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SUMMARY

Activated protein C (APC) is an anticoagulant glycoprotein that attenuates throm bin  

generation. M oreover, it has recently been dem onstrated that APC possesses anti

inflam m atory, anti-apoptotic and endothelial cell barrier stabilizing properties.

The first goal of this thesis was to  study the role of N-linked carbohydrates (glycans) in 

m odulating APC anticoagulant function and endothelial cytoprotective signalling via 

the endothelial cell protein C receptor (EPCR) and protease activated receptor 1 

(PA R I). It was determ ined that removal of APC N-linked glycans using the enzyme  

PNGase resulted in a ~6-fold reduction in the APC concentration required to achieve 

half-m axim al inhibition of throm bin-induced endothelial cell barrier perm eability. 

Furtherm ore, deglycosylation enhanced APC anti-apoptotic function on endothelial 

cells com pared to  untreated APC. Recombinant APC variants w ere generated in which 

each Asn-linked glycan attachm ent site was elim inated by amino acid substitution. 

The variant APC-N329Q  displayed up to 5-fold enhanced protection of the endothelial 

barrier com pared to wild type APC. M oreover, an APC variant (APC-L38D/N329Q) was 

generated which possessed minimal anticoagulant activity but 5-fold improved 

endothelial barrier protective function compared to  wild type APC.

These results have identified that APC N-linked glycosylation modulates EPCR- 

dependent, PARl-m ediated cytoprotective signaling. These data also suggest that 13- 

protein C, a naturally occurring glycoform characterized by lack of N-linked 

glycosylation at Asn-329, may play a role in APC cytoprotective function in vivo.
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Protamine sulphate is used to reverse heparin-induced anticoagulation. Paradoxically, 

it is associated with unwanted anticoagulant properties which can be associated with 

bleeding complications in vivo. The molecular mechanisms underlying these 

anticoagulant properties have been poorly understood. The second goal of this project 

was to elucidate these mechanisms. Protamine sulphate was found to prolong plasma 

clotting times and to attenuate thrombin generation in  v itro , reducing endogenous 

thrombin potential (ETP) by 41±7%. Protamine sulphate profoundly enhanced the 

anticoagulant properties of APC in thrombin generation and activated partial 

thromboplastin time (APTT) assays. In an assay of procoagulant factor V (FV) 

activation, protamine was found to greatly reduce the rate of FV activation both by 

thrombin and by factor Xa (FXa). Moreover, administration of pharmacological doses 

of protamine sulphate to BALB/c mice prolonged tail bleeding time in vivo. These 

novel findings represent the molecular mechanism underlying the anticoagulant 

properties of protamine sulphate in plasma.
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CHAPTER 1: INTRODUCTION

1.1: BLOOD COAGULATION

1.1.1 Overview

W hen vascular injury occurs, a series of events is initiated which results in sealing of 

the wound and prevention of bleeding. These events include vasoconstriction, 

recruitm ent of von W illebrand factor (VWF) and platelets to the site of injury to  

generate a platelet plug (a process known as "prim ary haemostasis"), activation of the  

coagulation cascade and form ation of a stable cross-linked fibrin clot. Initiation of 

coagulation involves generation of picomolar am ounts of the serine protease 

throm bin, followed by assembly of activated coagulation proteases and cofactors on 

the activated platelet surface, to  generate a stable fibrin blood clot.
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1.1.2 Primary haemostasis

Prim ary haem ostasis is th e  process by which p late lets  adhere  to  th e  site o f tissue  

dam age, becom e activated  and spread on th e  exposed subendothelia l surface to  fo rm  

large p la te le t aggregates [1]. This process is critically d ep en d en t upon V W F, a large 

m u ltim eric  g lycoprotein  stored in endo the lia l cells and p latelets [2]. VW F in teracts  

w ith  cell surface and p la te le t receptors to  fac ilita te  p la te le t binding to  exposed  

collagen [3, 4],

The subendothelia l m atrix  is com posed o f collagens, tissue factor, fibronectin , lam inin  

and o th er g lycoproteins [5]. Vascular dam age exposes th e  subendothelia l m atrix  to  

blood, which under norm al circum stances, is p reven ted  by th e  en do th e liu m . Following  

vascular dam age, VW F binds to  collagen [2], VW F-collagen in teraction  "te th ers" VW F. 

In th e  presence o f shear stress, V W F unw inds, exposing m u ltip le  p la te le t binding sites. 

VW F captures p late lets  by binding to  p la te le t g lycoprotein  (Gp) Ib /V / IX  [6]. Collagen  

also binds d irectly  to  th e  p la te le t recep to r Gp VI [7]. These binding in teractions begin  

th e  process o f p la te le t adhesion to  th e  site o f vascular in jury [8].

During p la te le t adhesion, p la te le t te th erin g  and rolling occurs first, via V W F-G p  

Ib /V / IX  and Gp VI in teractions. For stable adhesion o f p late lets  to  th e  

subendothe lium , activation  of p la te le t integrins m ust occur [9]. Signalling induced by 

collagen-G pVI results in a co nform ation a l change in p la te le t integrins anbPs and 0 2 ^ 1  

[1 0 -12 ]. This co nform ation a l change converts these integrins from  a low  to  high 

ligand-affin ity  sta te  and enables fo rm atio n  o f strong bonds w ith  V W F /fib rin o g en  and  

collagen respectively  [9]. T h ere fo re , initial p la te le t rolling on collagen and V W F  is
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converted to stable platelet adhesion [9]. In turn, this mediates enhanced collagen- 

GpVI signalling [13]. Once anchored at the site of injury, platelet activation results in 

the release of adenosine diphosphate (ADP), serotonin and thromboxane A2, which 

activates more platelets [1]. The events which occur during primary haemostasis are 

summarized in Figure 1.1.
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Figure 1.1: Mechanism by which exposure of subendothelial collagen and tissue factor 

trigger primary haemostasis.

Tethering of platelets to collagen in the extracellular matrix is mediated by interactions 

between Gplb/V/IX and GpVI with VWF and collagen respectively. GpVI binding to collagen 

triggers signalling pathways which lead to a conformational change in platelet integrins aiibPs 

and a2Pi favouring high-affinity binding, and release o f platelet agonists. Firm adhesion of 

platelets to collagen is mediated by activated aiibPs and a2Pi, which further enhances GpVI- 

mediated signalling.
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1.1.3 Coagulation cascade

Upon vascular injury, the tissue factor (TF)-dependent or extrinsic pathway of blood 

coagulation is initiated when TF on the surface of extravascular cells in the 

subendothelial matrix is exposed. Blood coagulation is initiated by the complex of 

activated serine protease factor VII (FVIIa) and TF, which catalyzes the activation of 

vitamin K-dependent zymogens (1.1.4) factor X (FX) and FIX to  FXa and FIXa 

respectively (Figure 1.2).

TF is a 47-kDa transmembrane glycoprotein expressed in subendothelial tissue, which, 

upon exposure to  blood, acts as the physiological trigger of coagulation [14]. TF is 

constitutively expressed in pericytes, adventitial fibroblasts and in the parenchyma of 

vascularised organs (for example lung, brain and placenta) [15-17]. Under normal 

circumstances, therefore, TF is separated from blood. Cellular TF expression is induced 

upon cellular stress and inflammation. TF plays a key role in sepsis-induced 

disseminated intravascular coagulation (DIC) in baboons [18] and its expression can be 

induced in peripheral blood monocytes in response to  bacterial lipopolysaccharide 

(LPS) exposure [19]. Endothelial cells have also been shown to  express TF following 

exposure to LPS [20] and viral nucleic acid [21], however it remains uncertain whether 

endothelial cells can express TF in vivo [14].

TF binds coagulation zymogen FVII or the activated enzyme FVIIa [22]. FVIIa is 

constitutively present in plasma at approximately 1-2% of tota l FVII [23]. TF assembles 

w ith FVIIa on the cell surface to form an active enzyme/cofactor complex, whose
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optim al activ ity  requires FVIIa insertion  into a phosphatidylserine-rich  phospholipid  

bilayer [24].
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Figure 1.2: The coagulation cascade.

During blood coagulation, protease-cofactor complexes assemble on a negatively charged 

membrane surface. The extrinsic tenase complex (TF/FVIIa), the intrinsic tenase complex 

(FVIIIa/FIXa) and the prothrombinase complex (FVa/FXa) are the three major enzyme 

complexes which assemble during coagulation. All of these complexes require the presence of 

Ca^* and phospholipid in order to function. The end result of blood coagulation is the 

formation of a fibrin clot.
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TF binding to FVIIa induces a confornnational change in the FVIIa serine protease 

domain which results in its activation [25]. The FVII(a) Gla domain (1.1.4) binds 

negatively charged phospholipids and enhances the association of FVII(a) with TF [26], 

TF/FVIIa forms a ternary complex with zymogens FX or FIX and converts them to FXa 

and FIXa respectively [27],

The TF-mediated initiation phase of blood coagulation is regulated by TFPI [28]. TFPI is 

a 276 amino acid Kunitz-type serine protease inhibitor (43 kDa) consisting of three 

Kunitz domains, an acidic N-terminal region and a highly basic C-terminal region [29]. 

The active sites of TF-bound FVIIa and FXa are bound and inhibited by the first and 

second TFPI Kunitz domains respectively [30]. The third Kunitz domain is thought to be 

involved in cell-surface binding [31]. A model proposed for inhibition of TF-dependent 

coagulation by TFPI postulates that TFPI binds reversibly to FXa, followed by binding of 

TFPI/FXa to the TF/FVIIa complex [30] to form an inactive quaternary complex. An 

alternative model suggests that TFPI binds to FXa bound to the TF/FVIIa complex [32]. 

Recent studies indicate that protein S (1.2.5) enhances inhibition of the TF pathway by 

enhancing the interaction between TFPI and FXa [33].

While vascular injury leads to TF-initiated blood coagulation, an alternative process 

exists known as the "contact pathway". In this pathway, components entirely 

contained within the vasculature initiate blood coagulation, resulting in activation of 

FXI. High molecular weight kininogen, pre-kallikrein and FXII are responsible for FXI 

activation however their congenital deficiency is not associated with a bleeding 

phenotype. In contrast, FXI deficiency is associated with a variable bleeding tendency,
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how ever the severity of bleeding correlates poorly with the baseline FXI level [34]. The 

result of this pathway is FXIa-mediated FIX activation, which activates FX.

Upon FX activation, FXa can activate prothrombin to generate the procoagulant 

enzym e throm bin, albeit inefficiently. Limited throm bin generation enhances 

coagulation by activating procoagulant cofactors FV and FVIII in a process of feedback  

am plification, generating FVa and FVIIIa respectively [35, 36]. This results in rapid 

amplification in throm bin generation due to generation of active cofactors for the  

prothrom binase and intrinsic tenase complexes respectively.

The prothrombinase complex consists of vitamin K-dependent serine protease FXa, 

active cofactor FVa, Ca^^and phospholipid [37]. This complex proteolytically converts 

prothrom bin to  throm bin [38], and cleaves prothrom bin 300,000 times more  

efficiently than FXa alone [39].

Activation of FVIII enables the form ation of the intrinsic tenase complex, which 

consists of vitamin K-dependent serine protease FIXa and active cofactor FVIIIa, Câ '*̂  

and phospholipid [40]. Binding of FIXa to its cofactor, FVIIIa, increases its ability to  

cleave FX 200,000-fold [41]. FVIII circulates in a complex with VWF, which stabilizes it 

in circulation [42]. During the amplification phase of coagulation the intrinsic tenase 

complex replaces the extrinsic tenase complex as principal activator of FX [43].

Throm bin cleaves fibrinopeptides from fibrinogen to  generate fibrin, the main protein 

constituent of the final blood clot [44]. This causes fibrin to polymerize, forming an 

insoluble fibrous mesh which incorporates platelets and VWF [1]. This fibrin "clot" is

33



stabilized by FXIII. FXIII is a transglutaminase which is activated by throm bin, with  

fibrin polym er acting as a cofactor [44]. FXIIIa covalently cross-links fibrin at Gin and 

Lys residues [45]. This increases fibrin clot resistance to proteolytic degradation [44],

Once form ed, the stable blood clot is broken down by a tightly regulated process 

known as fibrinolysis. Plasminogen, the principal zymogen in the fibrinolytic pathway  

(92 kD), is activated by proteolytic cleavage at Arg 560 to  generate active serine 

protease plasmin [46, 47] which in turn degrades fibrin. The tw o major plasminogen 

activators are tissue plasminogen activator (tPA) and urokinase plasminogen activator 

(uPA) [47]. Serine protease inhibitors (serpins) plasminogen activator inhibitor-1 (PAI- 

1), PAI-2 and a 2-antiplasmin inhibit fibrinolysis. PAI-1 regulates both tPA and uPA and 

is the principal inhibitor of plasminogen activation [47]. Release of PAI-1 from  platelets  

at the site of injury protects the developing throm bus from fibrinolysis [48]. In 

contrast, tPA, plasminogen and plasmin are bound to fibrin later during clot 

developm ent [47].
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1.1.4 Vitamin K-dependent proteins

Vitamin K-dependent proteins are characterized by a negatively charged domain (y- 

carboxyglutamic acid or "Gla" domain) which mediates binding to phospholipid 

membranes, two epidermal growth factor (EGF)-like domains and a C-terminal serine 

protease domain [49]. This domain structure is shared by prothrombin (Fll; which 

possesses two Kringle domains in place of two EGF-like domains), coagulation 

zymogens FVII, IX and X and anticoagulant protein C (1.2) [50]. Protein S (1.2.4) shares 

a similar structure, with the substitution o f a serine protease domain for a sex 

hormone-binding globulin (SHBG) domain [51]. In addition, protein S possesses two 

further EGF-like domains and a thrombin-sensitive region. Protein Z is also structurally 

similar to zymogens FVII, IX X and to  protein C, but contains a C-terminal 

pseudocatalytic domain rather than a serine protease domain [52, 53). The 

pseudocatalytic domain contains lysine and aspartic acid residues in place o f histidine 

and serine of the usual active site catalytic triad [54] and lacks proteolytic function. 

Protein Z is a cofactor to protein Z-dependent protease inhibitor, which plays a role in 

factor Xa inhibition [55]. Vitamin K-dependent proteins require y-carboxylation of 

specific glutamic acid residues located in the ir Gla domain fo r optimal function. During 

y-carboxylation, these glutamic acid residues are converted to y-carboxyglutamic acid 

by the action of vitamin K [56, 57]. This process is dependent upon on the vitamin K 

epoxide reductase multiprotein complex (VKOR). This modification is critical in order 

fo r the Gla domain to be correctly folded (a process which is dependent upon 

interaction of negatively charged Gla residues with Ca '̂") and therefore fo r functional 

activity.
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1.1.5 Coagulation regulation

Blood coagulation is tightly regulated by TFPI (1.1.3), serine protease inhibitor (serpin) 

antithrombin (AT) and the protein C pathway (1.2). AT exerts its anticoagulant 

function by inhibition of thrombin, FIXa, FXa and FXIa [48]. AT inhibits its target 

proteases in two steps. In the first step, an encounter complex is formed, in which the 

target protease recognizes the sequence of the AT reactive site loop. Ser-195 of the 

protease attacks the peptide bond between the PI and PI' residues, resulting in 

formation of a covalent bond between PI and active site Ser 195. This is followed by 

protease conformational change and loss of enzymatic activity [48, 58].

Heparan sulphate and heparin molecules interact with AT and enhance its 

anticoagulant function [59], Heparan sulphate is a negatively charged linear 

polysaccharide found on the surface of most cells. It is closely related to heparin, a 

synthetic glycosaminoglycan molecule used clinically as a parenteral anticoagulant. 

When heparan sulphate or heparin binds to specific AT lysine residues, AT undergoes 

a conformational change. This change alters the AT reactive centre, such that AT 

becomes a rapid serine protease inhibitor rather than a slow progressive one [60]. 

Covalent binding of this AT reactive centre to the active site of thrombin and other 

coagulation proteases irreversibly eliminates their procoagulant function. AT interacts 

with heparin via a specific unique heparin pentasaccharide sequence [61].
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1.2: THE PROTEIN C ANTICOAGULANT AND CYTOPROTECTIVE PATHWAY

Protein C exists in a zymogen form  which is activated to activated protein C (APC) by 

the complex of throm bin bound to thrombomodulin (TM). APC attenuates coagulation 

by proteolysis o f the cofactors FVa and FVIIIa; which is dependent upon the presence 

of the anticoagulant cofactor protein S in plasma (1.2.4). In addition, APC has recently 

been shown to  possess signalling properties (1.2.7), which mediate anti-inflammatory, 

anti-apoptotic and endothelial barrier protective effects.

1.2.1 Protein C gene and structure.

The human protein C (PROC) gene spans 11 kilobases of DNA [62] and consists of 8 

exons and 7 introns. The protein C coding sequence consists of a light chain 

characterized by a 33 amino acid (AA) "signal peptide" and a nine amino acid "linking" 

propeptide (AA -42 to -1), a y-carboxyiation (Gla) domain (AA 1-45) and tw o epidermal 

growth factor (EGF)-like domains (AA 46-91 and 92-137). The heavy chain consists of 

an activation peptide region (AA 144-169) and a serine protease domain (AA 170-419), 

which contains the active site required for substrate proteolysis [63] (Figure 1.3).
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137 /  169 170 419
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Figure 1.3: Amino acid sequence of the nascent protein C polypeptide

The nascent protein C polypeptide is composed of a leader sequence, a light chain (composed 

of a y-carboxyiation (Gla) domain and tw o EGF domains) and a heavy chain (composed of an 

activation peptide and the serine protease domain).
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Protein C is synthesized as a single chain linked by a Lys-Arg dipeptide. The dipeptide is 

removed by proteolysis during protein C processing, which converts the single chain 

polypeptide to a light and heavy chain connected by a disulfide bond. Single-chain 

protein C and protein C heavy and light chains have molecular weights of 62 kD, 41 

kDa and 21 kDa respectively [64].

Like prothrombin, FIX, FX and protein S, protein C biosynthesis involves the post- 

translational modification y-carboxylation (1.1.4). Protein C activation (1.2 .3) is 

modulated by binding of the protein C Gla domain to the endothelial protein C 

receptor (EPCR) [65]. Protein C contains 9 y-carboxyglutamic acid residues in its Gla 

domain.

It is thought that the two protein C EGF domains are involved in mediating protein- 

protein interactions, however their precise role remains unclear. EGF-1 possesses a 

Câ '̂  binding site [66], suggesting that the region is of functional importance. The first 

protein C EGF-like domain contains a p-hydroxy aspartic acid at residue 71 [67]. The 

biological significance of this modification is not known.

The protein C serine protease domain contains two six stranded antiparallel 3 barrel 

domains [67]. At the junction of the barrels is a trypsin-like active site. Overall, the APC 

surface is "polarised", with a positively and negatively charged N- and C-terminal half 

respectively. A Câ  ̂binding loop consisting of 10 residues (c70-80 of the chymotrypsin 

numbering system [68]) is similar to the trypsin Câ '̂  binding loop and includes five 

acidic residues. A cluster of positively charged amino acids is present in a surface 

region similar to the positively charged anion binding exosite 1 of thrombin. Another
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patch  of eight basic residues is located in th e  lower right q u ad ran t  of th e  serine 

p ro tea se  dom ain  (Figure 1.4). The APC serine p ro tease  dom ain possesses an active 

site consists of th ree  am ino acid residues: serine (cl95), histidine (c57) and asp a r ta te  

(cl02). M oreover, th e  APC serine p ro tease  dom ain has several p rom inen t surface 

loops, including th e  basic "60 loop" (c60-67) and "37 loop" (c37-39; Figure 1.4).
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Figure 1.4: Functionally important surface loops in the protein C serine protease domain. 

Reproduced from Gale AJ et al [69]

The APC serine protease domain is shown. On it, the locations of the active site triad (black) 

and three functionally important structural and ligand-binding loops (grey) are indicated. 

These include the calcium-binding loop (c70-80; "calcium loop"), loop 37 (c37-39) and loop 60 

(c60-67).
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1.2.2 EPCR

EPCR is a type 1 transmembrane glycoprotein which binds protein C and enhances its 

activation (1.2.3). In addition, EPCR-bound APC signals on the surface of endothelial 

and other cells via protease activated receptor 1 (PARI; 1.2.7) EPCR shares significant 

sequence homology with the major histocompatibility complex class 1 (MHC class 1) 

and CDl families [70, 71]. The EPCR coding sequence consists of 1302 base pairs and 

encodes a mature protein of 223 amino acids [70]. EPCR is expressed on the surface of 

endothelium [72]. Its expression is mostly confined to the endothelium of large blood 

vessels, with very little expressed in the microvasculature [72]. EPCR consists of two 

extracellular domains, a l  and a2, a transmembrane domain and a short cytoplasmic 

tail [70, 73]. The extracellular domain has four sites of potential N-linked glycosylation 

[70]. The a l  and al domains of EPCR are structurally homologous with the same 

domains of the CDl family [73, 74]. EPCR contains a groove which is filled with a 

phospholipid molecule [73]. Binding of the protein C Gla domain to EPCR requires 

Ca^^ which exposes and stabilizes a hydrophobic "to" loop formed by the N-terminal 

portion of the Gla domain [73]. Protein C "oj" loop residues Phe-4 and Leu-8 bind EPCR 

and are predicted to contribute the majority of the binding energy for this interaction 

(Figure 1.5) [73]. In addition, Gla residues 7,25 and 29 bind EPCR [73]. Leu-8 of the 

protein C "w" loop makes close hydrophobic contacts with EPCR residue Leu-82. Phe-4 

similarly interacts with EPCR residues Tyr-154 and Tyr 157 [73]. In addition, EPCR Gln- 

150, Tyr-154 and Leu-82 form hydrogen bonds with protein C Gla-7, while EPCR Arg-87 

forms a hydrogen bond with Gla-25 [73]. EPCR Glu-86 co-ordinates one of the Ca ”̂" 

ions bound to the protein C Gla domain. This represents the only contact made



between Gla-bound ions and EPCR [73]. Glu-86 is also w ith in hydrogen binding 

distance of protein C Gla-7, Gla-25 and Gla-29 [73]. Similarly to CDl fam ily proteins, 

EPCR may be able to translocate from the plasma membrane to  the nucleus [75, 76],
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sEPCR Leu-82

Figure 1.5: Interaction of the protein C "w" loop with EPCR

Residues Phe-4 and Leu-8 of the protein C "w" loop and protein C Gla residues 7, 25 and 29 

mal<e contact with residues in soluble EPCR (sEPCR). Leu-8 of the protein C "co" loop makes 

close hydrophobic contacts with EPCR residue Leu-82. Reproduced from Preston et al, JBC 

2006; 281:28850-57 [77],
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1.2.3 Protein C activation

Inactive zymogen protein C is activated by proteolytic cleavage to generate activated 

protein C (APC). Activation is m ediated by throm bin bound to  the cell surface 

glycoprotein throm bom odulin (TM ) [78]. During activation, throm bin cleaves the Arg- 

Leu bond (situated at residue 169 in the N-term inal region of the heavy chain), 

resulting in generation of a new  heavy chain N-terminus and release of an activation 

dodecapeptide [64].

TM  is expressed in the vascular endothelium , and consists of a C-type lectin-lil<e 

domain, six EGF-like domains, a serine/threonine-rich region, a transm em brane  

section and a short cytoplasmic tail. Thrombin binds to EGF 5 and 6, w/hile protein C 

binds to EGF 4 during activation [79]. Binding interactions between loops 37, 60 and 

70 of the protein C serine protease domain w ith throm bin-TM  facilitate optimal 

activation [80, 81]. TM  binding effectively switches the function of throm bin from  

procoagulant to  anticoagulant. TM  binding causes throm bin to  lose its procoagulant 

properties, because exosite I (which is required for substrate binding) becomes 

occupied by TM  domains [82].

Protein C activation by the throm bin-TM  complex is modulated by EPCR binding [65]. 

EPCR monoclonal antibodies directed at the Protein C binding site inhibit its activation 

~5-fold by reduction of the /Cm for protein C activation. EPCR also plays a major role in 

protein C activation in vivo [83]. Baboons infused with throm bin exhibit an 88%  

reduction in APC generation in the presence of an antibody which blocks protein C- 

EPCR interaction.
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1.2.4 APC anticoagulant function

APC mediates its anticoagulant function by cleaving and inactivating cofactors FVa 

[84] and FVIIIa [85]. Both FV and FVIII share a similar domain structure. There are 

three APC cleavage sites in FVa, at positions Arg 306, Arg 506 and Arg 679 [82]. Arg 

506 cleavage is favoured kinetically to Arg 306 cleavage and results in partial loss of 

FVa cofactor activity [86].

APC inactivation of FVa in plasma is dependent upon protein S [82]. Protein S is a 

vitam in K-dependent glycoprotein comprised of an N-term inal Gla domain, a 

throm bin-sensitive region, four EGF-like domains and tw/o laminin G-type domains 

[82]. It binds negatively charged phospholipids with high affinity and forms a 

m em brane-bound complex w ith APC. By binding to APC, protein S is postulated to  

position APC for optimal FVa and FVIIIa proteolysis. Protein S strongly stimulates APC- 

m ediated cleavage of FVa at Arg-306, and to a lesser extent, at Arg-506. Protein S- 

stim ulated inactivation of FVa at Arg 306 is phospholipid-dependent. Upon APC 

cleavage of FVa at Arg 306, the FVa A2 domain dissociates, resulting in com plete loss 

of FVa procoagulant activity [87].

In addition to  inactivation by spontaneous dissociation of its subunits, FVIIIa can also 

be inactivated by APC. FVIIIa inactivation by APC involves proteolysis at Arg 336 and 

Arg 562 [88]. Both protein S and procofactor FV act as cofactors to  APC in inactivation  

of FVIIIa [89],
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1.2.5 APC inhibition

The half life o f APC in plasm a is ~ 30  m inutes [90]. The p ro teo ly tic  function  o f APC 

inh ib ited  by pro te in  C inh ib ito r (PCI), PAI-1 [91 ], a -l-a n titry p s in  [92 ], a -2  

m acroglobulin and a -2  antip lasm in  [93]. APC inhib ition  by PCI is slow com pared  w ith  

o th e r serp in -pro tease pairs [94] and is enhanced ~ 4 0 0 -fo ld  by heparin [95 ]. Basic 

residues of APC loop 37 are  involved in m odulating  P C I-m ed iated  APC inh ib ition  [96]. 

In contrast, heparin  does not s tim ulate  APC inh ib ition  by a - l-a n titry p s in  [96 ]. PAI-1- 

m ed ia ted  inhib ition  o f APC proteo lytic  activ ity  is enhanced ~300 -fo ld  by v itronectin , 

increasing th e  second o rd er ra te  constant fo r inh ib ition  fro m  ~6xlO ^ m ^s'^to  2x10^ m 

^s‘  ̂ [91]. This ra te  constant is sim ilar to  th a t re p o rted  fo r heparin -s tim u la ted  APC 

inh ib ition  by PCI, raising th e  possibility th a t PAI-1 m ay be at least equal in im portance  

to  PCI in re la tive  co n tribu tion  to  APC inh ib ition  in plasm a. The sam e authors  

postulated  th a t, like PCI, PAI-1 interacts w ith  APC loop 37, because reactiv ity  o f a 

prote in  C m u ta n t in w hich th re e  basic residues (Lys-37, Lys-38, Lys-39) w ere  

substitu ted  w ith  Pro, Gin and Glu respectively was m arked ly  im paired  com pared  w ith  

w ild  type  APC [91].
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1.2.6 Protein C glycosylation

Many cells and proteins possess covalently-linked sugar chains (called oligosaccharides 

or "glycans") which comprise a significant portion of the ir molecular weight [97, 98]. 

These glycan moieties modulate diverse biological roles, including cell-cell and cell- 

matrix interactions, protein secretion and function [98-100]. Glycans are composed of 

monosaccharide units linked together [97]. Commonly encountered units include sialic 

acid, hexoses (including glucose (Glc), galactose (Gal) and mannose (Man), 

hexosamines, deoxyhexoses (eg fucose (Fuc)), pentoses and uronic acid [98].

Glycans on eukaryotic cells and proteins are classified according to the nature of the 

attachment site of the sugar. N-linked oligosaccharides are typically covalently linked 

to an asparagine residue of a polypeptide chain w ith in the consensus sequence Asn-X- 

Ser/Thr, while 0-linked glycans are typically linked to a Ser/Thr residue [97, 98]. N- 

linked glycan biosynthesis (Figure 1.6) begins with a lipid-linked oligosaccharide 

precursor which is transferred to proteins emerging from the endoplasmic reticulum 

by the enzyme oligosaccharyltransferase (OST) [98]. This precursor then undergoes a 

series of modifications catalyzed by glycosidase enzymes, to  generate three N-linked 

glycan subtypes: high-mannose, hybrid and complex. Most secreted and cell surface 

N-linked glycans (including those on protein C) are of the complex subtype and 

therefore are highly branched space-occupying structures, typically capped with 

negatively charged sialic acid residues [98].
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Asn-X-Ser/Thr Peptide
ER lumen

OST
complex

RibosomeCytosol 60S

40SmRNA

Figure 1.6: Initiation of N-linked giycan biosynthesis

Nascently translated eukaryotic proteins emerging from ribosomes are transferred from the 

cytosolic compartment into the lumen of the endoplasmic reticulum (ER). Upon entry to the 

ER, a multisubunit enzyme complex, oligosaccharyltransferase (OST), catalyses transfer of a 

lipid-linked oligosaccharide precursor to an asparagine (Asn) residue within the typical 

consensus sequence Asn-X-Ser/Thr of the nascent polypeptide. This oligosaccharide precursor 

then undergoes a series of processing reactions catalysed by glycosidase enzymes (not shown) 

to generate mature N-linked glycans. (■, N-acetylglucosamine; o, Mannose; A ,Glucose).
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The molecular weight of protein  C is approxim ately  23% carbohydra te .  [64], Protein C 

possesses four sites of N-linked glycosylation, a t positions Asn 97, Asn 248, Asn 313 

and  Asn 329, and no sites of O-linked glycosylation. Asn 97 is located in EGF-1 of th e  

light chain, and th e  remaining th re e  glycan a t ta c h m e n t  sites are  in th e  serine p ro tea se  

dom ain. The glycosylation site a t  Asn 329 is associa ted  with th e  unusual consensus 

s eq u en ce  Asn-X-Cys ra the r  th an  Asn-X-Ser/Thr [101]. Protein C exists as th e  th ree  

glycoforms a ,3  and y [101]. 3 protein C was initially th o u g h t  to  rep resen t  a proteolytic 

degradation  p roduc t of th e  protein C heavy chain. However it w as subsequen tly  

confirmed th a t  3 protein C is a glycosylation variant of protein C, lacking glycosylation 

a t Asn 329 [102].

Grinnell e t  al g en e ra ted  recom binan t protein  C m utan ts  lacking individual glycan 

chains to  assess the ir  role in protein  C synthesis, secretion  and an ticoagulan t function 

[101]. The glycosylation site a t  Asn 248 was shown to  regulate intracellular removal of 

th e  Lys-Arg dipeptide, as elimination of this glycosylation site resulted  in a 3-4 fold 

increase in th e  am o u n t  of single chain protein C secre ted . Removal of the  

glycosylation site a t Asn 329 eliminated expression of th e  a -p ro te in  C glycoform, 

removal of Asn 97 virtually eliminated total p rotein  C secretion. A bsence of 

glycosylation a t  Asn 313 resulted  in a 3-fold increase in activation by th e  T M /throm bin  

complex. Following activation, removal of any heavy chain glycosylation site was 

show n to  increase amidolytic and  an ticoagulant activity approxim ately 1.5-fold and 2- 

2.5 fold respectively. The increases in amidolytic activity of th e  APC variants lacking 

Asn 313 and Asn 248 w ere  found to  be due  to  increased Kcat while th a t  of th e  variant
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lacking Asn 329 was due to a higher substrate affinity (decreased Km). No difference in 

inhibition of APC in plasma was observed for any variant.

McClure et a l examined protein C glycosylation in the endoplasmic reticulum and 

Golgi in order to  determ ine in which com partm ent the rate-lim iting step in protein C 

secretion occurred [103]. HEK 293 cells expressing protein C w ere treated with 

enzymes which inhibit successive protein C glycosylation steps in the endoplasmic 

reticulum. Cells treated w ith these enzymes exhibited up to 90%  reduced protein C 

secretion, in keeping with the previous work of Grinnell et al [101]. In contrast, 

treatm ent with enzymes which block glycosylation processing in the Golgi had no 

effect upon protein C secretion. This implies that glycosylation in the  endoplasmic 

reticulum is a rate-lim iting step in protein C secretion. The rate-lim iting step was 

found to occur following transfer of the oligosaccharide core and following y- 

carboxylation, but prior to com plete carbohydrate processing. M oreover, 

glycosylation and y-carboxylation w ere shown not to be coupled. Inhibition of either 

did not affect the progress of the other.

A naturally-occurring protein C glycosylation m utation has been described [104] in 

monochorionic monozygotic twins, one of whom experienced an ileofem oral deep  

vein thrombosis at the age of 22. Both sisters were compound heterozygous for tw o  

protein C mutations. The first, an Asn 329->Thr substitution (protein C N329T), 

resulted in the absence of plasma a-protein  C due to  lack of the glycosylation site at 

Asn 329. Consequently only p-protein C was detectable in each individual's plasma. 

The second m utation, a Cys 7 8 ^ S to p  substitution, resulted in reduced plasma protein  

C levels to  ~30%  of normal. Interestingly, in contrast with the findings of Grinnell et al,
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the in vitro anticoagulant function o f plasma immunopurified protein C N329T was 

impaired compared w ith plasma wild type protein C, both in plasma and in a purified 

assay measuring FVa inactivation by the variant APC.
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1.2.7 Protective signalling properties of APC

APC administration reduces sepsis-induced death [105, 106] while protein C 

administration prevents microvascular coagulation in meningococcal sepsis in vivo 

[107, 108]. In addition to  its ability to  proteolyse FVa /FVIIIa [84, 85], APC has recently 

been shown to mediate 'cytoprotective' intracellular signalling on multiple cell types. 

These cytoprotective properties are postulated to mediate the observed survival 

benefit associated with APC [106] and include anti-inflammatory, anti-apoptotic and 

endothelial barrier stabilizing functions (1.2.8.2-4).

1.2.7.1 Mechanism of APC protective signalling

APC cytoprotective signalling on endothelial cells is mediated primarily by binding of 

the APC Gla domain to  EPCR followed by cleavage of protease activated receptor 1 

(PARI) by the APC active site [109-112]. Alternative mechanisms for APC signalling on 

different cell types have also been proposed which are EPCR-independent and PARl- 

dependent [113] and EPCR and PARl-independent [114]. These alternative APC 

signalling pathways have been characterised extensively both in vitro  (1.2.7.2) and in 

vivo (1.2.8).

PARI is a G-coupled protein heptahelical membrane-associated protein which was 

initially characterized as a throm bin receptor [115]. Thrombin activates PARI by 

cleavage of the N-terminal PARI exodomain between Arg-41 and Ser-42 [115]. This 

cleavage exposes a new N-terminus, which binds to  PARI and initiates



transmembrane signalling [115]. During intracellular signalling, PARI interacts w ith 

members of the G12/13, Gq and Gj families of G proteins [116-118]. EPCR-bound ARC is 

also capable of cleaving PARI [109] to  mediate intracellular signalling (Figure 1.7). 

