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Abstract 

 

 Unfractionated heparin (UFH) is used as an adjunct during thrombolytic therapy. 

However, its use is associated with many clinical limitations, such as the inability to 

inhibit fibrin-bound coagulation factors, increasing the potential for sustained 

procoagulant activity. We have developed a covalent conjugate of antithrombin (AT) and 

heparin (ATH) with superior anticoagulant properties to those of UFH. Some advantages 

of ATH include enhanced inhibition of surface-bound enzymes and its ability to reduce 

the overall size and mass of clots in vivo. However, the potential interactions of UFH or 

ATH with the components of the fibrinolytic pathway are not well understood. Therefore, 

our study utilized discontinuous second order rate constant (k2) assays to determine rates 

of inhibition of plasmin (Pn) in the presence or absence of fibrin by AT+UFH vs. ATH. 

In addition, we monitored the rates of Pn generation in a system comprised of preformed 

fibrin clots with the aim of evaluating the inhibitory effect of AT+UFH or ATH in this 

more native system. The k2 values for the inhibition of Pn without fibrin were 

5.74x10
6
±0.278x10

6
 and 6.39x10

6
±0.588x10

6
 for AT+UFH and ATH, respectively 

(p=0.36). In the presence of fibrin, the k2 values decreased to 1.45x10
6
±0.0971x10

6
 for 

AT+UFH and 3.07x10
6
±0.192x10

6 
for ATH (p<0.05). Therefore, protection of Pn by 

fibrin is observed for both inhibitors. Pn generation also decreased in the presence of both 

inhibitors, with the greatest reduction (approx. 38-fold) observed for ATH, even at the 

lowest concentration tested. Although both inhibitors were capable of inhibiting Pn, the 

inhibition rates were 2 to 3 orders of magnitude lower than those achieved for inhibition 

of other coagulation factors, such as thrombin. Cumulatively, these data may indicate 

that, relative to coagulant enzymes, components of the fibrinolytic system may be spared 
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from inhibition by both AT+UFH and ATH, thus limiting reduction in fibrinolytic 

potential during anticoagulant therapy.  
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1. Introduction 

1.1 Overview 

 

 Under physiological conditions, blood is maintained in the fluid state allowing the 

delivery of nutrients and removal of waste from tissues. A fine balance exists between the 

coagulation and fibrinolytic cascades such that fibrin generation and breakdown is 

maintained in a steady state. (1) Thrombosis ensues when this balance tips in favour of 

FIIa generation and subsequent fibrin polymerization. Clinically under such situations, 

anticoagulants such as unfractionated heparin (UFH) are used to limit the generation of 

FIIa and subsequent clot formation. (2) As well as interacting with the components of the 

coagulation pathway, UFH also has the potential to interact with the fibrinolytic pathway. 

(3-13) Our laboratory has developed a novel covalently-linked antithrombin-heparin 

(ATH) complex which has been shown to be a superior inhibitor of coagulation enzymes 

when compared to non-covalent mixtures of antithrombin (AT) and UFH. (14) 

Furthermore, in vivo studies have demonstrated the ability of ATH to prevent clot 

formation and reduce clot mass in thrombosis models. (15,16) However, the mechanisms 

involved in this reduction of clot mass are unknown and the interactions of ATH with 

components of the fibrinolytic pathway have not been studied before. Thus, in an effort to 

gain a better understanding, the current study examines the possible interactions of ATH 

with components of the fibrinolytic pathway.  
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1.2 Thrombosis 

 

The hemostatic mechanism which prevents blood loss from the vasculature can be 

life threatening when the delicate balance between procoagulant and anticoagulant 

components favour FIIa formation. Thrombi can develop in either the venous or the 

arterial circulation producing various degrees of vessel occlusion, potentially leading to 

significant morbidity and mortality. Central to these conditions is either increased clot 

formation or decreased degradation of a formed clot (Figure 1). (17,18) The life 

threatening nature of these events often requires urgent interventions to re-establish the 

vital flow of blood to the oxygen and nutrient deprived tissues. Under such circumstances 

anticoagulants such as UFH are administered in an attempt to restore hemostasis. Many 

of the existing anticoagulants are associated with adverse risks such as excessive and 

sometimes life threatening bleeding which limit their utility as therapeutic agents.  
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Figure 1. The balance between coagulation and fibrinolysis 

Hemostasis is a balance between the coagulation and the fibrinolytic pathways. 

An imbalance in these two processes can result in thromboembolism. (1) 
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1.3 Coagulation  

 

Coagulation plays a pivotal role in hemostasis and serves to arrest blood loss at 

sites of vessel injury, thus maintaining the integrity of the cardiovascular system. (19) 

Coagulation is a complex biochemical process which involves the interaction of a series 

of serine proteases and receptor/cofactor counterparts on membrane surfaces. (20) These 

coagulation factors generally circulate in inactive states (zymogens) until they are 

activated through proteolysis by an upstream factor. (21) The waterfall cascade model 

has been used to depict the interactions occurring in coagulation leading to the formation 

of FIIa and subsequent fibrin polymerization. (22,23) In this model two distinct pathways 

are described, the extrinsic and the intrinsic pathways, which ultimately lead to the 

formation of the prothrombinase complex and subsequent FIIa generation (figure 2). (22) 

Recently, a cell based model has also been proposed in an effort to address how 

coagulation occurs in vivo. This was developed after it was observed that the deficiency 

of factor FXII did not lead to bleeding disorders in the presence of a prolonged activated 

partial thromboplastin time (aPTT). (24) The cell based model stresses the roles that cells 

may play in the control of the duration, intensity and location of coagulation in an 

overlapping manner. (24) Coagulation ultimately leads to the formation of FIIa which 

cleaves fibrinogen to form fibrin monomer resulting in the self-assembly of a fibrin clot. 

(20) 

Using the cell based model, coagulation can be divided into three phases, 

initiation, amplification and propagation. Coagulation is initiated by the exposure of 

extra-vascular tissue factor (TF) to the blood which can occur during vessel injury or 

plaque rupture. (25) During the initiation phase, TF complexes with FVIIa which then is 
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able to activate small amounts of factor FIX and factor FX. (25) At this point factor FXa 

complexes with FVa to form the prothrombinase complex in the presence of calcium and 

phospholipids, which then cleaves small amounts of FII to FIIa. (24) In the next stage 

termed the amplification phase, the FIIa formed during the initiation phase cleaves and 

activates, FV, FVIII and FXI resulting in further FIIa formation. (24) During this phase, 

FIIa also acts as a potent stimulator of platelets which have migrated to the sites of injury, 

resulting in the release of the contents of their granules. Additionally, platelets also 

provide a phospholipid surface for the formation of coagulation complexes. (24) 

Subsequently, FIXa and FVIIIa then come together on negatively-charged phospholipid 

surfaces, to form the tenase complex in the presence of calcium and FXa complexes with 

FVa to form the prothrombinase complex on cell surfaces. (24) These events then lead to 

a rapid burst of FIIa generation during the final propagation phase leading to the 

formation of fibrin monomers and fibrin polymerization, resulting in the formation of a 

stable platelet - rich fibrin clot. (24) (figure 2)  
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Figure 2. The coagulation cascade 

Coagulation factors are depicted by roman numerals with activated forms 

followed by the letter a. tPA: tissue type plasminogen activator; uPA: urokinase type 

plasminogen activator; FDPs: Fibrin degradation products, TF: tissue factor, PK: 

Prekallikrein, K; Kallikrein (24) 
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1.4 Fibrinolysis 

 

During the formation of a fibrin-clot, the fibrinolytic pathway is activated. (figure 

3). Physiologically the fibrinolytic pathway serves to restrict excessive clot formation 

beyond the site of vessel injury.  Plasmin (Pn) is the key proteolytic enzyme of the 

fibrinolytic pathway. The zymogen, plasminogen (Pg) is secreted as a single-chain 90 

kDa protein primarily by the liver and once cleaved into Pn consists of a heavy chain and 

a light chain. Located on the heavy chain of plasmin are five kringle (K) domains. (26-

28) The catalytic triad is located in the light chain and consists of His
603

, Asp
646

, and 

Ser
741

. (29) Pg activators, (tissue type Pg activator (tPa) or urokinase type Pg activator 

(uPa)) cleave the circulating zymogen, Pg, at its Arg
560

-Val
561

 bond, forming the serine 

protease Pn (figure 4). (30) Pn can enhance its own generation by cleavage of single 

chain tPA (sc- tPA) at its Arg
275

 - Ile
276

 peptide bond, to form a more active disulphide-

linked two-chain polypeptide, two chain tPA (tc-tPA). (31) There are two forms of Pg 

found in vivo, Glu - Pg which has a glutamate residue at its amino terminus and Lys-Pg 

which has a lysine at its amino terminus. (32) It is thought that Glu - Pg is first converted 

into Lys-Pg, and then finally into Pn, and that Glu - Pg is the form found primarily in the 

circulation, whereas Lys- Pg is primarily found bound to fibrin. (32,33) Lys - Pg is able 

to bind fibrin more avidly and is activated 10-20 times more rapidly than Glu - Pg. 

(30,34)   

Fibrin acts both as a substrate and as a co-factor for the activation of Pg. (28) 

When bound to fibrin, tPA cleaves Pg rapidly, resulting in the formation of Pn and the 

breakdown of the fibrin meshwork and subsequent fibrin depletion which limits plasmin 

formation. (35) In the absence of fibrin the affinity between tPA and Pg is relatively low. 
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(35) It has been suggested that fibrin binds both tPA and Pg simultaneously, which 

results in a conformational change in the structure of tPA making it more reactive 

towards Pg, thus enhancing plasmin generation. (35-37) Once fibrin is cleaved by Pn, C-

terminal Lysine (C-Lys) residues are exposed on the surfaces of the fibrin clots. Both tPA 

and Pg contain Lys binding domains (LBDs) which allow for the localization of tPa and 

Pg in close proximity. (28,37)  The binding of Pg to fibrin occurs through Kringle (K) 

domains located on the Pg molecule. (26) This interaction takes place with all K domains 

except K3, with K1 and K4 exhibiting the strongest affinities for lysine type ligands. 

(27,38) Similarly, uPA can also cleave Pg to Pn and is an effective Pg activator both in 

the presence and absence of fibrin. (39,40) Thus, tPa mediated Pn generation and 

fibrinolysis remain localized to the site of thrombus formation. After the cross linking of  

adjacent fibrin monomeric units by factor XIIIa, the proteolytic action of Pn on various 

peptide bonds in the fibrin clot leads to the formation of products known as fibrin 

degradation products (FDPs) . (41) 

 The binding of Pg to fibrin can be inhibited both by the administration of 

therapeutic agents and by naturally occurring regulators.  Activated thrombin activatable 

fibrinolysis inhibitor (TAFIa) removes C-Lys residues from fibrin clots, thus preventing 

binding of PG and tPA and subsequently the formation of the tri-molecular fibrin-Pg-tPA 

complex and ultimately Pn generation. (42) Binding to C-Lys can also be inhibited by the 

therapeutic administration of epsilon-aminocaproic acid (EACA) or tranexamic acid 

(which are structural analogues of Lys), thus inhibiting the binding of Pg and tPA with 

fibrin. (43,44) 
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 Pn is primarily regulated by a plasma serine protease inhibitor (serpin) alpha 2- 

antiplasmin (α2-AP), which is produced by the liver and which is also a constituent of 

platelet α - granules. (45,46) The action of α2-AP is consistent with the general 

mechanisms of serpins: after cleavage of Arg
364 

- Met
365

 of the reactive center loop of α2-

AP by Pn, an irreversible α2-AP-Pn complex is formed, followed by a rapid clearance of 

this complex by the liver. (47) It is accepted that inhibition of Pn by α2-AP occurs in a 

two-step mechanism in which unavailability of the LBDs reduces the rate of inhibition. 

