin monomers as measured spectropho-
tometrically (579-581), particularly at low ratios of FDP:monomer. 
A lack of temperature dependence appeared to rule out an enzymic 

coagulation mechanism employing tissue factor, and the latter interfered 
with the intrinsic coagulation pathway. 
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mechanism, and it was suggested that FDP form complexes with the 
fibrin monomers in a "competitive" manner (581). Evidence was pre
sented that the "early" products of digestion were most effective as 
antithrombic agents, whereas "late" products were most effective as in
hibitors of polymerization (582). 

The ultrastructure of fibrin clots formed in the presence of FDP has 
been investigated by electron microscopy (583). Abnormalities noted 
included inhibition of unit and compound fiber formation, occurrence 
of blindly terminating fibers, diminished lateral aggregation, failure of 
network formation, and incorporation of undifferentiated aggregates into 
the clot structure. Similarly, thromboelastograms of such clots indicated 
reduced tensile strength (584). The relative sizes of clots formed in 
distilled water or in saline were reversed when the clotting system was 
previously exposed to FDP (585). 

3. INHIBITION OF PROTHROMBIN CONVERSION 

High concentrations of FDP inhibited the conversion of prothrombin 
to thrombin (76, 586). This phenomenon was reversed after addition 
of excess platelet factor 3 or brain phospholipid (587). Recently, it was 
found that factor V I I I counteracted completely the inhibitory effect 
of FDP (588). The anticoagulant activity was invariant when the extent 
of digestion of fibrinogen was altered and when different partially 
purified fractions were tested (587). When purified prothrombin was 
used, an increase in thrombinogenic potential was observed (see below) 
on incubation with FDP but at the same time conversion to thrombin 
was delayed. 

4. INHIBITION OF PLATELET FACTOR 3 

Fibrinogen degradation products were shown to inhibit the effect of 
platelet factor 3 (PF3) on prothrombin consumption when added to 
platelet-poor plasma (587). There was no effect on PF3 availability from 
the platelets. 

5. INHIBITION OF FACTOR V AND FACTOR V I I I ACTIVITIES 

Both factor V and factor V I I I are sequentially activated and then 
degraded after exposure to thrombin. One of the earliest observations 
made with FDP was a reduction in the level of factor V (76). Factor 
V I I I is probably also reduced. The FDP appear to accelerate the degra
dation of factor V I I I (possibly also factor V ) caused by thrombin. 
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B. Procoagulant Effects of FDP 

1. INCREASE IN THROMBINOGENIC POTENTIAL OF PROTHROMBIN 

Samples of purified prothrombin in the presence of FDP showed greater 
specific activities in the two-stage assay than when FDP were omitted 
(588). This was referred to as enhanced "thrombinogenic potential." 

2. INCREASE IN PROTHROMBIN CONSUMPTION 

A new activity of lysed fibrinogen was reported recently (589). Low 
concentrations of FDP or FDP to which phospholipids and Ca

2f
 had 

been added increased the amount of thrombin that was generated. Addi
tion of low concentrations of FDP to hemophilic plasma (factor VIII 
deficient) gave similar results. In some respects FDP acted like a weak 
factor VIII activity (589). 

3. ACTIVATION OF FACTOR X 

The amount of thrombin generated from prothrombin by a mixture 
of factor X , adsorbed bovine serum (source of factor V ) , lipids, and 
calcium ions was enhanced by FDP (576). Species specificity and vari
ations in experimental conditions led to equivocal results, however, 
and a conclusion that FDP enhance factor X activation should be con
sidered tentative. 

4. PROTECTIVE EFFECT ON THROMBIN 

Dilute solutions of thrombin lose activity spontaneously even when 
stored in siliconized vessels. A weak protective effect was seen with 
albumin, transferrin, and ceruloplasmin, but FDP were much more 
potent in stabilizing thrombin under these conditions (576). 

5. INHIBITION OF PLASMIN 

The antithrombin action of FDP is associated with a rather more 
potent antiplasmin activity (590). This inhibition was observed whether 
fibrin or fibrinogen was used as substrate for plasmin. There was no 
indication that these effects were due to additional breakdown of FDP 
by the plasmin used. 
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C. Other Effects of FDP 

The literature contains reports of effects of FDP on platelet aggrega
tion and viscous metamorphosis induced by thrombin and ADP (591, 
592), on peritoneal adhesions and corrective tissue growth (593), on 
the osmotic fragility of erythrocytes (594), and on the agglutination 
of staphylococci (595, 596). There were apparently no effects of FDP 
on antithrombin III (576). 