EPCR participates in this pathway by coupling PARI to  Gi [119]. A postulated PARl- 

binding APC exosite has recently been identified [120]. In this study two acidic 

residues (Glu 167 and Glu 170) were identified in the APC serine protease domain 

which were not conserved in other vitamin K-dependent proteins [67]. Each of these 

residues was substituted w ith Ala and two separate APC mutants (E167A and E170A) 

expressed. While each mutant exhibited similar ability to  mediate FVa proteolysis as 

wild-type APC, they failed to mediate PARI cleavage-dependent endothelial barrier- 

protective, anti-apoptotic and anti-inflammatory functions. Each mutant bound 

normally to  soluble EPCR but failed to cleave an alkaline phosphatase (AP)-PARl 

reporter construct transfected into EA.hy926 cells.

The receptors required for both protein C activation and APC cytoprotective signalling 

are co-localized in specific endothelial cell domains known as "lipid rafts" [121]. 

Receptor co-localization is required for APC to  signal on endothelial cells [121] and 

may be essential fo r in vivo PARI activation by EPCR-APC.
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1.2.7.2 APC anti-inflammatory properties

APC downregulates expression of monocyte proinflam m atory cytokines TNF-a [122- 

124] and interleukins (ILs) ip , 6 and 8 [124], upregulates expression of nnonocyte anti

inflam m atory cytokine IL-10 [125], inhibits monocyte apoptosis [124] and inhibits 

expression of leucocyte adhesion molecules in endothelial cells [126].

Exogenous APC adm inistration suppresses secretion of the cytokine TNF-a in rats with  

lipopolysaccharide (LPS)-induced endotoxaem ia [127]. On this basis, it was speculated 

that APC might m odulate monocyte cytokine expression. APC was subsequently 

shown to  inhibit LPS-stimulated TNF-a production by human blood monocytes and 

cells of the THP-1 monocytic cell line in a concentration-dependent m anner [122]. Of 

note, relatively high APC concentrations (lu g /m l) w ere required for suppression of 

TNF-a to be observed. This effect was dependent upon a functional APC active site 

and was not observed with zymogen protein C. Subsequently Shu et al [128] 

dem onstrated saturable binding of fluorescently-labelled APC to  a U937 monoblastic 

cell line. APC binding was inhibited by ~90% in the  presence of the mAb RCR-252, 

which interacts with an EPCR epitope required for protein C binding. M onocyte TF 

expression can be induced by phorbol 12-m yristate 13-acetate (PMA) [129]. Shu e t al 

dem onstrated a dose- and tim e- dependent inhibition of TF expression on PMA- 

stim ulated U937 cells upon APC trea tm en t [128]. APC modulation of TF expression 

was inhibited by RCR-252, dem onstrating that APC-EPCR binding is critical in this 

process.
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Using THP-1 cells. W hite  et a l [123] dem onstrated APC-mediated attenuation of LPS- 

induced translocation of nuclear factor kappa B (NFkB) to the nucleus. Subsequently 

Joyce et al [126] showed that ARC modulates the expression of 13 TNF-a-m odulated  

genes in endothelial cells [130]. The profile of these genes was consistent with  

induction of an anti-inflam m atory and anti-apoptotic phenotype. Intercellular 

adhesion molecule-1 (ICAM -1), E-selectin, vascular cell adhesion molecule-1 (VCAM-1) 

and the NFkB2 subunit w ere downregulated, while Bcl-2 and inhibitor of apoptosis 

(lAP) were upregulated. M oreover, APC was dem onstrated to suppress TNF-induced 

ICAM-1 and VCAM-1 protein expression on endothelial cells in a concentration- 

dependent manner.

Stephenson et al [124] investigated the role of APC in monocyte apoptosis, 

phagocytosis and cytokine secretion. At high concentrations (60nM ), APC was found 

to  inhibit cam phothecin-m ediated THP-1 cell apoptosis in an EPCR and PARl- 

dependent manner. APC also attenuated spontaneous apoptosis of primary human 

monocytes. M oreover, APC significantly inhibited LPS-stimulated monocyte secretion 

of interleukin (IL )-ip , IL-6 and IL-8 and to a lesser extent, TNF-a. The same group 

subsequently showed tha t APC increases monocyte secretion of proinflam m atory  

cytokine IL-10 [125] in an EPCR and PARl-dependent manner.

The above studies indicate tha t the anti-inflam m atory effects of APC in various cell 

types are m ediated by EPCR [122, 125, 131] + /- PARI [124, 125] dependent signalling, 

however evidence is emerging that alternative pathways may also be involved. APC- 

m ediated inhibition of TNF signalling may be EPCR-independent [132], while APC-
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m ediated inhibition of T helper (Th)- 2 cell cytokine expression in mice was found to  be 

PAR-1 independent [133].

Elphick e t a l [134] noted tha t the APC catalytic domain possesses an RGD sequence 

and speculated that it might m ediate integrin binding. The authors showed that APC 

blocks neutrophil adhesion and migration in dishes coated with fibronectin. Blocking 

monoclonal antibodies against 3 i or 3s integrins inhibited APC binding to neutrophils 

in suspension, as did an RGD peptide, suggesting that APC binds to  neutrophils 

through interaction with integrins. In further support of this hypothesis, an APC 

variant in which the RGD sequence was m utated to  RGE (APC-RGf) failed to influence 

neutrophil migration, while the recombinant APC variant S360A, which lacks 

proteolytic activity [135] inhibited neutrophil migration. The interaction of APC with  

neutrophils was shown to  be EPCR independent, because Gla-domainless APC 

inhibited neutrophil adhesion and migration almost identically to  wild-type APC. 

M oreover, w ild-type APC but not APC-RGE inhibited LPS-induced neutrophil 

recruitm ent in mouse broncho-alveolar fluid in vivo.

The integrin C D llb  plays a role in APC-mediated anti-inflam m atory signalling in bone

m arrow  derived macrophages [114]. This effect is EPCR-independent but PAR-1

dependent. M oreover, a critical role for the apolipoprotein E receptor 2 (ApoER2) in

EPCR/PARl-independent anti-inflam m atory APC signalling has been identified in a

monocytic cell line (U937) [113]. In this study, APC bound to soluble ApoER2

(sApoER2) w ith significantly higher affinity than EPCR (apparent Kd ~30n M , compared

with 195nM  for sEPCR). ApoER2-dependent APC-mediated anti-inflam m atory effects

were found to proceed via phosphoinositide 3-kinase (PI3K)/Akt signalling, a pathway
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which is well-established to  suppress inflam m ation in endotoxaemic mice [136], 

M oreover, very recent published data suggest that APC may inhibit histone-m ediated  

responses to  inflam m atory challenge by mediating proteolytic histone degradation  

[137]. In this study, mouse histones w ere found to  be toxic to endothelial cells in vitro. 

This toxicity was reversed by APC. M oreover, mice treated w ith lethal doses of 

histones w ere rescued by APC. Histones w ere increased in the plasma of baboons 

treated  w ith lethal doses of E.coli, while cleaved histone protein was detected in the  

plasma of E.co//-treated baboons which also received APC. These results suggest that 

APC-mediated histone proteolysis may represent a novel APC anti-inflam m atory  

mechanism.
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1.2.7.3 APC anti-apoptotic properties

Apoptosis, or programmed cell death, can proceed by two separate pathways. The 

intrinsic pathway of apoptosis is triggered by signals from inside the cell. Cytochrome c 

is released from mitochondria and procaspase-3 is activated. The extrinsic apoptosis 

pathway is initiated by binding of extracellular mediators to membrane bound 

receptors. This pathway involves initiator caspase activation but also culminates in 

activation of procaspase-3.

Joyce et al demonstrated by gene expression profiling that APC treatment of HUVECs 

upregulates antiapoptotic genes Bcl-2 and lAP and downregulates propapoptotic 

genes calreticulin and testosterone repressed prostatic message-2 (TRMP-2) [126]. In 

addition, staurosporine-induced apoptosis was inhibited by APC in HUVECs and 

EA.hy926 cells. APC inhibits p53 expression in hypoxic brain endothelial cells in an 

EPCR and PARl-dependent manner, downregulates levels of the pro-apoptotic factor 

Bax, upregulates levels of the anti-apoptotic factor Bcl-2 and inhibits capase-3 

activation [110]. APC has also been shown to protect mouse neurons against 

apoptosis induced by N-Methyl-D aspartate (NMDA) by inhibiting caspase-3 activation, 

apoptosis-inducing factor (AIF) translocation to the nucleus and p53 expression [138]. 

The same authors also showed that APC also inhibits staurosporine-induced apoptosis 

in mouse neurons by inhibition of caspase-8 (and consequently also caspase-3) 

activation. Both effects were shown to be dependent upon cleavage of PARI and 

PAR3. Moreover, APC inhibition of staurosporine-induced apoptosis in EA.hy926 cells 

also proceeds in an EPCR and PARl-dependent manner which is dependent upon a 

functional active site [111].
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While  m o s t  d a t a  ind icates  t h a t  EPCR binding is a p re r e q u is i t e  for  APC-nnediated 

inhibi t ion of  apoptos i s ,  t h e r e  a r e  s o m e  except i ons .  APC has b e e n  s h o w n  t o  inhibit  

s t a u r o s p o r i n e - i n d u c e d  ap o p to s i s  in h u m a n  e m b r y o n i c  k idney 293  (HEK 293)  cells, 

which  d o  no t  ex p re ss  EPCR [126].  APC has  also b e e n  s h o w n  t o  inhibit  TNF-related 

a pop to s i s - indu c in g  ligand (TRAIL) exp re s s io n  in HUVECS by s t im ula t ing  ex t race l lular  

s ig na l - regula ted  kinase  (ERK) 1 /2  p h o s p h o ry la t i o n  in a P A R l - d e p e n d e n t ,  EPCR- 

i n d e p e n d e n t  m a n n e r  [132].
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1.2.7.4 APC endothelial barrier protective properties.

Increased vascular permeability is one of the hallmarks of sepsis. APC protects the 

endothelial barrier against thrombin-induced permeability by active site-mediated 

PARI cleavage [112]. PARl-mediated endothelial barrier protection requires that APC 

is bound to EPCR and results in sphingosine kinase upregulation and activation, which 

leads to generation of the bioactive lipid sphingosine-1 phosphate (SIP) [112, 139] 

and consequent cross-activation of the SIP receptor 1 (SlPl). This activates GTPase 

Rac-1, leading to cytoskeletal rearrangement and reduced permeability of the 

endothelial barrier [139] (Figure 1.7). An alternative hypothesis holds that APC- 

mediated endothelial barrier protection via S lP l may be PARl-independent [139]. 

Finigan et al measured APC-induced S lP l activation in the presence of an EPCR- 

inhibitory antibody (RCR-252). RCR-252 ablated S lP l phosphorylation. In contrast, a 

PARl-inhibitory antibody failed to significantly reduce APC-induced S lP l 

transactivation.
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Lipid rich microdomain "raft" activation activation
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Figure 1.7: Proposed mechanism of APC-mediated endothelial barrier protection

APC bound to EPCR within caveolin-rich lipid rafts binds to, cleaves and activates PARI. PARI 

activation stimulates sphingosine kinase-1 (SphKl) to generate sphingosine-l-phosphate (SIP) 

from sphingosine. SIP then activates the sphingosine-l-phosphate receptor 1 (SlPl), which 

promotes endothelial barrier protection.
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Interestingly, occupancy of EPCR by the Gla domain of zymogen protein C or APC 

results in a switch in thrombin-mediated PARI signalling from "barrier disruptive" to 

"barrier protective" [119], which may help to explain how APC can mediate protective 

signalling when thrombin is present. Bae et al generated a chimaeric prothrombin in 

which the Gla domain was substituted by that of protein C. Upon activation, the 

chimaeric zymogen was converted to the PC-Gla/meizothrombin active variant. In 

contrast to thrombin (which mediated a barrier-disruptive effect on endothelial cells 

at >50pM), PC-Gla/meizothrombin mediated endothelial barrier protection from 

~0.5nM in an EPCR-and PAR 1-dependent manner. Similarly, thrombin exerted a 

barrier-protective function when co-incubated with the protein C mutant S195A, 

which lacks a functional active site due to replacement of a member of the active site 

amino acid triad with Ala. A similar effect was observed in an assay of endothelial cell 

apoptosis. Collectively, these results suggest that when EPCR is occupied by its natural 

ligand, cleavage of PARI mediates barrier-protective signalling. Based on the results of 

immunoprecipitation experiments, the authors postulated that EPCR ligation causes it 

to dissociate from caveolin-1 in lipid rafts and migrate out of the caveolar 

compartment. This would in turn facilitate PARI coupling to G, protein rather than Gq 

and/or Gu/b and therefore confer barrier-protective, rather than barrier-disruptive 

responses.
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1.2.8 In vivo cytoprotective effects mediated by APC.

1.2.8.1 Sepsis

Sepsis is the  leading cause o f m orta lity  in non-coronary intensive care units, resulting 

in 40,000-60,000 deaths per year in the United Kingdom alone, and killing 200,000 o f 

the  700,000 patients who develop sepsis in the  United States annually [140]. The 

incidence o f sepsis is rising [141], which translates into a massive financial burden, 

am ounting to  $17 billion dollars annually in the  United States [140] and up to  €7 

billion annually in Europe. The cost associated w ith  trea tm en t o f children w ith  severe 

sepsis is approxim ate ly $2 billion annually in the  United States [142],

The m olecular basis o f the  therapeutic  efficacy o f APC in severe sepsis has been 

investigated by several groups in w ild -type  and transgenic mice. In order to  address 

the molecular mechanism underlying APC's pro tective  effect in vivo, Kerschen e t al 

[143] investigated endotoxaem ia m orta lity  reduction in response to  APC. W ild type 

mice w ere trea ted  w ith  a 20 m inute intravenous APC infusion, fo llow ed by 

in traperitonea l lipopolysaccharide (LPS). APC significantly reduced 7-day m orta lity  in 

response to  lethal doses o f LPS. The APC active site was shown to  be critical fo r th is 

protective effect, as a non-pro teo lytic  APC variant, APC-S360A, did not p ro tect against 

LPS-induced le tha lity . In th is study, APC dem onstrated d irect in vivo an ti-apop to tic  and 

vascular barrie r protective function . PAR-1 and EPCR were shown to  be critical in 

m ediating APC pro tection  against sepsis-induced le tha lity, as LPS-induced m orta lity  

was not sign ificantly reduced in PARI- and EPCR- defic ient transgenic mice treated 

w ith  w ild -type APC.
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In an effort to  improve APC therapy in severe sepsis, APC variants have been 

generated with attenuated anticoagulant function (and consequently reduced 

potential to cause bleeding side effects). Mosnier et al synthesized an APC variant with  

impaired ability to bind FVa due to  mutations in positively charged surface loops 

which participate in APC-FVa interactions [144], Five Ala substitutions were made in 

APC Loop 37 and in the Ca^  ̂ binding loop (RR229/230AA and KKK191-193AA). This 

variant possessed normal EPCR/PARl-dependent cytoprotective function but severely 

(>95%) attenuated anticoagulant activity. M oreover, a murine version of this non

anticoagulant APC variant reduced m ortality similarly to wild type APC in LPS-treated 

mice [143].

However, despite recent advances, the molecular determinants which m ediate the in 

vivo protective effect of APC remain poorly understood. The observation of Kerschen 

et al that APC administration to  EPCR-deficient mice fails to prevent m ortality in 

response to endotoxaemia [143] suggests a key role for EPCR in APC protective  

signalling in vivo. In apparent contrast, however, Cao et al [114] dem onstrated that 

Gla-domainless APC, which lacks the ability to bind EPCR, protects against 

endotoxaem ia m ortality (albeit less effectively than wild type APC), suggesting that 

EPCR is not necessary in order for APC to mediate a large proportion of its protective  

effect. The alternative model proposed by the authors was that APC anti-inflam m atory  

signalling in endotoxaemia is m ediated by the integrin C D llb /C D 18 .

A recent study utilized EPCR/PARl bone m arrow chimaeric mice in order to further 

address the molecular determ inants of APC protective signalling [145]. M ice w ere  

generated which had selective EPCR or PARI deficiency affecting vascular or bone



m arrow  derived im m une cells only. Expression of both EPCR and PARI on im m une  

cells was found to be critical in order for exogenously adm inistered non-anticoagulant 

APC to m ediate a m ortality reduction in response to  endotoxaem ia. Interestingly, APC 

reduced m ortality in mice with PARI deficiency restricted to  vascular cells, although 

the m ortality reduction was less than that observed in wild type mice, suggesting that 

the contribution of PARl-m ediated APC signalling on vascular endothelium  to  

m ortality reduction in mice is minor compared w ith PAR l-m ediated signalling on 

im m une cells. M oreover, a specific subset of EPCR-expressing CDS"̂  splenic dendritic  

cells w ere found to  m ediate PARl-dependent APC signalling on im m une cells. 

Interestingly, gene expression profiling experiments revealed that some APC-mediated  

anti-inflam m atory effects on dendritic cells may be independent of EPCR and PAR-1. 

However, the relevance of these results to human sepsis is uncertain, as human EPCR 

expression has been dem onstrated on a variety of im m une cells including neutrophils, 

monocytes, macrophages, eosinophils and natural killer (NK) cells. This is in marked 

contrast to the restricted EPCR expression on murine im m une cells.

The relative contributions of APC signalling on bone m arrow  derived cells and 

endothelial barrier protection to its therapeutic role remain unclear. Both of these 

functions have been dem onstrated to play a role in APC cytoprotection in  vivo. For 

example, APC-mediated signalling on bone m arrow-derived im m une cells plays a 

critical role in protection against sepsis-induced m ortality  [145], while APC protects 

from  endotoxaem ia- induced pulmonary oedem a in  v ivo  in a PA R l-dependent m anner 

[146]. This dem onstrates that EPCR/PARl-dependent endothelial barrier stabilization
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is not only an in vitro phenomenon, but is also a key mediator of the protective 

function of exogenous APC administration in in vivo sepsis.

The early observation that APC protected against sepsis-induced death in a primate 

model [105], along with emerging in vitro data suggesting a protective signalling role, 

led investigators to explore its efficacy in human sepsis (Table 1.1). A phase 3 

randomized double-blind multicentre clinical trial of APC in severe sepsis (PROWESS) 

was conducted in 2001 [106]. In this trial, recombinant human APC (Drotrecogin alfa 

(activated); DAA) administration was compared with placebo in patients with at least 

one sepsis-induced organ dysfunction of less than 24 hours duration. DAA was infused 

at a dose of 24n.g/kg/hour for 96 hours in total. A statistically significant difference in 

28-day all-cause mortality was observed in patients on treatment versus placebo, with 

a relative reduction in the risk of death of 19.4% in patients treated with DAA. 

However, an increased rate of severe bleeding occurred in the DAA-treated group 

compared with placebo.

On the basis of the PROWESS trial results, DAA was approved by regulatory agencies in 

November 2001 for use in patients with severe sepsis and a high risk of death, as the 

risk-benefit profile was most desirable in this subgroup. Interestingly, a randomized 

trial (ADDRESS) evaluating the use of DAA in patients with a low risk of death 

demonstrated no difference in 28-day mortality in patients treated with DAA 

compared with placebo [147]. Again, however, a significant increase in bleeding was 

observed. Subsequently, a further randomized trial (ENHANCE) demonstrated that 

earlier commencement of DAA administration enhanced mortality reduction [148].
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More recently, the effect o f extending DAA treatm ent beyond the standard 96-hour 

treatm ent period was evaluated and found not to  influence either vasopressor- 

dependent hypotension or 28-day m ortality [149].

To assess the clinical efficacy of recombinant APC in paediatric sepsis, children with 

sepsis-induced cardiovascular and respiratory failure were randomly assigned to 

receive either DAA or placebo in the RESOLVE clinical tria l [150]. Because mortality 

from sepsis is very low in children, the primary endpoint used was a reduction in 

Composite Time to Complete Organ Failure Resolution (CTCOFR). In contrast to the 

PROWESS tria l [106], no significant difference was observed in either CTCOFR score, 

28-day m ortality or serious bleeding events. Of note, baseline protein C levels were 

lower in both groups than were reported in the adult PROWESS tria l [106], leading the 

authors to speculate that higher dosing might be required to observe an improvement 

in clinical efficacy.
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Trial

PROWESS
[106]

ADDRESS
[147]

ENHANCE
[148]

RESOLVE
[ISO]

Dhainaut 
et al 
[149]

Study type Patient
population

CTCOFR
score

28-day
m orta lity

Severe
bleeding
during
infusion

Severe 
bleeding 
during 28 
day
follow-up.

Other
comments

Randomized
double
blind
placebo-
controlled
trial

Adults: 
Severe sepsis

N/A Treatment
24.7%;
placebo
30.8%;
p=0.005

Treatment
3.5%;
placebo
2.0%;
p=0.06

N/A

Randomized
double-
blind
placebo-
controlled
trial

Adults:
Severe sepsis 
and low risk 
of death**

N/A Treatment
18.5%;
placebo
17%;
p=0.34

Treatment
2.4%;
placebo
1.2%;
p=0.02

Treatment
3.9%;
placebo
2.2%;
p=0.01

Single arm
open-label
trial

Adults:
Severe sepsis. 
Early vs late 
initiation o f 
treatment.

N/A 25.3% 3.6% 6.5% Mortality: 0- 
24 hrs 
22.9%; >24 
hrs 27.4%
p=0.01

Randomized
double
blind
placebo-
controlled
trial

Children with
sepsis-
induced
cardiovascular
or respiratory
failure

Treatment
6.0 days; 
placebo
6.0 days; 
p=0.72

Treatment
17.5%;
placebo
17.2%;
p=0.93

Treatment
3.8%;
placebo
3.4%;
p=0.83

Treatment
6.7%;
placebo
6.8%;
p=0.97

Randomized
double
blind
placebo-
controlled
trial

Adults w l̂th 
severe sepsis 
after 96-hour 
infusion. 
Extended tx 
<72 hrs vs 
placebo

N/A Treatment
39.8%;
placebo
32.3%;
p=0.283

N/A N/A No 4, in 1°
outcome
(pressor-
dependent
hypotension)



Table 1.1: Phase 3 randomized clinical trials of recombinant human APC (DAA)

administration in sepsis.

In all trials listed w ith  the exception o f Dhainaut et al [149], Drotrecogin alfa was infused at a 

dose o f 24ng/kg/hour fo r 96 hours in to ta l. *Severe sepsis was defined as known or suspected 

infection AND >3 signs o f systemic inflammation AND >1 organ dysfunction < 24 hrs duration. 

**APACHE II <25 or single-organ failure.
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1.2.8.2 Ischaemic stroke and APC

APC has recently emerged as a potential therapeutic agent in the setting of ischaemic 

stroke. Cheng et al demonstrated that early administration of APC reduced brain 

infarction volumes when administered to mice after ischaemic stroke [110]. In 

contrast, reduction in infarction volume of transgenic mice with severe EPCR 

deficiency treated with APC was only 40% of that seen in wild-type mice. Mice co

treated with APC and PARI inhibitory antibodies showed no reduction in infarction 

volume. Interestingly, low dose (0.04 mg/kg) APC improved motor function without 

improving cerebral blood flow post ischemic injury, while high dose APC (0.2mg/kg) 

improved motor function but also increased cerebral blood flow and reduced fibrin 

deposition. These data suggest that both anticoagulant and cytoprotective APC 

functions play a role in protecting mice against ischaemic stroke. Interestingly, an APC 

variant with impaired anticoagulant function reduced infarct volume similarly to wild- 

type APC and improved neurological score (in contrast to wild-type APC) when 

administered to mice 5 minutes before transient occlusion of the middle cerebral 

artery [151].

A later study investigated receptor dependency of APC-mediated neuroprotection, 

demonstrating that reduction of NMDA-induced brain injury was prevented by APC, 

but that this APC-mediated protection was greatly reduced when co-administered 

with anti-PARl and anti-PAR3 antibodies and in PARI and PAR3-deficient mice [138].

APC's clinical potential in this setting was highlighted by reports that APC reduces 

cerebral injury induced by tPA (which is used clinically in stroke treatment) in a mouse



stroke model w ith consequent reduction in neurological deficit [152] and attenuates 

tPA-induced haemorrhage [153]. Moreover, even late administration of APC post 

transient brain ischaemia in mice is efficacious, and is independent of infarct volume 

reduction [154].
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1.2.8.3 Other disease models

APC administration has yielded positive results in other neurological conditions 

besides stroke. APC slows disease progression and extends survival in a mouse model 

of amyotrophic lateral sclerosis (ALS) [155]. Moreover, early administration of w/ild- 

type APC to  mice subjected to traumatic brain injury results in decreased lesion 

volume and improved functional outcome [156], while late adm inistration of either 

wild-type APC or an APC variant w ith reduced anticoagulant function was 

neuroprotective (although interestingly non-anticoagulant APC mediated enhanced 

neuroprotection compared with wild-type APC) [157], APC attenuates glomerular and 

endothelial injury in diabetic mice [158], possesses therapeutic efficacy in a mouse 

multiple sclerosis model [159] and is protective in a mouse model of inflammatory 

bowel disease [160].
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1.2.9 Conclusion

Given the paucity of evidence supporting the use of recombinant human APC in severe 

sepsis at its currently licenced dose, and given the increased risk o f bleeding 

associated with its use, the authors of a recent Cochrane updated systematic review 

advised against promotion of its use in this setting [161], However, a large body o f in 

vitro and in vivo data provide strong evidence supporting the ability of APC to mediate 

protective signalling in vitro and improved sepsis survival in vivo (1.2.7; 1.2.8). 

Moreover, a therapeutic role is emerging fo r APC in settings other than severe sepsis 

(1.2.8.3). Consequently, the "holy grail" in clinical use of recombinant human APC in 

severe sepsis is a recombinant APC molecule which has an enhanced ability to 

mediate protective signalling but which has minimal potential to  mediate bleeding 

side effects. While non-anticoagulant APC variants have been described [143, 162], to 

date no means of enhancing APC protective signalling has been reported.
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1.3: AIMS OF THESIS

1.3.1 To investigate the role of glycosylation in APC anticoagulant and 

cytoprotective signalling function.

1.3.2 To investigate the effect of individual APC N-linked glycan chain removal on 

APC functions.

1.3.3 To elucidate the molecular mechanism underlying the anticoagulant 

properties of the heparin-reversal agent protamine sulphate (see introduction in 

chapter 6).
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CHAPTER 2: MATERIALS AND METHODS

2.1: Glycosidase treatment of APC or protein C

To remove all N-linked glycan structures, APC (lug ; Haematologic Technologies Inc. 

(HTI); Essex Junction, VT) was incubated w ith N-glycosidase F (PNGase F; lOOOU; from 

Flavobacterium meningosepticum; New England Biolabs Inc., Ipswich, MAj, 2|aL 10 X 

G7 buffer (500mM sodium phosphate, pH 7.5) and dH20 (distilled water) in a final 

reaction volume of 20^1, fo r one hour at 37°C (schematic; Figure 2.1). Alternatively, in 

experiments involving protein C deglycosylation, protein C (HTI; 4.3|ig) was incubated 

with PNGase F (375 U) and G7 buffer fo r four hours. A shorter incubation time (and 

higher enzyme concentration) was utilized in experiments involving APC to  minimize 

loss o f proteolytic activity due to prolonged incubation. To remove both a2 -3 - and a2- 

6-linked sialic acid, APC (l| ig ) was incubated with a2-3,6,8,9 neuraminidase (0.01 U; 

from Arthrobacter ureafaciens; Calbiochem, San Diego, Ca.) in sodium phosphate 

buffer (pH 6.0; 50mM final concentration in a 20fil reaction volume) fo r 1 hour at 37°C 

(schematic; Figure 2.1).
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W  'W ' w a2-3,6 ,8 ,9  neuraminidase 
cleavage site

PNGase F 
cleavage site

Asn-X-Ser/Thr

Figure 2.1: Sites of cleavage of glycosidase enzymes

PNGase F cleaves between the innermost GlcNAc and asparagines residues of complex 

oligosaccharides from N-linked glycoproteins, enzymatically removing entire N-linked 

carbohydrate chains. a2-3,6,8,9 neuraminidase catalyzes the hydrolysis of all non-reducing 

terminal sialic acid residues from complex glycoproteins. (■, N-acetylglucosamine (GlcNAc); o, 

Mannose; ♦, Sialic acid).



2.2: SDS-PAGE and Western blot analysis

Glycosidase-treated plasma and recombinant protein C/APC variants were 

characterized by sodium dodecyl sulphate- polyacrylamide gel electrophoresis (SDS- 

PAGE) analysis and Western blotting using anti-protein C and anti-Gla monoclonal 

antibodies (mAb). lOng protein C/ APC was diluted in loading buffer (appendix I), then 

boiled fo r 7 minutes to denature the protein. Samples were separated by SDS-PAGE 

on a precast 7.5% polyacrylamide Tris-HCI gel (Bio-Rad, UK) fo r 90 minutes at lOOV, 

followed by transfer onto a polyvinylidene fluoride (PVDF) membrane at lOOV for 1 

hour in transfer buffer (appendix I). Following this, the membrane was incubated in 

milk (5% (w/v) in phosphate buffered saline (PBS)-Tween (appendix I)) to  block non

specific membrane binding sites. The membrane was then washed in PBS-Tween three 

times for 5 minutes. To detect protein C/APC, the membrane was incubated w ith a 

sheep polyclonal anti-protein C antibody diluted in 5% blocking buffer for one hour. 

The membrane was washed as before and then incubated w ith a horseradish 

peroxidise (HRP)-conjugated anti-sheep IgG polyclonal antibody diluted in 5% blocking 

buffer for 40 minutes then washed again. In order to detect protein bands, the 

membrane was incubated fo r one minute w ith Amersham^“  ECL™ Plus detection 

reagents (GE Healthcare LifeSciences; Buckinghamshire, UK). Excess reagent was 

removed and the membrane was exposed to  photographic film  fo r 5-30 seconds. The 

photographic film  was then developed and the bands representing protein C were 

visualized.
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2.3: Total carbohydrate detection

Total carbohydrate detection was performed using the Amersham™ ECL™ 

glycoprotein detection kit (GE Healthcare). Using this kit, carbohydrate groups are 

labelled w ith biotin and then detected with streptavidin-HRP. Using this approach, 

carbohydrate groups are oxidised w ith sodium metaperiodate to  generate aldehyde 

groups which can react w ith biotin hydrazide, enabling detection. APC and PNGase F- 

treated APC (500ng) were subjected to  SDS-PAGE on a 7.5% Tris-HCL gel and 

transferred onto a PVDF membrane (2.2). Protein-bound carbohydrate moieties were 

oxidised to aldehydes by incubation w ith lOmM (final concentration) sodium 

metaperiodate in lOOmM acetate buffer (pH 5.5; appendix I) fo r 20 minutes in the 

dark at room temperature. Next, the membrane was washed three times in PBS 

(appendix I) fo r 10 minutes for each wash. 4|il 0.125 mM biotin hydrazide (25pM final 

concentration) dissolved in 20ml of lOOmM acetate buffer (pH 5.5) was added to the 

membrane fo r one hour and then washed as before. Next, the membrane was 

incubated with 5% blocking buffer for 60 minutes followed by washing again. Finally, 

the membrane was incubated for 30 minutes w ith 20 ml of a 1/6000 dilution of 

streptavidin- HRP in PBS followed by washing in PBS and detection of protein bands 

(2 .2).

In addition, the Pro-Q Emerald 300® glycoprotein stain (Invitrogen) was utilized to 

detect tota l carbohydrate groups. Using this kit, carbohydrate detection is based upon 

a similar principle to the Amersham™ ECL™ glycoprotein detection kit (GE Healthcare) 

but has greater sensitivity fo r carbohydrate detection. Using this kit, carbohydrate
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groups are oxidised with periodate to  generate aldehyde groups. These aldehyde 

groups react w ith the Pro-Q Emerald 300® glycoprotein stain (an extrinsic 

fluorophore, or fluorescent dye), so that carbohydrate groups em it a bright green 

fluorescent signal. APC/PNGase F-treated APC (lOOng) were subjected to  SDS-PAGE on 

a 7.5% Tris-HCL gel (2 .2). The gel was fixed by incubation w ith 100ml 50% (v/v) 

methanol/5% (v/v) acetic acid for 30 minutes twice. The membrane was then washed 

three times (10 minutes each) in 100ml 3% (v/v) glacial acetic acid. Carbohydrate 

oxidation was achieved using 25 ml lOmM periodate, which was incubated w ith the 

membrane for 30 minutes, then washed. Carbohydrate moieties were detected with 

Pro-Q Emerald 300® glycoprotein stain (Invitrogen) which was added to the 

membrane, and incubated in the dark for 90 minutes. The membrane was then 

washed, and fluorescent-labelled bands visualized using a 300nm ultraviolet 

transilluminator.
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2.4: Sialic acid detection

The Amersham™ ECL™ glycoprotein detection kit (GE Healthcare; 2.3) was utilized to 

detect sialic acid residues specifically, rather than total carbohydrate groups. Low 

periodate concentrations specifically oxidise sialic acid residues with minimal 

oxidation elsewhere in the glycan moiety [163]. Two terminal sialic acid carbon atoms 

are selectively cleaved upon peridodate exposure [163]. The key protocol 

modifications required to achieve specific sialic acid oxidation are the use of a lower 

concentration o f sodium metaperiodate (Im M  rather than lOmM), and performance 

of this oxidation step on ice. APC/neuraminidase-treated APC (500ng) were subjected 

to SDS-PAGE on a 7.5% Tris-HCL gel (2.2) and transferred onto a PVDF membrane. 

Sialic acid moieties were oxidised to  aldehydes by incubation o f the membrane w ith 1 

mM sodium metaperiodate (pH 5.5) in lOOmM acetate buffer for 20 minutes in the 

dark. This reaction was performed on ice. All subsequent steps were performed as in 

(2.3), except that a higher final concentration of biotin hydrazide (lOnM rather than 

0.025 nM) was used to label oxidised sialic acid moieties.
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2.5: Activation of protein C variants using Protac

Protein C variants were activated using Protac, a snake venom isolated from 

Akigstrodon Contortrix. Protein C (5ng/ml) was incubated in 50mM Tris-HCI (pH 7.4), 

lOOmM NaCI and 0.25U Protac (HYPHEN BioMed, Neuville-Sur-Oise, France) in a tota l 

volume of 1ml fo r one hour at 37°C.

2.6: Determination of amidolytic activity of recombinant APC preparations.

The catalytic activity of each APC preparation was measured by determining steady- 

state hydrolysis by APC (17.5nM) of the APC-specific chromogenic substrate BIOPHEN 

CS-21(66) (28.3-2000 ng/ml) in 20mM Tris-HCI (TBS, pH 7.5), lOOmM NaCI, 2.5mM 

CaCb and O .lm g/m l bovine serum albumin (BSA). BIOPHEN CS-21(66) hydrolysis by 

APC was measured at 405nm at room temperature using a VersaMax® plate reader 

(Molecular Devices), and the kinetic parameters fo r each APC preparation determined.
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2.7: Protein C activation on the surface of an endothelial cell line.

Purified human protein C, wild type protein C and protein C variants were activated by 

throm bin on the surface o f EA.hy926 ceils (kind g ift from Dr. C. Edgell, University of 

North Carolina Chapel Hill, NC [130]). The EA.hy926 line is an immortalised endothelial 

cell line derived by fusing human umbilical vein endothelial cells w ith the permanent 

human cell line A549. EA.hy926 cells (2x10^ cells/ml) were seeded in individual wells 

o f a 96-well plate and grown to  confluence over 24 hours. Wells were washed three 

times in Hank's buffered salt solution (HBSS; Appendix I). Protein C (31.2-250nM) in 

HBSS supplemented with 3mM CaCb and 0.6mM MgCb, 1% (w/v) BSA and 0.1% (w/v) 

sodium azide, was added to each well. Activation was initiated by addition of 

throm bin (5.6nM) to  each well followed by incubation at 37°C for 30 minutes. The 

reaction was then stopped w ith 135nM hirudin (Sigma). APC generation was 

determined by assessment of APC amidolytic activity in the cell supernatant. SOpI of 

the supernatant was added to SOpI BIOPHEN CS-21(66) (2mg/ml). The rate of 

absorbance change was measured at 405nm. The kinetic parameters of each protein C 

activation were determined according to the Michaelis-Menten equation using 

Prism® software.
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2.8: Assessment of APC Anticoagulant Activity in protein C-Deficient Plasma

ARC anticoagu lan t function  in p ro te in  C -defic ient plasnna was assessed using a 

Fluoroskan Ascent P late R eader (Therm o  Lab System, Helsinki, Finland) in com bination  

w ith  Throm binoscope so ftw are  (Throm binoscope BV, M aas trich t, th e  N etherlands). 