(48-50) These studies suggest that α2-AP first interacts weakly with the LBDs on plasmin 

followed by interaction with the active site of the protease. Investigators have 

demonstrated that the rate of inhibition of Pn by α2-AP is reduced when inhibition is 

performed with low molecular weight forms of Pn which lack the K domains. (49) 

   It is well known that coagulation enzymes are protected from inhibition when 

bound to surfaces such as fibrin and phospholipid membranes. (51,52) Similarly, Pn 

when bound to fibrin is protected from inhibition by its natural inhibitor α2-AP. (53,54) 

Pn is also inhibited to a lesser extent by the protein, α2-macroglobulin which is 

synthesized by endothelial cells and macrophages, and which is also found in platelet α - 

granules. (55) Although not a serpin, α2 - macroglobulin can form non-covalent 

complexes with Pn, thereby inhibiting its activity. (56) In a similar fashion, the Pg 

activators are regulated predominately by the serpin Pg activator inhibitor-1 (PAI-1) 

which is secreted by endothelium, leukocytes, hepatocytes, adipocytes and by platelets. 

(57,58) PAI-1 acts rapidly to inhibit both tPA and uPA and is the most important 

inhibitor of the Pg activators. (59) PAI-1 is secreted in the initial stages of fibrin clot 
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formation and serves to inhibit early clot dissolution. PAI-2 is also an inhibitor of Pg 

activators but significant levels are found in plasma only during pregnancy. (60) 

 Clinically, the process of fibrinolysis can be induced by the intravenous 

administration of therapeutic levels of tPA in the acute stages of a thromboembolic event. 

The tPA administered therapeutically acts in the same manner described above. Early 

administration of thrombolytic agents has been shown to reduce mortality and thus is 

widely used in these situations. During this stage, adjuvant therapy such as anti-platelet 

drugs and anticoagulants such as UFH are also used to counteract the process of vessel 

re-occlusion, a major problem associated with the use of thrombolytics. (61)  
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Figure 3. The fibrinolytic pathway 

Pn is formed by cleavage of the zymogen Pg by a Pg activator. Pn can cleave sc – tPA 

and sc-uPA into active tc-tPA and active tc-uPa, respectively. Sc - tPA: Single chain 

tissue Pg activator, sc-uPA: single chain urokinase Pg activator, tc - tPA - two chain 

tissue Pg activator, tc – uPA: two chain urokinase Pg activator, PAI: Pg activator 

inhibitor, α2-AP: α2 anti-plasmin, α2- MG: α2-macroglobulin. (55) 
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Figure 4. The Pg molecule 

Five kringle domains follow the 77 residue activation peptide (AP). Following the five K 

domains is the cleavage loop (CL) which is cleaved by Pg activators at the Arg
560 

– Val
561 

peptide bond leading to Pn formation. The serine protease domain (SP) overlaps with the 

CL. (62) 
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1.5 Antithrombin 

 

Coagulation is highly regulated by a number of biological inhibitors including 

serpins. (24) AT, a glycoprotein, is a member of the serpin super family and the key 

inhibitor of coagulation. (63) Structurally, AT consists of three β-sheets, nine α-helices 

and a reactive centre loop (RCL) which protrudes above its surface. (64) It is synthesized 

by the hepatocytes and has a plasma concentration of 150µg/ml and a half life of 

approximately 3 days. (64) AT inhibits FVIIa, FIXa, FXa, FXIIa and FIIa irreversibly by 

forming 1:1 enzyme - inhibitor complexes, but is primarily active against FIIa and FXa. 

(65-69) The RCL houses a specific peptide bond which is referred to as P1-P1’ and gives 

AT selectivity towards various serine proteases. (70) During cleavage of the P1-P1’ 

peptide bond by the target serine protease, an ester bond is formed between the α-

carbonyl on the P1 residue of the serpin and the hydroxyl group of the serine residue of 

the enzyme. (70,71) Subsequently, the cleaved RCL which is still covalently linked to the 

protease, inserts into the major beta sheet thus translocating the protease from the top to 

the bottom of the serpin molecule inactivating the enzyme. (71-73)  

Two isoforms of AT exist in the circulation, with 90% in the alpha isoform and 

the remaining 10% in the beta isoform. Although the two isoforms possess the highly 

conserved structure of the serpin family, the two differ in their degree of glycosylation. 

Human alpha antithrombin consists of complex type N-linked glycans on asparagine 

residues 96, 135, 155 and 192 and the beta form possesses only three N-glycans, lacking 

the glycan at position 135. (64,74) 
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1.6 Heparin 

 

A member of the glycosaminoglycan (GAG) family, heparin is a linear 

polysaccharide which consists of repeating uronic acid - glucosamine disaccharide units. 

(75,76) In vivo, heparin is synthesized and stored in mast cells and is released at sites of 

inflammation. (77,78) UFH has been used therapeutically for its anticoagulant properties 

in the treatment and prevention of thromboembolism for the past 80 years.  Structurally, 

heparin is a highly heterogeneous polymer due to the variability of its molecular weight 

(MW) and its monosaccharide components. Commercial UFH consists of a wide MW 

range of constituent molecules (3-25 kDa) The glucosamine residues can either be N- 

acetylated or N-sulphated and the uronic acid present can occur as either D-glucuronic 

acid or L-iduronic acid. (75,76) Additionally, heparin has a highly negative charge due to 

the variable N- and O-sulfation of the disaccharide units. (79) 

 The anticoagulant effect imparted by heparin is due to its ability to catalyze the 

inhibition of clotting factors by binding AT. (80) In the absence of UFH, the inhibition of 

clotting factors by AT occurs at a relatively slow rate while in its presence this inhibition 

can be accelerated up to one thousand fold. (3) The presence of characteristic 

pentasaccharide sequences on heparin chains allow AT molecules to bind to the 

polysaccharide, this in turn results in a conformational change in AT which favours its 

reaction towards clotting factors. (3,75,81) AT binds to a specific pentasaccharide 

sequence on heparin, via its heparin binding domain located on the D helix, which leads 

to structural changes. (82,83) The structural changes in the AT lead to the increased 

exposure of the inserted portion of the RCL which attracts certain procoagulant serine 

proteases such as FIIa to cleave the exposed reactive amino acid residues. (78,80)  
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1.6.1 Mechanism of inhibition catalysis by heparin 

 

Heparin has been shown to mediate the inhibition of clotting enzymes by AT via 

two distinct mechanisms. These mechanisms can be reflected by determination of the 

relationship between second order rate constants (k2) for enzyme inhibition versus UFH 

concentrations. These methods yield characteristic plots which can suggest the 

mechanism of inhibition (figure 5). (3,14)  

 In the conformational AT activation mechanism the UFH chain binds to the AT 

molecule resulting in a conformation of AT which is more reactive towards the target 

serine protease, as is the case with FXa inhibition. In the heparin catalyzed inhibition of 

FXa by AT, an initial increase in the k2 values is seen, followed by a plateau of rates with 

increasing concentrations of UFH. (3,84)   

In the template mediated inactivation mechanism, the UFH chain binds both AT 

and the target serine protease such as FIIa, which results in a conformational change in 

AT, as well as brings the inhibitor and protease in close proximity. (84-86) For the 

formation of this complex a minimum heparin chain length of at least 18 disaccharides is 

necessary, which explains why low molecular weight heparins (LMWH) <18 saccharides 

in length have a decreased ability to accelerate the AT mediated inhibition of FIIa. (85)  

In this mechanism a characteristic bell shaped curve can be observed in which k2 values 

increases to a maximum and then decline as the concentration of UFH is further 

increased. (3,14) This decline in observed rates is a result of the formation of non-

covalent complexes between the enzyme and UFH chains, in addition to the AT-UFH 

complexes. (3) As a result of this formation, the AT-UFH complex is unable to access the 

enzyme bound to the heparin chain. (3) 
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Figure 5. Illustrations of characteristic plots for conformational AT activation and 

template-mediated inactivation.  A) Conformational AT activation and B) Template-

mediated inactivation 

Adapted from, Patel S., 2005. Inhibition of Coagulation Cascade Enzymes by a Covalent 

Antithrombin-Heparin (Masters of Science Thesis) McMaster University 

 



 
 

17 | P a g e  

 

1.6.2 Limitations of Heparin 

 

Although UFH is widely used in clinical practice for the treatment and 

prophylaxis of thromboembolic diseases, there are a number of drawbacks associated 

with its use. UFH binds non-specifically to plasma proteins and cell surfaces reducing the 

ability of AT to bind to heparin, limiting its catalytic activity. (87) The relatively small 

molecular size of heparin allows it to pass through tissue layers and thus is unable to 

sequester in vascular spaces. (88) The above two pharmacokinetic properties of UFH 

result in an unpredictable anticoagulant response and large individual variation. (89) For 

these reasons patients who are receiving heparin must be continuously monitored to 

ensure that the desired level of anticoagulation is being achieved. The major biophysical 

limitation of UFH is its inability to inhibit surface bound coagulation factors such as 

fibrin-bound FIIa, and phospholipid-bound factor FXa. (51,90,91) Clinical evidence 

indicates that fibrin-bound FIIa activity is an important source for thrombus extension 

and the primary mediator of the early re-occurrence of acute coronary syndromes seen 

soon after discontinuation of UFH therapy. (92) Fibrin and heparin can bind to FIIa 

through interaction with exosite-1 and exosite-2 respectively, leaving fibrin bound FIIa 

relatively protected from inhibition by non-covalent AT+UFH. (51,91) Finally, only one 

third of commercially available preparations of UFH contain the high affinity 

pentasaccharide sequence and thus two thirds of the heparin preparations are unable to 

catalyze the inhibition of clotting factors. (93) 
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1.7 Heparin and the fibrinolytic pathway 

 

There is a potential for heparin to interact with various components of the 

fibrinolytic pathway.  Various studies have made an effort to elucidate the interactions of 

heparin with the fibrinolytic pathway; however the results of these studies have been 

conflicting.  