D. Studies with Isolated Digestion Fragments 

Some disagreement exists as to the relative inhibitory activities of 
the lysis fragments X , Y, D, and E (Section I,A,1). Fragment D was 
found to possess strong anticoagulant activity (580), and it was sug
gested that bleeding observed in fibrinolytic syndromes was due to pro
gressive accumulation of this fragment in vivo. In a comparative study 
of the degradation products obtained by subjecting fibrinogen and fibrin 
to hydrolysis by various proteolytic enzymes, there appeared to be no 
uniform conclusion as to whether fragment D or fragment E was the 
more potent (597). As pointed out already, in some tests FDP obtained 
after short digestion periods were more potent than "late" products. 
In agreement with this, carefully purified fragment Y was found to 
inhibit the thrombin time to a greater extent than fragments X , D, 
or E (72, 598). In vivo, differences in half-lives of these fragments 
may also be relevant to their anticoagulant importance (599). 

E. Digestion of Fibrinogen and Fibrin with Enzymes Other than Plasmin 

Trypsin and chymotrypsin degraded fibrinogen and fibrin, yielding 
anticoagulant fragments D and E. Papain gave only fragment D (597). 
Under controlled conditions, thrombin could cause dissolution of fibrin 
clots. The digestion products prolonged the thrombin clotting time of 
both fibrinogen and plasma (600) and inhibited activation of prothrom
bin (601). These observations may have some physiological importance 
since thrombin adsorbed to fibrin strands would otherwise be released 
into the circulation as an active enzyme as it dissolved the clot. The 
venom of the gabon viper (Bitis gabonica) appeared likewise to impair 
clot formation by a direct proteolytic action on fibrinogen, releasing 
soluble breakdown products (602). After anticoagulant therapy with 



276 P. G. BARTON AND E. THYE YIN 

arvin, split products of fibrinogen and fibrin could be demonstrated and 
these were shown to possess anticoagulant activity in vivo {60S). A 
concise survey of methods for dealing with FDP has been compiled 
(604). 

VII. INHIBITORS OF LIPIDS AND LIPOPROTEINS 

A. Antithromboplastins 

In 1942, Tocantins (605, 606), as a result of studies on contact activa
tion of blood coagulation, proposed that an antithromboplastin exists 
in circulating blood. Further, he suggested that elevated levels of this 
inhibitor could account for the extended clotting time of hemophilic 
blood (605, 607). From the methods of preparation of the active principle 
(608, 609) it could be assumed that antithromboplastin was a lipid. 
Since thromboplastins are phospholipid-protein complexes, it was sug
gested that antithromboplastic activity might simply be related to an 
excessive proportion of the lipid component (610, 611). This might also 
explain the contact removal of the inhibitor (612) since phospholipids 
are surface-active materials. Tocantins' inhibitor theory has been re
cently reviewed (609). 

A problem that has perhaps not been sufficiently stressed is the precise 
definition of the term "antithromboplastin." The term "thromboplastin" 
itself has undergone several changes in meaning (613) so that it has 
been used to denote quite different enzymic and biological activities. 
Consequently, it would be surprising if the inhibitory activities directed 
against these thromboplastins, as measured by different investigators, 
were identical. More recent work has been concerned with the inhibitory 
properties of individual compounds, or at least fairly well-defined mix
tures, so that a more satisfactory terminology is now possible based 
on specified lipid anticoagulants. 

If, as suggested earlier, inhibitory activity can be elicited by an excess 
of the lipid component, it might reasonably be anticipated that those 
lipids which are the most active procoagulants at lower concentrations 
would be the most effective anticoagulants at higher concentrations. 
Studies with phosphatidylserine (PS) and other lipid preparations have 
tended to support this interpretation (614-617). 

Phospholipids are important components of platelet factor 3, the lipid 
source in the intrinsic coagulation system. Platelet phospholipids have 
been extensively characterized as to subclass, fatty acid composition, 
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and plasmalogen content (614-616). Phosphatidylserine appeared to be 
the most active subclass (138, 617-620). In vitro, tests of PS activity 
did indeed indicate a procoagulant function at low concentrations with 
a transition to anticoagulant function at higher levels (617, 621). Al
though results with different test systems have to be interpreted with 
caution, this preliminary conclusion has now been amply confirmed (620, 
622, 623). Injection of PS into circulating blood elicited an anticoagulant 
effect (624-626). The bleeding symptoms induced by this treatment were 
due partly to inhibition of blood coagulation and partly to the suppres
sion of the release of platelet constituents including ADP (626). Effects 
of PS were enhanced by solubilization with sodium deoxycholate (137, 
624) but these results are difficult to interpret on several counts. First, 
bile salts can replace the lipid function in prothrombin activation (139) 
and cannot therefore be considered as an inert vehicle for PS. Second, 
mixed micelles exhibit surface chemical features quite distinct from those 
of the solubilized materials (627) and surface effects are crucial as deter
minants of activity (135-137, 627). 