8 0 |il plasm a w ere  incubated  w ith  20n l p la te le t-p o o r plasm a (PPP) reag en t contain ing  

5 p M  soluble TF and 4 |iM  phospholipid vesicles (60%  phosphatidylcholine, 20%  

phosphatidylserine and 20%  p ho sphatidy le thano lam ine) in th e  presence o r absence of 

APC (2 .5 -2 0 n M ). Throm bin  genera tio n  was in itia ted  by au to m atic  dispensation o f 

fluorogenic th ro m b in  substrate (Z -G ly-G ly-Arg-A M C .H CI) and lO O m M  CaCl2 in to  each  

w ell (final concentrations, Z-G ly-G ly-A rg-A M C .H CI, 0 .4 2 m M  and CaCl2, 1 6 .6 7 m M ). 

Throm bin  g eneration  was d e te rm in e d  using a th ro m b in  calib ration  standard . The area  

under th e  th ro m b in  g eneration  curve (endogenous th ro m b in  p o tentia l, ETP) was  

m easured.
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2.9: Preparation of normal platelet poor plasma

Venous blood was collected by sterile venepuncture directly into vacuum tubes 

containing 0.109 M sodium citrate (blood:citrate; 9:1). Venous blood was collected 

from ~20 donors. Males and females were equally represented. Donors were of 

different ethnic backgrounds. Blood was centrifuged at 2000g fo r 15 minutes at room 

temperature. Plasma was removed and pooled then re-centrifuged in fresh tubes at 

>2000g for an additional 10 minutes. Plasma was immediately stored in 1ml aliquots 

at-80°C.

2.10: Assessment of heparin-stimulated ARC inhibition in plasma

To determine the activity of APC in plasma over time, purified APC and PNGase- 

treated APC (20nM) were incubated with normal platelet-poor plasma (2.9) in the 

presence o f heparin (10 U/ml) at 37°C. The presence of heparin stimulates the activity 

o f APC plasma serpin inhibitor PCI [164]. APC amidolytic activity was determined at 

specific time-points (2.5-20 minutes). This was achieved by assessing the rate of 

hydrolysis o f the APC-specific synthetic chromogenic substrate BIOPHEN CS-21(66) as 

before. APC half-life was determined by curve fitting  using Prism® software.
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2.11: Phospholipid preparation

Phospholipids in chloroform solution were purchased from  Avanti Polar Lipids Inc, USA 

and stored at -20°C. Dioleoyl-phosphatidylcholine (DOPC), dioleoyl- 

phosphatidylethanolam ine (DOPE) and dioleoyl-phosphatidylserine (DOPS) w ere  

mixed in the ratio 60% DOPC, 20% DOPS and 20% DOPE in brown glass vials. Final 

phospholipid am ount in each vial was lOmg. Chloroform present in the preparations 

was evaporated under slow flow  nitrogen vapour, and the phospholipid mixtures 

resuspended in ice-cold sterile w ater to achieve a final concentration of lO m g/m l. 

Dried phospholipid vesicles were re-suspended and homogenized by vigorously 

vortex-mixing until a cloudy phospholipid suspension was observed. Unilamellar 

phospholipid vesicles were prepared by extruding the phospholipid preparations 

through a O.l^im polycarbonate m em brane 11 times using an Avanti M ini-Extruder 

(Avanti Polar Lipids Inc). Phospholipid vesicles were stored at 4°C for up to  3-4 days.
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2.12: Protein S-independent FVa inactivation by APC variants.

To investigate A P C -m ediated  FVa inactivation, FVa ( In M )  was incubated w ith  

phospholipid vesicles (2 0 |iM ; 60%  DOPC, 20%  DOPS and 20%  DOPE) a t 37°C in 4 0 m M  

Tris-HCL 1 4 0 m M  NaCI, 3 m M  CaCl2 and 0 .3%  w /v  BSA. FVa proteolysis was in itia ted  by 

addition  o f APC (2 n M ). A liquots w ere  rem oved at regular in tervals, and added to  In M  

FXa, 0 .5 |iM  p ro th ro m b in  and 2 5 |iM  phospholipids. This pro th rom binase  reaction was 

incubated  at 37°C  fo r 3 m inutes, then  stopped by th e  addition  o f 5^1 ice-cold 0 .5 M  

e th y le n ed iam in e te traace tic  acid (EDTA). The residual FVa cofactor activ ity  at each 

t im e  point was d e te rm in ed  by th e  activ ity  o f th e  p ro th rom binase  reaction at each 

t im e  point. Throm bin  was de tec ted  by addition  o f 5 0 |il o f each prothrom binase  

reaction  mix to  5 0 |il o f a th rom bin -specific  chrom ogenic substrate (BIOPHEN CS- 

01 (3 8 ); Im g /m l)  and m easuring th ro m b in -d e p e n d e n t co lour change at 405n m . 

Residual FVa activ ity  (%) was d e term in ed  by com parison w ith  FVa activ ity  observed  

prior to  APC incubation.
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2.13: Protein S-dependent FVa inactivation by APC variants

To investigate protein S-stimulated FVa inactivation by APC, FVa (7nM ) was incubated 

w ith phospholipid vesicles (20nM ; 60% DOPC, 20% DOPS and 20% DOPE) and protein S 

(3 .1 -50nM ) at 37°C in a buffer containing 40m M  Tris-HCI, 140nnM NaCI, 3nnM CaC^ 

and 0.3% w /v  BSA. FVa proteolysis was initiated by addition of APC (2nM ). 2|jl aliquots 

of each mixture w ere removed after incubation for 2 minutes into 0 .75nM  FXa, 0 .5 |iM  

prothrom bin and 25nM  phospholipids incubated at 37°C. This prothrombinase  

reaction was incubated for 3 minutes, then stopped by the addition of 5|il ice-cold 

0 .5M  EDTA. The residual FVa cofactor activity at each tim e point was determ ined by 

the  activity of the prothrombinase reaction at each tim e point. Thrombin present was 

detected by addition of 50^1 of each prothrombinase reaction mix to 50^1 of a 

thrombin-specific chromogenic substrate (BIOPHEN CS-01(38); Im g /m l) and 

measuring throm bin-dependent colour change at 405nm . Residual FVa activity (%) 

was determ ined by comparison with FVa activity observed prior to  APC incubation.
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2.14; Measurement of APC-mediated endothelial barrier protection.

EA.hy926 cells w ere grown to confluence on polycarbonate m em brane transwells 

(Costar, 3 |iM  pore size, 12-m m  diam eter) and incubated with APC (0 .63-20nM ; all 

final concentrations) in the  presence of 3m M  CaCb and 0 .6m M  MgCb- supplemented  

serum -free Dulbecco's M odified Eagle M edium  (D M EM ). A fter 3 hours, EA.hy926 cells 

w ere treated with 5nM  throm bin for 10 minutes. Thrombin was added directly into 

each APC-treated well w ithout washing. The cells w ere then washed and incubated 

with 0.67 m g/m l Evans Blue with 4% BSA. Endothelial barrier perm eability was 

determ ined by assessment of the increase in absorbance at 650 nm in the outer 

cham ber over tim e due to  transmigration of Evans Blue-BSA. To assess the role of 

APC-EPCR binding in m aintenance of endothelial barrier integrity, supernatant was 

removed and an anti-EPCR monoclonal antibody (RCR-252) was incubated with the  

cells for 30 minutes (25 |ig /m l, final concentration) followed by assessment of BSA- 

Evans Blue as above. To com pare results from  multiple assays, perm eability (%) was 

determ ined using the following equation:

P = (X-C)/(F-C)100%

W here 'P' is perm eability (%), 'X' is the APC-treated ODeso, 'C' is the ODeso of untreated  

EAhy926 cells and 'F' is the ODeso for throm bin-treated EA.hy926 cells.
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2.15: Assessment of APC-mediated protection against endothelial cell apoptosis by 

TUNEL staining and flow cytometry

During apoptosis, cellu lar nucleases cause break-up  o f genom ic DNA and exposure o f 

m u ltip le  3 '-hyroxyl ends. The enzym e Term inal deoxynucleotidyl Transferase (TdT) 

catalyzes labelling o f these 3 '-hydroxyl ends w ith  labelled  deoxyurid ine trip hosphate  

(dUTP) nucleotides. This process is know n as te rm in a l deoxynucleotide transferase  

nick end labelling (TUNEL).

EA .hy926 cells in a 6 -w e ll p la te  w ere  tre a te d  w ith  APC (2 .5 -2 0 n M ) fo r 3 hours in serum  

fre e  D M E M  supp lem ented  w ith  3 m M  CaCl2 and 0 .6 m M  M gC l2 . Apoptosis was induced  

w ith  staurosporine (2 0 n M ) fo r 4  hours. Cells w e re  w ashed w ith  PBS, then  m ade non

a d h e re n t by addition  o f 0 .5  ml 0 .25%  trypsin /E D TA  per w ell. Cells w e re  fixed by 

suspending in 1% para fo rm ald ehyd e  in PBS (pH 7 .4 ) on ice fo r 1 hour at a density  o f 1- 

2 xlO® cells /m l. Fixed EA.hy926 cells w e re  th en  w ashed in PBS and perm eab ilized  by 

incubation  w ith  70%  ice-cold e thanol fo r 30  m inutes. Cells w e re  stored in 70%  ethano l 

at -20°C . Fixed cells w ere  w ashed again and labelled  w ith  b ro m o la ted  dUTP (Br-dUTP) 

fo r one hour at 37°C. Cells w e re  washed again, th en  incubated  w ith  a fluoroscein- 

labelled  an ti-B r-dU  m onoclonal an tibody and stored in darkness fo r 30  m inutes at 

room  te m p e ra tu re . Br-dUTP labelling reflects th e  n um ber o f ap op to tic  cells [165 ]. 

N on -ap o pto tic  cells do not incorporate  significant am ounts o f Br-dUTP due to  th e  lack 

o f exposed 3 ' hydroxyl DNA ends. Total cellu lar DNA was d e tec ted  by incubation w ith  

prop id ium  iodide (PI) /  RNase A. PI is a fluo rescen t m olecule w hich binds to  DNA by 

in terca la tio n . RNA binding was inhib ited by addition  o f RNAase. PI was capable o f

e n tering  cells due to  prior perm eab iliza tion  w ith  70%  ethano l. A po p to tic  cells (stained
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with PI and anti-Br-dU) and non-apoptotic cells (stained w ith PI only) w ere detected  

by flow  cytom etry as separate populations. Apoptotic cells were expressed as a 

percentage of total cells.
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2.16: Assessment of APC-mediated protection against apoptosis by measurement 

of Bax and Bcl-2 mRNA expression.

During apoptosis, relative gene expression of pro-apoptotic Bax increases, while that 

o f anti-apoptotic Bcl-2 decreases [166, 167]. APC pretreatment attenuates the 

increase and decrease in Bax and Bcl-2 expression respectively [110]. Confluent 

EA.hy926 cells in 6-well plates were pre-treated w ith APC or PBS for 4 hours. EA.hy926 

cell apoptosis was then induced by incubation w ith staurosporine (20|iM) fo r 4 hours 

to  induce apoptosis. Control cells were treated with PBS instead of staurosporine. 

Staurosporine-treated cells were trypsinized, pelleted by centrifugation at 500g fo r 5 

minutes and RNA extracted using the RNeasy Mini kit (Qiagen). Briefly, cells were 

disrupted by adding 350^1 buffer RLT and homogenized by vortexing fo r 5 minutes. 1 

volume o f 70% ethanol was added to the homogenized lysate and mixed. The sample 

was placed in an RNeasy spin column in a 2ml collection tube and centrifuged at 

>8000g fo r 2 minutes. The flowthrough was discarded. The spin column was washed 

by addition of 700^1 buffer RW l followed by centrifugation fo r 15 seconds then 500(il 

ethanol-based buffer RPE followed by centrifugation for 15 seconds. The spin column 

was dried fully by addition of a further SOOnl buffer RPE followed by centrifugation fo r 

2 minutes. To elute RNA, the spin column was placed in a new 1.5 ml RNA-free 

collection tube and 30^1 RNA-free dhi20 added, followed by centrifugation fo r 1 

minute.
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Two step Real Time Reverse Transcription Polymerase Chain Reaction (Real Time RT- 

PCR)

Step 1: Reverse transcription

Prior to  assessment of Bax and Bcl-2 mRNA expression by Real Tim e PCR, it was first 

necessary to  convert RNA to  DNA. To achieve this, total RNA was converted to  single

stranded cDNA by the enzyme Reverse Transcriptase using the High Capacity cDNA 

Reverse Transcription kit (Applied Biosystems). First, 2X Reverse Transcription (RT) 

M aster M ix was prepared on ice as outlined in Table 2.1.

Com ponent Volum e (|il)

lOX RT buffer 2.0

25XdN TP m ix (lO O m M ) 0.8

lOX RT random  primers 2.0

RNAase inhibitor 1.0

Multiscribe™  Reverse Transcriptase 1.0

Nuclease-free H2O 3.2

Total volum e per reaction 10

Table 2.1: Components of 2X Reverse Transcription Master Mix using the High Capacity

cDNA reverse transcription kit (Applied Biosystems).
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lOpil RNA sample was added to  1 0 |il o f 2X RT Master Mix and gently mixed. In order to 

perform reverse transcription, thermal cycling was performed as outlined in Table 2.2. 

cDNA generated was quantified using the NanoDrop 2000 microvolume 

spectrophotometer (Thermo Scientific).

Step 1 Step 2 Step 3 Step 4

Temperature

(°C)

25 37 85 4

Time (m inutes) 10 120 5 CX>

Table 2.2: Thermal cycling parameters for reverse transcription by PCR.

Random primers anneal to RNA at 25°C (approx. 5°C below primer melting temperature). 

Primers are extended by the enzyme reverse transcriptase, which functions optimally at 37°C. 

Maximal yield from reverse transcription is at 37°C for 120 minutes. Heating to 85°C 

inactivates the reverse transcriptase enzyme.
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Step2: Real Time PCR

During replication of single-strand cDNA by PCR, repeated tem perature cycles were  

utilized. First, DNA was m elted at high tem perature (~95°C). Next, specific short 

oligonucleotide primers w ere allowed to anneal to  cDNA. These primers w ere of 

com plem entary sequence to  the region to be amplified. The tem perature  selected for 

this cycle was ~ 5° below prim er melting tem perature. This cycle was followed by DNA 

replication by prim er extension, catalyzed by heat-stable DNA polymerase, with 

optim al activity at ~60-70°C. Bax and Bcl-2 gene expression was quantified by Real 

Time PCR using Taqman probes, oligonucleotides with a fluorescent reporter dye 

attached to the 5' end and a quencher attached to  the 3' end (Applied Biosystems). 

Taqman probes specific to Bax (H s00180269_m l), Bcl-2 (H s00153350_m l) and 6-actin  

(H s99999903_m l) were utilized. These probes specifically annealed during PCR to a 

region of their corresponding cDNA sequences. DNA polymerase replicated the 

tem plate to  which the probe was bound during PCR. The 5' nuclease activity of the  

DNA polymerase cleaved the probe during this process, releasing the  fluorescent 

reporter dye and decoupling it from  the 3' attached quencher. During PCR therefore, 

the am ount of fluorescence generated by probe cleavage exponentially increased, in a 

m anner which was proportional to the am ount of probe cleavage.

To each reaction well of a M icroAmp optical 96 well plate (Applied Biosystems) were  

added 25nl Taqman™ 2X Universal PCR M asterm ix, 70ng sample cDNA, Taqman probe 

specific to  either Bax, Bcl-2 or 6-actin  (250nM  final concentration) and dHaO, in a final 

reaction volum e of 50|il. During PCR, initial tem perature  cycling steps were  

perform ed. First, the reaction was maintained at 50°C for 2 minutes to activate 

AmpErase™ Uracil N-glycosylase (UNG), an enzyme which prevents the  amplification
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of carry-over RNA in the PCR reaction by removing any incorporated uracil. Then, the  

tem perature  was increased to 95°C for 10 minutes to  activate DNA polymerase. These 

initial steps were followed by 40 PCR cycles, consisting of 95°C for 15 seconds (to melt 

DNA) then 60°C for 60 seconds (for annealing of Taqman primers and extension).

PCR product quantification was perform ed by the C< (com parative threshold) method. 

Ct values of genes of interest (proapoptotic Bax and anti-apoptotic Bcl-2) from  

APC/staurosporine samples w ere measured autom atically by the Applied Biosystems 

7500 real tim e PCR system instrum ent. Ct values w ere compared with samples treated  

with staurosporine alone or PBS (negative control) and in each case, normalized to the  

housekeeping gene 6-actin. The value of 2 was calculated for Bax and Bcl-2 in 

each sample, where

ACT= CT (gene of interest) - CT (6-actin).

AACT= ACT (stauroporine-treated sample) -  ACT (calibrator)

The ratio of 2 values for bax and bcl-2 (bax/bcl-2  ratio) were calculated. Each well 

was replicated at least three times. Experiments w ere perform ed in triplicate and 

plotted as a percentage of the mean staurosporine-treated Bax/Bcl-2 ratio (100%  

apoptosis).
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2.17: Measurement of APC-mediated protection against apoptosis: 

Apopercentage® assay

Uptake o f an apoptosis-specific pink dye by EA.hy926 cells was assessed using the 

APOPercentage®  kit (Biocolor). Phosphatidylserine phospholipids are usually confined 

to  the  inner cell mem brane leaflet, bu t during apoptosis, phosphatidylserine transfers 

to  the  ou te r cell membrane leaflet, perm itting  in trace llu la r uptake o f APOPercentage 

dye.

Confluent EA.hy926 cells were trea ted  w ith  APC (0.625-20nM ) fo r 3 hours in serum- 

free DMEM supplem ented w ith  3m M  CaC^ and 0.6m M  MgCl2, then treated w ith  

staurosporine (20nM ) fo r 3.5 hours. Upon com pletion o f th is period, 100^1 DMEM 

contain ing lO jil APOPercentage dye and staurosporine (20nM ) was added to  each well 

fo r 45 m inutes. Cells were then washed to  remove non-bound dye and 

APOpercentage dye uptake was quantified by conversion o f d igital photograph images 

in to  pixel counts w ith  Adobe™ Photoshop™ softw are. Average pixel counts were 

based on analysis o f at least th ree  images per well. Results are expressed as a ra tio  o f 

pixel counts fo r  APC-treated w e lls / staurosporine-treated wells.
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2.18: Generation of protein C mutants

2.18.1: Human protein C mammalian expression vector

In order to  generate vectors fo r stable expression o f recom binant prote in  C variants, 

DNA plasmids encoding human prote in  C w/ith puta tive  N-linked glycosylation site 

m utations were prepared. The vector used as a tem pla te  fo r site-d irected mutagenesis 

was a double-stranded DNA plasmid, pRc/CMV/PC cDNA [164] (kind g ift o f Professor 

Bjorn Dahlback, University o f Lund, Sweden) (Figure 2.2). This plasmid includes the 

fu ll-leng th  human prote in C cDNA sequence (cloned between Hind III and Xba I 

restric tion  endonuclease sites), the  f l  origin o f replication, which perm its propagation 

in E.coli, CMV and SV40 prom oters to  enhance expression o f the  inserted pro te in  C 

gene, and resistance genes fo r am picillin and neom ycin fo r selection in bacterial and 

mammalian cell cultures respectively.
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PROTEIN CcDNA

(1.9kb)

pRc/CMV
5.5 kb

Figure 2.2: The pRc/CMV/Protein C cDNA vector
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2.18.2: Site-directed mutagenesis of pRc/CMV/PC plasmid

The QuickChange Site-Directed Mutagenesis Kit (Stratagene, USA) was utilized to 

generate protein C glycosylation site mutants. Forward and reverse primers encoding 

each desired nucleotide base change ("mutagenic primers") were synthesized 

(Appendix II). Primers contained ~30 bases, corresponding to the protein C nucleic 

acid sequence encoding 5 amino acids upstream of the desired AAC (Asn) to CAA (Gin) 

amino acid change and continuing fo r the sequence o f 5 amino acids downstream of 

the desired substitution. Mutagenic primers were used to direct replication of both 

plasmid strands by polymerase chain reaction using the QuickChange Site-Directed 

Mutagenesis kit according to  manufacturer's instructions. 50ng pRc/CMV/PC, 125ng 

each of sense and antisense oligonucleotide primers for each desired mutation, I j j l  

dNTP mix, 5|il lOX reaction buffer and 2.5 U (l^ il) of Pfu Turbo DNA polymerase were 

incubated with dH20 in a final reaction volume of 50^1 (Table 2.3). Mutagenesis PCR 

cycling was performed using a GeneAmp PCR System 2700 (Applied Biosystems, UK). 

In this procedure, parent plasmid was denatured to  create single-stranded DNA. Next, 

the reaction was cooled to  5°C below primer melting temperature to allow mutagenic 

primers to anneal to  the complementary sequence on each corresponding strand of 

the denatured parent vector. The primers were extended using the high-fidelity DNA 

polymerase (PfuTurbo) in a buffer containing deoxynucleoside triphosphates (dNTPs). 

This enabled synthesis of plasmids incorporating the new mutation. Finally, parent 

plasmid DNA was removed from the PCR reaction mix by incubation of the SOpil 

reaction mixture with l | i l  (20 U) of the restriction enzyme Dpnl fo r 1 hour at 37°C.
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Dpnl digests plasmid DNA containing m ethylated  and hem im ethy la ted  DNA, which is 

p resen t  on th e  p aren t  plasmid bu t not newly synthesized m u tan t  DNA.

S egm ent T e m p e ra tu re  (°C) Time (seconds) N um ber of cycles

1 (D enatu ra tion) 95 30 1

2 (D enatu ra tion) 95 30 15

(Primer annealing) 55 60

(Extension) 68 480 (1 min/kb 

primer)

Table 2.3: PCR thermal cycling parameters for protein C mutagenesis
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2.18.3: Agarose gel electrophoresis

DNA fragments were separated by size using agarose gel electrophoresis. Agarose (1% 

w/v) was heated in Tris/Borate/EDTA (TBE) buffer (Appendix I) fo r 1 minute in a 

microwave oven. Once cooled, ethidium bromide (5|ig/m l) was added, which binds 

DNA and fluoresces upon exposure to ultraviolet light. After ~15 minutes at room 

tem perature the agarose gel polymerized and DNA samples added to  individual wells. 

Electrophoresis was performed at 75 V fo r ~30 minutes to facilitate DNA band 

separation. Ethidium bromide-labelled DNA bands were visualized by illumination w ith 

a UV lamp.

2.18.4: Luria-Bertani (LB) agar plate preparation

LB agar (Sigma; appendix I) was dissolved in water according to  manufacturer's 

instructions and autoclaved. LB agar was microwaved briefly to  make soluble then 

cooled to  <60°C and ampicillin (lOOng/ml) was added (LB-Amp agar). ~30 ml agar was 

poured into each lOcm^ dish and allowed to solidify.
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2.18.5: DNA transformation into NovaBlue Singles® competent E.coli cells.

In order to  increase the quantity  o f m utan t vectors, Dpn/-treated m utan t plasmid DNA 

\Nas transform ed into NovaBlue Singles® com petent E.coli cells (Novagen) as per 

m anufacturer's instructions. Com petent bacterial cells replicate recom binant plasmid 

DNA along w ith  host organism DNA, greatly am plify ing the mutagenic vector copy 

num ber. 50|il aliquots o f com petent cells were thaw ed on ice. 2 |il o f Dpn/-treated 

DNA was added to  each a liquot fo llow ed by incubation on ice fo r 5 m inutes. Cells 

were "heat-shocked" by incubation at 42°C fo r 30 seconds to  facilita te  transfer o f 

plasmid DNA across the com petent E.coli cell m embrane. 250|jL super optim al broth 

w ith  catabolite repression (SOC) m edium  (appendix I) was preheated to  37°C then 

added to  each com petent cell/p lasm id reaction and gently mixed. 25|iL o f each 

preparation was spread on to  LB-Amp agar plates and allowed to  grow  overnight.
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2.18.6: Preparation of plasmid minipreps

Plasmid m inipreps were prepared using the  Q IAprep® Spin M in ip rep  Kit (QIAGEN, 

UK). Transform ed E.coli colonies grow ing on LB-Amp agar plates were picked and 

inoculated in to  5ml starter cultures o f LB bro th  (appendix I) inoculated w ith  am picillin  

(100|ig /m l). S tarter cultures were incubated fo r 15 hours at 37°C w ith  vigorous 

shaking. Bacterial cells were harvested by centrifugation  at >8000 rpm fo r 5 m inutes 

at room tem pera tu re  in a tab le-top m icrocentrifuge to  fo rm  a cell pellet. The 

supernatant was discarded and the cell pe lle t resuspended in 250|il Buffer P I in a 

m icrocentrifuge tube. Buffer P I is a resuspension solution tha t facilita tes dispersion o f 

a pellet in to  single cells. 250|il alkaline lysis Buffer P2 was added to  induce cell lysis 

and the tube  inverted 4-6 tim es gently to  m ix contents. 350^1 o f acidic Buffer N3 were 

added to  neutralize the alkaline cell lysate and the  tube  was im m edia te ly inverted 4-6 

times. N3 bu ffe r is a high salt bu ffe r tha t also causes prec ip ita tion  o f cellu lar proteins, 

resulting in separation o f proteins from  DNA. The neutralized cell lysate was 

centrifuged at 17900g fo r 10 m inutes to  form  a w h ite  pellet. The supernatant 

(containing plasmid DNA) was p ipetted on to  a QIAprep spin column (which binds DNA) 

and centrifuged at 17900g fo r 1 m inute. The flow -th rough  was discarded and the 

column washed using Buffer PB then centrifuged again fo r  1 m inute. Buffer PB is a 

DNA wash bu ffe r th a t washes away any rem aining prote ins, such as cellu lar DNAases. 

The column was then washed in the same way w ith  0.75m l Buffer PE. PE is another 

DNA wash bu ffe r th a t washes away any traces o f the  o the r buffers. Buffer PE contains 

ethanol and induces DNA precip ita tion on the spin colum n m em brane while  washing 

away w a te r soluble molecules. The flow th rough  was discarded a fte r each washing
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step. The column was centrifuged again at 17900g for another 1 minute to remove 

residual wash buffer. In order to elute plasmid DNA, the column was placed in a clean 

microcentrifuge tube. 50|il Elution Buffer (EB; 10 mM Tris-CI, pH 8.5) was applied and 

the column allowed to stand at room temperature for 10 minutes, then centrifuged at 

17900g for a further 1 minute. Buffer EB, due to its low salt content, releases DNA 

from the spin column membrane. The eluted purified plasmid DNA was visualized by 

agarose gel electrophoresis (2.18.3).

Nucleic acid quantification

Plasmid DNA was quantified using the NanoDrop 2000 microvolume 

spectrophotometer (Thermo Scientific), which holds Ip l of sample without needing a 

containment device such as a cuvette. The sample is held in place between two optical 

surfaces which define light pathlength in a vertical orientation. The device transmits 

light from a Xenon lamp through the sample via an optical fibre. Absorbance is 

measured at 300 and 700 nm. There is a linear relationship between absorbance and 

nucleic acid concentration, which is automatically calculated by the instrument. Prior 

to use, the optical surfaces were cleaned by pipetting l^il of dH2 0  onto the lower 

surface, closing the lever arm, then opening it and wiping both surfaces with a 

laboratory wipe. The NanoDrop software was opened and "nucleic acids" module 

selected. Initialization was performed by placing l | i l  of d(H20 on the lower optical 

surface and selecting "initialize" on the NanoDrop software. A "blank" measurement 

was performed first, using Ip l of dH20. This "blank" measurement was subtracted 

automatically from subsequent readings. l | i l  of sample was then loaded, the lever arm 

closed and DNA concentration read.
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The presence of each introduced mutation was confirmed by sequencing w ith  multiple 

sequencing primers (appendix II), which were used to  sequence the entire protein C 

cDNA.
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2.19: Recombinant protein C expression

2.19.1: Cell culture

Cell l ines w e r e  g ro w n  in h u m id i f ie d  in c u b a to rs  a t  3 7 °C  in an  a tm o s p h e r e  co n ta in in g  

5 %  C O 2. Cell c u l tu re  w as  p e r f o r m e d  in a class II l a m in a r  f lo w  ca b in e t .  H u m a n  

E m b ry o n ic  K idney (HEK) 2 9 3  cells w e r e  u ti l ized  fo r  r e c o m b in a n t  p ro te in  C express ion ,  

as th is  cell l ine has b e e n  sh o w n  t o  be ca p a b le  o f  p ro te in  C express ion  an d  post-  

t ra n s la t io n a l  m o d if ic a t io n  [16 8 ] .  HEK 2 9 3  cells w e r e  g ro w n  in M in im a l  Essential  

M e d i u m  Eagle ( M E M ;  S igm a) s u p p le m e n te d  w i th  l U / m l  pen ic il l in ,  O . l m g / m l  

s t re p to m y c in  (S igm a), 2 m M  L -g lu ta m in e  (S igm a), F oeta l  Calf S e ru m  (PCS). In a d d it io n ,  

V i ta m in  K ( l O m g / m l )  w as  a d d e d  t o  fa c i l i ta te  y -c a rb o x y la t io n  o f  re c o m b in a n t  p ro te in  C 

varian ts .
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2.19.2: Stable transfection of mammalian cell line

HEK 293 cells were seeded at 2 x 10^ cells/35mm^ well and grown in a 6 well plate 

until ~60-80% confluent. 4|ig plasmid DNA was diluted in 250|il OptiMEM. The 

transfection reagent lipofectamine (10|il; 2mg/ml solution) was also diluted an equal 

volume o f OptiMEM. Each DNA and transfection reagent mixture was incubated fo r 5 

minutes then combined and incubated at room temperature fo r a further 20 minutes. 

The HEK 293 cells were washed. The plasmid/lipofectamine-containing mixture was 

added to  cells in 1.5ml OptiMEM (final volume 2 ml). A fter 4 hours, cells were washed 

and the growth media changed back to MEM-a as above. Upon reaching confluency 

(~24-48 hours), cells were trypsinized and re-suspended in growth medium containing 

the selective agent geneticin sulphate (G418; a neomycin analogue; 500ng/ml). Cells 

were plated in lOcm^ dishes and grown in the presence of G418-containing media. 

After ~14 days, untransfected HEK293 cells died as a result of G418 treatment. 

Transfected cells formed colonies at this time point and ~20 colonies per transfection 

were picked. Picked colonies were seeded into individual wells o f a 96-well plate and 

allowed to reach confluency, whereupon they were assessed for protein C expression.
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2.19.3: Protein C ELISA

A human protein C ELISA was established in order to assess protein C concentration. 

96-well plates (Maxisorp Nunc, UK) were coated with 25|ig/ml polyclonal sheep anti

human protein C antibody (Haematologic Technologies Inc.) diluted in a 50mM  

Na2C03 /NaHC03  buffer (pH 9.6; appendix I). Wells were washed three times with 

TBS/0.05% Tween 20 (TBS-T) and blocked with 2% bovine serum albumin (BSA) in TBS 

for 2 hours at room temperature, then washed again. All samples were prepared in 

TBS-T containing 0.02% BSA and were added to wells in duplicate for one hour at 

room temperature. Protein C bound to each well was detected using a horseradish 

peroxidise (HRP)-conjugated polyclonal sheep anti-protein C antibody (lOpig/ml) 

followed by detection buffer (33.3mM C6Hs0 7 , 67mM N32HP04 (pH 5), 0.666ng/ml o- 

phenylenediamine (OPD), 0.0004% (v/v) hydrogen peroxide). Absorbance was 

measured at 492nm as before.

110



2.19.4: Partial purification of recombinant protein C variants

High-expressing protein C colonies as determ ined by protein C ELISA w ere expanded 

until they reached full confluence in a multisurface cell vessel (IL ; HYPERflask™; 

Corning). Upon reaching confluency, growth medium was replaced with IL  serum -free  

O ptiM EM  containing vitamin K (10 |ig /m l). A fter 3 days, growth m edium  was collected 

and concentrated to  50ml by filtration using a Pellicon™ XL tangential flow  filter device 

(M illipore). In normal flow filtration (NFF), the direction of fluid flow  and of applied 

pressure are both at 90° to  the m em brane. In contrast, tangential flow  filtration (TFF) 

devices pump fluid parallel to the filter m em brane surface, while pressure is applied at 

90° to  the direction of fluid flow  and to  the m em brane. Particles greater than the  

m em brane pore size are prevented from  passing through. In NFF, particles accumulate  

at the m em brane surface. In contrast, during TFF, retained particles do not 

accumulate at the m em brane surface. Instead, they are swept along by the tangential 

flow, enhancing the efficiency of the filtration process. Concentration is achieved 

because excess fluid travels across the filtration m em brane into the waste  

com partm ent. In this manner, media was concentrated prior to partial protein C 

purification.

Protein C purification was then perform ed using a Fast Performance Liquid

Chromatography (FPLC) system (GE Healthcare). Concentrated recom binant protein C

samples in media (50 ml) w ere first desalted using the 50ml Hi Prep 2 6 /1 0  desalting

column (GE Healthcare) w ith an FPLC system, to  accomplish buffer exchange into

50m M  Tris and 150m M  NaCI, pH 7.4 ("FPLC running buffer"). The HiTrap™ desalting

column is packed with the gel filtration medium Sephadex™ G25 superfine, based on
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cross- linked d e x t r a n  be ads .  Prote in  s a m p le s  a r e  f i l te red a n d  sal ts  r e ta in e d  o n  t h e  

co lu mn ,  e m e r g i n g  la te r  f ro m  t h e  co lumn.  Thus,  p r o t e in s  a r e  e x c h a n g e d  into FPLC 

running  buffer .

R e c o m b i n a n t  p ro te in  C w a s  part ial ly purif ied by "ps eudo-af f in i ty"  c h ro m a t o g r a p h y .  

This p r o c e d u r e  is ba se d  u p o n  t h e  principle t h a t  cor rec t ly  y-carbox yla ted  pr o te in  C is 

nega t ive ly  c h a rg ed ,  and  will t h e r e f o r e  bind t o  a posi t ively ch a rg e d  resin.  To ach i eve  

this,  a 5ml  HiTrap Q  HP s e p h a r o s e  an ion  e x c h a n g e  co lu m n  (GE Heal thcare)  w a s  used .  