 Pn, a serine protease, is susceptible to inhibition by AT. (3,4,94) Studies have 

shown that in the presence of heparin this inhibition is accelerated 20-100 fold. (3,4,94) 

k2 values for the inhibition of Pn by AT have been reported to be 10
4
-10

5
 M

-1
 min

-1
 in the 

absence of heparin and 10
6 

 M
-1

 min
-1 

with heparin present. (3,4) However it has been 

demonstrated, by both in vivo and in vitro experiments, that this inhibition results in the 

neutralization of only approximately 2-4% of Pn at therapeutic levels of heparin and may 

play a limited role in vivo. (5-7)  

 There is much debate regarding heparin’s interactions with tPA. Many in vitro 

studies have demonstrated that heparin can inhibit (95), enhance (9,95-100) or have no 

effect (95,99,101)  on tPA mediated generation of Pn. Markwardt et al found that when a 

pig ear was perfused with heparin, an increase in tPA levels was seen in a dose dependent 

manner. (8) In vitro experiments reported by Andrade-Gordon and Strickland suggested 

that heparin may enhance tPA mediated Pn generation. (100) In this study, Andrade-

Gordon et al reported an increase in tPA mediated Pn generation by heparin in a dose 

dependent manner. (100) Similar results were demonstrated in kinetic studies which 

showed that the presence of heparin led to a 5.3 fold increase in the catalytic rate of tPA 

and a subsequent increase in Pn generation. (96)  
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 It has also been suggested that heparin and fibrin compete for the same binding 

site on the tPA molecule.  However, fibrin and heparin do not exhibit an additive effect 

on the generation of Pn except at low concentrations of fibrin. (9,98) This is thought to 

occur because fibrin binds tPA more than 10-fold stronger than does heparin. (98,100) 

Similarly, several other in vitro studies have suggested that heparin can enhance the rate 

of Pg activation by tPA. (10,11,98) It has been shown that LMWH does not affect 

plasmin generation, and only heparin chains of high molecular weight (> 17 kDa) can 

enhance tPA-mediated Pn generation. (11,12) Recent studies have reported enhanced tPA 

activity on the presence of UFH while demonstrating no modification of activity by the 

direct effects of heparin on Pn. (98)  

 Several studies have suggested that the interaction of heparin and tPA is sensitive 

to salt concentrations in the absence of fibrinogen and, that in physiological ionic 

strength, heparin fails to stimulate tPA mediated plasmin generation. (99) 

1.8 Covalently-linked ATH Complex 

 

Due to the complex biochemical and biophysical properties of UFH, treatments 

are often complicated by the unpredictable level of anticoagulation. Thus, the need for an 

alternative therapeutic agent with superior anticoagulant properties has led to the 

development of a covalently-linked antithrombin-heparin complex (ATH). The synthesis 

of a covalently-linked ATH complex has been attempted by various groups, each yielding 

a product with varying degrees of anticoagulant activity and viability. (102-104)  
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1.8.1 Synthesis of ATH complex  

 

Chan et al have developed a method of ATH synthesis which yields high 

percentage of active product possessing a superior anticoagulant properties when 

compared to non-covalent mixtures of AT+UFH. (14,16,105-107) This synthetic method 

utilizes the principles of non-enzymatic glycation a process commonly occurring in the 

plasma of diabetic individuals. (105) It is observed in the plasma of diabetic individuals, 

that some plasma proteins undergo non-enzymatic covalent conjugation with plasma 

glucose by a Schiff base/Amadori rearrangement mechanism, the products of which can 

survive in the body for years. (108) After the formation of a Schiff base (imine) between 

the aldehyde functional group on C1 plasma glucose and the ε – amino group on the lysyl 

residues of proteins, a metastable product is formed that is in equilibrium with its starting 

components. (108) This metastable molecule can then be driven to form a keto-amine 

through a tautomeric Amadori rearrangement under appropriate conditions involving 

glucose concentrations, pH, temperature and amino group availability. (108) Similarly, 

the synthesis of ATH involves the linkage of a plasma protein (AT) to an aldose 

containing polysaccharide unit (UFH), thus allowing the principles of Schiff 

Base/Amadori rearrangement to be applied to yield a covalently linked product. (105)  

 It has been shown previously that the glycation of AT is a selective event which 

occurs approximately once per AT molecule. (109) It has also been shown that if AT is 

reacted under appropriate conditions with excess amounts of aldose-terminating heparin a 

covalent linkage could be established without modification of the AT or UFH. (109) With 

this knowledge, Chan et al applied these principles for synthesis of an ATH complex as 

follows. AT and a molar excess of UFH (>200 - fold) are reacted for up to 14 days in a 
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physiological buffer at 40
o
C, followed by removal of unconjugated AT and heparin by 

chromatographic methods. (105) Excess UFH is removed using butyl-Sepharose 

hydrophobic chromatography and excess AT is removed using DEAE Sepharose anion 

exchange chromatography. (105) The resultant product is a covalently bound AT and 

UFH complex in which a spontaneous Schiff Base formation and an Amadori 

rearrangement have occurred. (105)  Investigations have determined that the covalent 

linkage occurs between the terminal aldose on the UFH chain and the N - terminal amino 

acid His1 or  the Ɛ- amino group of Lys139 with relative proportions of 87% and 13% 

respectively. (110) 

1.8.2 Properties of ATH  

 

ATH has been shown to be a superior anticoagulant compared to non-covalent 

AT+UFH for a number of reasons. The rate limiting step in the catalysis of inhibition of 

FIIa by AT is the binding and subsequent activation of AT by UFH. (107) Due to the 

covalent linkage between AT and UFH, AT is permanently in its active state at the time 

of administration, which allows for rapid inactivation of coagulation factors. (14,107)  

Several experiments have been done to demonstrate the superiority of ATH over 

AT+UFH. Methods used to produce the covalent conjugate have yielded 50% ATH using 

the novel glycation method. (111) ATH has been shown to contain 55% α-AT, and 45% 

β-AT, a higher proportion of the more reactive β-AT than found in plasma. (112,113) 

Rate experiments have demonstrated  that the k2 values for ATH inhibition of FIIa is 2.6 

x 10
9
 M

-1
min

-1
 which is four-fold faster than the maximal rate measured for AT+UFH 

(7.3 x 10
8
 M

-1
min

-1
). (107) Additionally, it has been shown that ATH is able to inhibit 

fibrin bound FIIa and prothrombinase bound FXa significantly faster than non-covalent 
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AT-UFH. (106,114-116) It has also been determined that ATH is able to not only directly 

inhibit coagulation factors but was also able to catalyze inhibition of FIIa or FXa by 

exogenous AT. (107) This is in part attributable to the fact that a significant proportion of 

the heparin chains in ATH possess more than one pentasaccharide sequence allowing for 

ATH to bind up to 1.5 exogenous molecules of AT. (107) Furthermore, in vivo studies 

utilizing rabbit thrombosis models have also been done. Thrombosis prevention models 

demonstrated that ATH administration prevented thrombus formation after the induction 

of endothelial injury compared to the development of thrombosis with comparable doses 

of UFH and control groups. (15) Similarly, rabbit thrombosis treatment models showed a 

reduction in clot mass with the administration of ATH (17%) compared to an increase in 

clot mass with the administration of UFH, UFH+AT or saline (60%, 24%, 135% 

respectively). (16) These findings suggest that ATH may potentially directly or indirectly 

augment the fibrinolytic pathway resulting in improved vessel patency with ATH. It has 

been demonstrated in vivo that ATH has a longer half-life when compared to UFH, with a 

major reason being ATH’s reduced degree of binding to non-specific plasma and 

endothelial surface proteins, as well as its larger molecular weight. (105,117) In vivo 

studies have shown that ATH possesses an α-phase intravenous half-life of 2.6 hr 

compared to 0.32 hr of a similar dose of UFH; this is equivalent to an eight - fold 

extension of half-life of UFH. (105) ATH possesses heparin chains of larger length 

averaging 18 kDa, which is in part the reason behind ATH’s ability to inhibit coagulation 

factors faster using a template mediated mechanism. (105)  
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1.9  Overall Aim 

 

The overall aim of the current study was to examine potential interactions of 

AT+UFH versus ATH with components of the fibrinolytic system. 

1.10 Hypotheses 

 

 In comparison to AT+UFH, ATH will interact with components of the fibrinolytic 

pathway differently. Since Pn has been reported to be inhibited by a conformational AT 

activation, rates for the inhibition of the free enzyme by ATH will be similar to those 

achieved by AT+UFH. Interactions of Pn+fibrin(ogen) will be significantly different than 

free Pn with ATH showing greater rates of inhibition. ATH will reduce Pn generation to a 

greater extent than AT+UFH by effective inhibition of fibrin-bound Pn.   

1.11 Rationales 

 

 ATH has been shown to inhibit serine proteases either at a similar or faster rate  

than non-covalent AT+UFH. (14) Furthermore, investigations performed in a rabbit 

jugular thrombosis treatment model demonstrated that ATH reduced clot mass by 17%, 

as opposed to an increase in the clot mass observed with the administration of UFH, 

AT+UFH or saline. (16) It was speculated that the observed decrease in clot mass was a 

result of the effective inhibition of clot-bound FIIa and simultaneous dissolution of the 

clot by endogenous Pn from the fibrinolytic system. However, it is unknown to what 

degree ATH interacts with the components of fibrinolytic pathway, and whether ATH 

may further enhance fibrinolysis. 

It has been shown that Pn is susceptible to inhibition by AT+UFH. (3,4,94) 

Catalytic concentrations of UFH enhance AT mediated inhibition of Pn, apparently by a 



 
 

24 | P a g e  

 

conformational mechanism. (3,4). k2 values for the inhibition of Pn by AT have been 

reported to be 10
4
 - 10

5
 M

-1 
min

-1 
in the absence of heparin and 10

6
 M

-1 
min

-1 
in the 

presence of heparin. (3,4) Previous data have shown that ATH exhibits faster inhibition 

rates for those enzymes inhibited via the template-mediated inhibition mechanism. (14) 

Since Pn has been reported to be inhibited by a conformational mechanism (3) it was 

suspected that the rates of inhibition for Pn by ATH may be similar to those achieved by 

AT+UFH.  

Evidence to date has demonstrated that heparin can have variable effects on tPA 

mediated generation of Pn. Studies have shown that heparin can inhibit (95), enhance 

(9,95-100) or have no effect (95,99,101) on the tPA mediated generation of Pn. The 

diversity of results may be a result of the variations in experimental procedures used in 

these studies. It was therefore necessary to clarify the effects that heparin may have on Pn 

generation. In this study, the rates of Pn generation were monitored in the presence of its 

cofactor fibrin, and the effects of UFH, AT+UFH and ATH were compared. Further, it is 

well known that surface-bound coagulation factors are protected from inhibition by 

AT+UFH. (90,91) In the present study, Pn has the potential to bind to fibrin(ogen). It has 

been demonstrated that ATH possesses a superior ability to inhibit surface-bound 

coagulation factors. (106,114-116) Thus, it was possible that ATH may inhibit Pn-bound 

fibrin to a greater extent than AT+UFH, thus inhibiting the rate of generation of Pn to a 

greater extent than non -covalent AT+UFH. 

 Similar to surface-bound coagulation factors, fibrin-bound Pn is protected from 

inhibition by its physiological inhibitor α2-AP. (53) However, protection of fibrin bound 

Pn from inhibition by AT+UFH and ATH has not been studied before. Since we have 
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previously shown that UFH may form ternary complexes with fibrin and enzymes (87) to 

protect the enzymes from inhibition by AT+UFH, we further investigated potential 

effects of reacting excess UFH with ATH for inhibition of Pn. Additionally, it is accepted 

that inhibition of Pn by α2-AP occurs in a two-step mechanism in which unavailability of 

the LBDs reduces the rate of inhibition (48,49,90). To determine if AT inhibits Pn by a 

similar mechanism; separate experiments were performed utilizing EACA, which can 

occupy the LBDs on Pn potentially reducing the rates of inhibition by AT.   

Previous studies have demonstrated that GAG chains do not increase the activity 

of Pn directly, (98) rather the apparent affect may be due to the increase in tPA mediated 

Pn generation. (98) In the present study, the direct effects of UFH, AT+UFH and ATH 

were tested and compared using a fixed concentration of tPA.  