Chemical synthesis of phospholipids has provided a convenient means 
of studying the influence of fatty acid composition on the coagulant 
and anticoagulant properties of PS (628-632). Highly saturated phos-
phatidylserines were generally inactive in both respects and were not 
readily solubilized. This was to be expected when the transition tem
perature for melting of the lipid hydrocarbon chains was well above 
the physiological temperature. The greater activity of the unsaturated 
species could be explained on the basis of their liquid crystallinity in 
the aqueous environment or, alternatively, by their enhanced susceptibil
ity to autooxidation (632). The latter proposal is supported by the ob
servation that the anticoagulant activity of unsaturated PS was in
creased by catalytic hydrogenation subsequent to autooxidation (632). 

Hecht (609) has emphasized the inhibitory properties of sphingosine, 
C H3( C H2)1 2C H = C H ( O H ) C H ( N H2) C H2O H . Under appropriate con
ditions, sphingosine at low concentrations behaved as an activator of 
procoagulant lipids while at higher concentrations it behaved as an in
hibitor (633). The activation product was described as a "thromboplas-
tinlike" activity. A number of synthetic compounds structurally related 
to sphingosine were tested (609, 634, 635). Compounds in which the 
hydroxyl and amino groups were blocked were much less active as in
hibitors, as were dihydrosphingosines and short-chain homologs. The 
inhibitory activity of sphingosine has been demonstrated with several 
different tests of coagulation function, including tests of the intrinsic 
(platelet factor 3) and extrinsic (tissue thromboplastins) pathways 
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(636). In general, the inhibition could be reduced by increasing the 
concentration of the lipid or lipoprotein component. It is unlikely that 
sphingosine has much physiological significance in the context of blood 
coagulation since the free base is present only in trace amounts in blood. 
Rather, the phenomenon of sphingosine inhibition may eventually pro
vide a clue to the mechanism of antithromboplastic activity. 

Glutamic acid was reported to be a potent antithromboplastin when 
either phospholipids or a beef lung thromboplastin were used as a lipid 
source (637, 638). Later, a material isolated from rabbit brain, which 
met the usual specifications for an active tissue thromboplastin, was 
found to be a complex of glutamic acid with sterols, serine, ethanolamine, 
and sphingosine (613, 639). 

Nonesterified fatty acid salts could also promote intrinsic clotting 
of platelet-rich plasma carefully collected into plastic or siliconized glass 
containers (640-643). This effect appeared to be exerted primarily at 
the level of factor XIII activation (644, 645), and sodium stearate was 
particularly effective. Rather high concentrations of fatty acids infused 
into dogs caused massive thrombosis (646-649). However, the clot-pro
moting activity of a variety of tissue thromboplastins was retarded by 
long-chain fatty acids under conditions in which the fatty acids them
selves had no influence on clot formation (650). Saturated fatty acids, 
solubilized with an amphoteric detergent, showed optimal inhibitory ac
tivity when the chain length was 14 C atoms; for unsaturated acids 
a length of 16 C atoms was optimal. Esterification or reduction of the 
carboxyl group eliminated the inhibitory property while cis and trans 
isomers were found to be equally effective as inhibitors. Nervonic acid 
exhibited antithromboplastic activity against all thromboplastins tested 
but at low concentration became thromboplastic in the presence of human 
serum albumin. Arachidic acid formed a labile thromboplastic activity 
with albumin (650). Bovine serum albumin has several classes of binding 
sites for fatty acid anions with different affinities for different fatty 
acids (651). The observed development of thromboplastic activity may 
therefore be due to a selective reduction in the equilibrium concentration 
of unbound fatty acids. 

Erythrocytes in the absence of a tissue or partial thromboplastin ex
hibited thromboplastic properties, but in the presence of either of these 
thromboplastins they acted as inhibitors (652). 

The function of lipoproteins in blood coagulation is presumably to 
provide a catalytic surface for the interaction of clotting factors, leading 
ultimately to prothrombin activation (130). Microelectrophoretic studies 
have provided a good correlation between the coagulant activity of lipids 
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and their electrophoretic mobility (135-137). Although the original ex
periments did not preclude other possibilities, the required structure has 
come to be regarded as an array of fixed negative charges (Gouy-Chap-
man model) capable of adsorbing counterions (Ca

2 +
) and coagulant pro

teins. Indeed, the reversible binding of essential clotting factors has been 
convincingly demonstrated [125-127, 133, 134, 140). Thus, a somewhat 
sensitive relationship must exist between the structure -of the surface 
and its ability to adsorb and desorb proteins. An alteration of the surface 
in one direction (positive) may decrease the extent of binding, while 
an alteration in the opposite direction (negative) may lead to irreversible 
binding. In addition, highly charged surfaces are liable to denature many 
enzymes (653, 654). Any of these effects is expected to diminish the 
catalytic activity of the surface. 