In this co lumn ,  anionic  func tiona l  g ro u p s  a re  cova len t ly  a t t a c h e d  t o  t h e  gel mat r ix  via 

s t ab l e  e t h e r  l inkages.  A HiTrap™ Q  HP co lu m n  w a s  a t t a c h e d  t o  t h e  FPLC and  

eq u i l i b ra te d  wi th 5 co lu m n  v o lu m e s  (25ml) FPLC r un n in g  buf fer  t o  r e m o v e  

pre serva t ive s .  Equil ibrat ion with 5 co l um n v o l u m e s  of  5 0 m M  Tris, 1 5 0 m M  NaCI, I M  

NaCI (pH 7.4; e lu t ion  buffer)  w a s  th e n  p e r f o r m e d ,  t o  r e m o v e  a n y  p ro te in  b o u n d  t o  t h e  

c o lu m n ,  fo l lowed by a fu r t h e r  5 co l um n v o lu m e s  of  FPLC runn ing  buffer .  The 

r e c o m b i n a n t  p ro t e in  C s a m p l e  w a s  manual ly  in jected  into t h e  FPLC s u p e r l o o p  and  

t h e n  a u to m a t ic a l ly  in jected  into t h e  HiTrap™ Q  HP co lu m n  a t  I m l / m i n .  Pro te in  C 

m o le cu le s  b o u n d  t o  t h e  co lu m n  w e r e  e lu te d  using a g r a d i e n t  of  a s e c o n d  buf fe r  

conta in in g  5 0 m M  Tris, 1 5 0 m M  NaCI and  3 0 m M  CaCb (pH 7.4; bu f f e r  B). This s t e p  is 

b a s e d  u p o n  t h e  principle t h a t  Ca "̂  ̂ in t h e  buf fe r  b inds wi th  high affinity t o  y- 

ca rb ox yl a te d  pro t e in  C, re leasing it f r o m  t h e  co lu mn .  This high affinity b inding ref lects  

a high level o f  y -carboxyla t ion [168]. A c o n c e n t r a t i o n  g r a d ie n t  o f  Ca '̂" (0 -30m M)  w a s  

appl ied  t o  t h e  co lu m n  conta in ing  b o u n d  p ro te in  C. The  a m o u n t  of  p ro te in  e lu te d  w as  

maximal a t  ~ 1 0 m M  Ca '̂". Eluted pro te in  C w a s  col lec ted  in 1ml f rac t ions  a n d  pooled .  

T h e s e  poo le d  f rac t ions  w e r e  s u b s e q u e n t l y  c o n c e n t r a t e d  into a final v o l u m e  of  ~1.5 ml.
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This w a s  a ch ie ved  by loading  t h e  sa mp le ,  as before ,  o n t o  a 5ml HiTrap™ Q HP co lu m n  

equ i l i b r a te d  wi th FPLC runnin g  buf fer  bu t  this  t i m e  e lu ting with 5 0 m M  Tris, 1 5 0 m M  

NaCI, I M  NaCI (pH 7.4). All p ro te in  C w a s  rapidly e lu t e d  in a single p e a k  on  t h e  UV 

s p e c t r o p h o t o m e t e r  o u t p u t  g ra ph ,  c o r r e s p o n d i n g  t o  a v o lu m e  of ~1.5ml.  0 .5ml  

f rac t ions  w e r e  co l lec ted  a n d  t h o s e  co r r e s p o n d in g  t o  t h e  e lu t ion  p e a k  w e r e  col lec ted .  

The  c o n c e n t r a t e d  p ro te i n  C s a m p l e  w a s  s u b s e q u e n t l y  e x c h a n g e d  into FPLC running  

bu f fe r  using a 5ml  HiTrap™ desa l t ing  co lumn.
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2.20: Assessment of protein C binding to soluble EPCR

Protein C-soluble EPCR (sEPCR) binding affinity was characterized by Surface Plasmon 

Resonance (SPR) using a dual flowcell BIAcore® X biosensor system (BIAcore®, 

Sweden). SPR is based upon the principle that light excites surface plasmons which 

propagate parallel to a metal surface. Surface plasmons are electrom agnetic waves. 

Their oscillation is altered by changes to the metal surface, such as by adsorption of 

molecules to this surface. SPR changes are measured and reflect the am ount of a 

substance which is bound to the surface. The BIAcore® sensor chip surface consists of 

glass coated w ith a thin layer of gold, modified with a carboxymethylated dextran  

layer. The dextran layer provides a hydrophilic environm ent for attached molecules, 

preventing them  from  denaturation. lO ^g /m l monoclonal anti-EPCR antibody, RCR-2 

(kind gift of Dr. K. Fukudome, Saga Medical School) was covalently immobilized on a 

carboxym ethylated dextran (CMS) sensor chip (BIAcore®) using amine coupling 

chemistry. RCR-2 was selected as a capture antibody because it does not inhibit APC 

binding to  EPCR. To covalently immobilize RCR-2, carboxymethyl groups on the sensor 

chip surface w ere modified using N-hydroxysuccinimide (NHS) and l-E th yl-3 -[3 -  

dim ethylam inopropyl]carbodiim ide hydrochloride (EDC). EDC reacts with carboxyl (or 

carboxymethyl) groups to form  an am ine-reactive interm ediate. This interm ediate is 

unstable, because if it does not encounter an amine, it hydrolyzes and regenerates the  

carboxyl group. However, in the presence of NHS, EDC converts carboxyl groups to  

stable am ine-reactive NHS esters. These ester groups then react w ith amines and 

other nucleophilic groups on the antibody ligand RCR-2, form ing covalent bonds. Using 

this technique, RCR-2 was perm anently immobilized onto the surface of the tw o flow
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cells ( te s t  a n d  re fe re n ce )  of  t h e  s e n s o r  chip. Soluble  EPCR (sEPCR) w as  d ia lysed  into 

HBS-P bu ffe r  (lOOmM HEPES, pH 7.4, 1 50m M  NaCI) a n d  b o u n d  to  t h e  t e s t  f low  cell via 

RCR-2. PC-N329Q  (31 .25-lO O O nM ) w as  se q u en t ia l ly  in jec ted  o v e r  b o th  f low  cells a t  a 

f low  ra te  of  lO n l/m in  for  60  seco n d s .  APC-EPCR bind ing  w as  d isso c ia ted  using HBS-EP 

b u ffe r  (HBS-P, b u t  con ta in in g  3m M  EDTA; BIAcore) The RCR-2 su rface  w as  r e g e n e r a te d  

w ith  10|il o f  lO m M  glycine-HCI (pH 2).
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2.21: Measurement of thrombin generation and tail bleeding time in mice

BALB/c mice; aged 6-8 weeks were weighed and anaesthetized with midazolam and 

etorphine hydrochloride. Protamine sulphate was administered intravenously 

followed 90 seconds later by transection of the tail tip. The tail was loosely suspended 

in PBS at 37°C and time taken for complete cessation of tail bleeding recorded. To 

assess the effect of protamine on in vivo throm bin generation, mice were 

exsanguinated at specific time points following intravenous protamine administration. 

Blood was collected into citrate phosphate buffer (Sigma) and plasma collected by 

centrifugation at ISOOg for 20 minutes. Thrombin generation was initiated by addition 

o f 20nL HemosIL APTT lyophilized silica reagent and lOOmM CaC^ and was assessed 

using a Fluoroskan Ascent Plate reader in combination with Thrombinoscope software 

(2.28).
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2.22: Activated partial thromboplastin time (APTT) and prothrombin time (PT) 

measurement

Normal platelet poor plasma was prepared (2.9) and APTT and PT measured using the 

fully automated ACL TOP® coagulometer (Beckman Coulter Inc., Galway, Ireland) 

using HemosIL APTT lyophilized silica reagent and PT-fibrinogen HS plus reagent 

respectively (Instrumentation Laboratory, Lexington, MA).

2.23: Characterization of APC-mediated FVIIIa proteolysis in the presence of 

protamine sulphate

To determine whether protamine enhancement of APC anticoagulant activity was 

mediated by increased rate of FVIIIa proteolysis a previously characterized APC- 

resistant FVIII double mutant (R336Q/R562Q) (APCR-FVIII) was utilized (kind gift of Dr 

Vince Jenkins, National Centre for Hereditary Coagulation Disorders, St James's 

Hospital, Dublin 8 [169]).

FVIII-deficient plasma (Technoclone GmbH, Vienna, Austria) was supplemented with 

either B-domainless wild-type FVIII (wt-FVII) or APCR-FVIII (both 1.0 U/ml). Thrombin 

generation was then initiated with SpM TF, 4|iM  phospholipid vesicles (PC:PS:PE 

60%:20%:20%) and CaC^, and ETP determined. Subsequently, the anticoagulant effect 

o f protamine alone (3ng/ml), APC alone (lOnM) or protamine in the presence o f APC 

were determined for wt-FVIII and the APCR-FVIII variant as before.
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2.24: Determination of rate of FV activation

FV activation was determined using a method previously described by Safa et al [170]. 

Briefly, purified FV (lOOnM final concentration) was incubated with purified a - 

thrombin (IniVI final concentration) in lOOmM NaCI, 20mlVI HEPES (pH7.5), 5m M CaC^ 

and 0.2mg/mL BSA, or with purified FXa (final concentration 20nM) and phospholipid 

vesicles (final concentration, 80|iM ). At specific time intervals, aliquots were removed 

and diluted in lOOnM NaCI and 20nM Tris-HCI (pH 7.5) to stop FV activation. The time 

course of FV activation was immediately quantified using FV-deficient plasma in a 

standard PT -based clotting assay.
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CHAPTER 3: FUNCTIONAL EFFECT OF MODIFYING ACTIVATED PROTEIN C 

GLYCOSYLATION BY TREATMENT WITH SPECIFIC GLYCOSIDASES

3.1: Digestion of APC with PNGase F results in removal of N-linked glycan

residues.

APC N-linked glycan m odifica tion  may be achieved by enzymatic trea tm en t w ith  

specific glycosidases or by e lim ination  o f glycosylation sites by site-d irected 

mutagenesis. PNGase F removes all N-linked glycans residues by cleaving between the 

innerm ost GlcNAc and asparagine residues o f oligosaccharides from  N-linked 

glycoproteins. In order to  assess the functiona l e ffect o f com plete APC N-linked glycan 

removal using PNGase F, it was firs t necessary to  dem onstrate th a t glycan groups had 

been successfully removed by th is m ethod.

APC or PNGase F-treated APC (APC-DesGly) were subjected to  SDS-PAGE and W estern 

b lo tting  w ith  a horse anti-p ro te in  C polyclonal antibody. Untreated APC m igrated as a 

double band (Figure 3.1 A). The m olecular w e ight o f each band was ~58 and 53 kDa 

respectively. These tw o  bands have previously been designated a and 3 [168]. APC- 

DesGly m igrated as a tr ip le  band, w ith  m olecular weights o f ~53, 45 and 40 kDa 

respectively. The position o f the  top  band corresponded to  tha t o f 3 -prote in  C (Figure 

3.1 A).

Attached carbohydrate moieties were also detected by W estern b lo tting. A fte r 

transferring to  a PVDF membrane, carbohydrate groups were oxidised to  aldehydes by
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incubation o f the  membrane w ith  lOmiVl sodium m etaperiodate. Aldehydes were 

labelled w ith  b io tin  hydrazide and detected w ith  streptavidin-HRP. As expected, a dark 

band representing untreated APC was detected, dem onstrating the presence o f 

carbohydrate moieties. In contrast, the  band corresponding to  APC-DesGly was 

extrem ely fa in t and o f a low er m olecular w e ight than the APC band (Figure 3.1 B), 

indicating th a t carbohydrate m oieties had been removed. This was confirm ed by 

subjecting APC or APC-DesGly to  SDS-PAGE fo llow ed by specific carbohydrate 

detection w ith  the Pro-Q Emerald® glycoprotein stain (Figure 3.1 C). The band 

corresponding to  APC-DesGly was not visible under UV light, again indicating th a t 

carbohydrate m oieties had been removed.
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Figure 3.1: Removal of N-linked glycans from APC by enzymatic digestion with PNGase F.

ARC (lu g ) was incubated w ith  PNGase F (1000 U) at 37°C fo r 1 hour. (A) APC or APC-DesGly 

(lOng) were subjected to  SDS-PAGE on a 7.5% polyacrylanriide Tris-HCI gel under non-reducing 

conditions. Western b lotting was then performed in which APC was detected using a horse 

polyclonal anti-protein C antibody followed by a HRP-conJugated anti-horse IgG polyclonal 

antibody. (B) APC or APC-DesGly (SOOng) were subjected to  SDS-PAGE on a 7.5% 

polyacrylamide Tris-HCI gel and transferred onto  a PVDF membrane. Carbohydrate moieties 

were oxidised to  aldehydes by incubation o f the membrane w ith  lOm M  sodium 

metaperiodate fo r 20 minutes and detected by incubation w ith  a solution o f 4^1 0.125 mM 

biotin hydrazide dissolved in 20ml o f lOOmM acetate buffer (ph 5.5) followed by streptavidin- 

HRP. (C) APC or APC-DesGly (lOOng) were subjected to  SDS-PAGE on a 7.5% polyacrylamide 

Tris-HCI gel. Carbohydrate moieties were oxidised by incubating the gel w ith  periodic acid and 

detected by gel trea tm ent w ith  Pro-Q Emerald 300® glycoprotein stain followed by 

visualization under UV light.

121



3.2: PNGase F treatm ent of APC does not affect active site amidolytic activity.

The APC serine protease dom ain contains a catalytic triad  o f am ino acids (His-57, Asp- 

102, Ser-195) th a t m ediate substrate proteolysis. BIOPHEN CS-21(66) is a synthetic 

tripep tide  chromogenic substrate (p-Glu-Pro-Arg-pNA.HCI) cleaved specifically by the 

APC active site. In order to  determ ine w/hether removal o f N-linked glycan moieties 

influences APC active site function , the  rate o f BIOPHEN CS-21(66) hydrolysis by APC 

or APC-DesGly was measured as an ind ica tor o f APC am idolytic function  (Figure 3.2). 

Am idolytic activ ity  o f untreated APC was measured at specific tim e  points during a 7 

hour incubation at 37° C w ith  PNGase F (Figure 3.2 A). A ctiv ity  was found to  decrease 

in a tim e-dependent m anner to  a m in im um  o f 66 ±2.1 %. There was no significant 

difference between the activities o f APC and APC-DesGly at each tim e  point. The rate 

o f BIOPHEN CS-21(66) (28.3-905 |ig /m l) hydrolysis by APC and APC-DesGly was also 

measured. BIOPHEN CS-21(66) hydrolysis by APC increased in a concentration- 

dependent manner. No significant d ifference was observed in the  rate o f hydrolysis o f 

APC or APC-DesGly at any BIOPHEN CS-21(66) concentration.
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Figure 3.2: Chromogenic substrate hydrolysis by APC-DesGly.

(A) APC ( l| ig ) was incubated w itli PNGase F (1000 U) at 37°C fo r 7 hours. Am idolytic activity of 

ARC ( • )  or APC-DesGly (■; both 17.5nM) was determ ined by measuring the rate o f hydrolysis 

o f the APC-specific synthetic chromogenic substrate BIOPHEN CS-21(66) (2mg/ml) at 405nm. 

The reaction was carried out at room tem perature in a buffer containing lOOmM NaCI and 

20mM Tris-HCI (pH 7.5) w ith  2.5mM CaCl2 and O .lm g/m l BSA. APC amidolytic activity was 

expressed as a percentage o f APC activity measured prior to  PNGase F incubation. (B) 

Hydrolysis by APC ( • )  or APC-DesGly (■) o f Biophen CS21-(66) chromogenic substrate (28.3- 

905 pig/ml) was measured as above. All experiments were performed in trip licate. Results are 

expressed as mean ± standard error o f the mean (SEM).

124



3.3: PNGase F treatm ent of protein C does not influence EPCR-dependent protein

C activation on the surface of EA.hy926 cells.

An assay measuring pro te in  C activation on the surface o f EA.hy926 cells was used to  

assess the influence o f removal o f p rote in  C N-linked glycans on activation by 

th rom b in . APC generation was measured by determ in ing the  rate o f cleavage o f a 

chromogenic APC substrate (Figure 3.3). The rate o f untreated prote in  C (31.2-250nM) 

activation by th rom b in  increased in a concentration-dependent manner. The Km fo r 

activation o f untreated prote in  C was found to  be 95±12 nM. No significant difference 

was observed between this and the Km fo r APC-DesGly activation (77±9 nM).
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Figure 3.3: Activation of protein C-DesGly on the surface of endothelial cells.

(A) Protein C activation on the surface of EA.hy926 cells was assessed. Protein C (4.3 ng) was 

incubated with PNGase F (375 U) at 37°C for 4 hours. Protein C ( • )  or protein C-DesGly (■; 

both 31.2-250nM ) in HBSS with 3nnM CaCl2 and 0 .6m M  MgCl2 were incubated in each well at 

37°C. Protein C activation was initiated with thronnbin (5.6nM ) for 30 minutes. The reaction 

was stopped with hirudin (135nM ). Protein C activation was measured by hydrolysis of APC 

chromogenic substrate BIOPHEN CS-21(66) (2m g/m l) as before. All experiments were 

performed in triplicate. Results are expressed as mean ± SEM.
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3.4: PNGase treatm ent of APC results in enhanced anticoagulant function.

Recombinant APC variants lacking protease dom ain glycosylation sites have been 

shown to  prolong plasma c lo tting  tim es more than equivalent concentrations o f w ild - 

type APC [101]. In order to  m ore fu lly  characterize the effect o f N-linked glycan 

removal on APC anticoagulant faction , a TF-initiated th rom b in  generation assay in 

prote in  C-deficient plasma was utilized (2.8) (Figure 3.4). In itia tion o f coagulation w ith  

5 pM soluble TF and CaCb (16.67mM final concentration) resulted in a rapid increase 

in th rom b in  generation (Figure 3.4 A). As expected, APC (lO nM ) a ttenuated th rom b in  

generation, reducing peak th rom b in  generated by ~3.8-fold. However, an identical 

concentration o f APC-DesGly exhibited enhanced ab ility  to  a ttenuate th rom b in  

generation in comparison w ith  untreated APC. A sim ilar PNGase concentration to  th a t 

in troduced by lO nM  APC-DesGly had no effect upon th rom b in  generation.

In order to  determ ine the m agnitude o f the  enhanced anticoagulant e ffect observed 

fo llow ing  removal o f APC N-linked glycans w ith  PNGase, the area under a graph o f 

th rom b in  generated over tim e  (ETP) was measured (Figure 3.4 B). As expected, APC 

(2.5-20nM ) produced a concentration-dependent anticoagulant e ffect in prote in  C- 

defic ien t plasma. A t 5nM APC, ETP was attenuated to  47±4.2% of its value p rio r to  APC 

trea tm en t. An identical concentration o f APC-DesGly a ttenuated ETP to  27±1.4%, 

representing a 1.7-fold gain in anticoagulant function  in response to  N-linked glycan 

removal. A significant gain in anticoagulant function  was observed at all 

concentrations o f APC-Des6/y compared w ith  untreated APC.
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Figure 3.4: Anticoagulant function of f^PC-DesGly.

(A) The anticoagu lan t ac tiv ity  o f APC (red) o r APC-DesGly {blue; bo th  lO nM ) was assessed in 

p ro te in  C -deficient plasma using a th ro m b in  genera tion  assay. Plasma was incubated w ith  

phospholip id  vesicles (4 fiM ; 60% phosphatidy lcho line , 20% phosphatidy lserine  and 20% 

phosphatidy le thano lam ine) in th e  presence and absence o f APC. Throm b in  genera tion  was 

in itia ted  w ith  5pM  sTF and lOOm M CaCl2 and m easured by com paring ra te  o f fluo rogen ic  

substrate hydrolysis to  a th ro m b in  standard. (P rote in  C -defic ient plasma; green, plasma w ith  

1160 U /m l PNGase; purple. (B) APC (■) and APC-DesGly ( • ;  2 .5-20nM ) w ere incubated w ith  

p ro te in  C -deficient plasma. Throm b in  genera tion  was in itia ted  as ou tlined  above, and 

endogenous th ro m b in  po ten tia l (ETP) (w hich represents area under a graph o f th ro m b in  

genera tion) was calculated. All experim ents w ere  perfo rm ed  in trip lica te .
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3.5: PNGase treatm ent of APC does not influence its rate of inactivation in normal

pooled plasma.

APC is inh ib ited  in plasma by serpins prote in  C inh ib ito r (PCI) and a-1 antitrypsin . 

Inh ib ition is stim ulated by heparin [171]. In order to  determ ine w he ther the observed 

gain in anticoagulant function  fo llow ing  APC deglycosylation is mediated by enhanced 

inactivation by inh ib itors, APC or APC-DesGly were incubated in plasma fo r one hour 

and APC activ ity  (% o f am idolytic activ ity  measured prio r to  plasma incubation) was 

measured. APC and APC-DesGly were rapidly inh ib ited in a tim e-dependent manner. 

No significant d ifference was observed between the half-lives o f APC (2.0 m inutes; 

95% confidence interval 1.33-3.9) or APC-DesGly (3.5 m inutes; 95% confidence 

interval 2.16-9.3) (Figure 3.5).
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Figure 3.5: Inhibition of APC-DesGly in normal plasma.

The activity o f APC ( • )  or APC-DesGly (■; both 2 0 n M ) was d eterm ined  upon incubation w ith  

norm al p la te le t-p oo r pooled plasma in th e  presence o f heparin  (10 U /m l) at 37°C. APC activity  

was d eterm ined  by measuring ra te  o f hydrolysis o f th e  APC-specific synthetic chrom ogenic  

substrate BIOPHEN CS-21(66) as before. Experim ent was perfo rm ed  in trip licate. Results are  

expressed as m ean ± SEM.
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3.6: Enhancement of APC anticoagulant function by PNGase treatm ent is not

mediated by increased rate of substrate proteolysis.

To assess w he ther FVa proteolysis is affected by N-linked glycan removal, an assay 

nneasuring APC-mediated FVa proteolysis in the presence and absence o f prote in S 

was perform ed (Figure 3.6). In the  absence o f prote in S, both APC and APC-DesGly 

(2nM ) proteolysed FVa in a tim e-dependent m anner (Figure 3.6 A). 50% FVa 

proteolysis was observed a fte r 2 m inutes in the presence o f both APC and APC-DesGly. 

No significant d ifference was observed in the rate o f FVa proteolysis by APC o r APC- 

DesGly at any tim e  point.

In a m odification o f this assay (Figure 3.6 B), prote in  S (3.1-50nM) stim ulated FVa 

proteolysis by APC (2nM) in a concentration-dependent manner. No significant 

d ifference was observed at any prote in  S concentration between APC and APC-DesGly 

m ediated FVa proteolysis.

Collectively, these data show th a t N-linked glycan removal from  APC does not 

m odulate rate o f FVa proteolysis, and th a t the  observed enhancem ent in 

anticoagulant function  is mediated by an a lternative mechanism.
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Figure 3.6: FVa proteolysis by APC-DesG/y.

(A) FVa ( In M ) was incubated with phospholipid vesicles (20nM ; 60% dioleoyl- 

phosphatidylcholine (DOPC), 20% dioleoyl-phosphatidylserine (DOPS) and 20% dioleoyl- 

phosphatidylethanolamine (DOPE)) at 37°C in a buffer containing 40m M  Tris-HCI, 140m M  

NaCI, 3m M  CaCl2 and 0.3% w /v  BSA. FVa proteolysis was initiated by addition of APC ( • )  or 

APC-DesGly (■; 2nM ). Timed aliquots were removed into a prothrombinase mixture 

containing In M  FXa, 500nM  prothrombin and 25^M  phospholipids as above. Each 

prothrombinase reaction was stopped after 3 minutes by addition of Spil ice-cold 0.5M  EDTA. 

FVa activity was determined at each tim e point by adding 50^1 of each prothrombinase 

reaction mix to SO îl of a thrombin-specific chromogenic substrate (BIOPHEN CS-01(38); 

Im g /m l) and measuring thrombin-dependent colour change at 405nm. (B) FVa (7nM ) was 

incubated with phospholipid vesicles (20nM ; 60% DOPC, 20% DOPS and 20% DOPE) and 

protein S (3 .1-50nM ) at 37°C as above. FVa proteolysis was initiated by addition of APC ( • )  or 

APC-DesGly (■; 2nM ). Aliquots were removed into a prothrombinase reaction mixture 

containing 0.75nM  FXa, 500nM  prothrombin and 25nM  phospholipids as above. Each second 

reaction was stopped after 3 minutes by addition of ice-cold 0.5M  EDTA and FVa activity 

determined as above. All experiments were performed in triplicate. Results are expressed as 

mean ± SEM.
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3.7: PNGase treatm ent of APC results in enhanced EPCR/PARl-dependent

endothelial barrier protection

In order to  assess the effect o f N-linked glycan removal upon APC-mediated 

cytopro tective  function , endothelia l cell barrie r perm eability  was assessed. In this 

assay, APC protects against th rom bin-induced perm eability  in an EPCR and PAR-1 

dependent manner. Throm bin was associated w ith  a tim e-dependent increase in 

endothelia l cell barrier perm eability  (Figure 3.7 A), determ ined by measuring OD at 

650 nm o f aliquots from  the ou te r cham ber o f a tw o-cham ber com partm ent 

separated by a layer o f EA.hy926 cells fo llow ing  application o f Evans blue dye to  the 

inner chamber. At 15 minutes, OD at 650 nm o f non- th rom b in  treated and th rom b in  

treated wells was 0.3710.05 and 0.14±0.05 respectively.

As expected, pre-incubation w ith  APC (lO nM ) protected cells against th rom b in  

induced perm eability  (Figure 3.6 B). Perm eability was reduced to  59±7% o f th rom b in - 

treated wells in the presence o f APC (lO nM ). Remarkably, an identical concentration 

o f APC-DesGly resulted in greatly enhanced pro tection  against th rom bin-induced 

perm eability  compared w ith  untreated APC. APC-DesGly reduced perm eability  to  

26±4% o f th rom bin-trea ted  wells. The pro tective  effect o f both APC and APC-DesGly 

was ablated by the presence o f the  function  blocking anti-EPCR antibody, RCR-252, 

indicating tha t the  enhanced signalling effect is dependent upon EPCR binding by APC. 

Neither PNGase F nor Protac had any e ffect upon endothelia l perm eability  at 

concentrations used in th is assay.

In order to  fu rth e r characterize the magnitude o f the  enhanced protective effect

against throm bin-induced perm eability  observed upon PNGase trea tm ent, cells were
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pre-incubated with APC or APC-DesGly (1.25-20nM) (Figure 3.7 C). As expected , APC 

m ediated  a co n cen tra t io n -d ep en d en t  pro tection against thronnbin-induced 

permeability. However, APC-DesGly (2.5-20nM) was associa ted  with significantly 

enhanced  protection . Half-maximal pro tection  was observed  a t 9.85nM APC and 

1.71nM APC-DesGly respectively, represen ting  an approxim ately six-fold en h an ced  

protective effect.
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Figure 3.7: EPCR/PAR-1 dependent endothelial barrier protective function of f^PC-DesGly.

(A) EA.hy926 cells were grown to  confluence on polycarbonate membrane permeable 

supports (3nM pore size, 12 mm diameter) and treated w ith  throm bin  (5nM) fo r 10 minutes. 

The cells were then washed and incubated w ith  0.67 m g/m l Evans Blue w ith  4% BSA. Evans 

Blue-BSA transm igration into the outer chamber is dependent upon endothelial barrier 

permeability and was determ ined by measuring absorbance at 650 nm o f outer chamber 

aliquots. (No throm bin; pink, th rom bin  (5nM); black). (B) Confluent EA.hy926 cells were 

treated w ith  APC or APC-DesG/y (both lOnM ); in the presence and absence o f the monoclonal 

anti-EPCR antibody RCR-252 (25ng/m l) fo r 3 hours in serum-free media supplemented w ith 

3mM CaCl2 and 0.6mM MgCl2 prior to  throm bin  treatm ent. In additional control wells, cells 

were treated w ith  PNGase (105 U/m l) or Protac (0.065 lU /m l) fo r three hours in place of APC. 

Permeability was determ ined (2.14). (C) Endothelial permeability was measured w ith  APC ( • )  

or APC-DesGly (■; both 1.25-20nM) as described in 2.14. All experiments were performed in 

triplicate. Results are expressed as mean ± SEM.
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3.8: Assessment of endothelial cell apoptosis by TUNEL staining and flow

cytometry.

In order to investigate the effect of APC N-linked glycan removal upon EPCR/PAR 1- 

dependent anti-apoptotic signalling, staurosporine-induced endothelial cell apoptosis 

in EA.hy926 cells treated w ith APC was assessed (2.15). TUNEL staining was performed 

upon fixed cells and the percentage o f apoptotic cells was quantified by flow 

cytometry (Figure 3.8). Negative control wells (EA.hy926 cells incubated for 7 hours in 

serum-free media) were found to  have an apoptosis rate of 27±3.5% as determined by 

flow  cytometry. In contrast, staurosporine (20|iM)-treated wells were determined to 

have 68±3.8% apoptotic cells. This difference was found to  be statistically significant 

(p<0.05). Pre-incubation of EA.hy926 cells w ith APC (2.5-20nM) for 3 hours prior to 

staurosporine treatm ent for 4 hours resulted in a dose-dependent reduction in the 

percentage of apoptotic cells. At 20nM APC, a statistically significant decrease in 

apoptosis rate was observed compared w ith cells treated with staurosporine alone 

(p<0.05). At this APC concentration, 40%±5 apoptotic cells were detected.
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Figure 3.8: Assessment of endothelial cell apoptosis by flow cytometry

EA.hy926 cells in 6-well plates were treated with APC (2.5-20nM) for 3 hours (2.15). Apoptosis 

was then induced by incubation with staurosporine (20|aM) for 4 hours. Cells were trypsinized 

and fixed by incubation with 1% paraformaldehyde in PBS (pH 7.4) on ice followed by 70% ice- 

cold ethanol. Fixed cells were incubated with bromolated dUTP (Br-dUTP) (APO-BRDU, 

Phoenix Flow Systems, San Diego) followed by a fluoroscein labelled anti-Br-dU monoclonal 

antibody to detect apoptotic cells. Total cellular DNA was then detected by incubation with 

propidium iodide (PI) /  RNase A. Apoptotic cells (stained with PI and anti-Br-dU) and non- 

apoptotic cells (stained with PI only) were detected by flow cytometry as separate 

populations. Apoptotic cells were expressed as a percentage of total cells. All experiments 

were performed in triplicate. Results are expressed as mean ± SEM.
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3.9: PNGase treatm ent of APC results in improved protective signalling against

staurosporine-induced apoptosis.

Having established an assay to  measure staurosporine-induced apoptosis in 

endothelia l cells by flo w  cytom etry, th is assay was utilized to  investigate the  effect o f 

N-linked glycan removal upon EPCR/PAR 1-dependent anti-apop to tic  signalling by 

APC. In an assay o f staurosporine-induced apoptosis measured by TUNEL staining w ith  

flo w  cytom etry detection (Figure 3.9 A) (2.15), APC (5nM ) resulted in a 13.4±3.8% 

reduction in apopto tic  cells com pared w ith  staurosporine-treated wells. An identical 

concentration o f APC-DesGly resulted in a decrease in the observed percentage o f 

apopotic cells (absolute apoptosis rate 33.9±7% com pared w ith  51.8±4% in APC- 

trea ted  wells), however th is d ifference did not reach statistical significance.

In order to  fu rth e r characterize the effect o f N-linked glycan removal upon APC anti- 

apopto tic  function in endothelia l cells, an assay o f p ro /an ti-apop to tic  gene expression 

in response to  staurosporine-induced apoptosis was utilized (2.16) (Figure 3.9 B). As 

expected, staurosporine increased Bax/Bcl-2 gene expression ra tio  re lative to  3-actin, 

as measured by RT-PCR. APC-DesGly dem onstrated ~ 2 fo ld  enhanced anti-apop to tic  

signalling compared w ith  an identical concentration o f APC (p<0.05).
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Figure 3.9: Inhibition of staurosporine-induced apoptosis on EA.hy926 cells by APC-DesGly.

EA.hy926 cells were treated w ith  APC or APC-DesGly fo r 3 hours (2.15). Apoptosis was induced 

by incubation w ith  staurosporine (20nM) fo r 4 hours. (A) The percentage o f apoptotic cells 

fo llow ing treatm ent w ith  APC (5nM) then staurosporine was measured by flow  cytom etry 

using TUNEL staining (2.15). (B) Following APC (lO nM ) and staurosporine treatm ent, cells 

were trypsinized and RNA extracted (2.16). Reverse transcription followed by RT-PCR was 

performed using Bax, Bcl-2 and 6-actin Taqman® gene expression assays (Applied Biosystems). 

Apoptosis was measured by determ ining the Bax/Bcl2 ratio (relative to 3-actin) fo r APC 

treated cells and p lotting it as a percentage o f the mean staurosporine-treated Bax/Bcl-2 ratio 

(100% apoptosis). (* P<0.05, unpaired 2-tailed student's t  test performed). All experiments 

were performed in triplicate. Results are expressed as mean ± SEM.
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3.10: a2-3 ,6,8,9 neuraminidase treatm ent of APC has no effect upon amidolytic or 

anticoagulant activity.

Having dem onstrated th a t com plete N-linked glycan removal influences APC 

anticoagulant function , the effect o f removing negatively charged sialic acid residues 

from  APC ( l| ig )  by digestion w ith  a2-3,6,8,9 neuraminidase (O.OlU) was investigated. 

Following enzymatic digestion w ith  neuram inidase, APC and neuram inidase-treated 

APC (Asialo-APC) were characterized by SDS-PAGE and western b lo tting  w ith  term inal 

sialic acid labelling (Figure 3.10 A). The la tte r was achieved by lim ited oxidation of 

carbohydrate groups to  generate te rm ina l aldehyde m oieties using sodium 

m etaperiodate (lO m M ) fo llow ed by labelling o f aldehydes w ith  b io tin  hydrazide and 

detection w ith  streptavidin-HRP. A clear band was visualised in the lane containing 

untreated APC, indicating the presence o f sialic acid groups. In contrast, the  band 

representing Asialo-APC was not visible, dem onstrating tha t sialic acid m oieties had 

been removed.

In order to  investigate the effect o f sialic acid removal on APC am idolytic activ ity, rate 

o f hydrolysis o f the  APC chromogenic substrate, BIOPHEN CS-21(66), was measured 

(Figure 3.10 B). No significant d ifference was observed between the Vmax (m OD/m in) 

measured fo r BIOPHEN CS-21(66) hydrolysis by untreated APC and Asialo-APC (both 

17.5nM; Vmax 18.5±1.2 and 18.610.3 respectively).

To determ ine w hether sialic acid removal influences APC anticoagulant function , a TF- 

in itia ted th rom b in  generation assay in prote in C-deficient plasma was utilized (2.8) 

(Figure 3.10 C and D). In itia tion o f coagulation w ith  5 pM soluble TF and 16.67mM
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CaCl2 resulted in a rapid increase in thrombin generation (Figure 3.10 C). As expected, 

APC (lOnM) attenuated thrombin generation. An identical concentration of Asialo-APC 

attenuated thrombin generation similarly to untreated APC. In order to quantify the 

anticoagulant effect observed in the presence of APC and Asialo-APC, ETP was 

measured (Figure 3.10 D). In the presence of APC and Asialo-APC (both lOnM ), ETP 

was attenuated to 27±9.5 and 36±6 % respectively. Collectively, these data indicate 

that sialic acid removal from APC does not influence amidolytic or anticoagulant 

function.
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Figure 3.10: Sialic acid removal from APC by enzymatic digestion with a2-3,6,8,9 

neuraminidase.