1.12. Specific Objectives 

 

1) To determine the mechanism of inhibition and highest k2 values achieved by 

AT+UFH  for Pn inhibition and compare these results to those achieved by ATH 

2) To determine the effects of AT+UFH or ATH or UFH on Pn generation in the 

presence of an intact fibrin clot 

3) To study potential protection of Pn by fibrin(ogen) from inhibition by AT+UFH 

compared to ATH  

4) To study the potential mechanisms for the protection of Pn from inhibition by 

AT+UFH or ATH 

5) To determine potential modulation of the chromogenic activity of tPA by 

AT+UFH or ATH or UFH 
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2. Experimental Procedure 

2.1 Materials 

2.1.1 Reagents 

 

All reagents used were of analytical grade.  Sodium chloride and Tris (tris 

(hydroxymethyl) amino-methane) were purchased from Bioshop (Burlington, ON).  

Polyethylene glycol 8000, calcium chloride dihydrate (CaCl2), sodium lauryl sulphate 

(SDS), sodium phosphate (monobasic, monohydrate) were from BDH Inc.  (Toronto, 

ON).  Hexadimethrine bromide (Polybrene) was obtained from Aldrich Chemical 

Company Inc.  (Milwaukee, WI).  Tween 80 and epsilon aminocaproic acid (EACA) 

were from Sigma (St. Louis, MO, USA) 

2.1.2 Heparin 

 

 UFH sodium salt from porcine intestinal mucosa was obtained from Sigma (St. 

Louis, MO, USA). Experimental tests involving UFH samples were sub-sampled from a 

single UFH stock of 10 mg/ml frozen in phosphate buffered saline (PBS) (0.016M 

Na2HPO4(anhydrous), 0.004M NaH2PO4 H2O, 0.15M NaCl, pH 7.3) 

2.1.3 Enzyme Substrates 

 

  S-2366 substrate for activated protein C and XIa (L-pyroglutamyl-L-prolyl-L-

arginine-p-nitroaniline hydrochloride), S-2288 (H-D-isoleucine-proline- arginine-p- 

nitroaniline dihydrochloride), substrate for tPA and a broad spectrum of other serine 

proteases, and  S-2251 (H-D-Valyl-L-leucyl-L-lysine-p-nitroaniline dihydrochloride) 

substrate for Pn  were obtained from Diapharma (West Chester, OH, USA). 
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2.1.4 Proteins 

 

 Human AT (lot PR06-0046R1) was purchased from Affinity Biologicals 

(Ancaster, ON, Canada).  Human coagulation proteins, Pn, Glu-Pg and Pg, Von 

Willebrand factor and fibronectin depleted fibrinogen were supplied by Enzyme Research 

Laboratories (South Bend, USA).  Two chain r-tPA (tc r-tPA) was supplied from 

American Diagnostica (Stamford, CT, USA). Viprinex (Ancrod, lot # 901463) was 

supplied by Neurobiologicals and produced by Baxter Pharmaceuticals (Deerfield, IL, 

USA).  ATH was produced according to the procedures previously described. (105) For 

all experiments, ATH was used from lot #010914.  

2.2 Methods 

2.2.1 Determination of Protein Purity  

 

 Glu - Pg, Pn, fibrinogen as well as inhibitors AT and ATH, were analyzed for 

purity by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

under reducing and non-reducing conditions.  10 µg of Pn, AT and ATH and 0.25 µg of 

Glu -Pg, fibrinogen, and 10 U/ml of Ancrod were each prepared in a final volume of 15 

µL inclusive of the sample buffer (diluted in PBS buffer).   These samples were heated at 

100
o
C for five minutes and loaded into the wells of a polyacrylamide gel (4% stacking 

and 7.5% or 12% separating polyacrylamide gel).  The gel was electrophoresed at 200 V 

until the dye front approached the bottom of the gel.  After electrophoresis, the gel was 

removed, fixed and subjected to Alcian Blue and Coomassie Brilliant Blue R250 staining 

and destaining or subjected to silver staining using ProteoSilver 
TM

 Silver Stain Kit 
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(Sigma, St. Louise , Missouri)  following the instructions provided by the manufacturer. 

Gels were then dried using a BioRad gel dryer.   

2.2.2 Analysis of Pn degradation using SDS-PAGE 

 

 Due to the autocatalytic nature of Pn, it was necessary to evaluate the changes 

which occur in the structural properties of Pn over a period of time. To do this a diluted 

sample of Pn (3000 nm) was incubated at room temperature for a period of 24 hours. 

Subsequently, samples of 2.5 µg were taken at intervals of 0, 0.5, 1, 1.5, 2, 2.5, 3, and 24 

hours. Each sample was diluted with PBS buffer for a final volume of 15 µL inclusive of 

the sample buffer. Samples were then subjected to electrophoresis as described above for 

40 min at 200 V. (4% stacking and 12% separating polyacrylamide gel) After 

electrophoresis, the gel was removed, fixed and subjected to silver staining using 

ProteoSilver 
TM

 Silver Stain Kit (Sigma, St. Louise , Missouri)  following instructions 

provided by the manufacturer. The Gel was then dried using a BioRad gel dryer.   

2.2.3 Detection of inhibitor-enzyme complexes using SDS-PAGE 

 

 To detect the formation of enzyme-inhibitor complexes, samples containing 2.5µg 

of Pn were incubated at room temperature with 1.5µg of AT+50,000 nM UFH or 1.5 µg 

of ATH. Pn:inhibitor molar ratio was 1:1.  Samples were then subjected to 

electrophoresis as described above for 40 min at 200 V. (4% stacking and 7.5% 

separating polyacrylamide gel) After electrophoresis, the gel was removed, fixed and 

subjected to silver staining using ProteoSilver 
TM

 Silver Stain Kit and dried as above. 
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2.2.4. Titration of Plasmin with inhibitors  AT+UFH and ATH 

 

 Inhibition of Pn by inhibitors AT+UFH and ATH was determined by incubation 

of 10 µL of 60 nM of Pn with 10 µL of increasing concentrations of the inhibitors 

AT+UFH (AT:UFH=1:1) or ATH for a period of 15 min in TSP + CaCl2 buffer (20 mM 

Tris, 150 mM NaCl, 0.6% polyethylene glycol 8000, 2.5 mM CaCl2, pH 7.4) at room 

temperature. Inhibitor:enzyme ratio ranged from 0-8. After incubation of enzyme with 

inhibitor, reactions were neutralized by the simultaneous addition of 80 µL of solution 

containing 1.25 mg/mL of polybrene and 0.5 mM of the Pn substrate S-2366 in TSP.  The 

residual enzyme activity was continuously measured at an absorbance of 405 nm using a 

SpectraMax Plus 384 plate reader (Molecular Devices, Sunnyvale, CA, USA) for 10 min. 

Percent enzyme activity (Vt/Vo) was then plotted against the ratio of inhibitor:enzyme 

tested. 

2.2.5 Determining the highest k2 values for inhibition of Pn by AT+UFH 

 

 Discontinuous second order rate constant assays were performed to determine 

final k2 values for inhibition of free Pn by AT and varying concentrations of UFH, as 

previously described.(14) A minimum inhibitor:enzyme ratio of 10:1 was maintained for 

all reactions. Briefly, 10 µL of 20 nM Pn was placed in 6 separate wells of a 96-well flat 

bottom microtiter plate (Fisher, Nepean, ON, Canada) at 37
o
 C. At specific time intervals 

(60 or 480 sec), 10µL of 200 nM AT + 0-10,000 nM UFH was added to the first 5 wells 

of the plate, while buffer was added to the last well as the control (uninhibited Pn). 

Enzymes, inhibitors and UFH were all diluted in TSP buffer + CaCl2. The final 

concentrations of reactants were: 10 nM Pn, 100 nM AT, 0-5000 nM UFH and 2.5 mM 
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CaCl2. After an additional time interval, reactions were terminated by the simultaneous 

addition of 80 µL of solution containing 1.25 mg/mL of polybrene and 0.5 mM of the Pn 

substrate S-2366 in TSP (20 mM Tris, 150 mM NaCl, 0.6% polyethylene glycol 8000, pH 

7.4) The residual enzyme activity was continuously measured at an absorbance of 405 nm 

using a SpectraMax Plus 384 plate reader (Molecular Devices, Sunnyvale, CA, USA) for 

10-30 min. Pseudo first order rate constants (k1) were calculated by determining the 

negative slope of the line from plots of ln Vt/Vo versus the inhibition time, where Vo is 

the uninhibited enzyme activity at time t=0 and Vt is the residual enzyme activity at time 

t. The k2 values were calculated by dividing the k1 by the concentration of inhibitor used. 

Final k2 values were calculated from the average of 5 separate experiments. 

2.2.6. Pn generation in the presence of an intact fibrin clot 

 

 Pn was generated using modifications of the methods of Schneider et al. (53) and 

Kim et al. (118). In our study, rates of Pn generation were measured in the presence of an 

intact Ancrod-generated fibrin clot formed in wells of a 96-well plate. Briefly, Pn 

generation and fibrin polymerization were initiated by the simultaneous addition of 90 µL 

of a solution containing fibrinogen (1µM), Glu-Pg (0.4 µM), S-2251 (400 µM) and CaCl2 

(2.5 mM) to wells containing 5 µL of 0.6 U/ml of Ancrod and 5 µL of 0.0625 nM tPA in 

TBS-T80 (50 mM Tris-Cl pH 7.4, 0.1 M NaCl, 0.01% Tween 80) at 37
o
C. Ancrod is a 

FIIa-like serine protease which cleaves fibrinopeptide A (FpA) from the α chain of the 

fibrinogen molecule, but not fibrinopeptide B, exposing only two polymerization sites on 

each fibrin monomer thus inducing a relatively weak polymerization of fibrin compared 

to FIIa. (119) Reactions were initiated in the presence of AT+UFH (1:1), UFH alone or 

ATH at concentrations ranging from 0-1000 nM. After initiation, absorbance was 
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monitored at two separate wavelengths, 405 and 450 nm. The 405 nm is a composite of 

S-2251 hydrolysis by Pn and changes in turbidity associated with clot formation. 

Changes in absorbance at 450 nm reflect only the turbidity produced by fibrin 

polymerization. The rates of Pn generation were calculated as previously described and 

are described below. (120) Absorbance values which reflect hydrolysis of the substrate S-

2251 only, (Acorr) were determined by subtracting the absorbance measurements at 450 

nm from the readings obtained at 405 nm according to the relationship Acorr = A405 - (CF 

x A450).  The readings at 450nm were multiplied by a correction factor (CF) which was 

determined by forming a fibrin clot in the absence of tPA, to correct for the turbidity at 

450nm. Subsequently, according to the relationship Acorr = (SA x r/2) x t
2
 where SA is 

the specific activity of Pn against S-2251 in the presence of a 1 µM fibrin clot, r is the 

rate of Pn generation and t is time, corrected absorbance values were plotted against t
2
 to 

determine slopes (SA x r/2) of the linear plots generated. The rates were then calculated 

using SA which was experimentally determined to be 0.66 Acorr/min/µM in the presence 

of a 1 µM fibrin clot. Rates (sec
-1

) were then plotted against the concentration of the 

anticoagulant tested. 