The antithromboplastic substances described here are amphipathic or 
amphiphilic substances potentially capable of interacting with active phos
pholipid structures to alter their surface structure. Phosphatidylserines 
are acidic lipids capable of generating a high negative-charge density 
in the interface, unless spread out with basic or zwitterionic lipids (627). 
Bile acids are expected to increase the ability of PS to mix with other 
lipids, while hydrogenation of PS is expected to reduce mixing. Fatty 
acid soaps interacting with the lipid components of tissue thromboplas
tins would also generate a high negative-charge density in a like manner. 
Blocking groups on the carboxyl function would eliminate this effect. 
Sphingosine, which is a cationic amphiphile, would reduce the optimal 
charge density, provided that mixing with phospholipids at the molecular 
level occurred. Thus, sphingosine derivatives blocked at the hydrophilic, 
and especially amino, groups would be ineffective as inhibitors, as would 
saturated and very short chain derivatives, which could not interact 
so readily with the phospholipids. 

B. Inhibitors of Platelet Factor 3 (PF3) Release 

The release of platelet constituents and the inhibition of the release 
reaction have been subjects of several recent and detailed reviews 
(655-657). The general release reaction is inhibited by DFP and sulfhy-
dryl reagents, by ADP analogs, prostaglandins, and colchicine, by phos-
phatidylserine, by heparin, by chelating agents, and by a wide variety 
of pharmacological compounds including acetylsalicylic acid (aspirin). 
To a large extent, release of platelet factor 3 activity could be observed 
concomitantly with release of other constituents such as serotonin and 
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ADP, so that the above inhibitors were effective against development 
of PF3. However, there are many indications that PF3 can also develop 
through modification of the external surface of the platelet cell membrane 
(658-660), for example during aging of the cells. This opens up the 
possibility of a selective inhibition of initial PF3 development not in
volving the general release reaction. For example, PF3 can be made 
available by surface contact of platelets with kaolin in plasma anti-
coagulated with citrate or oxalate but not in plasma anticoagulated 
with EDTA (661). Furthermore, the coagulant and hemostatic functions 
of platelets can be distinguished on the basis of their separate responses 
to inhibitors. Thus, guanidinosuccinic acid was found to block the action 
of ADP on PF3 release without affecting its action on aggregation (662). 
Aspirin blocked ADP-induced secondary aggregation of platelets (663, 
664), which is known to be associated with PF3 development (665). 

The possibility exists that certain forms of hemorrhagic diathesis and 
nonbleeding coagulation abnormalities may be due to effects of circulat
ing inhibitors on PF3 availability. Platelet-defect diseases may be classi
fied as thrombocytopenias (low platelet numbers), thrombocytasthenias 
(reduced adhesiveness, aggregation, and clot retraction), and thrombo-
cytopathies (reduced coagulant potential) (666). In practice, the distinc
tion among these has not always been clear due to failure to carry 
out complete clinical and laboratory diagnosis. The "prothrombin con
sumption," "thromboplastin generation," and "Stypven" tests may to
gether provide a fairly reliable indicator of PF3 abnormality. 

Theoretically, there may be two types of PF3 abnormalities, those 
in which the platelets are genuinely deficient in the appropriate lipid 
or lipoprotein (not corrected by cell disruption) (667) and those in which 
this component is present but not liberated physiologically. The latter 
(thrombocytopathy A) could be explained by the adsorption to the plate
let membrane of substances that block the action of aggregating agents. 
The acquired thrombocytopathies observed in macroglobulinemia (668, 
669), uremia (667), and cirrhosis of the liver (670) may be of this 
type. 

VIII. INHIBTORS OF INTRAVASCULAR COAGULATION 
AND THROMBOSIS 

Three principal factors contributing to the formation of intravenous 
thrombi are hypercoagulability of the blood, reduced intravascular flow 
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rates, and physical or chemical changes in the surfaces of the vessel 
wall and formed elements of the blood (671). The surface-charge charac
teristics of the vascular intima and various prosthetic materials as well 
as those of blood cells have been investigated (672). The basic Helm-
holtz-Smoluchowski equation 