APC (lu g ) was incubated w ith  neuraminidase isolated from  arthrobacter ureafaciens (0.01 U) 

fo r 1 hour in order to  remove term inal sialic acid residues. (A) APC or Asialo-APC (SOOng) were 

subjected to SDS-PA6E on a 7.5% polyacrylamide Tris-HCI gel and transferred onto a PVDF 

membrane. Terminal sialic acid moieties were oxidised to  aldehydes by incubation o f the 

membrane w ith  lOmM sodium m etaperiodate fo r 20 m inutes in darkness on ice and detected 

by incubation w ith  a solution o f 4^1 5.0 mM biotin hydrazide dissolved in 20ml o f lOOmM 

acetate buffer (ph 5.5) followed by streptavidin-HRP. (B) Am idolytic activity o f APC or Asialo- 

APC (both 17.5 nM) was determ ined by measuring the rate o f hydrolysis o f the APC-specific 

synthetic chromogenic substrate BIOPHEN CS-21(66) (2m g/m l) at 405nm as before. (C) The 

anticoagulant activity o f APC {red) or Asialo-APC (green; both lOnM) was assessed in protein 

C-deficient plasma (blue) using a throm bin  generation assay (2.8) (D) APC and AsialoAPC were 

incubated w ith  protein C-deficient plasma. Thrombin generation was initiated as above and 

ETP calculated (2.8).
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3.11: Removal of sialic acid moieties from APC does not affect EPCR and PAR-

dependent barrier protective properties.

Having dem onstrated enhanced APC endothelia l barrier pro tection fo llow ing removal 

o f to ta l N-linked glycans, it was hypothesized tha t removal o f term inal sialic acid 

moieties m ight also influence APC signalling. An assay o f endothelia l barrier 

perm eability  (2.14) was utilized to  measure the influence o f sialic acid removal upon 

APC-mediated EPCR/PARl-dependent endothelia l barrie r protective properties (Figure 

3.11). As expected, both APC and Asialo-APC m ediated a concentration-dependent 

protection against th rom bin-induced perm eability. No significant d ifference was 

observed between APC or Asialo-APC m ediated endothelia l barrier pro tection at any 

concentration measured.
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Figure 3.11: EPCR/PAR-1 dependent endothelial barrier protective function o  ̂Asialo-APC.

(A) APC ( • )  and Asialo-APC (■; both 1.25-lOnM) were incubated with EA.hy926 cells grown 

on polycarbonate membrane permeable supports for 3 hours in serum free media 

supplemented with 3mM CaCl2 and 0.6mM MgCl2 . Permeability was determined (2.14). All 

experiments were performed in triplicate. Results are expressed as mean ± SEM.
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CHAPTER 4: MODIFICATION OF ACTIVATED PROTEIN C GLYCOSYLATION 

BY SITE-DIRECTED MUTAGENESIS

4.1: Generation of recombinant protein C cDNA glycosylation site variants.

In order to  generate recom binant prote in  C N-linked glycosylation site variants, fou r 

vectors encoding m utant human pro te in  C were created by site-directed mutagenesis 

o f a plasmid encoding w/ild type human prote in C (pRc/CMV/PC). Each m utation 

generated a m utant prote in  C cDNA tha t encodes one o f fou r A/-linked glycosylation 

sites (Asn-97, Asn-248, Asn-313 and Asn-329) (2.18.2). Pairs o f mutagenic 

o ligonucleotide primers encoding asparagine (N) to  g lutam ine (Q) substitu tions were 

prepared (Appendix II.I) and used to  create prote in  C cDNA m utants via PCR site- 

d irected mutagenesis (Figure 4.1 A). M utan t plasmids were transform ed into 

com petent NovaBlue Singles® E. coli cells and isolated using a plasmid m in iprep kit. 

The presence o f the  introduced m uta tion  and absence o f aberrant base changes was 

confirm ed by sequencing the entire  PC cDNA in each preparation. DNA preparations 

corresponding to  each prote in  C m utant were used to  transfect HEK 293 cells.
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Figure 4.1: Generation of recombinant N-linked glycan variants of a protein C cDNA plasmid.

Oligonucleotide primers were synthesized for mutagenesis of WT-protein C in the pRc/CMV 

vector to variants N97Q, N313Q, N248Q and N329Q (2.18.2). This was achieved by 

polymerase chain reaction (PCR) using the QuickChange® site-directed mutagenesis kit 

(Stratagene). Replicant vectors containing protein C glycosylation site mutations were 

generated. Mutagenesis products were subjected to electrophoresis at 75 V for 30 minutes on 

a 1% agarose gel containing 5ng/ml ethidium bromide. DNA bands were visualised using a UV 

lightbox and photographed.
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4.2: Stable expression of recombinant protein C /V-linked glycosylation site

variants.

Plasmids encoding wild-type protein C and individual protein C glycosylation site 

variants and were used to  transfect HEK 293 cells (2.19.2). The pRc/CMV/PC cDNA 

plasmid contains a neomycin-resistance gene fo r selection using G418 sulphate

(2.18.1), a neomycin analogue. Neomycin caused cell death in ~14 days in 

untransfected cells. Colonies arising from transfection with each plasmid were picked

(2.19.2). A protein C ELISA (2.19.3) was used to  measure the concentration of protein 

C in growth media from each colony. W ild-type protein C and variants N248Q, N313Q 

and N329Q were expressed between 0.7-1.2 ng/ml per day. Interestingly, despite 

repeated efforts, no protein expression was detected from HEK-293 cells transfected 

with the pRC/CMV/PC-A/97Q vector, confirming that N-linked glycosylation at this site 

is critical fo r protein C processing and expression [101].

HEK-293 cells expressing recombinant wild type and variant protein C were expanded, 

then incubated with serum-free conditioned media fo r 3-5 days in the presence of 

Vitamin Ki. At this point, medium was collected. Each recombinant protein C was 

concentrated to  50ml by filtra tion using a Pellicon™ XL tangential flow  filte r device 

(M illipore) and purified using anion-exchange chromatography (2.19.4). Partial 

purification of protein C variants was then performed. First, concentrated medium 

was desalted by buffer exchange into 20mM Tris-HCI (pH 7.4) containing 150mM NaCI 

using a Fast Performance Liquid Chromatography (FPLC) system (GE Healthcare). Next, 

y-carboxylated protein C was partially purified by passing desalted medium over a 5ml 

HiTrap Q HP sepharose anion exchange column (GE Healthcare) and eluting against a
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0-30m M CaCl2 gradient. Calciunn-eluted fractions were collected. Concentration was 

achieved by eluting against IM  NaCI. Samples were again desalted by buffer exchange 

into 20mM Tris-HCI (pH 7.4) containing ISOmM NaCI. This procedure increased the 

concentration of recombinant protein C variants ~ 50-60 fold, and resulted in fully y- 

carboxylated recombinant protein C.

Upon isolation, each recombinant wild type and variant protein C was characterized 

by reducing 7.5% SDS-PAGE followed by then Western blotting (Figure 4.2). 

Recombinant protein C was detected using a sheep anti-protein C polyclonal antibody 

(Figure 4.2 A). Wild type protein C heavy chain migrated at ~35 kDa. Its two bands 

represent protein C heavy chain glycoforms a and P [101]. The molecular weight of 

each recombinant protein C N-linked glycan variant band was reduced by 5-10 kDa 

compared with wild-type protein C. Each protein C variant band was represented by a 

single major band, probably due to loss of an individual N-linked glycan chain. A 

second faint band was observed in the protein C N248Q  preparation. This likely 

represents protein C lacking glycosylation at positions 248 and 329 (due to the 

introduced N248Q  mutation in naturally occurring (3 protein C). Interestingly no 

second faint band was visualized in the protein C N313Q  preparation, perhaps due to 

the detection limit of the technique. To assess y-carboxylation of each recombinant 

protein C, wild type and variant protein C were immunoblotted using an anti-Gla 

antibody that recognises the presence of Gla amino acids in the absence of Câ '̂  ions 

[172]. As expected, bands of equivalent density were observed for both wild type and 

variant protein C, indicating normal y-carboxylation in each protein C preparation 

(Figure 4.2 B). As samples were reduced, all bands were of equal molecular weight, as
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Gla r e s i d u es  a re  p r e s e n t  in t h e  p ro te in  C light chain,  whi le  N-linked glycosylat ion 

a l te r a t i o n s  h ad  b e e n  in t r o d u ced  in t h e  p ro te in  C h ea vy  chain.
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Figure 4.2: Characterization of recombinant protein C Af-linked giycan variants by SDS- 

PAGE/Western blotting.

W ild type and recombinant protein C variants (PC-N248Q, PC-N313CI PC-N329Q) were 

reduced using P-mercaptoethanol and subjected to  7.5% SDS-PAGE. Western b lo tting  was 

perform ed, in which each protein C variant was detected using e ither (A) a polyclonal sheep 

anti-protein  C antibody or (B) a polyclonal antibody specific to  protein C Gla residues.
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4.3: Anticoagulant function of protein C variants generated by site-directed

mutagenesis of protein C heavy chain /V-linked glycan attachment sites.

To determine whether removal of individual N-linked glycan chains influences 

anticoagulant function, wild type and variant zymogen protein C preparations were 

activated with Protac (2.5). In order to  characterize the effect of individual N-linked 

glycan chain removal on APC anticoagulant fuction, the anticoagulant activity of each 

recombinant APC preparation was assessed in a TF-initiated throm bin generation 

assay using protein C-deficient plasma (2.8). As expected, wild type APC (2.5-lOnM) 

produced a concentration-dependent attenuation of throm bin generation (Figure 

4.3), resulting in reduction in throm bin generation to 38±2%. This degree of 

anticoagulant activity is similar to that described previously in our laboratory, 

confirming the structural and functional integrity of the recombinant APC. While 

minor differences in anticoagulant activity were observed between wild type APC and 

APC-N329Q, these differences did not reach statistical significance. APC-N248Q and 

APC-N313Q possessed mildly decreased anticoagulant activity compared with wild 

type APC. At 5nM, wild type APC resulted in attenuation of throm bin generation to 

57±3. Identical concentrations of APC-N248Q and APC-N313Q reduced thrombin 

generation to 75±0.3% and 76±2% respectively; p<0.05.
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Figure 4.3: APC anticoagulant function following removal of protein C /V-linked glycan 

attachment sites at Asn-248, Asn-313 or Asn-329 by glutamine substitution.

Each recombinant protein C variant was activated by Protac (0.2 lU/ml) in a buffer containing 

50mM Tris-HCI and lOOmM NaCI (pH 7.4). The anticoagulant function of each recombinant 

APC variant (1.25-10 nM) in protein C-deficient plasma was assessed by performing a 

thrombin generation assay with ETP determination as before. (Wild type APC, • ;  APC-N248Q, 

O; APC-N313Q, ♦ ;  APC-N329Q, □ ) . All experiments were performed in triplicate. Results are 

expressed as mean ± SEM.
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4.4 Site-directed mutagenesis at Asn-329 results in enhanced endothelial cell 

barrier-protection.

To investigate whether specific /V-linked glycan chains modulate the endothelial cell 

barrier-protective properties of APC, each APC variant was characterized using an in- 

house assay developed to  characterize these properties. Pre-incubation w ith either 

wild type APC and or variants protected against thrombin-induced permeability in an 

assay of endothelial barrier integrity. APC-N329Q significantly enhanced endothelial 

barrier integrity at lower APC concentrations compared to wild type APC (Figure 4.4 

A). Maximal endothelial barrier protection was achieved by APC-N329Q at 1.25nM 

(10.4±4.7%; p<0.005 compared w ith wild type APC). The same concentration of wild 

type APC had minimal effect upon thrombin-induced endothelial cell barrier 

permeability, exhibiting 79±13 % less leakage than EA.hy926 cells treated with 

throm bin alone. In contrast, APC-N248Q and APC-N313Q had equivalent endothelial 

cell barrier protective activity to that of wild type APC (Figure 4.4 B).
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Figure 4.4: Site-directed mutagenesis at Asn-329 results in enhanced endothelial cell barrier-

protection.

Protection against thrombin-induced endothelial permeability was measured w ith  each 

recombinant APC variant (1.25-20nM) 2.14. (A) APC-WT, • ;  APC-N329Q, □ .  (B) APC-WT, • ;  

APC-N248Q,0; APC-N313Q, ♦ .  All experiments were performed in trip licate. Results are 

expressed as mean ± SEM.
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4.5 Characterizing modulation of staurosporine-induced endothelial cell 

apoptosis by recombinant APC /V-linked glycan variants using an assay of apoptosis- 

specific dye uptake.

In order to investigate the effect of specific N-linked glycan chain removal upon 

EPCR/PARl-dependent anti-apoptotic signalling by APC, staurosporine-induced 

endothelial cell apoptosis in EA.hy926 cells treated w ith APC was assessed (2.17). An 

assay measuring cellular uptake of phosphatidylserine-specific pink dye in response to 

staurosporine treatm ent of EA.hy926 cells was utilized. EA.hy926 cells not treated 

with staurosporine did not take up apoptosis-specific dye, confirming that the cells 

were healthy prior to treatm ent (Figure 4.5 A). Staurosporine-treated EA.hy926 cells, 

however, accumulated dye in almost all cells visualized. At low APC concentrations, 

wild type APC and APC-N248Q were unable to prevent apoptosis (Figure 4.5 A). APC- 

N248Q and APC-N313Q exhibited improved anti-apoptotic activity compared to wild 

type APC, but the degree o f enhanced protection failed to  reach statistical 

significance. APC-N329Q, however, ablated apoptosis-specific dye accumulation at the 

lowest APC concentration tested (0.625nM). Similar protection was only seen upon 

treatm ent w ith 20nM wild type APC (Figure 4.5 B).
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Figure 4.5: Inhibition of endothelial cell apoptosis by recombinant APC /V-linked glycan 

variants in an assay measuring uptake of an apoptosis-specific dye.

Confluent EA.hy926 cells seeded in a 96-well plate were treated w ith  APC (0.625-20nM) fo r 3 

hours in serum-free media supplemented w ith  3mM CaCl2 and O.SmM MgCl2 . Cells were then 

treated w ith  staurosporine (20|aM) in lOOnl DMEM. A fter 3.5 hours, 100^1 fresh DMEM 

containing 10|il APOPercentage dye and staurosporine (20nM) was added to  each well fo r 45 

minutes, followed by washing tw ice w ith  PBS. (A) Cells were visualized by light microscopy and 

photographed. (Untreated/staurosporine-treated EA.hy926 cells, top panels; w ild type / 

variant APC (1.25 nM), middle and bottom  panels). Images are representative o f three 

independent experiments. (B) Uptake o f APOpercentage dye was quantified by converting 

digital photograph images into pixel counts using Adobe'“  Photoshop™ software according to 

manufacturer's instructions. Average pixel counts were based on analysis o f at least three 

images per well. (Wild type APC, • ;  APC-N248Q, 0; APC-N313Q, A; APC-N329Q, □ ;  0.625- 

20nM). All experiments were performed in trip licate.
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4.6 Characterizing modulation of staurosporine-induced endothelial cell 

apoptosis by recombinant APC N-linked glycan variants using an assay of pro- and 

anti-apoptotic gene expression.

Induction of apoptosis results in modulation of pro- and anti- apoptotic gene 

expression. APC has previously been shown to  inhibit apoptosis by reducing 

expression of proapoptotic gene Bax and increasing expression of antiapoptotic gene 

Bcl-2 [110], To further characterize anti-apoptotic signalling properties of each APC N- 

linked glycan variant, pro/anti-apoptotic gene expression in response to 

staurosporine-induced apoptosis was assessed by RT-PCR (2.16). The expression of 

pro-apoptotic gene Bax and anti-apoptotic gene Bcl-2 were examined and normalized 

to the housekeeping gene 6-actin. The ratio of the change in gene expression o f Bax 

and Bcl-2 relative to  6-actin is therefore a measure of cellular apoptosis. Wild type 

APC (5nM) did not significantly inhibit staurosporine-induced Bax/Bcl-2 gene 

expression ratio relative to  6-actin, as measured by RT-PCR, compared with 

staurosporine-treated cells alone. Bax/Bcl-2 gene expression ratio measured with 

staurosporine alone (2.3±0.37) and with wild type APC (5nM; 2.2610.22) were 

determined (Figure 4.6). APC-N329Q exhibited enhanced protection against 

staurosporine-induced endothelial cell apoptosis compared with wild-type APC. In 

contrast to wild type APC, APC-N329Q (5nM) significantly reduced the staurosporine- 

induced Bax/Bcl-2 gene expression ratio by 43% (1.3110.2) compared w ith wild type 

APC.
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Figure 4.6: IVIodulation of endothelial cell apoptosis by recombinant APC A/-linked glycan 

variants using an assay of pro- and anti-apoptotic gene expression.

Ability of wild type APC and APC-N329Q (both 5nM) to protect against staurosporine-induced 

apoptosis was determined. Apoptosis was determined by the bax/bcl-2 ratio analysis (relative 

to 3-actin) using RT-PCR. All experiments were performed in triplicate. Results are expressed 

as percentage of the mean ± SEM of staurosporine-treated bax/bcl-2 ratio (100% apoptosis). 

(* P<0.05, unpaired 2-tailed student's tte s t performed).
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4.7 EPCR affinity of protein C-N329Q

APC binding to EPCR is required for PARI activation and subsequent barrier protective 

and anti-apoptotic signalling (1.2.8). To determine whether enhanced affin ity for EPCR 

was the cause o f the improved cytoprotective activity o f APC-N329CI PC-N329Q 

affin ity fo r sEPCR was assessed by surface plasmon resonance using a technique 

previously established by our group fo r determination of PC-sEPCR binding affinity 

[162]. PC-N329Q (3.125-lOOOnM) was bound to  a sEPCR surface and found to  bind 

with a Kd of ~193nM (Figure 4.7), which is similar to  the Kd reported previously for 

binding of wild type PC to  sEPCR [77, 173]. Therefore, the enhanced cytoprotective 

function of APC-N329Q is not due to  improved affin ity for EPCR.
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Figure 4.7: Affinity of protein C-N329Q for sEPCR.

Protein C-sEPCR binding affinity was determined by surface plasmon resonance. Monoclonal 

anti-EPCR antibody, RCR-2 (lO ng/m l) was immobilized by amine coupling to both flow cells of 

a CMS sensor chip. Soluble EPCR (sEPCR) was dialysed into HBS-P buffer (lOOmM HEPES, pH 

7.4, ISOmM NaCI) and bound to the test flow cell via RCR-2. RCR-2 was immobilized on the 

reference flow cell to detect non-specific binding. PC-N329Q  (31 .2S -1000nM ) was 

sequentially injected over both flow cells at a flow rate of lOpil/min for 60 seconds. APC-EPCR 

binding was dissociated using HBS-EP buffer (HBS-P, but containing 3m M  EDTA; BIAcore) The 

RCR-2 surface was regenerated with 10^1 of lO m M  glycine-HCI (pH 2).
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4.8: Enzymatic removal of A/-linked glycans from a non-anticoagulant

recombinant APC variant results in enhancement of EPCR-dependent, PAR-1 

mediated cytoprotective signalling.

To determ ine w hether enzymatic deglycosylation would result in enhanced 

cytopro tective  function  o f non-anticoagulant APC, a recom binant non-anticoagulant 

APC variant (APC-L38D) th a t is not enhanced by the  presence o f prote in  S but signals 

norm ally via EPCR/PARl [162] was incubated w ith  PNGase F (2.1) to  remove all N- 

linked glycan moieties (APC-L38D-DesGly). APC-L38D and APC-L38D-DesGly were 

characterized by non-reducing 7.5% SDS-PAGE/Western b lo t analysis. The molecular 

weight o f APC-L38D-DesGly was reduced by ~10kDa, reflective o f com plete /V-linked 

glycan removal (Figure 4.8 A). The cytopro tective  function  o f APC-L38D-DesGly was 

assessed by an endothelia l barrier perm eability  assay. APC-L38D-DesGly (1.25-lO nM ) 

exhibited enhanced protection o f EA.hy926 cells against th rom bin-induced 

perm eability  compared w ith  APC-L38D at each concentration tested (Figure 4.8 B). 

Therefore, APC-L38D-DesGly possesses im proved EPCR/PARl-dependent signalling 

function  on endothelia l cells.
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Figure 4.8: Enzymatic deglycosylation of non-anticoagulant APC variant APC-L38D with 

PNGase F enhances APC-L38D-mediated endothelial cell barrier protection.

PC-L38D, was deglycosylated with PNGase F and activated with Protac (2.5). (A) APC-L3SD or 

APC-L38D-DesGly (20ng) was subjected to SDS-PAGE (7.5%). Western blotting was perfornned, 

in which each APC variant was detected with a polyclonal sheep anti-protein C antibody and a 

HRP-conjugated anti-sheep secondary antibody. (B) Endothelial barrier permeability was 

assessed in the presence of f^PC-L38D ( • )  and APC-L38D-DesGly (■; 1.25-lOnM) for 3 hours in 

serum-free media supplemented with 3mM CaCl2 and 0.6mM MgCl2 followed by incubation 

with 5nM thrombin. Endothelial barrier permeability was assessed by leakage of Evans Blue- 

BSA through a confluent suspension layer of EA.hy926 cells, as before. All experiments were 

performed in triplicate. Results are expressed as mean ± SEM.
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4.9: A recombinant non-anticoagulant APC variant lacking a glycan attachment

site at Asn 329 due to glutamine substitution (APC-L38D/N329Q).

From the experiments described, it was hypothesized that glutamine substitution of 

this glycan attachment site in combination with L38D substitution might result in a 

recombinant APC molecule possessing enhanced cytoprotective, but minimal 

anticoagulant properties. In order to address this, a pRc/CMV plasmid encoding PC- 

L38D cDNA was used as a template for site-directed mutagenesis. An 

asparagine^glutam ine substitution was introduced at amino acid position 329, 

followed by expression, purification and activation using Protac (2.5) of the resultant 

protein C variant PC-L38D/N329Q. Anticoagulant function of APC-L38D/N329Q was 

assessed in a throm bin generation assay using protein C-deficient plasma. In contrast 

to  wild type APC, APC-L38D/N329Q (20nM) produced no anticoagulant effect (Figure 

4.9).

170



600

c
1 400

2  200 
u.

0
0 10 20 30

Time (min)

Figure 4.9: Assessment of anticoagulant function oi f<PC-L38D/N329Q

Following activation o f PC variants w ith  Protac (2.5), th rom bin generation in protein C- 

defic ient plasma was assessed in the presence o f w ild type APC and APC-L38D/N329Q. 

Thrombin generation (nM *m in) was in itia ted w ith  PPP reagent and CaCl2 as before, and ETP 

(%, throm bin  generation in absence o f APC) determ ined. (No APC, O ; w ild type APC (5nM), □ ;  

w ild type APC (lOnM ), • ;  APC-L38D/N329Q (20nM),
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4.10: APC-L38D/N329Q exhibits enhanced endothelial barrier protective function.

APC-L38D/N329Q was found to possess greatly enhanced EPCR/PARl-dependent 

endothelial protective signalling function compared w ith wild-type APC: 1.25 nM APC- 

L38D/N329Q reduced thrombin-induced endothelial barrier permeability by 72% 

compared with permeability observed in the absence o f APC, while the same 

concentration of wild type APC only reduced permeability by 15 %. This represents a 

5-fold enhancement of endothelial barrier protective function (Figure 4.10).
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Figure 4.10: APC-L38D/N329Q possesses enhanced endothelial barrier protective function.

EPCR/PARl-dependent endothelial cell barrier protection by APC-L38D/N329Q is more potent 

than w ild type APC. An endothelial barrier permeability assay using EA,hy926 cells were 

perform ed in the presence o f w ild type APC (O ) or APC-L38D/N329Q ( ■ ;  1.25-lOnM) prior to 

throm bin treatm ent. Permeability is expressed as a percentage o f to ta l throm bin-induced 

endothelial cell barrier permeability. All experiments were performed in trip licate. Results are 

expressed as mean ± SEM.
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4.11: APC-L38D/N329Q exhibits enhanced anti-apoptotic function

in an assay measuring staurosporine-induced endothelial cell apoptosis (2.17), 

pretreatment w ith wild-type APC resulted in concentration-dependent protection 

against apoptosis. APC-L38D/N329Q demonstrated enhanced protection against 

EA.hy926 cell apoptosis compared w ith wild-type APC (Figure 4.11 A and B). While 

maximal protection against apoptosis was only achieved w ith 20nM wild type APC, the 

same protective effect was observed with only 0.625 nM APC-L38D/N329Q, 

suggesting that this variant is ~30 fold more effective in protecting against endothelial 

cell apoptosis.
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Figure 4.11; APC-L38D/N329Q exhibits enhanced endothelial anti-apoptotic function.

Confluent EA.hy926 cells were treated with APC (0.625-20nM) for 3 hours in serum-free media 

supplemented with 3mM CaClj and 0.6mM MgC^. Cells were then treated with staurosporine 

(20|iM) in 100^1 DMEM. After 3.5 hours, lOOnl fresh DMEM containing 10^1 APOPercentage 

dye and staurosporine (20|iM) was added to each well for 45 minutes, followed by washing 

twice with PBS. (A) Cells were visualized by light microscopy and photographed. (Wild type 

APC, left panel; APC-L38D/N329Q, right panel; both 1.25 nM). Images are representative of 

three independent experiments. (B) Uptake of APOpercentage dye was quantified by 

converting digital photograph images into pixel counts using Adobe™ Photoshop™ software 

according to manufacturer's instructions. Average pixel counts were based on analysis of at 

least three images per well. (Wild type APC, o; APC-L38D/N329Q, ■; 0.625-20nM). All 

experiments were performed in triplicate.

176



CHAPTER 5: DISCUSSION OF RESULTS DESCRIBED IN CHAPTERS 3 AND 4

5.1 ROLE OF GLYCOSYLATION IN PROTEIN FUNCTION

Glycosylation of membrane signalling receptors and soluble ligands is frequently 

encountered as a mechanism of functional regulation, and can influence many aspects 

o f signal transduction, including ligand recognition and affin ity [174], intracellular 

trafficking and receptor activation (1.2.6) [100, 175]. Moreover, many proteins 

naturally exist as tw o or more glycoforms, and in some cases enhanced functional 

properties are observed w ith one naturally ocurring glycoform compared w ith the 

other [176]. It was therefore hypothesized that APC N-linked glycans might modulate 

anticoagulant and signalling properties.
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5.2 ROLE OF APC GLYCOSYLATION IN ANTICOAGULANT FUNCTION AND IN 

SIGNALLING FUNCTION EFFICIENCY ON ENDOTHELIAL CELLS

In results described in Chapters 3 and 4, the  functiona l consequences o f APC 

glycosylation m odification were determ ined. Complete removal o f APC N-linked 

glycans was shown to  enhance EPCR and PAR l-dependent endothelia l barrier- 

protective and anti-apopto tic  properties. These properties have been postulated to  

con tribu te  to  the in vivo protective effects o f APC in m urine models o f sepsis (1.2.8). 

M oreover, Asn-329 was identified as a critical m odu la to r o f APC cytoprotective 

function , as specific removal o f the  N-linked glycan a ttachm ent site at Asn-329 by site- 

directed mutagenesis resulted in sim ilar enhancem ent in endothelia l cell barrier- 

p rotective and anti-apopotic properties to  th a t observed upon enzymatic digestion o f 

all N-linked glycan moieties.
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5.2.1 Role of N-linked glycans in modulating APC amidolytic function

The APC serine protease domain contains a catalytic triad of amino acids (His 57, Asp 

102, Ser 195) that mediate substrate proteolysis [67]. Complex N-linked glycans are 

large space-occupying structures that can modulate protein function due to  steric 

hindrance [97]. However, in our hands, APC amidolytic activity was unaffected by 

enzymatic N-linked glycan removal (Figure 3.2), indicating that N-linked glycans do not 

modulate APC active site substrate cleavage. These findings are in contrast to those of 

Grinnell et al [101], who demonstrated mild (1.4-1.8-fold) increases in amidolytic 

activity upon removal of individual APC protease domain glycosylation sites. APC N- 

linked glycans are not located close to the active site (Figure 5.1). Consequently, it is 

unclear how removal of individual protease domain glycosylation sites influenced 

cleavage of a small chromogenic substrate.
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5.2.2 Role of N-linked glycans in modulating protein C activation

Protein C activation by thrombin was also found to be unaffected by N-linked glycan 

removal in an assay measuring protein C activation on the surface o f EA.hy926 cells 

(Figure 3.3). Grinnell et at also demonstrated identical rates o f activation of wild type 

protein C, protein C-N248Q and protein C-N329Q using a cell-free assay of protein C 

activation by the thrombin-TM complex [101]. Interestingly, activation o f protein C- 

N313Q was enhanced 3-fold compared with wild type protein C in this study. It is 

likely that differences in the assays used in that study compared with the current 

study are responsible for this apparent difference. EA.hy926 cells express EPCR, which 

enhances protein C activation (1.2.3). Consequently, differences observed in the rate 

o f protein C activation using a cell-free assay in the absence of cell surface EPCR may 

not be relevant during physiological protein C activation on the cell surface in the 

presence o f EPCR. Correct orientation of APC by EPCR on the cell surface may render 

insignificant any enhancement in protein C activation observed in solution.
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5.2.3 Role of N-linked glycans in modulating APC anticoagulant function

In keeping w ith the findings of Grinnell et al, APC anticoagulant function was 

enhanced upon N-linked glycan removal (Figure 3.4). Possible mechanisms underlying 

this observed effect were explored, including APC inactivation by plasma inhibitors 

(Figure 3.5) and FVa proteolysis in the presence and absence o f the APC cofactor, 

protein S (Figure 3.6). Neither was significantly influenced by complete APC 

deglycosylation. Therefore, the precise molecular mechanism underlying the 

enhancement of APC anticoagulant activity following N-linked glycan removal remains 

incompletely understood. Interestingly, removal o f term inal sialic acid residues from 

APC using neuraminidase (Figure 3.10) did not affect APC anticoagulant function, in 

contrast to complete N-linked glycan removal. A possible interpretation fo r these 

findings is that removal of term inal negative charge alone is insufficient to mediate 

enhancement of APC anticoagulant activity. Rather, removal of entire glycan moieties 

is necessary. Consequently, enhancement of anticoagulant activity is likely to be 

mediated by the absence of large structural groups.

In the current study, a small (up to  2-fold) gain in anticoagulant function was observed 

with APC-DesGly in a plasma throm bin generation assay (Figure 3.4). Similarly, in a 

previous study, removal o f any APC protease domain glycan attachment site was 

found to  result in a ~2-fold gain in APC anticoagulant function in an APTT assay [101]. 

However in contrast, removal of individual sites of N-linked glycan attachment in the 

APC protease domain in the current study did not result in enhanced anticoagulant 

function in a throm bin generation assay (Figure 4.3). Rather, APC-N248Q and APC-
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N313Q  exhibited mildly reduced ant icoagulant  function co mpar ed  with wild-type 

APC. The ant icoagulant  function of APC-N329Q was identical to  th a t  of wild type APC.

It is possible t h a t  som e  of the  di fferences observed b e tw een  the  results of Grinnell e t  

al [101] and th e  current  s tudy may be due to  differences in th e  type  of plasma 

coagulat ion assay used.  While Grinnell e t  al s tudied ant icoagulant  function of APC 

glycan variants in an APTT assay, a th rombin genera t ion assay was used in the  current  

study. Moreover ,  t h e re  is an ap p a ren t  discrepancy in th e  current  s tudy be tw e en  APC 

ant icoagulant  function following com ple te  enzymat ic deglycosylation and following 

removal  of individual glycan chains. This discrepancy also remains poorly unders tood.  

It is possible t h a t  removal  of individual N-linked glycan a t t a c h m e n t  si tes could media te  

a significant gain in ant icoagulant  function wh en  combined.  Unfortunately,  som e  of 

these  discrepancies remain  unexplained.
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5.2.4 Role of N-linked glycans in modulating APC cytoprotective function

In contrast, removal of N-linked glycans resulted in a remarkable gain in EPCR- 

dependent, PARI- mediated cytoprotective function. An approximately six-fold gain in 

endothelial barrier protective function was observed upon N-linked glycan removal by 

PNGase F treatm ent (Figure 3.7 C). This effect was found to  require EPCR binding, as 

an EPCR-blocking antibody entirely ablated the barrier-protective function of both APC 

and APC-DesGly (Figure 3.7 B). N-linked glycan removal from APC also resulted in a 

two-fo ld improved ability to  protect against staurosporine-induced apoptosis 

measured by TUNEL staining (Figure 3.9 A) and in an RT-PCR based assay measuring 

relative gene expression of Bax/Bcl-2 (Figure 3.9 B). In contrast, removal o f term inal 

sialic acid residues did not affect APC cytoprotective function in an APC endothelial 

barrier protection assay (Figure 3.11). This suggests that removal o f APC N-linked 

glycans modulates APC cytoprotective function by removing glycan moieties that 

sterically hinder APC substrate or cofactor access, rather than negative charge.

The gain in APC endothelial barrier protective function mediated by complete N-linked 

glycan removal was found to be wholly replicated by isolated removal o f an individual 

N-linked glycan attachment site Asn 329 (Figure 4.4 A). In contrast, removal of N- 

linked glycans at Asn 313 and Asn 248 had no sigificant effect upon endothelial barrier 

protective function (Figure 4.4 B). Consequently, the N-linked glycan site at Asn 329 is 

a critical modulator of APC signalling on endothelial cells. APC-N329Q impaired 

thrombin-induced endothelial barrier permeability up to  6-fold more efficiently than 

wild type APC. APC-N329Q also inhibited staurosporine-induced endothelial cell

apoptosis at ~30-fold lower APC concentration than wild type APC (Figure 4.5).
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Similarly, a PNGase F-treated non-anticoagulant APC variant (APC-L38D-DesGly; Figure 

4.8) and an APC variant w ith no anticoagulant activity but lacking the N-linked glycan 

chain at Asn 329 due to  site-directed mutagenesis {APC-L38D-N329Q; Figures 4.10 and 

4.11) were found to  also possess enhanced endothelial cell barrier-protective and 

anti-apoptotic functions compared with wild type APC. These variants represent the 

first description of APC variants w ith enhanced "cytoprotective" function and 

attenuated anticoagulant function.

The detailed molecular mechanism for the increased cytoprotective signalling function 

o f APC-N329Q also remains incompletely elucidated. The N-linked glycan attachment 

site at Asn 329 is in the APC serine protease domain [67]. This N-linked glycan 

consensus sequence is higly conserved across mammalian species (Figure 5.1 A), 

suggesting a critical functional role fo r this glycan . Two acidic APC residues (Glu 167 

and Glu 170) in the APC 162 helix have recently been shown to play an important role 

in specific PARI recognition [120]. Residues in the 162 helix also facilitate binding of 

other coagulation proteases to specific cofactors [177, 178]. A space-occupying model 

of Gla domainless APC was constructed using PyMOL software, on which this putative 

PARI binding exosite and the heavy chain N-linked glycan attachment sites were 

mapped. Critically, in this model, the Asn 329 glycosylation site was found to be 

located in close proximity to the proposed PARI binding exosite (Figure 5.1 B). APC- 

mediated endothelial barrier protective and anti-apoptotic functions are dependent 

upon PARI interaction and subsequent cleavage. Therefore, it is possible that 

APC/PARl interaction is "shielded" by the Asn 329 glycan chain. This mechanism may 

regulate access of PARI to its exosite-binding region on APC and therefore modulate



APC- PARI binding and /or rate of cleavage. The complex N-linked glycan chain at APC 

Asn 329 may therefore inhibit the rate at which EPCR-dependent, PARI m ediated  

activation occurs. Intriguingly, Soto et al have recently reported that N-linked glycan 

moieties in the second extracellular loop of PARI m odulate throm bin-induced  

signalling [174]. M utants lacking N-linked glycosylation sites in the second PARI 

extracellular loop (ECL2) w ere found to m ediate enhanced G protein-m ediated  

throm bin signalling. The rate of cleavage of these PARI ECL2 mutants was unchanged. 

The authors have speculated that the observed enhancem ent in signalling responses 

could be due to  ligand interactions which stabilize an active receptor confirmation. 