2.2.7 Detection of FDPs from Pn generation assays using SDS- PAGE 

 

 Since FDPs can also potentiate Pn generation, SDS-PAGE was utilized to detect 

the formation of FDPs in the assays preformed in section 2.2.6. Reaction volumes of 20 

µL were prepared in Eppendorff tubes at room temperature utilizing the same 

concentrations of proteins in section 2.2.6. To observe the formation of FDPs over time, 5 

separate reactions were initiated simultaneously and terminated at specific time intervals 

(2, 12, 20, 40 and 100 min) by the addition of 20 µL sample buffer containing β-
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mercaptoethanol and sodium dodecyl sulphate for a final volume of 40 µL. These 

samples were immediately heated at 100
o
C for 5 min. Next, 20 µL of the reaction + 

sample buffer mixture was loaded into the wells of a precast polyacrylamide gradient gel 

(4% stacking and 15% separating) (Mini-PROTEAN TGX, Bio Rad Laboratories, 

Mississauga, Ontario) after the termination of the last reaction. The loaded sample 

contained 3.3 µg of Fg, 0.72 µg of Pg, 0.6 U/ml of Ancrod and 0.689 pg. Samples were 

then subjected to electrophoresis for 40 min at 200 V. After electrophoresis, the gel was 

removed, fixed and subjected to silver staining using ProteoSilver 
TM

 Silver Stain Kit 

(Sigma, St. Louise , Missouri)  following instructions provided by the manufacturer. The 

Gel was then dried using a BioRad gel dryer.   

2.2.8 Determination of k2 values for inhibition of Pn with or without fibrin(ogen) by 

AT+UFH or ATH 

 

 Discontinuous second order rate constant assays were performed as above to 

compare k2 values obtained  here to those obtained for the inhibition of free Pn by 

AT+UFH versus ATH.  From our previous data above, we have established that the 

concentration of UFH required to achieve the highest inhibition rates for inhibition of 10 

nM Pn by 100 nM AT was 3000 nM UFH. Therefore, for any subsequent investigations 

utilizing AT+UFH, the final concentration was 100 nM AT+3000 nM UFH. For ATH 

reactions, we utilized 100 nM ATH. The k2 values for both AT+UFH and ATH were 

calculated as above.  

For inhibition rate experiments utilizing fibrin, the procedure was performed as 

follows: 200 nM of fibrinogen and 0.6 U/mL of Ancrod in TSP buffer + Ca2Cl was 

reacted for 15 min at room temperature. At this concentration the formed fibrin monomer 
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does not polymerize. Next a concentrated solution of Pn (3 µM) was added to the fibrin + 

Ancrod solution (to give 20 nM Pn).  Ten µL of the fibrin monomer/Ancrod/Pn solution 

was then added to 6 wells of a 96-well plate, followed by addition of appropriate 

inhibitors as described above.  Final concentrations of reactants were: 10 nM Pn, 100 nM 

AT, 3000 nM UFH, 100 nM fibrin and 2.5 mM CaCl2.  For inhibition rate experiments 

with purified fibrinogen, 100 nM of fibrinogen alone was included with Pn and 

inhibitors.   

2.2.9 Detection of FPA release from fibrinogen 

 

 In order to confirm the release of FPA from the α chains of fibrinogen by reaction 

with Ancrod a competitive enzyme linked immunosorbent assay (ELISA) was performed 

using a kit  from Diapharma (Westchester, OH) according to the instructions provided by 

the manufacturer. Steps were performed at room temperature unless otherwise indicated. 

Briefly, fibrin was prepared by incubation of 200 nM of purified fibrinogen with 0.6 

U/ml of Ancrod for a period of 15 min. Additional samples were prepared containing 

fibrinogen and Ancrod only as controls. Samples were then treated with Bentonite to 

remove un-reacted and therefore possibly cross-reactive fibrinogen by the addition of 0.5 

ml of the Bentonite solution to 1 ml of samples. Samples were then centrifuged for 20 

min using a micro-centrifuge. Subsequently 1 ml of the supernatant was collected and 

Bentonite absorption was repeated as above followed by the removal of 1 ml of the 

supernatant which was used as the sample. The samples containing FPA were then 

diluted to 1:80 to bring the concentration of FPA within the range of the standard curve. 

Standards were prepared using the FPA calibrator provided with the kit which had a 

starting concentration of 55 ng/ml after reconstitution. Serial dilutions ranging from 1:1 
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to 1:64 were then made and used to construct a standard curve.  Aliquots of human 

affinity-purified rabbit antibody were then added to each of the samples and the standards 

and were allowed to incubate for a period of 1 h at 37 
O
C to allow binding of antibody to 

FPA. Next, aliquots of the samples and standards were then added to wells of a micro-

titer plate pre-coated with synthetic FPA by the manufacturer and allowed to incubate for 

a period of 1 hour. Next, 5 successive washes were made using washing buffer followed 

by the incubation of anti-rabbit IgG polyclonal antibody coupled with horse radish 

peroxidase (HRP) for a period of 1 h. Following incubation, an additional 5 successive 

washes were then preformed as above. Immediately after washing a peroxidase substrate 

was added to the wells (3,3’,5,5’ Tertramethylbenzidine (TMB), containing hydrogen 

peroxide) and allowed to develop for 300 sec. The reactions were then terminated by the 

addition of 0.45 M sulfuric acid. Absorbance readings were then measured at 450 nm. 

Absorbance values were then plotted against the FPA concentration to generate a 

standard curve. The FPA concentrations in the samples were then determined using the 

curve obtained and values multiplied by 2 to correct for a two-fold dilution of the 

samples during treatment with Bentonite. Lastly, the values were multiplied by 80 to 

correct for the dilution of the original sample to obtain final FPA concentrations. 

2.2.10 Studies of the mechanism for the protection of Pn 

 

 Since we have previously shown that UFH may form ternary complexes with 

fibrin and enzymes (106) to protect the enzymes from inhibition by AT+UFH, we further 

investigated potential effects of adding excess UFH with ATH on inhibition of Pn. 

Briefly, 3000 nM UFH and 100 nM ATH was reacted at 37
o
C with 10 nM Pn as 

described above, and the final k2 values were determined.  
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To assess if the occupation of LBDs of Pn are involved in its protection from 

inhibition by AT+UFH or ATH, additional inhibition assays were repeated as above, 

however Pn was incubated with a 10-fold molar excess of EACA prior to reaction with 

inhibitors to occupy LBDs on plasmin. 

2.2.11 Assays for chromogenic activity of tPA 

 

 To investigate the potential interactions of tPA with UFH, AT+UFH and ATH, 

aliquots of tPA were titrated with increasing concentration of the individual reagents. 

Increasing concentrations of UFH, AT+UFH or ATH were incubated with 20nM of tPA 

in wells of a 96 flat bottom plate for a period of 15 min in TBS-T80 at room temperature. 

The concentrations of the various reagents were at inhibitor:tPA molar ratios ranging 

from 0 to 20:1. Reactions containing UFH or ATH were neutralized by simultaneous 

addition of a solution containing either 1.25 mg/ml of polybrene and tPA substrate, S-

2288 in buffer. Enzyme activity was then determined by measuring the rate of substrate 

cleavage (Vmax) for 10 min using a plate reader. Vmax values were then expressed as 

percentages of the uninhibited enzyme activity and plotted against the molar ratios of the 

inhibitor and tPA tested. 

2.2.12 Statistical analysis 

 

 Data were expressed as mean ± SEM (n≥5) to measure the variability of the 

resutls. Additionally taking an average of at least 5 tests allows reporting of accurate and 

more precise data. Tests of comparisons between two groups were measured using a two-

tailed student’s t-test and multiple groups were measured by ANOVA. Values of p<0.05 
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were considered significant. Final plots were generated used Sigma Plot 11.0. (San Jose, 

California). Statistical analysis was done using GraphPad Prism. (La Jolla, California) 

3. Results 

3.1 Protein purity 

 

 Purity of some of the purified proteins used in this study was assessed by SDS-

PAGE. (Figure 6 and 7) Figure 6 shows a single band appearing at ~ 59 kDa representing 

AT in lane 2. Lane 3 shows a smear of higher molecular weight (MW) which represents 

the ATH molecules. A single band appears at ~59 kDa which represents the free AT in 

the ATH preparation, a faint smear at low MW in lane 3 represents residual free UFH in 

the preparation. Lane 4 shows Pn under reducing conditions. Bands appear at ~100 kDa, 

a strong band between ~75 and 63 kDa, a faint band at ~48 kDa, a second strong band at 

~26 kDa and a faint band at ~12 kDa. The heavy chain of Pn has a molecular weight of 

~57 kDa and the light chain of Pn has a MW of ~26 kDa which are represented by the 

two most prominent bands. The band appearing at ~48 may represent the uPA which was 

used to activate Pg and which was not removed from the preparation according to the 

manufacturer.  The band appearing at ~12 kDa likely represents the activation peptide 

which is released following activation of the Pg molecule. Lane 5 shows Pn under non-

reducing conditions. A single band appears at ~83 kDa which represents the full two 

chain Pn molecule. A faint band appears at ~ 48 kDa which may represent the uPA used 

to activate Pg in the production of the enzyme by the manufacturer. 

 Figure 7 shows SDS-PAGE of Pg, fibrinogen and Ancrod. Lane 2 shows a single 

band at ~ 90 kDa representing Pg. Lane 4 shows the α- chain of fibrinogen at ~70 kDa, β-
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chain at ~60 kDa and the γ-chain at ~55 kDa. Lane 5 shows a single band ~ 48 kDa 

representing Ancrod a single chain highly glycosylated protein. (121) Two chain r - tPA 

was not visualized as a single band due to the presence of a relative excess of bovine 

serum albumin in the stock supplied by the manufacturer used as a stabilizing agent. (gel 

not shown) 
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Figure 6. SDS-PAGE of AT, ATH and plasmin 

Electrophoresis was performed under reducing and non-reducing conditions in a 

discontinuous, (12% separating and 4% stacking) polyacrylamide gel.  After 

electrophoresis of the denatured proteins and their fixation, the proteins were stained with 

Coomasie brilliant blue R250 dye. GAGs were stained with Alcian Blue. In this gel, Lane 

1 represents BLUeye pre-stained protein ladder, Lane 2 represents 10µg AT (59kDa), 

Lane 3 represents 10µg ATH , Lane 3 represents 10µg Pn enzyme under reducing 

conditions (HC - 57 kDa; LC – 26 kDa), Lane 4 represents 10µg Pn enzyme under non-

reducing conditions (83 kDa) 

 

kDa 
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Figure 7. SDS-PAGE of plasminogen, fibrinogen and Ancrod 

Electrophoresis of proteins was performed under reducing conditions in a discontinuous 

gel (7.5% separating and 4% stacking gel).  The proteins were stained with ProteoSilver 

TM
 Silver Stain Kit. Lane 1 represents BLUeye pre- stained protein ladder, Lane 2 

represents 0.25 µg Glu - Pg (Pg) (90 kDa), Lane 3 is blank, Lane 4 represents 0.25 µg 

Fibrinogen (Fg) (α chain - 63 kDa, β chain - 56 kDa, γ Chain - 47 kDa), Lane 5 

represents 10 U/ml of Ancrod (37 kDa). 

 

kDa 
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3.2 Analysis of Pn degradation using SDS-PAGE 

 

 Figure 8 shows SDS-PAGE analysis of Pn degradation. Samples of Pn were taken 

at specified intervals and subjected to electrophoresis. Bands are similar to those 

described for the SDS-PAGE analysis of Pn above. No new bands appear as the 

incubation period increases. A decrease in band intensity is only observed after ~24h of 

incubation at room temperature. 
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Figure 8. SDS-PAGE of plasmin degradation over a period of 24h 

Subsamples were removed at the indicated times (hours) from a sample of Pn kept at 

room temperature. Electrophoresis of the subsample was performed under reducing 

conditions in a discontinuous gel (12% separating and 4% stacking gel).  The protein was 

stained with ProteoSilver 
TM

 Silver Stain Kit. Lane 1 represents BLUeye pre- stained 

protein ladder. Lanes 2-9 represent subsamples of Pn containing 2.5 µg of protein.  