671-770 f =
 rfDq •

x 

where f is zeta potential (millivolts), rj0 is bulk viscosity, D0 is bulk 
dielectric, R and F are correction factors for delayed relaxation and 
surface conductance, and x is a variable, has been used with all three 
electrokinetic methods. For electrophoresis x = u, the electrophoretic 
mobility (centimeters squared per second X volt). For electroosmosis 
x = V/E, where V is liquid velocity (centimeters per second) and E 
is applied potential gradient (volts per centimeter). For streaming po
tentials x = E/P, where E is difference of flow potentials (volts) and 
P is the pressure decrease (dynes per centimeter squared), it can readily 
be seen that electrophoretic methods, especially microelectrophoresis, 
would be extremely useful for evaluation of f for blood cells (673), 
whereas electroosmosis (674) and streaming potentials (675, 676) would 
be best suited to vascular systems. Sawyer and associates have been 
able to demonstrate a clear correlation between the sign and magnitude 
of the potentials induced by the various drugs adsorbed to cellular and 
vascular surfaces with their antithrombogenic effects (677, 678). Since 
the normal potentials of blood vessel walls are quite small (—3 to —15 
mV) they are quite readily altered by small quantities of polyionic 
adsorbants (to + 1 to +110 mV). For example, heparin and chondroititt 
sulfate increased the mean occlusion time of current-stimulated mesen
teric vessels in intact rats from about 25 to about 250 seconds (679). 
It is not clear, however, why dimethylaminoethanol should have a similar 
though smaller effect. 

A different approach was adopted by the present authors (366). A stan
dardized bioassay technique for the study of hypercoagulability and 
thrombosis in the large veins of experimental animals was used (680). 
Small doses of activated factor X were found to produce massive thrombi 
in this system, an effect that could be greatly potentiated both in inten
sity and duration by simultaneous infusion of brain lipids or a sonicated 
platelet fraction (365). When artificial mixtures of zwitterionic and 
acidic phospholipids (681) were infused with the activated clotting factor 
it was found that the intensity and duration of the effect was related 
directly to the calculated surface potential and measured electrokinetic 
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potential on the lipid particles (366). Furthermore, the ability of the 
lipids to bind factor X , also related to these parameters, appeared to 
protect the activated factor from inhibition by circulating inhibitors. 
Conversely, infusion of an anionic detergent, cetyltrimethylammonium 
bromide, with activated factor X in the absence of phospholipids tended 
to decrease the thrombogenic effect. 

IX. THE ROLE OF HEPARIN IN BLOOD COAGULATION 

Heparin is a sulfated mucopolysaccharide of uncertain molecular 
weight (8000-17,000). The strong acidity of this compound is due to 
the presence of carboxyl, sulfuric, and aminosulfuric groups. The repeat
ing tetrasaccharide unit contains a total of five sulfate groups. The anti
coagulant activity of such polysaccharides increases with the content 
of carboxyl and sulfate groups (682). Heparin reacts readily with poly-
basic compounds such as protamine sulfate, histones, and toluidine blue. 
It is probably synthesized in the mast cells and if present in blood 
is at very low concentrations except under abnormal circumstances (217, 
683). Commercially it is obtained from beef lungs. 

Heparin, by itself or in combination with other plasma components, 
has been implicated in almost every step of the blood coagulation mecha
nism. Some of these functions are poorly defined but the following list 
is as comprehensive as possible. 

Acceleration of thrombin adsorption to fibrin. The adsorption of 
thrombin to fibrin, which is accelerated by heparin (161), is an important 
mechanism for the prevention of thrombus propagation. Much of the 
thrombin formed when a small vessel is thrombosed may be effectively 
localized in the clot. Biologically active thrombin has been recovered 
from fresh thrombi after digestion by plasmin (684). Polymers of 
ethylenemaleic acid and its divinyl ether congener share many properties 
of heparin and also appear to exert antithrombin effects in the presence 
of fibrin monomer (685). 

Acceleration of the inhibition of thrombin. See Section II,A,4. 
Acceleration of the inhibition of activated factor X. See Section II,A,5. 
Antithromboplastic effect. Heparin was shown to combine with lung 

thromboplastin (288), thereby preventing the formation of prothrom-
binase activity (686). 

Decrease in platelet adhesiveness. Heparin and related sulfated poly
saccharides inhibited the adhesiveness of platelets (687), an effect that 
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would be expected to impair hemostasis as well as the release of platelet 
factor 3. 

Inactivation of preformed prothrombinase. When heparin was added 
to a "thromboplastin generation mixture" at the height of prothrombinase 
formation, the procoagulant activity was labilized (688). The amount 
of heparin carried over from the primary incubation mixture was insuffi
cient to impair the thrombin-fibrinogen reaction. 