W hether PARI glycans m odulate APC-mediated signalling is unknown. Extrapolating 

the conclusions of Soto et al to  the current study, it is possible that the enhancem ent 

of PARl-m ediated APC protective signalling dem onstrated upon removal of the  

glycosylation site at Asn 329 may also be m ediated by enhanced ligand-receptor 

binding, rather than an enhanced rate of PARI cleavage.

It is also possible that an alternative mechanism to improved PARI interaction  

mediates the observed enhancem ent in the anti-apoptotic effects observed w ith APC- 

N329Q. All in vitro reports to date implicate EPCR and PARI in the barrier protective  

and anti-apoptotic properties of APC [110-112, 138, 139]. However, other receptors 

have recently been shown to  be involved in m ediating APC's anti-inflam m atory  

properties; including ApoER-2 [113] and M ac-1 [114]. Glycosylation at Asn-313 or Asn- 

248 could potentially m odulate interaction of APC with these novel receptors, possibly 

contributing to the minor enhancements of anti-apoptotic function observed with  

APC-N248Q  and APC-N313Q.
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Figure 5.1: The N-linked glycan at Asn-329 is conserved and proximal to a PARI binding 

exosite on APC.

(A) Amino acid alignment of known protein C amino acid sequences indicates conservation of 

the unusual N-X-C N-linked glycan attachment site in known mammalian protein C amino acid 

sequences. (B) N-linked glycosylation occurs at 3 sites (Asn 248, Asn 313 and Asn 329; 

turquoise) on the protein C/APC serine protease domain (blue). The Asn 329 glycan 

attachment site that regulates APC cytoprotective signaling is situated next to two amino acid 

residues (Glu 330/Glu 333; red) that are essential for PARI cleavage by APC. The APC catalytic 

triad (His 211, Asp 257, Ser 360; yellow) is indicated. Model generated based upon Gla 

domainless APC crystal structure (lAUT) using PYMOL molecular visualization software.
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5.3 p-APC LACKS GLYCOSYLATION AT ASN-329 AND MAY REPRESENT A 

PHYSIOLOGICAL MEANS OF MODULATING APC CYTOPROTECTIVE FUNCTION

Approximately 30% of plasma protein C typically exists as (3 protein C (which lacks the 

glycan chain at Asn-329 [102]). Interestingly, plasma levels of this naturally occurring 

glycoform can vary. The rate of protein C synthesis, for example, influences the 

proportion of protein C glycosylated at Asn 329 [102]. The Asn 329 glycosylation site 

possesses the unusual consensus sequence Asn-X-Cys, which differs from the typical 

glycosylation consensus sequence, Asn-X-Ser/Thr. It is postulated that the free 

sulfhydryl group of a cysteine residue can substitute fo r the hydroxyl group of a 

threonine or serine residue in recognition by a glycosylation site binding protein but 

that it does so less efficiently [179]. Furthermore, protein disulfide isomerase (PDI) 

catalyses the formation of a disulfide bond between Cys 331 and Cys 345. This has 

lead to previous speculation that during slower protein synthesis, Asn 329 is available 

fo r glycosylation fo r longer before Cys 345 also enters the lumen of the endoplasmic 

reticulum and forms a disulfide bond w ith Cys 331, while in contrast, during rapid 

protein synthesis, Cys 331 becomes linked by this disulfide bond before it can 

participate in Asn 329 glycosylation [102].

Naturally occurring glycoforms are a means of endogenous regulation of protein 

function. For example, the naturally ocurring "P" AT glycoform is only partially 

glycosylated at Asn-135 (located near the heparin binding site), and exhibits enhanced 

heparin binding compared w ith the a glycoform [176], The consensus sequence
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(1.2.6) Asn-X-Ser is less e ffic ien tly  glycosylated than Asn-X-Thr, and ine ffic ien t core 

glycosylation at Asn-135 o f AT "P" has been shown to  be due to  the Asn-X-Ser 

glycosylation consensus sequence at th is site, as AT m utants w ith  Asn-X-Thr at th is site 

express only a  glycoform  [176], All th ree o the r AT glycosylation sites have the 

consensus sequence Asn-X-Thr. Given the critical role now dem onstrated fo r Asn 329 

in m odulation o f APC cytopro tective  function , it is tem pting  to  speculate tha t Asn 329 

glycosylation status in vivo, like tha t o f AT [176], represents a means o f natural 

m odulation o f APC protective function.
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5.4 RATIONALE FOR GENERATING RECOMBINANT APC VARIANTS WITH 

ENHANCED CYTOPROTECTIVE PROPERTIES AND REDUCED ANTICOAGULANT 

FUNCTION

Sepsis is the leading cause of m ortality in non-coronary intensive care units, resulting 

in 40,000-60,000 deaths per year in the United Kingdom alone, and killing 200,000 of 

the 700,000 patients who develop sepsis in the United States annually [140]. In severe 

sepsis, reduced plasma concentrations of protein C can occur and may be associated 

w/ith an increased morbidity and m ortality [106, 180]. Bernard et al found ~80% of 

patients w ith severe sepsis to  have reduced baseline protein C levels. Fijnvandraat et 

al reported protein C deficiency in 5% of survivors o f meningococcal septic shock and 

23% of non-survivors, respectively (p<0.0001). Moreover, the same authors showed 

that protein C deficiency is associated w ith larger skin lesions. APC administration 

improves survival in severe sepsis [106] and is approved by the FDA for use in this 

setting. Moreover, in 2003 critical care and infectious disease experts from 11 

international organizations compiled management guidelines for severe sepsis and 

septic shock as part of the "Surviving Sepsis Campaign", advocating the use of 

recombinant APC for patients w ith severe sepsis and a high risk o f death, along with 

standard management [181]. However APC administration is associated with an 

increased risk of severe bleeding [106, 147]. Consequently, intensive care physicians 

are frequently reluctant to  administer recombinant APC to  septic patients, even in 

those fulfilling standard criteria fo r its use. Concerns regarding the clinical use of 

recombinant APC are reflected in a recent systematic review published by the 

Cochrane Collaboration, advocating against its use in patients with severe sepsis [161],
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To address these concerns, "second generation" recombinant APC variants have been 

designed, which have similar "cytoprotective function" to wild type APC but 

significantly attenuated anticoagulant properties [144, 162, 182]. Mosnier et al [144] 

generated and characterized a recombinant APC variant with defective FVa substrate 

recogition due to mutation of its FVa-binding exosite, while in this laboratory an APC 

variant with impaired protein S cofactor function has been expressed [162]. Bae et al 

engineered an APC variant in which a disulfide bond was introduced which stabilized 

the Ca^^-binding loop 70-80, with virtual ablation of anticoagulant function [182]. 

However, previous to this study, no recombinant non-anticoagulant APC variant had 

been designed that possessed enhanced cytoprotective signalling function. The 

recombinant variant described in this study, M>C-L38D/N329Q, represents the first 

example of an APC molecule with enhanced cytoprotective function but attenuated 

anticoagulant function.
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5.6 CONCLUSION

APC N-linked glycosylation plays a critical role in regulation o f APC cytoprotective 

function, and the N-linked glycan moiety at Asn-329 in the APC serine protease 

domain has been identified as a key modulator o f N-linked glycan-regulated, 

EPCR/PARl-dependent cytoprotective signalling on endothelial cells. Moreover, novel 

APC variants have been generated which possess markedly attenuated anticoagulant 

function but enhanced cytoprotective function compared vi/ith APC. These novel 

recombinant variants represent a potential novel approach to  improving the 

therapeutic potential of recombinant APC therapy in sepsis.
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CHAPTER 6: PROTAMINE SULPHATE ENHANCES APC ANTICOAGULANT 

PROPERTIES AND DOWNREGULATES THROMBIN GENERATION BY 

INHIBITING FACTOR V ACTIVATION

6.1 INTRODUCTION

6.1.1 Work leading up to this chapter.

Platelet factor 4 (PF4) has been shown to  inhibit APC-mediated anticoagulant function 

in plasma [183]. In work performed to characterize the molecular mechanism of this 

effect, it was demonstrated that another positively charged small molecule, protamine 

sulphate, greatly enhanced APC anticoagulant function. Protamine, which is widely 

used clinically to reverse anticoagulant properties of heparin (1.1.5), is known to 

possess intrinsic anticoagulant properties (6.1.3). Consequently it was hypothesized 

that the observation that protamine enhances APC's anticoagulant function could be 

utilized to  elucidate the molecular mechanism underlying protamine's anticoagulant 

properties.
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6.1.2 Protamine structure and function

In clinical practice, reversal of heparin-induced anticoagulation (section 1.1.5) is 

achieved w^ith protamine sulphate. Protamine sulphate which is used therapeutically is 

a small (5kDa) positively charged polypeptide produced in salmon sperm that binds 

negatively-charged proteins and in particular, heparin [184]. Protamines are one of a 

group of basic nuclear proteins that package DNA in the sperm of a variety o f species, 

replacing histones in the final stages of spermatid maturation [185]. They are short 

polypeptides, consisting of 50-110 amino acids and are all highly basic, v\/ith an 

arginine content of up to 70% [185]. Protamines are closely related to histones and 

are hypothesized to have evolved from H I histones [186]. All vertebrate protamines 

contain multiple domains consisting o f multiple basic residues, which bind the 

protamine molecule to DNA. In addition, protamines possess several serine and 

threonine residues which are potential phosphorylation sites [185].
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6.1.3 Clinical use of protamine sulphate in reversal of systemic heparinization

Heparin and protamine form a complex which is rapidly cleared by the 

reticuloendothelial system [187], For this reason, protamine has been used for over 

three decades to reverse heparin-induced anticoagulation in vivo. Given the long 

history o f protamine use, it is used by clinicians as the treatm ent of choice for those 

patients who develop bleeding complications while on unfractionated heparin (UFH) 

[188, 189]. Protamine is also administered routinely in order to reverse high dose UFH 

administered during cardiopulmonary bypass and cardiac surgery [190]. In this setting, 

large doses of heparin are required to avoid catastrophic clotting in the 

cardiopulmonary bypass circuit. Protamine has been shown in pharmacokinetic 

studies to be rapidly cleared from human plasma, w ith a half-life of about 7.4 minutes. 

Consequently, repeated dosing is frequently necessary [191, 192]. Despite its useful 

therapeutic properties, protamine sulphate causes many unwanted side effects, 

including pulmonary and systemic hypotension [184]. Interestingly, in vitro and in vivo 

studies have also demonstrated that protamine is associated w ith anticoagulant 

properties (6.1.4 and 6.1.5).
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6.1.4 In vitro anticoagulant properties of protamine sulphate

Carr et al investigated the effects of excess protannine following heparin reversal in 

plasnna [193]. Protamine was dem onstrated to prolong plasma activated partial 

throm boplastin tim e (APTT), inhibit p latelet function and decrease clot elastic 

modulus. Griffin et al also noted a protam ine-induced APTT prolongation and also 

observed that protam ine prolonged plasma prothrom bin tim e (PT) [194]. In addition, 

Griffin et al showed that protam ine influences p latelet activation under conditions of 

physiological shear stress [194]. The latter was achieved using a near-patient testing 

device, the Clot Signature Analyzer (CSA™). The CSA™ measures the tim e required for 

a platelet plug to  occlude a puncture in a capillary tube containing flowing 

unanticoagulated whole blood. In addition, the tim e taken for this platelet plug to 

com pletely obstruct the tube lumen ("clotting tim e") is recorded. Both parameters  

w ere prolonged by protam ine. Ex-vivo spiking of normal pooled plasma with  

protam ine sulphate also resulted in a significant reduction in tissue factor (TF)- 

initiated throm boelastography [195]. Specifically, the  clot initiation tim e was 

prolonged by protam ine. In addition, the clot propagation rate and clot strength were  

attenuated. These effects w ere concentration-dependent.

The Activated Clotting Time (ACT) is a clotting assay com m only used as a near- patient

test during and after cardiothoracic surgery to guide heparin dosing and reversal.

Weight-based heparin dosing does not always result in a reliable degree of

anticoagulation, as individuals may respond differently to  a fixed heparin dose [196]. A

linear relationship exists between plasma heparin concentration and ACT. A prolonged

ACT following a cardiothoracic procedure may represent inadequate reversal of
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heparin.  However,  protamine can also influence th e  ACT, leading to  difficulties in its 

in terpre ta t ion as a simple surrogate  marker of plasma heparin concentrat ion.  

Mochizuki e t  al d em ons t ra t ed  tha t  excess protamine,  when  added to  heparinized 

platelet-rich plasma obta ined from pat ients following cardiopulmonary bypass, 

resulted in significant d o se - d ep en d en t  ACT prolongat ions  [197]. This effect  occurred in 

th e  presence  of protamine:  heparin ratios of > 1.3: 1 and was  not  observed in the  

p resence  of recombinant  PF4. At a similar protamine:  heparin ratio, significant 

reduct ions  in ADP-induced platelet  aggregat ion w e re  also observed.  The ACT used in 

near-pat ient  tes t ing is a whole-blood assay and is the re fo re  sensitive to  platelet  and 

coagula t ion-mediated ant icoagulant  effects.  As pro tam ine media tes  both,  its potential  

t o  prolong the  ACT in vivo is particularly impor tant .  Administration of fur ther  doses  of 

pro tam ine to  "correct" a prolonged ACT med ia t ed  by excess protamine ra the r  than 

heparin could potentially be deleterious.
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6.1.5 In vivo anticoagulant properties of protamine sulphate

Following the administration of protam ine sulphate to dogs, Kresowik et al observed 

dose-dependent ACT and APTT prolongations, throm bocytopoenia and inhibition of 

ADP-induced platelet aggregation [198]. In this study, four doses of protam ine, 

ranging from  1.5 mg/kg to 15.0 mg/kg, w ere adm inistered either alone, or following  

administration of 150 lU/kg of heparin. In both groups, significant prolongations of 

ACT w ere observed following adm inistration of > 3m g/kg protam ine. Significant APTT 

prolongation and throm bocytopoenia w ere only observed at very high protam ine  

doses (15m g/kg) in heparinised dogs, while these effects w ere seen at much lower 

protam ine doses in the absence of heparin. Significant reduction in ADP-induced 

platelet aggregation occurred at > 6m g/kg in dogs receiving prior heparin and at > 

3m g/kg w ith no prior heparin. This study dem onstrates that protam ine may produce 

anticoagulant effects in vivo. The protam ine dose required to  m ediate an 

anticoagulant effect is higher following co-adm inistration with heparin. This suggests 

that "excess protam ine" rather than protam ine present in complex with heparin  

mediates these anticoagulant effects.

In keeping with the results of Kresowik et al, Worowski et a l similarly observed 

significant throm bocytopenia in dogs following protam ine adm inistration [199].

In addition to  its observed in vivo effect in a canine m odel, protam ine has been shown 

to m ediate anticoagulant properties in human subjects. M itte rm ayr et al investigated 

the effect of protam ine on throm boelastom etry in patients following cardiopulmonary  

bypass [200]. Following discontinuation of CPB, patients received a dose of protam ine
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ca lcu l a t ed  t o  re v e r se  t h e  to ta l  d o s e  of  hepar in  adnnin iste red  dur ing  CPB. Addi t iona l  

p r o t a m i n e  (70 lU/kg) w a s  a d m i n i s t e r e d  t o  any  p a t ie n t  wi th  a p ro lo n g ed  ACT (>10% 

base l ine)  a n d  ev id e n c e  of  di ffuse b leed ing  15 m i n u t e s  a f te r  e n d  of  CPB. In addi t ion ,  

t h r o m b o e l a s t o m e t r y  (ROTEM, P e n t a p h a r m  GmbH,  Munich ,  G erma ny )  w a s  p e r f o r m e d  

o n  w h o le  c i t r a t ed  b lood  and  an t i - fac to r  Xa activity w a s  m e a s u r e d .  Addit ional  d o s e s  of  

p r o t a m i n e  w e r e  fo u n d  t o  significantly pro long  clot t ing m e a s u r e m e n t s  as m e a s u r e d  by 

t h r o m b o e l a s t o m e t r y .  The  vas t  major i ty  of  t h e s e  s a m p l e s  w e r e  s h o w n  no t  t o  conta in  

d e t e c t a b l e  hepar in ,  as m e a s u r e d  by an t i - fac tor  Xa activity.

W h e n  large a m o u n t s  of  p r o t a m i n e  a re  a d m i n i s t e r e d  in excess  of  t h e  a m o u n t  requ i r ed  

t o  re v e r se  sys t emic  hepar in iza t ion ,  b l eed ing  has b e e n  r e p o r t e d ,  part icular ly in t h e  

se t t ing  of  card io th orac i c  sur ge ry  [201-203] .  Due  t o  t h e  possible  as soc ia t ion s  of  

p r o t a m i n e  wi th  b leed ing  compl ica t ions ,  as a c o n s e q u e n c e  of  its intrinsic an t i c o a g u la n t  

effect ,  c u r r e n t  in te rna t iona l  c o n s e n s u s  gu ide l ines  r e c o m m e n d  t h a t  p r o t a m i n e  dos ing  

is l imited t o  I m g  of p r o t a m i n e  p e r  100 lU he pa r in  [1 8 8 ,1 8 9 ] .
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6.1.6 Molecular mechanisms underlying anticoagulant effects of protamine 

sulphate

The molecular mechanisms underlying its unwanted clinical anticoagulant side effects 

have been incompletely understood. Chu et al investigated potential modulation by 

protamine o f the extrinsic pathway of blood coagulation and demonstrated significant 

attenuation of TF-mediated FVII activation [204], Protamine weakly inhibits adenosine 

5'diphosphate-induced platelet aggregation [197] and attenuates VWF binding to 

platelet GPlb [205] however these effects are only observed at very high plasma 

concentrations which are rarely encountered in vivo. Collectively, these results 

demonstrate that the precise molecular mechanism underlying the anticoagulant 

effect of protamine sulphate has been unknown. However, the recent observation 

that protamine sulphate, unlike PF4, enhances the anticoagulant properties o f APC in 

a throm bin generation assay [183] has led to the work reported in Chapter 5, the aim 

o f which was to  elucidate the mechanism underlying protamine's anticoagulant 

properties.
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6.2 RESULTS

6.2.1 Protamine sulphate prolongs normal pooled plasma clotting times.

The anticoagulant effect o f protamine sulphate on in vitro  standard clotting times was 

determined. Incubation of protamine (10-120^g/ml) w ith normal pooled platelet-poor 

human plasma resulted in dose-dependent APTT (Figure 6.1 A) and PT (Figure 6.1 B) 

prolongations: Incubation of plasma with protamine at concentrations of 60 and 

120|jg/m l resulted in 7.3 and 8.4-fold APTT prolongations and PT prolongations of 0.4 

and 0.5-fold respectively (p<0.05).
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Figure 6.1: Protamine prolongs clotting time of normal pooled plasma in vitro.

Protamine sulphate (10-120|jg/ml) was incubated with plasma at 37° and APTT (A) and PT (B) 

were measured using the automated ACL TOP coagulometer (Beckman Coulter). All 

experiments were performed in triplicate. Results are expressed as mean ± SEM. (**P<0.01; 

unpaired 2-tailed t  tests performed).



6.2.2 Protamine sulphate attenuates TF-initiated thrombin generation in normal 

platelet-poor plasma.

In order to  further characterize the in vitro  anticoagulant effect associated with 

protamine sulphate, an assay measuring TF-initiated throm bin generation in normal 

platelet-poor plasma was utilized (2.8). In this assay, stimulation of throm bin 

generation w ith TF resulted in a rapid time-dependent increase in throm bin 

generation following a lag of ~2 minutes. The rate of throm bin generated reached a 

peak at ~4 minutes followed by an expected phase of rapid inhibition. Protamine (3 

and 30|ig/m l) dose-dependently attenuated throm bin generation. At the higher 

concentration o f SO^g/ml, protamine dramatically altered the shape o f the throm bin 

generation curve (Figure 6.2).
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Figure 6.2: Protamine inhibits TF-initiated thrombin generation in normal plasma.

Normal pooled plasma was incubated in the absence {blue) or presence of protamine sulphate 

(3ng/ml, red; or 30|ig/ml, green, respectively) and thrombin generation initiated w/ith 5pM TF, 

4|iM  phospholipid vesicles and 6.67 mM CaCl2 as described previously (2.8). All experiments 

were performed in triplicate.
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6.2.3 Protamine sulphate alters specific parameters of a TF-initiated thrombin 

generation curve in normal platelet-poor plasma.

Analysis of individual graph parameters identified significant dose-dependent 

reductions of endogenous throm bin potential (ETP) and peak throm bin in the 

presence o f protamine (3-80|ig/ml); Following incubation with protamine sulphate at 

30 and 60ng/ml respectively, ETP was attenuated to 58.7±7.2% and 58.5±12% of 

normal plasma ETP (p<0.05), while peak throm bin was reduced from 486±39 nM to 

119±21 nM and 122±27 nM (p<0.001). In contrast, tim e to  peak throm bin (TTP) and 

lagtime were significantly prolonged (Figure 5.3); Incubation with protamine sulphate 

at 30 and 60ng/ml respectively resulted in a TTP prolongation from 4.510.2 minutes to 

11.110.4 and 14.510.2 minutes (p<0.001) and a lagtime prolongation from 2.410.1 

minutes to  5+0.1 and 6.410.1 minutes respectively (p<0.001).
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Figure 6.3: Protamine inhibits specific thrombin generation curve parameters in normal 

plasma.

ETP (%), time to peak Flla (TTP), time to commencement o f Flla generation curve (lag time) 

and peak Flla generated were measured in the presence of protamine sulphate (3-80 |ig/ml). 

All experiments were performed in triplicate. Results are expressed as mean ± SEM.

205



6.2.4 Anticoagulant effects of protamine sulphate following reversal of heparin- 

induced anticoagulation.

Randomized clinical trials have suggested that administration of protamine in excess 

o f the amount required to fully reverse heparin is associated w ith bleeding 

complications [202]. Having demonstrated that protamine produces direct in vitro 

anticoagulant effects, it was consequently hypothesized that protamine could also 

mediate anticoagulant effects when present in excess following heparin reversal in 

vitro. A throm bin generation assay (2.8) was utilized to investigate the 

anti/procoagulant effect of increasing concentrations of protamine (1.25-80|j.g/ml) on 

plasma ETP in the presence of therapeutic doses of unfractionated heparin (UFH; 0.3 

or 1.0 lU/ml). As expected, throm bin generation was not detected in plasma 

incubated w ith either concentration of UFH in the absence of protamine (Figure 6.4). 

At lower protamine concentrations, ETP was progressively returned to  that o f normal 

pooled plasma (100%), indicating reversal of heparin-induced anticoagulation. 5|ig/m l 

and 30|ig/m l protamine were required to fully reverse the in vitro anticoagulant effect 

o f 0.3 lU /m l and 1.0 lU/m l of UFH respectively. When protamine was present in excess 

however, a dose-dependent anticoagulant effect was observed, such that ETP was 

progressively reduced to a minimum of and 57±9% of normal plasma ETP with 0.3 

lU /m l and 1.0 lU/m l UFH respectively.
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Figure 6.4: Protamine inhibits thrombin generation in heparinised normal pooled plasma 

when it is present at a higher concentration than is required for full reversal of heparin.

Protamine sulphate (1.25-80ng/ml) was incubated with normal pooled plasma containing 0.3 

lU/ml ( • )  or 1.0 lU/ml (o) unfractionated heparin. Thrombin generation was initiated with TF 

(2.8) and ETP (%) calculated. All experiments were performed in triplicate. Results are 

expressed as mean ± SEM.
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6.2.5 Anticoagulant effects of protamine sulphate following reversal of low 

molecular weight heparin (LMWH)

While anticoagulant effects were also observed when protamine was in excess 

following reversal of LMWH, the magnitude of the effect differed depending on the 

LMWH used (Figure 6.5). Following reversal of Tinzaparin®, ETP initially reached 

92±0.1% of normal plasma ETP. Subsequently, ETP was reduced to a minimum of 

78±0.3% normal plasma ETP. In contrast, during enoxaparin reversal, ETP reached a 

maximum of 78±6% normal plasma ETP, followed by a striking dose-dependent ETP 

attenuation to  a minimum of only 20±2%.
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Figure 6.5: Excess protamine inhibits thrombin generation in normal pooled plasma 

containing LWMH.

Protamine sulphate (1.25-80ng/ml) was incubated with normal pooled plasma containing 1.0 

lU/ml LMWH tinzaparin® (•)  or enoxaparin® {▼). Thrombin generation was initiated with TF 

(2.8) and ETP (%) calculated. All experiments were performed in triplicate. Results are 

expressed as mean ± SEM.
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6.2.6 Protamine sulphate enhances APC-mediated APTT prolongation in normal 

pooled plasma.

APC attenuates thronnbin generation by specific proteolysis o f procoagulant cofactors 

FVa and FVIIIa [84, 85]. FVa proteolysis by APC is impaired by another cationic 

polypeptide, platelet factor 4 (PF4) [206]. It was therefore hypothesized that 

protamine sulphate, by virtue of its cationicity, might similarly impair APC-mediated 

anticoagulant function. In a standard APTT assay, APC (1.25-20nM) produced a dose- 

dependent APTT prolongation, as expected. Unlike PF4, protamine (30|ag/ml) 

enhanced the anticoagulant effect of APC in this assay (Figure 6.6). APTT prolongation 

observed in the presence of both APC (1.25-20nM) and protamine sulphate was 

greater than the additive effect of each alone: plasma incubation with either APC 

(20nM) or protamine sulphate (30ng/ml) resulted in 180±9% and 67±3% APTT 

prolongations respectively, while incubation with both agents resulted in a 530±37% 

APTT prolongation.
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Figure 6.6: Plasma APTT prolongation by APC is enhanced by protamine sulphate.

APC (1.25-20nM) was incubated with normal pooled plasma in the presence ( • )  and absence 

(o) of protamine sulphate (30ng/ml). APTT was measured (2 .22). All experiments were 

performed in triplicate. Results are expressed as mean ± SEM.
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6.2.7 Protamine sulphate enhances APC-mediated APTT prolongation in normal 

pooled plasma.

In M  APC resulted in only mininnal a ttenua tion  o f TF-induced th rom b in  generation in 

normal plasma. Co-incubation w ith  30ng/m l protam ine sulphate v irtua lly  ablated 

th rom b in  generation (Figure 6.7).
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Figure 6.7: APC-mediated attenuation of thrombin generation is enhanced by protamine.

Thrombin generation was initiated with TF (2.8) in normal pooled plasma (blue) incubated 

with APC (InM , red); protamine sulphate (30ng/ml, purple); or both (green). All experiments 

were performed in triplicate.
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6.2.8 Protamine sulphate enhances APC-mediated attenuation of thrombin 

generation in heparinized normal pooled plasma.

A similar co-operative effect between APC and protamine was observed following in 

vitro reversal of UFH (1.0 IU/ml)-induced anticoagulation in normal plasma (Figure 

6.8). In the absence of APC, excess protamine attenuated ETP in a concentration- 

dependent fashion to a minimium of 57±9.8% of normal plasma ETP, as expected. In 

contrast, in the presence of APC (InM ), excess protamine (40 |Jg/ml) ablated throm bin 

generation.
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Figure 6.8: Excess protamine enhances the anticoagulant effect of APC in heparinised 

plasma.

Thrombin generation was initiated in normal pooled plasma incubated with 1.0 lU/ml 

unfractionated heparin and protamine sulphate (0.2-80ng/ml) in the presence (T) and 

absence (o) of APC (In M ) and ETP (%) calculated. All experiments were performed in 

triplicate. Results are expressed as mean ± SEM.

214



6.2.9 Protamine sulphate does not enhance the anticoagulant effect of APC by 

influencing rate of FVa proteolysis.

Having identified a novel co-operative anticoagulant effect between protamine 

sulphate and APC, it was hypothesized that the mechanism underlying this co

operative effect might be enhancement of APC substrate proteolysis. To investigate 

the effect o f protamine upon APC-mediated FVa proteolysis, an assay measuring rate 

of FVa inactivation in a purified system (2.12) was utilized. In this assay, APC (8nM)- 

mediated proteolysis o f FVa (4nM) in the presence of phospholipids vesicles (PC;PS:PE 

60%:20%:20%) was observed as expected over a 20-minute timecourse. No significant 

difference in rate o f FVa proteolysis by APC was observed in the presence or absence 

of protamine sulphate (Figure 6.9).
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Figure 6.9: Enhancement by protamine of the anticoagulant effect of APC is not mediated by 

enhanced FVa hydrolysis.

The rate of FVa proteolysis by APC in the presence (o) and absence (A)  of protamine sulphate 

(3ng/ml) was measured (2.12). All experiments were performed in triplicate. Results are 

expressed as mean ± SEM.
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6.2.10 Protamine sulphate does not enhance the anticoagulant effect of APC by 

influencing rate of FVIIIa proteolysis.

To determine whether the co-operative effect of APC and protannine is instead 

mediated by enhancement of FVIIIa proteolysis, a throm bin generation assay using 

FVIII-deficient plasma supplemented w ith the APC-resistant recombinant FVIII variant, 

R336Q/R562Q [169] was utilized (Figure 6.10). This assay was devised based upon the 

premise that if the APC/protamine co-operative anticoagulant effect were mediated 

primarily by enhanced FVIIIa proteolysis, then no co-operative effect should be 

observed in the presence o f this APC-resistant FVIII variant. ETP of FVIII-deficient 

plasma supplemented with normal plasma concentration (1.0 lU/m l) of wild-type FVIII 

or F\/\\\-R336Q/R562Q was identical. In the absence of APC, protamine (3|ig/m l) did 

not significantly attenuate the ETP of FVIII-deficient plasma supplemented w ith wild- 

type FVIII or f\/\\\-R336Q/R562Q (p=0.16; both 1.0 lU/ml). This result is in keeping with 

similar experiments performed at this protamine concentration in normal pooled 

plasma (Figure 6.2). No significant difference was observed in APC-mediated 

enhancement of protamine sulphate's anticoagulant effect in FVIII-deficient plasma 

supplemented with normal levels (1.0 lU /m l) of either wild type FVIII or FVIII- 

R336Q/R562Q: ETP was attenuated to 11.6±4.3 % and 3.4±1.6% (compared with FVIII- 

deficient plasma supplemented with 1.0 lU /m l FVIII) respectively in the presence of 

both APC and protamine. Inability of APC to proteolyse FVIII did not ablate protamine 

sulphate's enhancement o f APC-mediated anticoagulation, demonstrating that this 

phenomenon is not mediated by enhanced FVIIIa proteolysis.
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Figure 6.10: Enhancement by protamine of the anticoagulant effect of APC is not mediated 

by enhanced FVIIIa hydrolysis.

FVIII-deficient plasma (Technoclone®) was incubated with normal plasma concentration (1.0 

lU/ml) of wild-type recombinant FVIII, or an APC-resistant FVIII variant, FVIII-R336Q/R562Q. 

Thrombin generation was initiated by TF as described previously (2.8) and ETP calculated in 

the presence and absence of protamine (3^g/ml), APC (lOnM) or both. All experiments were 

performed in triplicate. Results are expressed as mean ± SEM.
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6.2.11 Protamine sulphate inhibits thrombin -mediated activation of coagulation 

factor V.

It was hypothesized that protamine sulphate might influence the generation o f the 

principal APC substrate, FVa. In order to address this, an assay measuring activation of 

coagulation factor V by throm bin or by FXa was established (2.24). As anticipated, 

throm bin activated coagulation FV, resulting in a rapid increase in FV activity (Figure

6.11 A). Protamine sulphate at pharmacological concentration (50|ig/m l) entirely 

ablated thrombin-mediated FV activation. 50% inhibition of thrombin-mediated FV 

activation by protamine sulphate (0.25-12.5|ig/m l) was observed at only 0.8ng/ml 

(Figure 6.11 B). Given that peak plasma concentrations of protamine can reach 

50(ig/ml after a 50mg bolus dose [192], the clinical relevance of this effect is likely to 

be significant.
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Figure 6.11: Protamine inhibits activation of coagulation factor V by thrombin.

(A) Factor V (lOOnM) was incubated with thrombin (O.lnM) at 37°C in a buffer containing 

lOOmM NaCI, 5mM CaCl2, 20mM HEPES (pH 7.5) and 0.2mg/ml BSA in the presence (▼) and 

absence (o) of protamine sulphate (50|ig/ml). Timed aliquots (Sjil) were removed and diluted 

20-fold in a buffer containing lOOmM NaCI and 20mM Tris-HCI (pH 7.5). 50^il of each diluted 

aliquot was immediately incubated with 50|il FV-deficient plasma (Instrumentation 

Laboratories®) at 37°C, followed by PT measurement (2.22). Factor V activity (%) of each 

aliquot was determined by comparison to a standard curve of known FV activity. (B) The same 

assay was used to measure FV activity following incubation of factor V (lOOnM) with thrombin 

(O.lnM) at 37°C for 60 seconds in the presence of protamine (0.25-12.5pg/ml). Factor V 

activation represents percentage of FV activity measured following incubation for 60 seconds 

in the absence of protamine. All experiments were performed in triplicate. Results are 

expressed as mean ± SEM.
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6.2.12 Protamine sulphate inhibits FXa- mediated activation of coagulation factor V.

While physiological FV activation is mediated principally by thrombin, FXa also 

contributes to  FV activation [207]. Interestingly, FV activation by FXa was also ablated 

in the presence o f protamine (50pg/ml; Figure 6.12).
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Figure 6.12: Protamine inhibits activation of coagulation factor V by Xa.

Factor V activation by FXa was measured by incubation of Factor V (lOOnM) with FXa (20nM) 

and phospholipid vesicles (80|aM; 60% phosphatidylcholine, 20% phosphatidylserine and 20% 

phosphatidylethanolamine) in the presence (□) and absence (•) of protamine sulphate 

(50^g/ml). FV activity (%) was determined (2.24). All experiments were performed in 

triplicate. Results are expressed as mean ± SEM.
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6.2.13 Preactivation of FV greatly reduces the anticoagulant effect of protamine in

plasma.

In order to determine the relative contribution of protamine-mediated inhibition of FV 

activation to  its entire observed anticoagulant effect in plasma, a throm bin generation 

assay was utilized in which either FV or FVa (both 2.5-20nM) were incubated w ith FV- 

deficient plasma in the presence and absence of protamine sulphate (30|ig/ml). ETP of 

FV-deficient plasma supplemented with FV at normal plasma concentration (20nM) 

was defined as 100% (Figure 6.13 A) and was associated with a normal throm bin 

generation curve (not shown). FV-deficient plasma supported throm bin generation 

likely due to the presence of residual FV, however ETP was greatly reduced (by ~80%) 

compared w ith normal plasma. Pre-incubation with FV (2.5-20nM) resulted in a rapid 

restoration of throm bin generation to normal: in the presence of even 2.5nM FV, ETP 

had returned to 87±0.9% of ETP measured in FV-deficient plasma supplemented with 

normal plasma FV concentration (20nM). In the presence of protamine sulphate 

(30ng/ml), ETP was significantly attenuated at each FV concentration, reaching a 

maximum of only 29±3% at 20nM FV (p<0.001 compared with FV-deficient plasma 

supplemented with 20nM FV in the absence of protamine). In contrast, pre-incubation 

o f FV-deficient plasma w ith FVa (0.1-20nM) resulted in a rapid resoration o f throm bin 

generation both in the absence and presence of protamine sulphate (Figure 6.13 B). 

Interestingly, a minimal, non-significant, residual ETP attenuation was observed at 

each FVa concentration in the presence of protamine (~7% at 20nM FVa, p=0.3).
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Figure 6.13: The anticoagulant effect of protamine is greatly reduced by preactivation of FV

to FVa.

FV-deficient plasma (HemosIL®) was supplemented w ith  (A) factor V (2.5-20nM) or (B) factor 

Va (0.1-20nM) in the presence (▼) or absence (o) o f protam ine sulphate (30ng/m l). Thrombin 

generation was initiated w ith  TF (2.8), and ETP calculated. All experiments were performed in 

trip licate. Results are expressed as mean ± SEM.
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6.2.14: Characterization of in vivo anticoagulant properties of protamine sulphate.