 

 

 

  

 

 

    1           2            3           4           5          6           7            8           9 



 
 

42 | P a g e  

 

3.3 Detection of inhibitor-enzyme complexes using SDS-PAGE 

 

 SDS-PAGE was utilized to detect the formation of Pn-inhibitor complexes 

following reaction of Pn with AT+UFH or ATH. Figure 9 shows formation of high 

molecular weight complexes in lanes 6 and 8 for Pn-AT and Pn-ATH respectively, 

confirming covalent linkage between inhibitor and enzyme. The expected size of the Pn-

AT complex is 142 kDa, (AT (59 kDa) and Pn (83 kDa)). The sizes of Pn+ATH 

complexes are expected to be a heterogeneous mixture with a broad range due to the 

heterogeneity of the UFH chains, in terms of MW, of the ATH molecules. The range of 

ATH molecules has been reported to be 69 – 100 kDa. (105) (Fig. 6) 
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Figure 9. SDS-PAGE of Plasmin+AT+UFH and Plasmin+ATH reactions 

Electrophoresis of enzyme and inhibitor was performed under non-reducing conditions in 

a discontinuous gel (7.5% separating and 4% stacking gel).  The protein was stained with 

ProteoSilver 
TM

 Silver Stain Kit. Lane 1 represents BLUeye pre- stained protein ladder. 

Lane two represents 2.5 µg of Pn, Lane 3 represents 1.5 µg of AT+ 2.25 µg of UFH, 

Lane 4 represents 1.5 µg of ATH, Lane 5 blank, Lane 6 represents 2.5 µg of Pn + 1.5 µg 

of AT+50,000 nM UFH, Lane 7: Blank; Lane 8 represents 2.5 µg of Pn+ 1.5 µg of ATH; 

incubation time for reactions was 15 min 
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3.4 Determining the mechanism of inhibition and highest k2 values for Pn inhibition 

by AT+UFH 

 

 Pn was first titrated with inhibitors AT+UFH and ATH to determine 

Inhibitor:enzyme ratio required to produce maximal inhibition of enzymatic activity. 

Enzymatic activity was greatly reduced at ratios of 2:1 and at ratios of 8:1 >98% 

inhibition was observed. (Figures 10,11) Second-order rate constant (k2) assays were 

performed to determine and compare the k2 values for the inhibition of free Pn by AT and 

varying levels of UFH. When 10 nM Pn was inhibited by 100 nM AT alone, k2 values of 

2.82x10
5
±0.45x10

5
 M

-1
min

-1
 were observed. The k2 values increased with addition of 

successively higher concentrations of UFH until a plateau was reached. The maximal k2 

value was 5.74x10
6 

±0.28x10
6
M

-1
min

-1
 at a UFH concentration of 3000 nM. No 

significant changes in the k2 values were observed after the addition of higher 

concentrations of UFH which suggests that Pn is inhibited by a conformational 

mechanism. (figure 12) 
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Figure 10. Titration of free Pn with AT+UFH 

Sixty nM Pn was incubated with increasing concentrations of AT+UFH (1:1) for a period 

of 15 min. Following incubations, reactions were neutralized by the addition of a solution 

containing 1.25 mg/mL of polybrene and 0.5 mM of the Pn substrate S-2366 in TSP 

buffer with 2.5 mM CaCl2. Remaining enzymatic activity was then determined by 

reading absorbance with a plate reader. 
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Figure 11. Titration of free Pn with ATH 

Sixty nM Pn was incubated with increasing concentrations of ATH for a period of 15 

min. Following incubations, reactions were neutralized by the addition of a solution 

containing 1.25 mg/mL of polybrene and 0.5 mM of the Pn substrate S-2366 in TSP 

buffer with 2.5 mM CaCl2. Remaining enzymatic activity was then determined by 

reading absorbance with a plate reader. 
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Figure 12. Inhibition of free Pn by AT+UFH 

Second-order rate constants (k2 values) were measured under pseudo first-order 

conditions in the presence of 2.5 mM of CaCl2. The Pn concentration was 10 nM, AT 

concentration was 100 nM, and UFH concentrations ranged from 0 – 5000 nM.  The k2 

values are an average of n=5 ± standard error of mean 
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3.5 Determination of the rates of Pn generation in the presence of a fibrin clot 

 

 Since FIIa is inhibited by AT + UFH, Ancrod was used as an alternate fibrin 

polymerizing agent in its place. A concentration of 0.6U/ml of Ancrod was found to be 

sufficient to induce fibrin polymerization such that changes in absorbance at both 405 nm 

and 450 nm would be detectable during readings.(figure 13) This concentration of 

Ancrod also resulted in fibrin polymerization early in the assay making fibrin available 

for Pn degradation. Further it was established that Ancrod was not inhibited by AT+UFH 

or ATH and that Ancrod does not cleave the substrate S-2251. (data not shown). 

 3.5.1 Determination of Pn specific activity 

 

 The specific activity of Pn was determined by reacting known concentrations of 

Pn, ranging from 0-10 nM, with the substrate S-2251 in the presence of a 1 µM fibrin 

clot. Absorbance changes were then monitored in a SpectraMax Plus 384 

spectrophotometer. The Vmax values (mOD/min) were plotted against Pn concentrations 

and the slope of the line of best fit was determined. (figure 14) The specific activity was 

found to be 0.66 Acorr/min/µM with a r
2 

= 0.97. This value was be used to determine the 

rate of Pn generation according to the relationship: Acorr = (SA x r/2) x t
2
. 
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Figure 13. Example of readings showing clot formation and lysis 

Clot formation is essentially complete at around 200 seconds and clot lysis is being 

initiated at 1000s with readings returning to baseline by 2500s. Clot formation and Pn 

generation was initiated by the simultaneous addition of 1µM fibrinogen, 0.4 mM S-

2251, 0.4 µM Glu – Pg to wells containing 0.6 U/ml Ancrod and 0.0625 nM tPA. The 

Blue curves reflects absorbance changes at 405 nm which represents a combination of S-

2251 substrate hydrolysis and turbidity produced by fibrin, the red curve reflects 

absorbance changes at 450 nm which represents the turbidity changes produced by fibrin 

only 
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Figure 14. Standard curve for Pn specific activity 

Various concentrations of Pn (0-10nM) were reacted with the Pn substrate S-2251 in the 

presence of a 1µM fibrin clot. Reactions were read at a 405nm using a plate reader. Pn 

specific activity was determined by taking the slope of the plot obtained 
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3.5.2 Calculation of the rates of Pn generation  

 

   To study the effects of UFH, AT+UFH, and ATH on fibrinolysis, we determined 

the rates of tPA-induced Pn generation in the presence of an intact fibrin clot, in the 

absence or presence of these anticoagulants.  The methods used were similar to those of 

Kim et al. (118) in which FIIa is used to cleave purified fibrinogen to form a fibrin clot, 

which then serves to enhance tPA reaction with Pg.  This intact fibrin clot is more 

physiologically relevant than the soluble fibrin substitutes that have been previously used 

in published studies investigating Pn generation.  In our study, we used Ancrod instead of 

FIIa to form the fibrin clot since FIIa would consume the inhibitors AT and ATH. 

 The rates of Pn generation were plotted against the concentrations of UFH, 

AT+UFH or ATH tested. Results show that there was a reduction in the rates of Pn 

generation when either AT+UFH or ATH was present, with ATH producing a more 

pronounced reduction than AT+UFH (figure 15). Even at the lowest concentration of 

ATH tested, there was greater than 15-fold reduction in the rates of Pn generation 

compared to UFH or AT+UFH. For experiments utilizing UFH, it was observed that the 

rate of Pn generation was not altered even at the highest concentration tested. 
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Figure 15. Rates of Pn generation in the presence of fibrin and either inhibitor AT+UFH 

or ATH or UFH alone 

Rates of Pn generation were assessed using a combinational turbidometric and 

chromogenic assay measuring fibrin clot formation at 450 nm and cleavage of S-2251 by 

generated Pn at 405 nm, in the presence or absence of varying levels of inhibitors. 

Reactions were initiated by the addition of a mixture containing fibrinogen (1µM), Glu-

Pg (0.4 µM), S-2251 (400 µM) and CaCl2 (2.5 mM) in the presence of the inhibitors at 

the concentrations indicated, to wells containing 5 µL of 0.6 U/ml of Ancrod and 5 µL of 

0.0625 nM tPA in TBS-T80. Rates of Pn generation were calculated as described in the 

materials and methods. Data is the average of n=5 ± standard error of mean. (*p<0.001) 
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3.6 Detection of FDPs in plasmin generation assays using SDS-PAGE 

 

 Studies have shown that FDPs can potentiate Pn generation by providing C- 

terminal Lys residues for binding of Pg and tPA. (122) To demonstrate the production of 

FDPs in the Pn generation assays in section 3.6, identical reaction mixtures were 

incubated for specific time periods and then subjected to SDS-PAGE under reducing 

conditions. The reaction mixtures contained 3.3 µg of Fg, 0.72 µg Pg, 0.689 pg of tc- tPA 

and 0.6 U/ml of Ancrod. (figure 16). Lane 2 of the gel shows the α (63 kDa), β (56 kDa) 

and γ chains (47 kDa) of fibrinogen. A faint band appears above the α chain at 

approximately 130 kDa which may represent α2-AP (67 kDa) covalently linked to the α 

chain of the fibrinogen molecule. It has been determined that 1.2-1.8 moles of α2-AP 

have are covalently linked per mole of mole of Fg. (123). Lanes 5-9 show bands at the α 

(63 kDa), β (56 kDa) and γ chains (47 kDa) of fibrinogen, a strong band appears at ~100 

kDa which most likely represents Pg. Faint bands begin to appear at the ~25 kDa marker 

at 12 min, which most likely represent the light chain of Pn (26 kDa) which has been 

generated by tPA cleavage of Pg. This faint band increases in density as the reaction 

progresses and then decreases significantly in density at 100 min, most likely as result of 

proteolytic auto degradation.  At the lowest portion of the gel, a faint band begins to 

appear which most likely represents the FPA which has been cleaved from the α chain of 

the fibrinogen molecule by Ancrod. This band increases in density as the reaction 

progresses, consistent with further clot formation. At ~35 kDa a faint band begins to 

appear which mostly likely represents fibrin degradation products. This may tentatively 

be the αC chain which has been cleaved off of the fibrinogen molecule, which has been 

reported to be cleaved by Pn to form fragment X. (123) Interestingly, changes in the 
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density of the bands representing fibrinogen chain occur at 100 min with a corresponding 

appearance of a band at the lowest portion of the lane which most likely are small FDPs 

produced late in the reaction. The appearance of the small FDPs correspond with an 

increase in the absorbance at 405 nm in the Pn generation experiments which can be seen 

in figure 13, which is mostly likely a result of the potentiating effect of the FDPs on Pn 

generation. (122) 
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Figure 16. SDS-PAGE for detection of FDPs in Pn generation assays 

Electrophoresis of enzymes was performed under reducing conditions in a discontinuous 

gradient gel (15% separating and 4% stacking gel).  The proteins were stained with 

ProteoSilver 
TM

 Silver Stain Kit. Lane 1 represents BLUeye pre- stained protein ladder. 