Reversible inhibition of activated factor IX. Factor I X was activated 
by incubation with activated factor X I and Ca

2 +
. When aliquots of 

this reaction mixture were incubated with heparin a time-dependent loss 
of activated factor IX was observed (689, 690). It was concluded that 
heparin reacts directly with activated factor IX, preventing its subse
quent reaction with factor VIII (689). These effects were reversed by 
treatment with protamine sulfate. 

Interference with the activation of factor IX. Several workers have 
presented data suggesting that the site of action of heparin in the early 
stages of clotting is the reaction between activated factor X I and factor 
IX (688, 691-693). Through the use of a system for generating activated 
factor X , it was found that heparin interfered with factor I X activation 
by inhibiting a trace amount of thrombin formed in the reaction mixture 
(691). This small amount of thrombin was considered to be essential 
for the optimal generation of activated factor X and hence prothrom
binase (694-696). It was suggested that heparin together with antithrom
bin II blocked the action of thrombin on factor VIII, thereby decreasing 
the rate and extent of prothrombinase formation (693). However, throm
bin activation of factor VIII has not been shown to be essential in 
this process (689). 

Inhibition of fibrin cross-linking. In human citrated plasma clotted 
in the presence of heparin, the total weight of fibrin formed and the 
rate and extent of cross-linking, as measured by the weight of urea-
insoluble fibrin, were considerably decreased (697). Under appropriate 
conditions, complete inhibition of cross-linking was observed. The in
hibitory effect of heparin was reversed by protamine sulfate (697). 

Inhibition of antiplasmin activity. See Section II,A,6. 
Increase in antithrombogenie activity of the vascular wall. See Section 

VIII. 
Much of the confusion concerning the site of action of heparin, particu

larly in the earlier phases of blood coagulation, may be attributed to 
differences in the types of tests used by different investigators and the 
failure of such tests to adequately delineate the reactions involved. The 
major tests used have been product I formation, thromboplastin genera-
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tion test, and partial thromboplastin time, none of which is highly spe
cific. Carry-over of heparin into the second stage of two-stage assays 
may also have been a source of error in some cases. 

Yin and Wessler {182, 217) have suggested that the primary role 
of heparin in maintaining blood fluidity may be in accelerating the de
struction of activated factor X by its plasma inhibitor. Factor X occupies 
a pivotal position in the clotting mechanism and is much more thrombo-
genic than is thrombin (36%). Patients with severe congenital deficiency 
of factors involved in the activation of factor X have been reported 
to die of thrombosis, and recently a patient with congenital factor VII 
deficiency was reported to have disseminated intravascular coagulation 
(698). This may suggest that further mechanisms for activation of factor 
X exist. A family with congenital deficiency of antithrombin III has 
been reported to be thrombophilic (699). 

X. CONCLUDING REMARKS 

In view of the extensive literature concerned with various aspects 
of blood-clotting inhibitors, the foregoing represents a selection based 
primarily on the interests of the authors. Thus, biochemical and bio
physical mechanisms have been emphasized at the expense of other 
equally important aspects. Finally, however, we shall take an integrated 
view of the dynamic relationships between procoagulant and anticoagu
lant reactions and consider the role of inhibitors in regulating these 
events. 

The central feature of Howell's theory of blood coagulation (700) 
is the hypothesis that in circulating blood there is an inhibitory sub
stance, heparin, which prevents coagulation. The release of tissue factor 
causes dissociation of a heparin-prothrombin complex, whereupon free 
prothrombin in the presence of Ca

2+
 can be converted to thrombin. Al

though the original theory is now considered to be incorrect in detail, 
the concept of an anticoagulant-procoagulant balance in blood is still 
valid. 

Mann (701) has recently attempted to revive the inhibitor theory 
to account for blood fluidity and for the existence of a number of mu
tually corrective coagulation defects. Two coagulation factors were pos
tulated, vitamin K-dependent factor (KDF) and antihemophilic factor 
(AHF), which with Ca

2+
 in close apposition on the thromboplastic sur

face constituted the reaction site for conversion of prothrombin to throm-
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bin. At the surface, the reaction was expected to be blocked unless at
tached inhibitor molecules could be displaced to adjacent receptor sites. 
Although a detailed criticism of this article is beyond the scope of the 
present review, it must be noted that the above proposals ignore many 
established facts. For example, the autocatalytic action of thrombin was 
considered to reside in its ability to bind inhibitor while bound to the 
thromboplastic surface. At least three groups of investigators, working 
independently, have demonstrated that, after its formation from pro
thrombin, thrombin is not retained at the catalytic surface (133, lJfi, 702). 