Typical plasma protamine concentrations following a single 50mg bolus can reach 

50|ig/m l [192]. However in practice, particularly following cardiopulmonary bypass, 

higher and repeated doses are frequently administered. Consequently, dosing levels in 

excess of 5mg/kg are frequently encountered [200]. In order to  investigate the 

anticoagulant effects associated w ith protamine sulphate in vivo, BALB/c mice were 

injected w ith either protamine sulphate (5mg/kg) or phosphate buffered saline (2.21). 

Protamine administration resulted in a significant prolongation of bleeding time 

(Figure 6.14 A), from 126±18 to 199±19 seconds (p<0.05), but only a minimal (14±5%, 

p<0.05) reduction in TF-induced plasma throm bin generation (Figure 6.14 B).
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Figure 6.13; Protamine prolongs bleeding time in vivo.

(A) BALB/c mice, aged 6-8 weeks, were weighed and anaesthetized w ith  midazolam and 

etorphine hydrochloride. SOjil protam ine sulphate (5mg/kg) or phosphate buffered saline 

(PBS), was administered intravenously. A fter 90 seconds tail tip  transaction was performed. 

The tail was suspended in PBS (37°C) and tim e taken fo r complete cessation o f bleeding 

recorded. (B) Protamine sulphate (5mg/kg) or PBS were administered intravenously to  a 

separate group o f mice. Mice were exsanguinated 1.5 minutes after protam ine 

adm inistration. M urine plasma was incubated w ith  4 |iM  phospholipids and throm bin 

generation initiated w ith  5pM sTF and lOOmM CaCl2 as described previously (2.8). 

Endogenous throm bin  potential (ETP; %) was calculated as before. All experiments were 

performed in trip licate. Results are expressed as mean ± SEM. (*P<0.05; unpaired 2-tailed t 

test performed.
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6.3 DISCUSSION

Protamine sulphate is widely used during reversal of heparin anticoagulation and is 

itself paradoxically associated w ith anticoagulant properties, which have been 

associated w ith increased blood loss after cardiothoracic surgery involving 

cardiopulmonary bypass [202, 203]. While some attempts had previously been made 

to elucidate the molecular mechanisms underlying this clinically relevant 

anticoagulant effect, they remained poorly understood. I hypothesized that the 

observed unexpected enhancement of APC-mediated anticoagulation by protamine 

sulphate could provide novel insights into the molecular mechanism underlying the 

anticoagulant effect of protamine itself.

Protamine sulphate has been used for decades as the treatm ent of choice in reversal 

of heparin-induced anticoagulation. One of its most frequent indications is reversal of 

systemic anticoagulation used during cardiopulmonary bypass (CBP) procedures. In 

this setting, protamine has been postulated to increase post-operative blood loss 

[202, 203]. In a prospective study, 254 patients who received UFH during CPB were 

randomized to  have heparin neutralized by either a fixed dose of protamine (0.8 mg 

per mg tota l UFH) or a calculated protamine dose based upon residual plasma heparin 

concentration [202]. Lower tota l protamine doses (which were observed in the latter 

group) resulted in reduced perioperative blood loss and reduced requirement fo r 

platelet, fresh frozen plasma and cryoprecipitate transfusion in the perioperative 

period, leading authors to advocate minimization of postoperative protamine use, 

using the algorithm which bases protamine dosing on measured residual plasma 

heparin concentration [202]. In another prospective randomized trial, reduced
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protamine dosing was similarly associated with decreased mediastinal blood loss 

[203],

In this chapter the molecular mechanisms underlying these clinically significant 

anticoagulant properties of protamine sulphate were sought, using the observation 

that protamine enhances APC-mediated anticoagulant properties as a basis for further 

investigation. Protamine was shown to  prolong both APTT and PT of normal plasma in 

vitro (Figure 6.1). Consequently it was hypothesized that the anticoagulant effect of 

protamine might be mediated by an effect upon the common pathway. Moreover, 

protamine significantly attenuated TF-initiated throm bin generation (Figures 6.2 and 

6.3). ETP attenuation to 58.7±7.2% of normal plasma ETP (p<0.05) was observed 

following incubation with protamine sulphate at the clinically relevant plasma 

concentration of 30iig/m l [192]. Attenuation of thrombin generation was also 

observed when protamine was present in excess in plasma anticoagulated with UFH 

(Figure 6.4). Several throm bin generation curve parameters were influenced by 

protamine, including ETP, lag time to initiation of throm bin generation, time to  peak 

thrombin, and peak thrombin. While plasma levels o f many factors, including FV, FVII,

TFPI, free protein S and fibrinogen have been shown to  modulate the lag time to 

initiation of throm bin generation [208, 209], FV uniquely possesses the ability to 

influence several parameters simultaneously [209]. Collectively these results led to 

speculation that modulation of either proteolysis or activation of procoagulant FV 

could mediate anticoagulant properties o f protamine sulphate.

A profound anticoagulant co-operative effect was demonstrated between protamine 

sulphate and APC in APTT and throm bin generation assays (Figures 6.6, 6.7 and 6.8).
j
i
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The anticoagulant effect o f APC is mediated by proteolysis of FVa [84] and FVIIIa [85]. 

However, the anticoagulant effect of protamine was not found to  be mediated by 

enhanced proteolysis of e ither FVa or FVIIIa (Figures 6.9 and 6.10). Consequently, it 

was hypothesized that the co-operative effect of protamine and APC might be 

mediated by inhibition of substrate generation. Procofactor V is activated early in the 

coagulation process by throm bin by lim ited cleavage at Arg-709, Arg-1018 and Arg- 

1545 [210]. FVa associates w ith FXa on negatively charged phospholipid membrane 

surfaces, where it plays a critical cofactor role in the prothrombinase complex. A 

300,000-fold increase in the rate of FXa-catalyzed conversion of prothrombin to 

thrombin is observed in the presence of FVa [39]. Protamine was found to significantly 

attenuate activation of FV by throm bin and by FXa (Figures 6.11 and 6.12). Previous 

studies have postulated alternative mechanisms fo r the anticoagulant effect of 

protamine sulphate [197, 204]. However, protamine only minimally attenuated 

thrombin generation in plasma containing pre-activated FVa rather than procofactor V 

(Figure 6.13), suggesting that the majority of the anticoagulant effect of protamine 

sulphate may in fact be attributed to  specific inhibition of FV activation, w ith other 

reported effects playing a relatively minor role.

in keeping with previous studies [198], protamine was initially confirmed to  be 

associated with in vivo anticoagulant properties, resulting in a significant prolongation 

of tail bleeding tim e in mice (Figure 6.14 A). Interestingly, TF-induced plasma 

thrombin generation was only minimally reduced in vivo (Figure 6.14 B), possibly 

reflecting the well-recognized ability of protamine to  interact w ith and bind to 

negatively charged cell surface proteoglycans, which may lim it its bioavailability [211].
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Future work will focus upon elucidating the precise molecular mechanism underlying 

protamine-mediated inhibition of FV activation. Given that FV activation by both 

thrombin and FXa was found to be inhibited by protamine, it is likely that protamine 

forms an inhibitory complex with FV. Due to a high arginine content, protamine is 

highly cationic. Interestingly, six procofactor FV tyrosine residues undergo post- 

translational modification by addition of negatively charged sulphate groups [212]. 

Five of these residues are located at the C-terminal end of the heavy chain and in the 

150-kDa activation peptide, in close proximity to sites of thrombin cleavage [212]. 

Consequently, it is possible that positively charged protamine sulphate binds to this 

region, inhibits interaction of thrombin with procofactor FV and modulates its rate of 

activation. Several recent studies have demonstrated conversely that anionic 

molecules have the opposite effect to cationic protamine on FV activation [213-215]. 

AV513, a sulphated proteoglycan derived from plants, increases thrombin generation 

by enhancing FV activation [215]. Similarly, Smith et al found that negatively charged 

platelet polyphosphate also mediates procoagulant activity by the same mechanism 

[213].

These findings have important clinical implications. The ACT assay is universally used 

for monitoring of anticoagulation induced by UFH in the setting of cardiac surgery and 

to monitor UFH reversal with protamine postoperatively [190], while the APTT assay is 

routinely used to monitor efficacy of heparin reversal in most other clinical situations. 

The finding that protamine inhibits FV activation, prolonging plasma clotting times 

including APTT, is of critical importance in this situation. Administration of excessive 

protamine doses prolongs plasma clotting time. A clinician interpreting this result may



infer that the prolonged clotting tim e is due to  the presence of residual heparin and 

adm inister further protam ine doses, therefore further prolonging plasma clotting  

times and possibly causing bleeding complications. M oreover, the observation that 

protam ine produces a co-operative anticoagulant effect w ith APC by inhibiting FV 

activation could theoretically result in bleeding complications in patients receiving 

doses of protam ine to reverse heparin in order to facilitate adm inistration of 

recombinant APC. To date no such cases have been reported.

Finally, these results raise potential concerns in relation to the use of protam ine to  

reverse LMW H-induced anticoagulant. Protamine was more effective in reversing the  

anticoagulant activity of LMW H with low anti-FXa: anti-lla activity ratios (Fig 6.3 B). 

The anti-FXa: anti-lla ratio of LMWH TinzaparinC® is 2:1. In contrast, that of 

Enoxaparin® is 3:1. Perhaps more significantly, however, the anticoagulant effect of 

excess protam ine following reversal of LMW H was found to vary depending upon the  

type of LMWH being reversed (Fig 6.3 B). In the presence of LMW H Tinzaparin®, 

excess protam ine was found to result in a mild dose-dependent ETP reduction 

however the maximum reduction observed was only to  78% of normal. However, in 

plasma containing LMW H Enoxaparin®, higher doses of protam ine resulted in a 

significant anticoagulant effect. Maximal ETP reduction was to 21% of normal. This 

effect may reflect residual anti-FXa activity, coupled w ith an inhibitory effect of excess 

free protam ine on FV activation.

In conclusion, protam ine sulphate exerts an anticoagulant effect in plasma by 

inhibiting activation of procoagulant cofactor FV by throm bin and by FXa. This finding
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is o f significant po ten tia l clinical im portance . A dequate ly  pow ered  clinical studies will 

be required  to  define  consequences o f excess p ro tam ine  in clinical heparin  reversal.
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APPENDICES

APPENDIX I: COMPOSITION OF BUFFERS

10 X G7 buffer

500mM sodium phosphate (pH 7.5)

2 X Loading buffer

150mM Tris-HCI (pH 6.8)

20% (v/v) glycerol

4% (w/v) sodium dodecyl sulphate (SDS)

0.125% (w/v) bromophenol blue

Electrophoresis buffer

25mM Tris-HCI (pH 8.3)

192mM glycine 

0.1% (w/v) SDS

Transfer buffer

25mM Tris-HCI (pH 8.3)

192mM glycine 

20% (v/v) methanol
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200 mM sodium acetate

27.21 g of sodium acetate trihydrate in 1 litre of distilled 

water.

200 mM acetic acid

2 ml of glacial acetic acid 

172 ml o f distilled water.

200 mM acetate buffer

220 ml of 200 mM sodium acetate + 30 ml of 200 mM acetic acid (pH 5.5). 

100 mM acetate buffer

Dilute 200 mM acetate buffer 1:1 with distilled water.

10 mM sodium metaperiodate reagent

(For tota l carbohydrate labelling on the membrane)

43 mg dissolved in 20 ml o f 100 mM acetate buffer. Prepare 

freshly just before use.

1 mM sodium metaperiodate reagent

(For preferential sialic acid labelling on the membrane)

Dilute 10 mM sodium metaperiodate 1 in 10 with 100 mM acetate 

buffer. Prepare freshly just before use.
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10 X APC amidolytic assay buffer

IM  NaCI

0 .2M  Tris-HCl (TBS, pH 7.5)

25m M  CaCl2

ELISA coating buffer

50m M  NazCOs (1.7 g/L)

50m M  NaHCOj (2.86 g/L)

ELISA detection buffer

33.3m M  CgHgOy 

67m M  Na2HP0 4 (pH 5)

0 .666ng/m l o-phenylenediam ine (OPD) 

0.0004%  (v/v) H2O2

LB broth

1% (w /v) tryptone  

0.5% (w /v) yeast extract 

1% (w /v) NaCI
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LB Agar

1% (w /v) tryptone  

0.5% (w /v ) yeast extract 

1% (w /v) NaCI 

1% (w /v ) bacto-agar

10 X TBE buffer

0 .89M  Tris-borate (pH 8.3), 20m M  EDTA.

Phosphate-buffered saline (PBS) buffer

Dissolve 5 tablets PBS (Sigma) in IL  CIH2O.

PBS-Tween buffer

Dissolve 5 tablets PBS (Sigma) + 0.1% Tw een-20 (Sigma) in IL  CIH2O.

Hank's buffered salt solution (HBSS) buffer composition

0.137 M NaCI 

5.4 m M  KCI 

0.25 m M  Na2HP0 4  

0.44 m M  KH2PO4 

1.3 m M  CaCb 

1.0 m M  MgS0 4  

4.2 m M  NaHCOs
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FPLC running buffer

50mM Tris (2.54 g/L Trizma HCI; 0.47 g/L Trizma base) 

150mM NaCI (8.76 g/L) 

pH 7.4

SOC medium

0.5% w /v yeast extract 

2% tryptone 

10 mM NaCI 

2.5 mM KCI 

10 mM MgCI2 

10 mM MgS04 

20 mM Glucose
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APPENDIX II: OLIGONUCLEOTIDE PRIMER SEQUENCES

II.I Oligonucleotide mutagenic primer sequences

P rim er ID Sequence 5 '-> 3 '

PC_N97Q_Sense GAG GTG AGC TTC CTC CAA TGC TCG GAC AAC

PC_N97Q_Antisense GTT GTC CAG CGA GCA TTG GAG GAA GCT CAC CTC

PC_N248CLSense GTC TTC GTC CAC CCC CAA TAC AGC AAG AGC ACC

PC_N248Q_Antisense GGT GCT CTT GCT GTA TTG GGG GTG GAC GAA GAC

PC_N313CLSense GGA GGC CAA GAG ACA ACG CAC CTT CGT CCT C

PC_N313Q^Antisense GAG GAC GAA GGT GCG ]TG  TCT CTT GGC CTC C

PC_N329Q_Sense CCC GTG GTC CCG CAC CAA GAG TGC AGC GAG GTC

PC_N 329Q_Antisense GAC CTC GCT GCA CTC TTG GTG CGG GAC CAC GGG
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11.11 Oligonucleotide sequencing primers

Prim er ID Sequence 5 ' ^ 3 '

Sequencingprimerl (Sequences "sense" DNA strand ATG GAT GAG TCC AAG AAG

commencing at nucleotide 860 in protein C cDNA)

Sequencingprimerl (Sequences "sense" DNA strand GCC AGCCTGTGC TGC GGG

commencing at nucleotide 480 in protein C cDNA)

Sequencingprimer 3 (Sequences "antisense" DNA strand CTC AAA GAA GAA GCT GG

commencing at nucleotide corresponding to 710 in "sense"

DNA strand)
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Activated protein C (APC) has potent anticoagulant and 
anti-inflamm atory properties that Umit clot formation, inhibit 
apoptosis, and protect vascular endothelial cell barrier integ
rity. In this study, the role of A^-iinked glycans in modulating 
APC endothelial cytoprotective signaling via endothelial cell 
protein C receptor/protease-activated receptor 1 (PARI) was 
investigated. Enzymatic digestion of APC iV-linked glycans 
(PNG-APC) decreased the APC concentration required to 
achieve half-maximal inhibition of throm bin-induced endo
thelial cell barrier permeability by 6-fold. Furtherm ore, PNG- 
APC exhibited increased protection against staurosporine- 
induced endothelial cell apoptosis when compared with 
untreated APC. To investigate the specific A^-linked glycans 
responsible, recom binant APC variants were generated in 
which each AMinked glycan attachm ent site was eliminated. Of 
these, APC-N329Q was up to 5-fold more efficient in protect
ing endothelial barrier function when compared with wild type 
APC. Based on these findings, an APC variant (APC-L38D/ 
N329Q) was generated with minimal anticoagulant activity, 
but 5-fold enhanced endothelial barrier protective function 
and 30-fold improved anti-apoptotic function when compared 
with wild type APC. These data highlight the previously uni
dentified role of APC AMinked glycosylation in modulating 
endothelial cell protein C receptor-dependent cytoprotective 
signaling via PARI. Furtherm ore, our data suggest that plasma 
^-protein  C, characterized by aberrant A^-linked glycosylation 
at Asn-329, may be particularly im portant for maintenance of 
APC cytoprotective functions in vivo.

In response to throm bin generation, zymogen plasma pro
tein C is converted to activated protein C (APC)^ by the
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 ̂The abbreviations used are: APC, activated protein C; EPCR, endothelial 
cell protein C receptor; PNG-APC, PNGase F-treated APC; PNGase F, N -  
glycosidase F; Z ,  benzyloxycarbonyl; AMC, 7-amido-4-methylcoumarin: 
ETP, en d ogen ou s thrombin potential.

throm bin-throm bom odulin complex on endothehal cells and 
serves to limit clot development (1). APC attenuates coagula
tion by proteolytic inactivation of procoagulant-activated co
factors factor Va (FVa) and factor V illa (FVIIIa) (2, 3). APC 
also has im portant non-anticoagulant properties. APC acti
vates the G protein-coupled throm bin receptor, protease- 
activated receptor 1 (PARI), when bound to its prototypic 
receptor, the endothelial cell protein C receptor (EPCR) (4). 
PARI activation by EPCR-bound APC mediates broad protec
tive cellular benefits. APC inhibits endotoxin-induced secre
tion of TN F-a by macrophages (5), reduces cellular NFkB 
activation in endothelial cells (5), and prevents leukocyte ad
hesion to activated endothelial cells (6). APC also reduces 
apoptosis by blocking the pro-apoptotic activity of p53 in hu
man brain endothelium (7). Moreover, APC signaling induces 
stabilization of endothelial cell barrier integrity via sphingo- 
sine-1 phosphate release and sphingosine-1 phosphate recep
tor 1 (SIP,) activation (8, 9). Prevention of vascular leakage by 
EPCR-bound APC-PA Rl-SIP, activation is a contributory 
factor in rescuing mice from lipopolysaccharide-induced le
thality (10).

The anti-inflammatory and anti-apoptotic properties of 
APC are of proven therapeutic benefit. APC reduces the rela
tive risk of mortality in individuals with severe sepsis when 
compared with placebo, and recom binant APC (Xigris®) is 
licensed for the treatm ent of severe sepsis (11). Recent evi
dence suggests that APC anticoagulant activity is not required 
to  reduce mortaUty in m urine models of sepsis (12). Conse
quently, removal or alteration of APC anticoagulant activity, 
but retention of the anti-inflamm atory activity, has been pos
tulated as a potential m ethod to improve APC therapy (13).

Protein C is secreted from the liver into plasma as a glyco
protein and possesses four N-linked glycosylation attachm ent 
sites. Of these, three attachm ent sites (Asn-248, Asn-313, and 
Asn-329) are located in the protein C/APC serine protease 
domain, and one is present in the C-term inal EGF domain 
(Asn-97). The A/-linked glycans attached to protein C/APC 
are sialylated bi- or tri-antennary complex structures (14). 
Interestingly, the Asn-329 glycan attachm ent site does not 
possess a typical A^-linked glycosylation consensus sequence 
(NX(S/T)) but instead utilizes a cysteine residue in place of 
the serine/threonine amino acid residue (NA"C) (15). Further
more, an W-linked glycan chain is only attached at Asn-329 in 
70-80%  plasma protein C (14, 16). The role of each N-linked 
glycan chain in protein C activation and APC anticoagulant
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activity has been previously investigated . A m ino acid su b sti
tu tion  o f  the N -linked  glycan attachm ent site  at A sn -9 7  w as 
found to  im pair in v itro  protein  C secretion  from  m am m alian  
cells. Furtherm ore, A^-linked glycosylation at A sn -2 4 8  was 
found to  be im portant for generation  o f  the protein  C d isu l
fide-linked heterodim er (17). T he sam e study sh ow ed  that 
individual m utagenesis o f  each / /- lin k e d  g lycosylation  a ttach
m en t site  on  the APC serine protease dom ain  increases A PC  
generation  by the throm bin-th rom b om odulin  co m p lex  and  
im proves anticoagulant activity in a m odified  activated partial 
throm boplertin  tim e (A PT T ) assay (17).

In th is study, the role o f  APC W -linked glycans in regulating  
EPC R -dependent PARI signaling on  endothelia l cells w as as
sessed . Enzym atic rem oval o f  A^-linked glycans sign ificantly  
enhan ced  APC endothelia l barrier protective and anti-apo-  
ptotic functions. AT-Linked glycosylation at am ino  acid p o si
tion  A sn -3 2 9  was identified  as a key regulator o f  APC-EPCR- 
P A R l signaling on endothelia l cells. T hese data ind icate that 
deglycosylated, non -anticoagu lant recom binant APC variants 
m ay represent a novel to o l for treatm ent o f  sepsis and other  
inflam m atory diseases.

EXPERIMENTAL PROCEDURES

MflteW a/s— Plasm a-purified hum an protein  C and th ro m 
bin w ere purchased from  H em atologic T ech n o lo g ies  Inc. 
(Essex Junction, VT). PN G ase F w as purchased from  N ew  
England Biolabs Inc. (Ipsw ich, M A). Sheep an ti-protein  C 
polyclonal antibody w as from  A beam  (C am bridgeshire, UK). 
APC ch rom ogen ic  substrate BIO PHEN C S-21(66), Protac, 
and protein  C -d eficient plasm a w ere from  H Y PH EN  B ioM ed  
(N euville-Sur-O ise , France). T hrom bin generation assay re
agents (p latelet-poor plasm a reagent, fluorogen ic substrate, 
throm bin calibration standard) w ere purchased from  T hrom -  
bin oscop e BV, M aastricht, T he N etherlands. E A .hy926 cells  
w ere a kind gift from  Dr. C. Edgell, U niversity o f  N o rth  C aro
lina, Chapel Hill, N C  (18). Polycarbonate m em brane T ran
sw ell perm eable supports (Costar, 3 - /x m  pore size, 12-m m  
diam eter) w ere from  M illipore (Billerica, M A). A nti-EPCR  
m on oclon a l antibody RCR-252 and staurosporine w as o b 
tained from  Sigm a. T he RNA extraction  kit (R N easy M ini) 
w as from  Q iagen (H ilden, G erm any). H igh capacity cD N A  
reverse transcription  kit and specific  prim ers for B ax  and  
B cl-2  w ere purchased from  A pplied  B iosystem s Inc. (Foster  
City, CA). A P O Percentage apoptosis kit w as purchased from  
B iocolor (Belfast, N orthern  Ireland, UK).

D eglycosyla tion  o f  P rotein  C  b y  P N G ase  F D igestion — T o  
rem ove A/-linked glycans, plasm a-purified and recom binan t 
protein  C /A P C  w ere incubated w ith  P N G ase F and G 7 buffer 
for 4  h at 37 °C, as per m anufacturer’s instructions. P N G ase  
F-treated protein  C w as activated w ith  Protac, as described  
previously (19). Briefly, protein C (5 fig /m l) w as incub ated  
w ith  0.25 un its o f  Protac in 50 m M  T ris-H C i (pH  7.4), 100 m M  

N aC l for 1 h at 37 °C. P N G ase F-treated A PC  w as character
ized  by SD S-PAG E analysis and W estern  blotting.

G enera tion  o f  R ecom bin an t P rotein  C  V a ria n ts— R ecom b i
nant PC variants P C -N 97Q , P C -N 248Q , P C -N 313Q , and  
P C -N 329Q  w ere generated by site-d irected  m utagenesis, e x 
pressed, purified, and characterized as described  previously

(19). W ild  type protein C and protein  C variants w ere acti
vated w ith  Protac as ou tlined  above (19, 20). T h e  con cen tra 
tion o f  each  recom binant APC con cen tra tion  w as determ ined  
by active-site  titration against a calibration curve generated  
from  the am idolytic activity o f  A PC  o f  know n concen tration . 
APC ch rom ogen ic  substrate cleavage by each recom binant 
APC preparation was determ ined  as described previously  
(19).

A ssessm en t o f  A P C  A n tico a g u la n t A c tiv ity  in P rotein  C -defi- 
c ien t P la sm a —A P C  anticoagulant fun ction  in protein  C -d efi
c ien t plasm a w as assessed  using a F luoroskan A scen t plate 
reader (T herm o Lab System , H elsinki, Finland) in com b in a
tio n  w ith  T hrom b in oscop e softw are (T hrom binoscop e BV). 
Briefly, 80  /a1 o f plasm a w ere incub ated  w ith  20 ftl o f  platelet- 
poor plasm a reagent conta in ing  5 pM  soluble tissu e factor and  
4  fxM ph osp hohp ids (60% phosp hatidylch olin e, 20% phos- 
phatidylserine, and 20% ph osphatidylethanolam ine) in the  
presence or absence o f  A PC  (2 .5 -2 0  n M ). T hrom bin  genera
tion  w as in itiated  by autom atic d isp en sation  o f  fluorogen ic  
throm bin  substrate (Z -G ly-G ly-A rg-A M C -H C l) and 100 m M  

C aC lj in to  each w ell (final concen trations, Z -G ly-G ly-A rg- 
AM C-H Cl, 0 .42  m M  and CaCl.^, 16.67 m M ). T hrom bin  genera
tion  w as determ ined  usin g  a throm bin  calibration standard. 
T he area under the throm bin generation  curve (en d o g en 
ous throm bin  potential, ETP) w as m easured. E xperim ents 
w ere perform ed in triplicate, and data w ere reported as 
m ean ±  S.E.

M e a su re m e n t o f  E n d o th e lia l C e ll B a rr ie r  P ro tec tio n  b y  
A P C — Endothelial cell barrier perm eability  was determ ined  
as described previously, w ith  m inor m odifications (20, 21). 
Briefly, EA .hy926 cells w ere grow n to  confluence o n  polycar
bonate m em brane T ransw ell perm eable supports (Costar, 
3-/J.M  pore size, 12-m m  diam eter) and incubated w ith  APC  
(0 .6 3 -2 0  nM ; all final concen trations). After 3 h, EA.hy926  
cells w ere treated w ith  5 nM  throm bin  in serum -free m edium  
for 10 m in. T he cells w ere then  w ashed  and incubated w ith  
0.67 m g /m l Evans Blue w ith  4% bovine serum  album in (BSA; 
Sigm a). C hanges in endothelia l cell barrier perm eability  w ere  
determ ined  by assessm ent o f  the increase in absorbance at 
650  nm  in th e  outer cham ber over tim e due to  transm igration  
o f  Evans Blue-BSA. T o assess the role o f  APC-EPCR binding, 
supernatant was rem oved, and an anti-EPCR m on oclon a l a n 
tibody (RCR-252) w as incubated w ith  the cells for 30  m in  (25  
/xg/m l, final concen tration ) fo llow ed  by standard perm eability  
m easurem ent (see above). T he sam e assay w as used  to  eva lu 
ate the effect o f  throm bin (5 nM  for 3 h) o n  perm eability  o f  
EA.hy926 cells pretreated w ith  a non -en zym atic  protein  C  
variant P C -S360A  (2 .5 -1 0  nM ) for 15 m in. E xperim ents w ere  
perform ed in triplicate and p lotted  as the m ean ±  S.E. P erm e
ability (percentage) w as determ ined  usin g  the fo llow ing  
equation

P =  (X -  C ) /(F  -  C) X  100%  (Eq. 1)

w here P  is perm eability (percentage), X  is the A P C -treated  
ODggo, C is the O D g 5 o o f  untreated E A hy926 cells, and F  is the  
O D g 5 Q for throm bin-treated  EA .hy926 cells.
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Regulation o f  Apoptosis-related Gene Expression in Endo
thelial Cells by APC—Confluent EA.hy926 cells in 6-well 
plates were pretreated with APC for 4 h. EA.hy926 cell apo- 
ptosis was then induced by incubation with staurosporine (20 
ju,M) for 4 h. Staurosporine-treated cells were trypsinized and 
RNA-extracted using the RNeasy mini kit (Qiagen). Reverse 
transcription (high capacity cDNA reverse transcription kit, 
Applied Biosystems) followed by RT-PCR was perform ed us
ing Bax (Hs00180269_ml), Bcl-2 (Hs00153350_ml), and 
^-actin (Hs99999903_ml) TaqMan® gene expression assays 
(Applied Biosystems) in an Applied Biosystems 7500 real time 
PCR system. Experiments were perform ed in triplicate and 
plotted as a percentage of the m ean staurosporine-treated 
bax/bcl-2  ratio (100% apoptosis).

Determination o f APC-mediated Protection o f Apoptotic 
Endothelial Cells—EA.hy926 cells were grown to confluence 
in a 96-well plate and then treated for 3 h with wild type or 
variant APC (0.625-20 n M ).  Apoptosis was then induced by 
incubation with staurosporine (20 fiM) for 4 h. 30 min prior to 
the end of this incubation period, an apoptosis-specific purple 
dye (Biocolor) was added to each well. The cells were then 
washed twice w ith phosphate-buffered saline and photo
graphed. Apoptosis was quantified by converting digital pho
tograph images into pixel counts using Adobe® Photoshop® 
software, according to the m anufacturer's instructions. Aver
age pixel counts calculated were based on analysis of at least 
three images per well. Three independent experiments were 
performed, and data are reported as the "pixel ratio" calcu
lated from the pixel count from each APC-treated well rela
tive to pixels calculated from staurosporine-treated wells.

RESULTS

Deglycosylation o f APC by PNGase f —To enable assess
m ent of the role of APC N-linked glycans in mediating APC 
cytoprotective signaling, N-linked carbohydrate moieties were 
removed from APC by enzymatic digestion with PNGase F. 
Untreated and PNGase F-treated APC (PNG-APC) were 
characterized by reducing SDS-PAGE analysis and W estern 
blotting using an anti-protein C polyclonal antibody that de
tects the protein C/APC heavy chain. For wild type APC, a 
doublet of —3 5 -4 0  kDa, corresponding to  the heavy chains of 
the two major APC glycoforms, a  and /3, was identified (Fig. 
1^4). PNGase F treatm ent of APC reduced the molecular mass 
of the APC doublet ~ 1 0  kDa (Fig. M ), corresponding to  the 
disappearance of the fully glycosylated APC heavy chain and 
the formation of lower molecular mass APC glycoforms upon 
AT-linked glycan proteolysis (16, 22). In keeping with previous 
reports, total APC deglycosylation could not be achieved 
w ithout significant APC degradation and loss of function (16).

A throm bin generation assay using protein C-deficient 
plasma was used to assess PNG-APC anticoagulant activity.
As described previously (17), removal of APC A^-linked gly
cans caused a slight increase in plasma APC anticoagulant 
activity. 5 n M  APC reduced the ETP to 47% of the FTP in the 
absence of APC, whereas an identical concentration of PNG- 
APC attenuated throm bin generation to  27% of the original 
ETP (Fig. Ifi). Increased anticoagulant activity was not associ
ated w ith increased amidolytic activity, as determ ined by
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FIGURE 1. C haracterization o f  PNG ase F-treated APC. A, APC an d  PNGase 
F -treated  APC (PNG-APC, 1 ^ig) w ere  c h a raa e riz e d  by 4 -1 5 %  SDS-PAGE 
analysis and  W estern  b lo tting , using  a sh ee p  an ti-p ro te in  C/APC polyclonal 
an tib o d y  th a t d e te c ts  th e  p ro te in  C/APC heavy chain  (HC, shown). 6, th e  
a n tico ag u lan t activity  o f APC (O) and  PNG-APC (■  2 .5 -20  nM) w as assessed  
in p ro te in  C -deficient plasm a by a th ro m b in  g en era tio n  assay. T hrom bin 
g e n e ra tio n  w as initia ted  w ith 5 pM soluble tissue  fac to r an d  100 mM CaCl2 

and  assessed  as d esc ribed  u n d er "Experim ental Procedures." The p e rc en t
a g e  o f ETP w as d e te rm in ed  for th ro m b in  g e n era tio n  in th e  p resen ce  and 
a b se n c e  o f APC, w ith ; 00% ETP d efined  as ETP in th e  ab sen ce  of e ith e r APC 
species.

PNG-APC hydrolysis of a short APC-specific chromogenic 
substrate (data not shown).

Enzymatic Removal o f N-Linked Glycans Improves APC  
Protection against Thrombin-induced Endothelial Cell Barrier 
Permeability and  Staurosporine-induced Apoptosis—APC 
protects the endothelium  from throm bin-induced permeabil
ity in an EPCR- and PARl-dependent m anner (23). To deter
mine the functional consequences of APC deglycosylation on 
EPCR-dependent PARI signaling, PNG-APC cytoprotective 
activity (2.5-20 n M ) was assessed in a throm bin-induced en
dothelial cell permeability assay. As expected, preincubation 
with untreated APC induced a dose-dependent improvement 
in endothelial cell barrier integrity (Fig. 2A). Interestingly, 
preincubation with PNG-APC m aintained barrier integrity at 
~6-fold  lower concentration than wild type APC. Half-maxi- 
mal endothelial barrier protection was achieved at 9.85 n M  for 
wild type APC, yet only 1.71 n M  PNG-APC was required to 
achieve the same level of endothelial barrier protection (Fig. 
2A). The presence of Protac and PNGase F alone had no effect 
upon throm bin-induced endothelial cell barrier permeability 
(supplem ental Fig. 1).

EPCR occupancy by protein C causes throm bin to exert 
barrier-protective, rather than barrier-disruptive, intracellular 
signaling (24). A protein C variant containing an amino acid 
substitution in the serine protease catalytic triad (PC-S360A) 
that renders the variant enzymatically inactive was preincu
bated with EA.hy926 cells in the presence of 5 nM  throm bin. 
As shown previously (24), EPCR occupancy by PC-S360A in
duced a barrier-protective response upon PARI activation by 
throm bin. PNGase F-treatm ent of PC-S360A did not affect 
EPCR occupancy-mediated reversal of throm bin signaling 
specificity upon PARI proteolysis, (data not shown). PNG- 
APC signaling via PARI was completely abolished in the pres
ence of a monoclonal antibody that prevents APC-EPCR 
binding (RCR-252; Fig. 2B). These data indicate that en 
hanced PNG-APC cytoprotective signaling is dependent on 
both APC proteolytic activity and EPCR binding.
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FIGURE 2. PNGase F -tre a te d  APC possesses enhanced  e n d o th e lia l 
b a rrie r-p ro te c tiv e  fu n ctio n  and  u p -re g u la tio n  o f a n ti-a p o p to tic  
g e n e  exp ress ion . A, th e  ro le o f APC W-linked g lycosy lation  in m e d ia tin g  
A P C -d ep en d en t e n d o th e lia l cell s ignaling  w as a sse ssed  in a th ro m b in -  
in d u ced  e n d o th e lia l cell barrie r p e rm eab ility  assay . EA.hy926 cells w e re  
g ro w n  to  confluence  on  po lyca rbona te  m em brane  Transwell p e rm eab le  
su p p o rts  an d  th e n  in cuba ted  w ith e ith e r APC (O) or PNG-APC (■) (1 .25-10 
nM ). Treated  cells w ere th e n  incu b a ted  w ith 5 nM th rom bin  for 10 mln, and  
barrier pe rm eab ility  w as d e te rm in ed  for each  APC co n cen tra tio n  a t 10 min. 
Endothelial barrier perm eability  (percen tage) was calcu lated  as described  
u n d er "Experim ental Procedures." 6, to  assess th e  role of EPCR b inding  in 
PNGase F -treated  APC cy top ro tec tive  signaling, EA.hy926 cells w ere  incu
b a ted  w ith  PNGase F -treated  APC and  an anti-EPCR m onoclonal an tib o d y  
(RCR-252; 25 /ig /m l) to  p rev en t APC-EPCR b ind ing .T hrom bin-Induced  per
m eability  w as th e n  assessed  as described  above. C, deglycosylation  im 
proves APC a n ti-ap o p to tic  g e n e  expression  in s tau ro sp o rin e-trea ted  e n d o 
thelial cells. The an ti-ap o p to tic  function  of PNG-APC was d e te rm in ed  by 
calculation  o f th e  ratio of pro- and  an ti-apop to tic  g e n e  expression, using 
Bax and  B d-2  expression, respectively. EA.hy926 cells w ere  p re trea ted  w ith 
10 nM APC for 4 h. EA.hy926 cell apop tosis  w as th e n  induced  by stau rospo - 
rine (20 i x m , 4  h). After RNA extraction , RT-PCR was perfo rm ed  using bax, 
bd-2 , an d  f)-actin TaqM an* g e n e  expression  assays. Experim ents w ere p e r
form ed in trip licate  and  p lo tted  as a p e rcen tag e  o f th e  m ean  stau rospo rine- 
tre a te d  bax/bcl-2  ratio (100% apoptosis). **,p <  0.005.