Lane 2 represents 3.3 µg of Fg; Lane 3 represents 0.6 U/ml of Ancrod, Lane 4 is blank, 

Lane 5 contains reaction mixture terminated at 2 min, Lane 6 contains reaction mixture 

terminated at 12 min, Lane 7 contains reaction mixture terminated at 20 min; Lane 8 

contains reaction mixture terminated at 40 min; Lane 9 contains reaction mixture 

terminated at 100 min. Each reaction time course lane was loaded with 3.3 µg of Fg, 0.72 

µg of Pg, 0.689 pg of tc- tPA and 0.6 U/ml of Ancrod 
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3.7 Comparison of k2 values for inhibition of Pn±fibrin(ogen) by AT+UFH versus 

ATH 

 

 There were no significant differences between the k2 values for inhibition of free 

Pn by ATH (6.39 x 10
6
±0.59x10

6
M

-1
min

-1
) compared to the maximal inhibition achieved 

by AT+UFH (5.74x10
6
±0.278x10

6
) (figure 17). Furthermore, inclusion of either fibrin or 

fibrinogen resulted in a significant reduction in the k2 values compared to free Pn for both 

AT+UFH and ATH (figure 17, table 1). However, this effect was less pronounced for 

ATH reactions. Therefore, protection from inhibition of approximately 75% is observed 

for AT+UFH, as opposed to 50% for ATH when fibrin(ogen) is present. Moreover, the k2 

values for inhibition of Pn±fibrin(ogen) by ATH were significantly (p<0.05) greater 

compared to those for AT+UFH, thus suggesting enhanced inhibition of fibrin(ogen)-

bound Pn by the covalent conjugate. 
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Figure 17. Inhibition of plasmin±fibrin(ogen) by AT+UFH versus ATH 

Second-order rate constants (k2 values) were measured under pseudo first-order 

conditions. Ten nM Pn was inhibited by either 100 nM AT and 3000 nM UFH or 100 nM 

ATH in the presence or absence of 100 nM of uncrosslinked fibrin or fibrinogen.  The k2 

values are an average of n=5 ± standard error of mean. (*<0.01,**<0.05) 
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3.8 Detection of FPA from reaction of Fibrinogen with Ancrod 

 

 To confirm that Ancrod was cleaving FPA from the α chain of the fibrinogen 

molecule at the concentrations used in the rate experiments in section 3.6, a competitive 

ELISA was utilized. The FPA standard had an initial concentration of 55 ng/ml which 

was serially diluted to construct the standard curve. (Figure 18) A semi-log plot of 

absorbance values versus the concentrations of FPA was constructed and the equation for 

the line of best fit was utilized to deduce the concentration of FPA in the samples. The 

absorbance values obtained for the original Fg+Ancrod samples were not within the 

range of the standard curve. This was because the FPA concentration was too high for 

detection. Thus the sample was diluted to 1:80 to bring the absorbance within the 

standard curve. In comparison with the standard curve, and after correcting for dilution, 

the concentration of FPA in the original sample was determined to be 270.5 ng/ml (175 

nM).This assay has allowed us to confirm that FPA is being released from fibrinogen by 

Ancrod thus allowing formation of fibrin.   
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Figure 18. Standard curve for FPA samples 

A Standard curve was constructed by serial dilution (1:1 – 1:64) of a 55ng/ml sample of 

purified FPA. FPA calibrator was incubated with affinity purified rabbit antibodies 

specific for FPA. The unreacted antibodies were then measured using a micro ELISA 

plate coated with synthetic FPA in which free antibodies bind to the immobilized FPA. 

Bound antibodies were detected by using a goat polyclonal antibody specific for rabbit 

IgG and coupled to HRP followed by development of color using TMB. There is an 

indirect relationship between the color developed and the concentration of FPA in the 

tested sample. 

 

 

 

 

y = -0.168ln(x) + 0.7884 

R² = 0.948  

 



 
 

60 | P a g e  

 

3.9 Studies of the mechanism for the protection of Pn 

 

Potential mechanisms for Pn protection from ATH was investigated by utilizing 

excess UFH in the reactions, to see whether excess UFH may disrupt potential non-

productive ternary complex formation between the UFH moiety of ATH, 

fibrin/fibrinogen and Pn. There was no statistically significant difference in the k2 values 

for inhibition of Pn+fibrin or Pn+fibrinogen by ATH in the presence of excess UFH 

when compared to the values obtained in the absence of excess UFH (figure 19).  

To assess whether the occupation of LBDs on the Pn molecule impacted the rate 

of inhibition by AT+UFH and ATH, Pn was incubated with EACA prior to inhibition. 

Rates achieved by AT+UFH and ATH for the inhibition of Pn+EACA were 1.7 and 1.4 

fold lower, respectively, than those achieved for free Pn (figure 20). This may suggest 

that occupation of LBDs on Pn may in part play a role in the protective effect observed 

for both AT+UFH and ATH.  
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Figure 19. Inhibition of plasmin by ATH ±UFH 

Excess (3000 nM) UFH was mixed with ATH and k2 values for Pn inhibition were 

determined as previously described. The k2 values are an average of n=5 ± standard error 

of mean  
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Figure 20. Effect of EACA on Pn inhibition by AT+UFH versus ATH. 

 EACA (200nM) was incubated with Pn and the k2 values for inhibition by AT+UFH or 

ATH were determined as previously described. The k2 values are an average of n=5 ± 

standard error of mean (*p<0.01,**p<0.05) 
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Table 1. k2 values for the inhibition of plasmin under various conditions  

CONDITION                AT+UFH(k2 VALUES ± SD)                ATH (k2 VALUES ± SD) 

Free Pn    5.74x10
6
±0.278x10

6
                  6.39x10

6
±0.588x10

6
 

Pn + fibrin          1.45x10
6
±0.097x10

6
*                  3.07x10

6
±0.192x10

6
 

Pn + fibrinogen            0.90x10
6
±0.165x10

6
*                            2.30x10

6
±0.183x10

6 

Pn + EACA                  3.36x10
6
±0.197x10

6
                              4.52x10

6
±0.334x10

6
 

* p<0.05 
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3.10 Alterations in chromogenic activity of tPA  

 

 To further investigate the alterations in the rates of Pn generation seen in the 

above experiments we studied potential modulation of tPA by UFH, AT+UFH and ATH. 

This was studied by the incubation of increasing concentrations of the various reagents 

against a fixed concentration of tPA. For all reagents tested, no statistically significant 

difference in enzyme activity against a chromogenic substrate was observed at the 

concentrations of anticoagulants tested. (figure 21) This indicates that the reduction in 

rates of Pn generation seen above are very likely due to inhibition of the Pn (free or 

fibrin(ogen) bound) which is produced following tPA cleavage of Pg. 
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Figure 21. Comparison of tPA activity in the presence of UFH, AT+UFH and ATH 

Effects of anticoagulants on chromogenic activity were investigated. UFH, AT+UFH or 

ATH with a molar ratio range of 0 - 20 were titrated against a fixed concentration of tPA 

(20 nM) and allowed to incubate for a period of 15 min. Reactions were neutralized by 

simultaneous addition of a solution containing 1.25 mg/ml of polybrene and tPA 

substrate, S-2288 in buffer. Enzyme activity was then determined by measuring the rate 

of substrate cleavage (Vmax) for 10 min using a plate reader. No statistically significant 

differences were observed. 
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4. Discussion 

 

  Under physiological conditions, the coagulation and fibrinolytic pathways 

are slowly turning over and exist together in a fine balance. At the time of clot formation, 

fibrin deposition produces a stable crosslinked clot which is susceptible to proteolytic 

degradation through the actions of Pn generated from the fibrinolytic pathway. During 

thromboembolic states, local fibrin production exceeds the capacity of the fibrinolytic 

pathway, resulting in excessive clot formation. To limit clot development, anticoagulants 

such as UFH are administered under these circumstances. The interactions of UFH with 

the components of the coagulation cascade have been studied in great detail in the past 

and are well reported in the literature. However, the interactions of UFH with 

components of the fibrinolytic pathway have not been studied to the same extent and are 

not clearly understood. Some investigators have attempted to study the interactions of 

UFH with various fibrinolytic components. However, a discrepancy exists in the 

literature, which largely has been attributed to non-physiological experimental 

conditions. Previous investigations have shown that UFH(±AT) can increase Pn 

generation (9,95-100) whereas others have reported a reduction in Pn generation. (95) In 

addition, it has been reported that UFH can enhance the enzymatic activity of tPA, 

potentially augmenting Pn generation. (98) Furthermore, scarcely anything is known 

about potential ATH-fibrinolysis interactions. Many of the in vitro interactions of ATH 

with the various components of the coagulation cascade have been well characterized; 

however interactions of ATH with the fibrinolytic pathway have never been studied 

before. Therefore, in the present study, we have performed experiments which are 
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comparable to physiological conditions in an effort to understand the effects of AT+UFH 

and ATH on components of fibrinolysis.  

4.1 Inhibition of Free Pn 

 

 We have observed that free Pn is susceptible to inhibition by AT and the rates of 

inhibition increase when catalyzed by UFH. It has previously been demonstrated that 

plotting k2 vs. [UFH] can allow for the deduction of likely inhibition mechanisms for 

coagulation enzymes by AT+UFH. (3,14) In the current study the characteristic shape of 

the plot for Pn suggests that inhibition occurs through conformational AT activation and 

not through the template mediated mechanism, which is in agreement with previous 

reports. (3) In the conformational mechanism of inhibition, binding of AT to the high 

affinity pentasaccharide sequence of UFH, results in a conformational change in the AT 

molecule, which makes the RCL more susceptible to reaction with serine proteases. 

Additionally, we have observed that no significant difference exists between the rates of 

inhibition of free Pn for AT+UFH versus ATH. This comparison is consistent with our 

previous work showing that ATH displays rates of inhibition similar to AT+UFH for 

proteases inhibited via conformational activation of AT. (14) When comparing the rates 

for the inhibition of FIIa by AT+UFH (14) to the present results, it is apparent that k2 

values for inhibition of Pn are 2 to 3 orders of magnitude lower than for FIIa and that the 

rates of inhibition obtained in this study are comparable with previously reported rates. 

(3,4)   
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4.2 Inhibition of Pn Generation  

 

 Plasmin generation occurs by cleavage of plasminogen by a plasminogen 

activator. In this study we utilized a purified experimental system which contained all of 

the components necessary to generate Pn from Pg, including the cofactor fibrin. The rates 

of Pn generation observed in this study were comparable with previous reports utilizing 

similar conditions. (118) As expected, a decrease in the rates of Pn generation were 

observed upon the addition of either inhibitor (AT+UFH or ATH). ATH drastically 

reduced the rates of Pn generation compared to AT+UFH. The addition of ATH to the 

system resulted in essentially near zero rates of Pn generation, even at the lowest 

concentration tested. This may be explained by the efficient inhibition of both free and 

fibrin(ogen)-bound Pn by the covalent conjugate, thus preventing Pn from enhancing its 

own generation. As for AT+UFH, a significant reduction in the rates of plasmin 

generation were only seen when inhibitor concentrations were increased to 4-fold that of 

the original concentration. At the lowest concentration tested, AT+UFH resulted in a ~2.5 

fold reduction whereas ATH resulted in a ~38 fold reduction.  In this in vitro system 

utilized for calculating the generation of Pn, both forms of Pn, free and fibrin(ogen)- 

bound are presumably present and susceptible for neutralization by either inhibitor. Since 

plasmin can enhance its own generation by providing C-Lys residues on fibrin(ogen) (for 

both Pg and tPA), the inhibition of the plasmin formed from the activation of Pg by tPA, 

can in turn slow the rates of Pn generation under these conditions. Furthermore, it has 

been shown that FDPs can potentiate Pn generation much like fibrin (122), as seen in 

figure 13, there is a rapid increase in the absorbance values at 405 nm late in the assay 
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which may be explained by the generation of FDPs as is shown in the SDS-PAGE in 

figure 16. 