In contrast, the maintenance of blood fluidity in the normal circulation 
is visualized largely as a freedom from activation of circulating zymo
gens. Coagulation may be initiated locally by contact activation of factor 
XII plus alteration in properties of blood platelets or, alternatively, 
by potentiation of factor VII by released tissue components. Restriction 
of thrombus propagation may be a function of the inhibitors plus the 
fibrinolytic system. For improved control, the fibrinolytic system itself 
is maintained in balance by stimulatory and repressive mechanisms. 

The natural anticoagulating systems in the human organism, if opera
tive in toto, would far outweigh the potential procoagulants. The in
hibitor of activated factor X alone is present in plasma in amounts 
far more than would be sufficient to neutralize the total thrombin and 
activated factor X that could be formed from their precursors by total 
activation. In addition, a considerable variety of inhibitory processes 
operating through diverse mechanisms is present to ensure blood fluidity. 
One might conclude, therefore, that the prevention of hypercoagulability 
is more important as a defense mechanism than is the contribution of 
blood coagulation to hemostasis. Indeed, it has been argued that clotting 
is only of secondary importance in the hemostatic mechanism and cer
tainly primitive forms of life achieve satisfactory hemostasis without 
the help of any coagulant components (703). 

Other forms of life probably use anticoagulants as offensive weapons. 
The anticoagulant properties of several snake venoms have been investi
gated. They included the venoms of Naja melanoleuca, N. nigricollis, 
Ophiophagus hannah, Dendroaspis angusticeps, D. polylepis, and D. 
jamesoni as well as Bitis gabonica. Several investigators attempted to 
define their action on blood coagulation (704-706). The venoms all had 
similar properties in that they did not interfere with the throm
bin-fibrinogen reaction but inhibited all tests of the intrinsic coagulation 
system. They suppressed prothrombinase formation, destroyed preformed 
prothrombinase, prolonged the "one-stage prothrombin time," exhibited 
caseinolytic, fibrinogenolytic, and antifibrinolytic activities, inhibited 
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platelet aggregation by ADP, and in one case inactivated factor IX. 
This is indeed an impressive armory. Leeches and blood-sucking insects 
inject polypeptide anticoagulants into the circulation of their victims 
in order to extract the full measure of nutritional value from them. 
It is perhaps testimony to man's ingenuity that he has been able to 
turn these weapons to his own advantage in the form of therapeutic 
agents. For example, hirudin is probably the oldest form of anticoagulant 
known to medicine, while very recently the potential therapeutic value 
of arvin has excited considerable interest. 

In modern clinical medicine, the most widely used therapeutic anti
coagulants have undoubtedly been heparin and the coumarin-indandione 
compounds. Since the latter can be administered orally they have as
sumed a primary significance. Presently, studies are under way to eval
uate side effects of such administrations, particularly those due to inter
action of the compounds with other drugs. In addition, fibrinolytic and 
antifibrinolytic compounds may find an increasingly important place 
in the armory of the clinician. 

Note added in proof: Since the original literature survey was com
pleted, many interesting new publications have appeared. Only those 
reports that have a direct bearing on statements made in this article are 
cited below, however. 

The a (A) chains of human fibrinogen occur in three or four variant 
forms (707). The variant a(AP) contains a phosphorylated serine residue 
and the variant a (AY) is minus an N-terminal saline residue as com
pared with the usual a (A) chain. An a(APY) variant exhibiting both of 
the above features is also possible. The notation a (A*) is used to repre
sent the sum of these variants in the naturally occurring state. Variants 
of the y chains have also been reported (708). The C-terminal residues 
of mammalian fibrinogens were shown to be proline, valine, and iso-
leucine (709). Molecular weights of carboxymethylated chains of human 
fibrinogen and fibrin were redetermined by improved SDS-acrylamide 
electrophoresis and found to be in good agreement with earlier values 
(710,5). 

Further studies on the mechanism of action of thrombin, trypsin, arvin, 
and reptilase on fibrinogen or model peptides have been reported (711-
713). Arvin IRC-50 has been shown to be a "serine protease" type of 
enzyme with one active site per MW 55,000 (714). Multiple forms of 
human plasminogen and plasmin may be in part due to proteolytic 
degradation (715) y but more likely are genuine variants differing in amide 
content or carbohydrate composition (716). 
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It now seems well established that fibrin cross-linking occurs initially 
between intermolecular y-y chains and more slowly between a-a chains 
and some of the amino acid sequences around the cross-linkages have 
been determined (717-719). The purification and physicochemical and 
kinetic properties of factor XIII have been reported (720, 721), and it 
seems that the enzymes from plasma and from platelets are closely re
lated (722). In contrast with transglutaminase from guinea pig hair 
follicle, human factor XIII was inhibited by benzyloxycarbonyl-L-
glutaminylglycine (721). 

Two variants of zymogen factor X have been characterized as differing 
in their carbohydrate composition (723). Since all of the carbohydrate is 
removed during conversion to activated factor X (118), only one form of 
the active enzyme exists. It has been reported (724) that an activated 
form of factor VII could be obtained after treatment of the zymogen with 
a tissue thromboplastin but this was reversed by exhaustive treatment 
with phospholipase C, EC 3.1.4.3. Thus, the activation product could 
not be considered formally equivalent to a hypothetical factor Vila 
enzyme. 

Numerous reports on "pseudosubstrate" inhibitors have appeared. Some 
have been concerned with the identification, isolation, and characteriza
tion of new inhibitors from plant and animal source, while others have 
described chemical modifications of inhibitors, designed to provide in
formation about the involvement of specific functional groups. The 
conformational properties of several inhibitors have been studied spectro-
photometrically. Perhaps most revealing mechanistically are the model-
building experiments made possible by X-ray crystallographic studies 
(725). These suggest that the intermediate acyl bond formed between the 
active site of an enzyme and the appropriate carbonyl function of the 
inhibitor would be buried in a way which could prevent deacylation by 
the attack of water. Furthermore, the high enzyme-inhibitor affinity can 
be explained, at least in part, by the existence of several hydrogen bonds 
and a large number of van der Waals contacts between the two interacting 
proteins. 

Recently, Dombrose et al. (726) have attempted to describe the effect 
of antithrombin on thrombin and on factor Xa in terms of the develop
ing theories of "pseudosubstrate" inhibitors. While their formulation con
tains several attractive features, the mechanism they propose, as well as 
the observation of enhanced thrombin esterase activity in the presence of 
inhibitor, is difficult to reconcile with the mechanistic implications of the 
general model of Blow et al. (725). Other investigations have been con
cerned with the distinct a2-macroglobulin inhibitor of plasma (727, 728). 
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Confirmation was obtained that thrombin can be irreversibly inhibited 
by PMSF (729), by p-[m-(m-fluorosulfonylphenylureido)phenoxyethoxy] 
benzamidine (730), and by benzamidinosulfonyl fluoride (731) and 
competitively inhibited by amidino and guanidino substrate analogs 
(731). Purification of thrombin by affinity chromatography on 
benzamidine-agarose was described (732). A differential effect of tetra-
nitromethane, which reacts specifically with tyrosyl residues, upon the 
protease and esterase activities of bovine thrombin may eventually help 
to throw some light on the specificity determinants of this enzyme toward 
macromolecular substrates (733). 

There now appears to be a measure of agreement that vitamin K is 
involved in initiating events leading to the completion in liver microsomes 
of an independently formed protein (734-738). In vitamin K deficiency, 
or after warfarin treatment, this incomplete protein is released into the 
blood. Using 2-chloro-3-phytyl-l,4-naphthoquinone, Martius et al. (739) 
have again shown that vitamin K i is involved in the incorporation of 
carbohydrate into macromolecules. The precise effects of warfarin and 
chloro K on the availability of vitamin K i are still controversial. Bell and 
Matschiner (740, 741) have presented evidence that warfarin blocks the 
conversion of phylloquinone oxide to vitamin Kx without affecting the 
reverse reaction. The resultant increase in oxide:vitamin Kt ratio was 
considered responsible for blockage of a Kx receptor site. Thierry and 
Suttie (742) suggested that chloro-K influences subcellular distribution 
of K i causing accumulation of the vitamin in the mitochondria. Warfarin 
and clofibrate act synergistically in lowering plasma prothrombin and 
factor X (743). 

Sorbye et al. (744) have reported on the effects of cycloheximide, 
puromycin, and actinomycin D on the induction of a labile chicken plasma 
coagulation factor (TT factor) by preparations of phytoene. 

The relationship of the various fibrinogen degradation products to 
fibrinogen structure has been clarified (745-751). The a (A*) chains are 
first extensively degraded by plasmin while fragmentation of the /3(B) 
and y chains is minimal. Subsequently, the fi(B) chains are broken down, 
while the carbohydrate-containing y chains resist hydrolysis until a later 
time. Fragment X is a heterogeneous product of a (A*) chain hydrolysis, 
while fragment E probably contains the "disulfide knot" of fibrinogen. 
The aminoterminal amino acids of fragments X,Y,D, and E have been 
determined (752). As to inhibitory function, fragment E appears to block 
the binding of thrombin to the macromolecular site of hydrolysis on 
fibrinogen, while fragment D blocks fibrin monomer polymerization 
(753). The latter effect is not, however, mediated through the formation 
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of fragment D-fibrin monomer complexes (754). Further studies on the 
antigenic properties of the fragments have also been described (755). 
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