4.3 Inhibition of Pn+fibrin(ogen)  

 

 To clarify the drastic differences observed in the reduction of the rates of Pn 

generation it was important to determine and compare rates of inhibition for free Pn and 

Pn in the presence of fibrin(ogen). This would clarify if Pn is being protected by 

fibrin(ogen) from inhibition. It is well known that surface-bound coagulation enzymes are 

protected from inhibition by AT+UFH, which has been implicated in clot propagation, 

even during anticoagulant therapy. (51) Moreover, we have previously shown that 

covalent linkage of AT to heparin allows for enhanced inhibition of these surface-bound 

coagulation factors. (106,114-116) In the present study we observed a reduction in the 

rates of inhibition for Pn+fibrin(ogen), indicating protection of the enzyme. In the 

presence of fibrin, a ~4-fold protective effect was observed in the presence of AT+UFH, 

whereas a milder ~2-fold protective effect was observed for ATH. In the presence of 

fibrinogen on the other hand, a more pronounced protection of Pn was observed for 

AT+UFH (6.4-fold), with a smaller change for ATH (2.8-fold). The rates of inhibition for 

Pn+fibrin(ogen) by ATH were significantly greater than AT+UFH under both conditions.   

 Although no significant differences were observed in the rates of inhibition of free 

Pn by AT+UFH or ATH, the more pronounced reduction in calculated rates of Pn 

generation when an intact fibrin clot was present by ATH might be explained by the 

inhibition of free Pn as well as an enhanced capability to inhibit fibrin-bound Pn. These 

findings are similar to those previously observed for inhibition of fibrin-bound FIIa or 

prothrombinase-complexed FXa (106,114-116). Mechanistically, these results can be 
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explained by the fact that, with AT+UFH non-covalent complex, UFH can dissociate 

from the AT to form ternary complexes with both fibrin and Pn. As such, two situations 

can occur: 1) the dissociation of UFH leaves the AT in the inactive state and unable to 

inhibit Pn, and 2) the UFH in the fibrin/UFH/Pn ternary complex creates a negative 

milieu around Pn, resulting in further repulsion of additional AT+UFH which prevents it 

from inhibiting the enzyme. As for ATH, the covalent linkage between heparin and AT 

prevents the dissociation of the heparin chain from the AT. Even if the heparin moiety of 

ATH forms non-productive complexes with fibrin or Pn, the covalent attachment of the 

AT molecule enables for proximal orientation of AT towards the enzyme with subsequent 

inhibition. This mechanism may, in part, explain the ~2-fold increase in the rate of 

inhibition observed for ATH compared to AT+UFH for Pn in the presence of fibrin. 

However, it still does not account for the ~2-fold reduction observed for Pn+fibrin 

relative to inhibition of free Pn by the ATH. It was possible that the relatively long 

heparin chains in ATH (average molecular weight of heparin chains in the conjugate is 18 

kDa) (105) may also form non-productive complexes with fibrin and Pn to antagonize Pn 

inhibition. Approximately 33% of heparin chains in ATH have at least 2 very charged 

pentasaccharide sequences (124), thus the highly negative characteristic of the conjugated 

heparin molecules may also contribute to these interactions. Consequently, it was posited 

that addition of excess UFH with ATH may be able to displace any non-productive 

interactions of ATH with the fibrin and Pn. However, unlike previous work with 

prothrombinase, addition of excess UFH did not result in increased inhibition of Pn by 

the ATH. (115) This indicated that other mechanisms may be playing a role in protecting 

Pn from inhibition by AT+UFH or ATH.   
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 Cumulatively, the data from the Pn generation experiments and inhibition of 

Pn±fibrin(ogen) suggests that ATH may be able to overcome the steric hindrance 

produced by fibrin(ogen) better than non-covalent AT in the presence of excess UFH. In 

addition, it has previously been shown that FDPs can protect Pn from inhibition by α2AP 

(125), a similar mechanism may be playing a role in this study, although cross linked 

fibrin was not used in the assays reported here. In conclusion, these products, fibrin and 

UFH can bind Pn and lead to its steric hindrance, which potentially can be partly 

responsible for the reduced rates of inhibition observed in their presence. However, 

occupation of the LBDs may also be partly responsible for the reduction in rates observed 

in this study.  

4.4 Mechanism of inhibition of Pn by AT+UFH and ATH  

 

 The serpin α2AP is the major inhibitor of Pn in vivo.(45) It has been suggested 

that α2AP inhibits Pn in a two-step mechanism in which first, the α2AP interacts with 

LBDs on Pn followed by the reaction of the reactive centre loop with the active site of the 

protease. (48-50) Therefore, efficient inhibition of Pn by α2AP is dependent on the 

availability of the LBDs on Pn. When Pn is bound to fibrin, LBDs on Pn are occupied 

thus potentially protecting Pn from reaction with inhibitors.  

 Schneider et al (53) utilized a system in which rates of inhibition of Pn by α2AP 

were calculated in the presence of an intact FIIa-generated clot. Their data show that the 

rate of inhibition decreased from 9.5x10
6
 M

-1
min

-1 
to 3.2x10

6
 M

-1
min

-1 
immediately after 

clot formation. The rates of inhibition then continued to decrease (38-fold) as the fibrin 

clot was modified by Pn during with reaction progression. These findings suggest that 

both an intact fibrin clot and a Pn-modified fibrin clot can protect Pn from inhibition with 
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the modified form, imparting greater protection. This increase in protection can be 

explained by the exposure of C-Lys residues on the surface of the fibrin clot, allowing Pn 

to bind as the reaction progresses. Further, in the presence of TAFIa the protection 

observed with the Pn-modified fibrin is delayed while no change is observed in the 

presence of an intact fibrin clot. These findings suggest that the protection of Pn may be 

due to a combination of the steric hindrance produced by the intact fibrin clot in the 

initial stages of clot formation, and additionally due to binding of Pn to newly exposed C-

Lys residues on the clot surface making the LBDs unavailable to the inhibitor. This 

aspect may also hold true for the current study in which we are studying inhibition of Pn 

by AT+UFH and ATH. Previous studies have also shown that in the presence of soluble 

fibrin surrogates, Pn can be protected 10-45 fold from inhibition by α2AP. 

(48,49,125,126) Interestingly, Pn can also bind to initial products of fibrin degradation 

such as DD(E) where it can be protected from inhibition by α2AP, with diminished 

protection being imparted by products subsequently produced by Pn proteolysis. (125) 

 To determine whether occupation of the LBDs on Pn may affect the abilities of 

AT+UFH or ATH to inhibit Pn, we utilized the synthetic Lys analog EACA which 

closely interacts with the LBDs on Pn. We observed that the rate of inhibition of Pn by 

both AT+UFH and ATH decreased proportionally in the presence of EACA. This may 

infer that LBDs located on the kringle domains on Pn may also be involved in the 

mechanisms of inhibition by AT. Perhaps the interactions of AT with Pn is dependent on 

the LBDs, and a two-step mechanism for inhibition of Pn by the AT is also important, 

similar to its homologous counterpart α2AP. In the present study we observe a modest ~ 

4- and ~2- fold reduction in inhibition of Pn by AT+UFH and ATH, respectively, 
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compared to the 10-45 fold reduction by α2AP reported in literature. (48,49,125,126) 

However, additional investigations are required to confirm whether LBDs on Pn are 

directly interacting with AT and to what extent, the various forms of fibrin and FDPs 

protect Pn from inhibition by AT+UFH and ATH.  

4.5 Summary and future directions 

 

 From the above results, we may potentially add to our understanding of the data 

we reported in previous in vivo studies showing a significant reduction in clot mass/size 

with the administration of ATH. Although a significant reduction in the calculated rates 

of Pn generation were observed in vitro in the current study, it can be speculated that the 

reduction in clot mass observed in the previously performed in vivo studies was mainly 

due to the superior ability of ATH to inhibit surface bound clotting factors such as cell 

surface bound FXa (as part of the prothrombinase complex) and fibrin bound FIIa in a 

fibrin clot, thus reducing clot propagation to a significant degree thus allowing the 

endogenous fibrinolytic pathway to degrade the clot. Since we observed that the k2 values 

for inhibition of Pn±fibrin(ogen) by ATH were 2 to 3 orders of magnitude lower than 

those for FIIa (14), it can be suggested that the inhibitory activity of ATH towards FIIa is 

maintained while relatively sparing inhibition of Pn, so that Pn can continue degrading 

fibrin and restore hemostasis. Furthermore, in an in vivo system where other coagulation 

enzymes (FIIa, FXa) are present, at higher concentrations than Pn, ATH may react with 

those enzymes first, due to the greater rates of inhibition, and be less available for 

neutralizing Pn. In addition, although AT is able to inhibit Pn, it does so at a slower rate 

than α2AP, maintaining α2AP as the major regulator of Pn in vivo. (45) It is also likely 

that inhibitors of Pn other than α2AP play a significant role only when the plasma 
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concentrations of Pn exceed the concentrations of α2AP. However it can be speculated 

that with the administration of ATH, fibrin-bound Pn may be preferentially inhibited by 

ATH over α2AP however rates of inhibition observed for either inhibitor are comparable 

(53). Taken altogether, it is more likely that ATH will preferentially inhibit coagulation 

factors over free or fibrin bound Pn allowing tipping of the balance in favor of clot 

dissolution. (figure 22) 

 In conclusion, this study provides some mechanistic understanding regarding the 

interactions of AT+UFH and the covalent ATH conjugate with components of the 

fibrinolytic system. Despite a significant effect on the in vitro rate of Pn generation in a 

purified system, ATH may not have strongly adverse affects on in vivo fibrinolysis, and 

may aid in the overall goal to reduce undesired thrombosis, primarily by inhibiting clot-

bound thrombin. In addition, this study further supports the model that ATH has the 

ability to inhibit surface-bound enzymes more efficiently than AT+UFH. Although this 

investigation has the limitation that it only evaluated the fibrinolytic system in isolation, 

it provides a good understanding of the interactions between the purified inhibitors and 

some of the purified components of fibrinolysis. It is important to note that, unlike the 

studies of Schneider et al. we utilized fibrin forms which were pretreated with Pn and 

essentially are end point investigations. Further investigations are warranted which 

measure Pn inhibition by AT in real time in a dynamic system.  Additional studied 

utilizing low molecular weight forms of Pn can also be utilized to determine these 

interactions which lack various K domains and would allow for the significance of 

binding of AT to the LBDs on Pn. It would also be of merit to utilize the model proposed 

by Schneider et al. to determine protection of Pn from inhibition by AT+UFH and ATH 
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as this will allow for the determination of the effects of different forms of fibrin on Pn 

protection, much like the original work which has demonstrated protection of Pn by α2-

AP. Lastly, to gain a better understanding of the effects of ATH on fibrinolysis, further 

studies should be performed in plasma-based systems and, ultimately, in vivo. 
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Figure 22. Graphical depiction of the effects of ATH versus AT+UFH in the balance 

between coagulation and fibrinolysis 

ATH inhibits factors of the coagulation pathway 2-3 orders of magnitude faster than 

plasmin and may not adversely affect fibrinolysis, which may lead to enhanced clot 

degradation. Red arrows represent inhibition of respective components by the ATH 

compared to AT+UFH. Thickness of arrows represents degree of inhibition of the relative 

components depicted. 
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