APC-mediated cell signaling inhibits endothelial cell apo
ptosis in an EPCR-PARl-dependent manner (7, 23). To exam
ine the role of APC A/-linked glycans in APC regulation of 
pro/anti-apoptotic gene expression, the ability of PNG-APC 
to modulate EA.hy926 cell pro/anti-apoptotic gene expression 
was assessed by RT-PCR analysis of the BaxlBcl-2 ratio in the 
presence of staurosporine. At identical concentrations (10 n M ) ,  

PNG-APC was almost twice as effective in reducing staurospo- 
rine-induced apoptosis as wild type APC ip <  0.05; Fig. 2Q.

Removal ofN -L inked Glycans a t Asn-329 Mediates En
hanced Protective APC Signaling— VbiGase F treatm ent of 
APC enhances the EPCR-PARl-dependent barrier-protective 
and anti-apoptotic functions of endothelial cells. However, 
PNGase F does not completely deglycosylate APC under con
ditions required to maintain APC function and does not pro
vide inform ation as to the specific //-linked glycans that regu
late APC endothelial cell signaling function. To map the 
location of the A^-hnked glycans that regulate APC cytopro
tective signaling via EPCR-PARl, four recom binant APC vari
ants were generated in which each AMinked glycosylation a t
tachm ent site sequence was individually modified to prevent 
glycan linkage (APC-N97Q, APC-N248Q, APC-N313Q, and 
APC-N329Q). A^-Linked glycosylation at Asn-97 on the pro
tein C light chain is critical for protein C secretion in a m am 
malian cell expression system (17), preventing sufficient 
expression of this variant for analysis. APC variants APC- 
N248Q, APC-N313Q, and APC-N329Q were expressed and 
characterized. Reducing SDS-PAGE/Western blot analysis of 
each variant was performed prior to activation (Fig. 3^4). The
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FIGURE 3. G lu ta m in e  su b s titu tio n  o f th e  /V-linked g lycan a tta c h m e n t  
site  a t A sn -329  causes enhanced  e n d o th e lia l b a rrie r-p ro te c tiv e  
and a n ti-a p o p to tic  APC a c tiv ity . A, e ach  re c o m b in a n t p ro te in  C (wild 
ty p e  p ro te in  C, PC-N248Q, PC-N313Q, PC-N329Q, an d  PC-L38D/N329Q) 
w as red u c ed  u sin g  ^ -m e rc a p to e th a n o l an d  a sse ssed  by 7.5% SDS-PAGE 
analysis. T he p ro te in  C heavy  chain  w as s u b s e q u e n tly  d e te c te d  by W est
e rn  b lo t u s in g  a s h e e p  a n ti-p ro te in  C po lyc lona l a n tib o d y . 6, th e  a n tic o 
a g u la n t activ ity  o f e ac h  APC v a rian t w as d e te rm in e d  by  a th ro m b in  
g e n e ra t io n  assay  in p ro te in  C -defic len t p lasm a ( • ,  wild ty p e  APC; ▼, APC- 
N248Q: ♦,A PC -N 313Q ; 0 ,  APC-N329Q; a l l l . 2 5 -2 0  nM, ex cep t APC-N313Q, 
1.25-10 nM). C, th e  endo the lia l barrier-p ro tective  p ro p erties  of wild type  
APC (O) and  APC-N329Q (□ ; 1 .25-10 nM) w ere d e te rm in ed  as described  
previously. D, endo the lia l cell p ro /an ti-ap o p to tic  g e n e  expression  in th e  
p resence  of wild ty p e  APC and  APC-N329Q (bo th  5 nM ) w as m easu red  by 
RT-PCR quan tification  o f th e  relative expression  o f Box/6c/-2 mRNA tra n 
scripts, as described  u n d er "Experim ental Procedures." *, p  <  0.05.

observed wild type doublet represents the heavy chains of the 
two major protein C glycoforms, a  and /3 (17). Each protein C 
A/^-linked glycan variant exhibited a single major band of re
duced molecular weight when com pared with wild type pro
tein C, corresponding to the loss of an individual W-linked 
glycan. A faint band corresponding to a protein C heavy chain 
glycoform predicted to possess a single N-linked glycan chain 
at Asn-313 was observed in the PC-N248Q preparation. An 
additional band of similar molecular weight, corresponding to 
a protein C glycoform predicted to possess a single N-linked 
glycan at Asn-248, was observed in the PC-N313Q prepara
tion upon blot overexposure (data not shown).

The anticoagulant activity of wild type APC and each gly
can variant (2.5-20 nM) was assessed in protein C-deficient 
plasma using a throm bin generation assay. Each APC variant 
exhibited comparable anticoagulant activity to that of wild 
type APC (Fig. 3B). To determ ine w hether specific AT-linked 
glycan chains modulate EPCR-dependent APC signaling via 
PARI on endothelial cells, the barrier-protective and anti- 
apoptotic activity of each expressed APC variant was charac
terized. APC-N248Q and APC-N313Q exhibited similar en
dothelial cell barrier protection to recom binant wild type

1326 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 2 8 6 -NUMBER 2-JANUARY 14, 2 0 1 1



APC (supplemental Fig. 2). In contrast, APC-N329Q was sig
nificantly m ore barrier-protective than wild type APC and 
achieved maximum protection (~90%) from throm bin-in- 
duced endothelial barrier permeability at 1.25 nM  APC. The 
same concentration of wild type APC reduced endothelial 
barrier leakage by only 21% (Fig. 3C). The enhanced activity 
of APC-N329Q was not due to improved affinity for EPCR as 
surface plasmon resonance analysis revealed a comparable 
soluble EPCR affinity as wild type APC (/Ĉ , —193 nM , supple
mental Fig. 3) (19, 20, 25, 26). Similarly, 5 nM  wild type APC 
was ineffective in reducing staurosporine induced apoptotic 
gene expression in EA.hy926 cells, whereas the same APC- 
N329Q concentration reduced the Bax/Bcl-2  ratio by 43%
(Fig. 3D). The extent of altered pro/anti-apoptotic gene ex
pression mediated by APC-N329Q was comparable with that 
observed in the presence of an identical PNG-APC concentra
tion. Collectively, these data dem onstrate that the enhanced 
barrier-protective and anti-apoptotic signal transduction of 
PNG-APC is mediated by specific removal of the A/-linked 
glycan at Asn-329.

APC-N329Q Is More Effective than W ild Type APC in Pre
venting Staurosporine-induced EA.hy926 Cell Apoptosis—The 
anti-apoptotic role of each APC A^-linked glycan variant in 
EA.hy926 cells was further assessed using an assay in which 
apoptosis was determ ined by accumulation of an apoptosis- 
specific dye in staurosporine-treated EA.hy926 cells. Un
treated EA.hy926 cells were largely impermeable to the dye, as 
expected (Fig. 4A). In comparison, staurosporine treatm ent 
led to widespread purple dye accumulation in EA.hy926 cells 
(Fig. 4A). Wild type and variant APC reduced dye accumula
tion and therefore endothelial cell apoptosis in a concentra
tion-dependent manner (Fig. 4, A and B). Interestingly, vari
ants APC-N248Q and APC-N313Q were more protective 
than wild type APC at all concentrations tested, but this en
hanced anti-apoptotic function failed to reach statistical sig
nificance (Fig. 4B). At 1.25 nM , wild type APC reduced endo
thelial cell apoptosis by ~30%, as determ ined by analytical 
digital photomicroscopy (Fig. 4, A  and B). Remarkably, how
ever, APC-N329Q virtually ablated apoptotic cell dye accu
mulation at the lowest APC-N329Q concentration tested 
(0.625 nM ). A similar rate of endothelial cell apoptosis inhibi
tion was only observed at 20 nM  wild type APC (Fig. 4B).

Enzymatic Deglycosylation o f Non-anticoagulant Recombi
nan t APC Causes Enhanced PARl-m ediated Protection o f 
Endothelial Cell Barrier Non-anticoagulant recom 
binant APC variants represent a potentially improved recom 
binant APC therapy for severe sepsis. APC-L38D has similar 
anti-inflam m atory and anti-apoptotic properties to  wild type 
APC but has limited anticoagulant function (25). To examine 
the functional consequences of APC-L38D deglycosylation, 
the anticoagulant and barrier-protective signaling properties 
of PNGase F-treated APC-L38D (PNG-APC-L38D) were ex
amined. Like APC-L38D, PNG-APC-L38D was unable to in
hibit throm bin generation in protein C-deficient plasma (data 
not shown). However, PNG-APC-L38D exhibited improved 
EPCR-PARl-dependent barrier-protective function when 
com pared with its glycosylated counterpart at each APC con
centration tested (Fig. 5). Enzymatic deglycosylation of non-

APC Glycosylation and Cytoprotective Signaling
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FIGURE 4. Inhibition of endothelial cell apoptosis by recombinant 
APC N-linked glycan variants. A, endothelial cell apoptosis w as m ea
sured by accum ulation of apoptosis-specific dye (pink-purple) in stauros- 
porine-treated  EA.hy926 cells following incubation  with wild type/vari
an t APC. U n treated /staurosporine-trea ted  EA.hy926 cells (fop panels) 
and wild type/variant APC (1.25 nw, middle and bottom panels) are sinown. Im
ages are representative of three independent experiments. B, APC concen
tration-dependent reduction in endothelial cell apoptosis ( • ,  wild type 
APC; 0 ,  APC-N248Q; A, APC-N313Q; Q  APC-N329Q; 0.625-20 nM ), Uptake 
of apoptosis-specific dye was quantified by converting digital photograph 
images Into pixel counts using Adobe® Photoshop® software according to 
manufacturer's instructions. Average pixel counts calculated were based on 
analysis of a t least three images per well.

anticoagulant recom binant APC therefore leads to improved 
APC signaling function via EPCR-PARl on endothelial cells.

APC-L38D /N 29Q  H as M in im a l Anticoagulant A ctivity  
bu t Exhibits Enhanced Barrier-protective and  A n ti-apo 
pto tic  A ctivity on Endothelial Cells—To generate a non 
anticoagulant APC variant w ith im proved EPCR-depen- 
dent signaling function  w ithout glycosidase treatm ent, a 
recom binant APC variant was prepared containing the 
L38D am ino acid substitu tion  (to lim it anticoagulant func
tion) com bined w ith the N329Q am ino acid substitu tion 
(to enhance A PC -protective signaling). W hen assessed by 
SDS-PAGE and W estern blotting, this variant migrated as a 
single band similar to that of APC-N329Q. APC-L38D/ 
N329Q exhibited limited anticoagulant activity in a throm bin
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FIGURE 5. Enzym atic deglycosylation o f non-anticoagu lant APC v arian t 
APC-L38D w ith  PNGase F enhances APC-L38D -m ediated endothe lia l 
cell barrie r p rotection . Endothelial cell barrier perm eability  w as assessed  
in th e  p resen ce  of wild ty p e  APC (O) and  PNG-APC-L38D (■) (1 .25-10 h m ) 
for 3 h p rior to  incubation  w ith 5 nM th rom bin . Endothelial barrier p e rm e 
ability w as assessed  by leakage of Evans Blue-BSA th ro u g h  th e  endo thelial 
cell barrier, as described  above.
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FIGURE 6. A P C-L38D /N 329Q  possesses no a n ticoagu lant activ ity  in 
plasm a b u t dem onstrates enhanced cytoprotective  PAR-1 signaling.
A  th ro m b in  gen era tio n  in p ro te in  C-deficient p lasm a w as a ssessed  in th e  
p resence  o f wild ty p e  APC an d  APC-L38D/N329Q. T hrom bin  gen era tio n  
(nm X m in) w as in itiated w ith p la te le t-p o o r p lasm a re ag en t an d  CaClj as 
before, and  th e  p e rcen tag e  of ETP (th rom bin  gen era tio n  in th e  ab sen ce  of 
APC) w as d e te rm in ed . (O, no  APC; □ ,  5 nM wild ty p e  APC; • ,  10 nM wild ty p e  
APC; ♦ ,  20 nM APC-L38D/N329Q). 6, EPCR-PARl -d e p e n d en t endo the lia l cell 
barrier p ro tec tion  by APC-L38D/N329Q is m ore p o te n t th an  wild ty p e  APC. 
Barrier perm eability  assays using  EA.hy926 cells w ere perfo rm ed  in th e  
p resence  of wild ty p e  APC (O) o r APC-L38D/N329Q (■; 1 .25-10 nw) prior to  
th ro m b in  tre a tm e n t. Perm eability  is expressed  as a p e rcen tag e  of to ta l 
th ro m bin -induced  endo the lia l cell barrier perm eability . C, endo thelial cell 
ap o p to sis  w as m easu red  by accum ula tion  o f apoptosis-specific  dye Ip ink- 
purple) in s tau ro sp o rin e-trea ted  EA.hy926 cells following incubation  w ith  
wild ty p e  APC o r APC-L38D/N329Q (1.25 nw). D, APC c o n ce n tra tio n -d ep e n 
d e n t reduction  in endo the lia l cell ap o p to sis  (O, wild ty p e  APC; ■ , APC- 
L38D/N329Q; 0 .3125-20  nM ).

generation assay using protein C-deficient plasma such that 
no anticoagulant activity was observed at 20 nM APC-L38D/ 
N329Q (Fig. 6A). However, 1.25 h m  APC-L38D/N329Q re
duced endothelial barrier permeability by 72%, whereas wild 
type APC only reduced thrombin-induced permeability by 
15% at the same APC concentration (Fig. 65). Therefore, de
spite possessing virtually no anticoagulant activity, APC- 
L38D/N329Q possesses up to 5-fold enhanced endothelial cell 
barrier-protective function when compared with wild type

APC. Furthermore, when assessed in an endothelial cel! apo
ptosis assay, APC-L38D/N329Q was a significantly better in
hibitor of endothehal cell apoptosis than wild type APC (Fig. 
6, C and D). Apoptotic specific dye accumulation in EA.hy926 
cells was only completely inhibited at 20 nM  wild type APC, 
whereas the same protective effect was observed at 0.625 nM  

APC-L38D/N329Q. These data suggest that APC-L38D/ 
N329Q is ~30-fold more effective than wild type APC in pre
venting staurosporine-induced endothelial cell apoptosis.

DISCUSSION

Reduced protein C plasma concentration is observed in the 
majority of cases of severe sepsis and is strongly associated 
with high morbidity and mortality in this setting (11, 27). The 
anticoagulant activity of APC means that its administration is 
associated with an increased risk of severe bleeding. To ad
dress this, "second generation" recombinant APC variants 
have been designed that possess limited anticoagulant activity 
but retain full cytoprotective signaling properties. This was 
originally demonstrated using an APC variant with defective 
factor Va substrate recognition and anticoagulant activity but 
normal cytoprotective function (13). Recombinant APC vari
ants with similar divergent functional activities have since 
been described in which APC cofactor sensitivity has been 
abrogated (25) or where engineered disulfide bonds were in
corporated into the protease domain to specifically prevent 
anticoagulant activity (28). To date, no recombinant non
anticoagulant APC variant has been described that also exhib
its improved cytoprotective signaling function.

Glycosylation of membrane signaling receptors and soluble 
ligands is a common mechanism by which signaling networks 
can be regulated and can influence multiple aspects of signal 
transduction, including ligand recognition and affinity (29), 
intracellular trafficking, and receptor activation (30, 31). In 
this study, the role of TV̂ -linked glycosylation of APC in modu
lating EPCR-dependent APC endothelial cell signahng via 
PARI was examined. Enzymatic deglycosylation of APC sig
nificantly reduced the APC concentration required to achieve 
maximum protection against thrombin-induced endothelial 
cell barrier permeability and apoptosis (Fig. 2). Assessment of 
recombinant APC variants in which individual A^-linked gly- 
can attachment sites were removed identified the N-linked 
glycan at Asn-329 as a critical modulator of APC endothelial 
cell signaling. APC-N329Q impaired thrombin-induced endo
thelial cell barrier permeability up to 6-fold more efficiently 
than wild type APC and completely inhibited staurosporine- 
induced endothehal cell apoptosis at ~30-fold lower APC 
concentration than wild type APC (Figs. 3 and 4). Similarly, a 
PNGase F-treated non-anticoagulant APC variant (PNG- 
L38D-APC) and an APC variant with no anticoagulant activ
ity but specific substitution of the Asn-329 glycan attachment 
site (APC-L38D/N329Q) displayed similarly enhanced endo
thelial cell barrier-protective and anti-apoptotic functions 
when compared with wild type APC (Fig. 6). These novel APC 
variants are, to our knowledge, the first description of APC 
variants in which APC anticoagulant function is attenuated, 
but the cytoprotective anti-inflammatory and anti-apoptotic 
functions of APC are simultaneously improved.
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Plasma p ro te in  C is com posed  of th ree  d istinct glycoforms. 
55-78%  o f plasm a p ro te in  C possesses N -linked glycans at 
each of th e  four potential A^-linked glycan a ttach m en t sites 
(a -p ro te in  C) (14, 16, 17). 22 -4 5 %  o f plasm a p ro te in  C is ab 
erran tly  glycosylated at A sn-329 and  therefo re  possesses only 
th ree  N -linked  glycan chains (/3-protein C). T he final glyco- 
form  (-y-protein C) is A^-hnked-glycosylated at tw o positions 
(A sn-97 and  A sn-313) and constitu tes —5% of to ta l plasm a 
p ro te in  C (16, 17). T he m olecular basis for partial glycosyla
tion  at th e  A sn-329 N -linked glycan a ttach m en t site is u n 
know n bu t is n o t hnked to  level o f p ro te in  C expression as 
transgen ic  pigs th a t display bo th  high and  low p ro te in  C ex
pression levels exhibit sim ilar p ro te in  C  glycosylation patterns 
(14). O ne possible explanation  is th a t th e  unusual N X C  glycan 
a ttach m en t site at A sn-329 is a less favorable substrate  for 
glycosyltransferase processing th an  th e  typical NX(S/T) site 
(16).

T he A/-linked glycan a ttach m en t site at position  A sn-329 is 
located in th e  p ro te in  C /A PC  serine protease dom ain  (32) and 
is conserved across m am m alian  species (Fig. 6A). T he  im p o r
tance of N -linked  glycosylation at th is site in regulating APC 
an ticoagulan t activity is controversial. In this study, we o b 
served a sm all increase (up to  2 -fold) in anticoagulan t activity 
o f PN Gase F -trea ted  APC and A PC -N 329Q  varian t w hen 
added to  p ro te in  C -deficient plasm a and  anticoagulan t activ
ity de term ined  by a ttenua tion  of th ro m b in  generation  (Figs. 1 
and  3). In ag reem ent w ith ou r findings, previous characteriza
tion  of the A PC -N 329Q  varian t found  th a t rem oval o f the 
A sn-329 ^/-linked glycan enhanced  p ro te in  C activation by 
th rom b in  in  th e  presence o f soluble th rom bom odu lin  and 
increased APC an ticoagulan t function  2-fold w hen assessed 
by A PTT assay (17). In con trast, a naturally  occurring  protein  
C variant con ta in ing  the N 329T substitu tion  was associated 
w ith reduced  an ticoagu lan t activity. T his varian t p ro te in  was 
im m unopurified  from  plasm a, and  its ra te  o f p ro tein  C activa
tion  and  an ticoagu lan t activity w as determ ined . PC -N 329T 
was found to  be activated by th ro m b in  to  th e  sam e ex ten t as 
norm al p ro te in  C, bu t in its activated form , it exhibited a re 
duced  rate  o f FVa proteolysis w hen  com pared  w ith  norm al 
APC (33).

T he  m olecular m echanism (s) for th e  increased  cy topro tec
tive signaling functions o f A PC -N 329Q  observed in th is study 
is cu rren tly  unknow n. H owever, A sn-329 is in  close proxim ity 
to  tw o am ino acids (G lu-330/G lu-333) th a t form  a putative 
PA R I-b ind ing  exosite on th e  APC pro tease dom ain  surface 
(Fig. IB).  A previous study  found  th a t m utagenesis o f this re 
gion did n o t a lte r APC an ticoagulan t activity b u t com pletely 
p revented  E PC R -dependent A PC signaling via PARI on  endo 
thelial cells (34). C onsequently , we hypothesize th a t th e  p res
ence o f a com plex N -linked glycan chain  at A sn-329 regulates 
PARI access to  its exosite-b inding region on APC and  sub
sequently  inhib its th e  ra te  at w hich E PC R -dependent, APC- 
m ediated  PA RI activation  can occur. As such, increased 
A PC -N 329Q  access to  the PA R l-b ind ing  exosite facilitates 
increased  PA RI proteolysis. H owever, an  increased ra te  of 
PA RI activation by its p ro to typal ligand th ro m b in  is associ
ated  w ith  pro-in flam m atory , ra th e r th an  increased an ti-in 
flam m atory, dow nstream  endothelia l cell signaling. PARI

Asn>329 glycosylation site

■k it

PROC_HUMAN PHNEC
PROC_PIG PHNEC
PROC_BOVIN PYN|c
PROC_CANFA PHNEC
PROC_RABIT PQNEC
PROC_RAT ARNic
PROC MOUSE ARNEC

FIGURE 7. The A/-linked glycan a t A sn -329  is co n serv ed  and  proxim al to  
a PA R l-b ind ing e x o s ite  o n  APC. A, am in o  acid a lig n m en t o f know n p ro 
te in  C (PROQ am ino  acid seq u en ces  ind ica tes conserva tion  o f th e  unusual 
NXC W-linked g lycan a tta c h m e n t site in know n m am m alian  p ro te in  C am ino  
acid seq u en ces . B, W-linked g lycosylation occurs a t th re e  sites (Asn-248, 
Asn-313, an d  Asn-329; turquoise) on  th e  p ro te in  C/APC serine  p ro tease  d o 
main (blue). The Asn-329 glycan a tta ch m e n t site th a t  regu la tes APC cy to
pro tec tive  signaling  is s itu a ted  nex t to  tw o  am ino  acid residues (Glu-330/ 
Glu-333; red) th a t  a re  essen tia l for PARI c leavage  by APC (34). The APC 
catalytic triad  (His-211, Asp-257, an d  Ser-360: yellow) is ind icated . The 
m odel w as g e n e ra ted  b ased  up o n  th e  Gla dom ain less APC crystal s truc tu re  
(lAUT (32)) using  th e  PyMOL m olecular v isualization softw are.

activation  by th ro m b in  (10,000-fold m ore rapid  th an  EPCR- 
bound  APC on  endothelial cells (35)) in itiates d istinct G p ro 
te in  coupling to  th a t o f A PC -activated  PARI (G^ and  6 , 2 / 1 3 , 
ra ther th an  G,) (24). Caveolar com partm en ta liza tion  o f PARI 
an d /o r EPCR occupancy by APC have been proposed as po 
tential m echanism s by w hich th e  divergent dow nstream  con 
sequences o f PA RI activation are m ediated  (24, 36). In te rest
ingly, a m eizo th rom bin  chim eric varian t con tain ing  a protein  
C /A PC  Gla dom ain  has also been  show n to  exhibit signifi
cantly fa.ster PARI cleavage th an  A PC yet still possesses APC- 
like barrier-p ro tec tive  functions as a consequence of its ability 
to  b ind EPCR (24). This suggests th a t EPCR binding of PN 
Gase F -treated  A PC or A PC -N 329Q  is critical for de te rm in 
ing pro tective signaUng tran sduc tion  induced  by PARI p ro te 
olysis on  endothelia l cells, irrespective o f PA RI activation 
rate.

T he  physio log ical re levance o f d iffe ren t p lasm a p ro te in  
C g lycofo rm s is n o t well u n d e rs to o d . In te resting ly , th e  zy
m ogen  fo rm  o f th e  A P C -N 329Q  v a rian t used  in  th is  study  
is p red ic ted  to  possess a s im ila r g lycosy lation  p a tte rn  to  
th a t o f p lasm a /3 -p ro te in  C. O u r stu d y  suggests th a t  once 
ac tiva ted , /3 -p ro te in  C m ay be particu larly  im p o rtan t for 
APC cytopro tective function  in vivo. Fu rtherm ore , th is im 
plies th a t /3-protein C plasm a con cen tra tio n  m ay be a m ore 
reliable m arker o f endogenous A PC an ti-in flam m atory  po ten 
tial th an  to ta l plasm a p ro te in  C  concen tra tion . Further studies 
are underw ay to  assess th e  influence of ^ -p ro te in  C  in m ed i
ating cy topro tective activity in th e  setting  o f acute inflam m a
tory  disease.

In sum m ary, A PC  N -linked glycosylation plays a significant 
role in  the regu lation  of APC cytopro tective function. In par
ticular, we have identified the A^-linked glycan m oiety a t
tached a t am ino  acid A sn-329 in th e  A PC serine p ro tease d o 
m ain as a key m odu la to r o f A/-linked g lycan-enhanced APC 
cytoprotective signaling function  on endothelial cells. Fur
therm ore , th is  observation  has lead to  th e  generation  o f re
com binant non -an ticoagu lan t A PC varian ts in  w hich th e  pro-

APC serine protease  domain
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APC Glycosylation and Cytoprotective Signaling

tective P A R l-m ed ia ted  signaling capacity is significantly 
enhanced  w hen com pared  w ith w ild type APC. T he develop
m en t o f such recom binan t APC variants rep resen ts a novel 
approach  to  im prove th e  therapeu tic  po ten tia l o f recom bi
n an t APC therapy  in th e  trea tm en t o f acute and  non-resolving 
inflam m atory  disease.
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Supplem entary Figure 1: PNGase F and Protac do not influence throm bin-induced endothelial 
cell barrier perm eability. Throm bin-induced endothehal cell barrier penneability was detennined as 
described in ‘Experimental Procedures’. In this experiment, PNGase F and its buffer G7 or Protac 
were incubated for 3 hours prior to addition o f  5nM thrombin for 10 minutes. Both PNGase/G7 and 
Protac reagent final concentrations were set to those equivalent to experiments with APC present. 
Endothelial barrier penneability was detected using Evans Blue-BSA transm igration as described in 
‘Experimental Procedures’. The data represent experiments perfonned in triplicate and plotted as the 
mean ± S.E.M.
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Figure 2: Variants APC-N248Q  and APC-N313Q  exhibit comparable endothelial cell barrier 
protective function to wild type APC: Thrombin-induced endothelial cell barrier penneability was 
determined as described in ‘Experimental Procedures’. EA.hy926 cells were incubated with wild type 
APC (O ), APC-N248Q  (■ ; top panel) or APC-N313Q  (H ; bottom panel) (2-lOnM; all final 
concentrations). After 3 hours, EA.hy926 cells were treated with 5nM thrombin in serum-free media 
for 10 minutes. The cells were then washed and incubated with 0.67 mg/ml Evans Blue with 4% 
bovine serum albumin. Changes in endothelial cell barrier permeability were detennined by 
assessment o f the increase in absorbance at 650nm in the outer chamber as before.
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Supplementary Figure 3: Assessment of PC-N329Q  Binding to Soluble EPCR. Protein C-sEPCR 
binding affinity was determined as previously described (19). Briefly, 10 ng/ml monoclonal anti- 
EPCR antibody, RCR-2 (kind gift of Dr. K. Fukudome, Saga Medical School), was immobilized by 
amine coupling to both flow cells of a CM5 sensor chip. Soluble EPCR (sEPCR) (19) was dialysed 
into HBS-P buffer (lOOmM HEPES, pH 7.4, 15()mM NaCl) and bound to the test flow cell via RCR- 
2. RCR-2 was immobilized on the reference flow cell to detect non-specific binding. PC-N329Q 
(31.25-lOOOnM) was sequentially injected over both flow ceils at a flow rate of lOnI/min for 60 
seconds. APC-EPCR binding was dissociated using HBS-EP buffer (HBS-P, but containing 3mM 
EDTA; BIAcore) The RCR-2 surface was regenerated with 10|il of lOmM glycine-HCl (pH 2).
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THROMBOSIS AND HEMOSTASIS

Protamine sulfate down-regulates thrombin generation by inhibiting factor V 
activation
Fionnuala Ni Ainie,' Roger J. S. Preston,' P. Vincent Jenkins,' Hendrik J. Nel,^ Jennifer A. Johnson,' Owen P. Smith,^
Barry White,'' Padraic G. Fallon,^ and James S. O ’Donnell' '*

’Haemostasis Research Group, and ^Inflammation and Immunity Research Group. Institute of Molecular Medicine, St James's Hospital, Trinity College. Dublin; 

^Department of Haematology, Our Lady's Children's Hospital, Dublin: and “'National Centre for Hereditary Coagulation Disorders, St Jam es’s Hospital, Dublin, 

Republic of Ireland

time (from 120 to 199 seconds). Similarly, 
in pooled normal human plasma, prota
mine caused significant dose-dependent 
prolongations of both prothrombin time 
and activated partial thromboplastin time. 
Protamine also markedly attenuated tis
sue factor-initiated thrombin generation 
in human plasma, causing a significant 
decrease in endogenous thrombin poten
tial (41% ±  7%). As expected, low-dose 
protamine effectively reversed the antico
agulant activity of unfractionated heparin 
in plasma. However, elevated protamine 
concentrations were associated with pro
gressive dose-dependent reduction in

thrombin generation. To assess the 
mechanism by which protamine medi
ates down-regulation of thrombin gen
eration, the effect of protamine on factor 
V activation was assessed. Protamine 
was found to significantly reduce the rate 
of factor V activation by both thrombin 
and factor Xa. Protamine mediates its 
anticoagulant activity in plasma by down- 
regulation of thrombin generation via a 
novel mechanism, specifically inhibition 
of factor V activation. (Blood. 2009;114: 
1658-1665)

Protamine sulfate is a positively charged 
polypeptide widely used to reverse heparin- 
induced anticoagulation. Paradoxically, 
prospective randomized trials have shown 
that protamine administration for heparin 
neutralization is associated with in
creased bleeding, particularly after cardio- 
thoracic surgery with cardiopulmonary 
bypass. The molecular mechanism(s) 
through which protamine mediates this 
anticoagulant effect has not been de
fined. In vivo administration of pharmaco
logic doses of protamine to BALB/c mice 
significantly reduced plasma thrombin 
generation and prolonged tail-bleeding

Introduction _______________

Protamine sulfate is a 5-kDa cationic polypeptide derived from 
salmon sperm that can bind negatively charged unfractionated 
heparin (UFH).' Although the mechanisms o f the molecular 
interaction between prolamine and heparin are not well defined, 
this binding serves to neutralize the antithrombin-mediated antico
agulant properties of heparin. Moreover, the resultant protamine- 
heparin complex is rapidly cleared by the reticuloendothelial 
system.^ Consequently, for more than 30 years, protamine has been 
widely used to reverse the anticoagulant effects o f UFH. Protamine 
is considered the treatment o f choice for patients who develop 
significant bleeding complications while on UFH.^ '' Furthermore, 
protamine is routinely administered postoperatively to reverse the 
high concentrations o f UFH required for patients undergoing 
cardiac surgery and cardiopulmonary bypass (CPB).'’ As a result, 
estimates suggest that more than 2 m illion heparinized patients are 
managed with protamine each year.^

Clinical use o f protamine is, however, associated with several 
important adverse side effects, including potentially life-threatening 
systemic arterial hypotension and pulmonary artery hypertension.' 
Paradoxically, in vitro studies have also suggested that prolamine 
may possess intrinsic anticoagulant properties.* ** Administration of 
excess protamine in the neutralization o f UFH has been associated 
with increased bleeding in clinical settings, particularly after 
cardiothoracic surgery.^ Due to concerns regarding the inherent

anticoagulant potential o f protamine, current consensus guidelines 
recommend that the dose o f protamine is limited to 1 mg protamine 
per lOOlU heparin.’ '̂  However, pharmacokinetic studies have 
demonstrated that protamine is cleared rapidly from human plasma 
(half life 7.4 minutes), so that repeated doses may be necessary to 
prevent rebound heparin anticoagulant e ffects.'"" Animal studies 
have shown that although protamine fully neutralizes the thrombin- 
inhibitory activity o f low molecular weight heparins (LMW H), it 
can only partially neutralize their anti-factor Xa (FXa) activi- 
ties.'^ '-’ Therefore, the clinical efficacy o f protamine for reversing 
LMWH-induced anticoagulation remains unclear.“*

Despite the widespread use o f protamine in clinical practice, the 
molecular mechanism(s) underlying its associated intrinsic antico
agulant effect is not clearly defined. Previous studies in which 
incremental concentrations of protamine (50-300 (o-g/mL) were 
added to heparinized patient samples ex vivo demonstrated that 
heparin anticoagulation was maximally reversed at a protamine to 
heparin ratio o f 1.3:1.**''* However, addition o f higher protamine: 
heparin ratios (ie, excess free protamine) resulted in significant 
prolongation o f the activated clotting time (ACT) through an 
unidentified mechanism.** Similarly, ex vivo addition o f protamine 
to normal pooled plasma markedly attenuated tissue factor (TF)- 
initiated thromboelastography.'^ Protamine significantly increased 
clot initiation lime (R time), decreased the rate o f clot propagation
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(u  angle), and diminished clo l strength (maximum amplitude) in a 
concentration-dependent manner. Protamine has also been reported 
to have a weak inhibitory effect on in vitro platelet aggregation 
induced by adenosine 5'-diphosphate or collagen.* In contrast, 
platelet factor 4, another cationic m olecule that has been used 
therapeutically to reverse UFH anticoagulation, has no apparent 
endogenous anticoagulant activity in vitro."*

In this study, w e sought to characterize the molecular mecha- 
nism (s) responsible for the clin ically important anticoagulant 
activity o f  protamine. We demonstrate that pharmacologic doses o f  
protamine significantly reduce thrombin generation in both murine 
and human plasma in a concentration-dependent manner. M ore
over, although low -dose protamine ( <  20 (jig/mL) effectively re
verses the effects o f  UFH, increased protamine concentration 
results in a progressive anticoagulant effect. We further dem on
strate that this anticoagulant effect o f  protamine is mediated via a 
specific inhibition o f  factor V (FV) activation by either thrombin or 
FXa. These new insights into the mechanism o f the anticoagulant 
side effects o f  protamine will advance the generation o f  new  
protamine variants with reduced associated bleeding risk.

Methods
M aterials

Prolamine sulfate and linzaparin (Innohep) were obtained from Leo 
Pharma. Unfractionated heparin, enoxaparin (C lexane), and danaparoid 
(Orgaran) were from Sigm a-Aldrich. Sanoli-Aventis, and Schering- 
Plough, respectively. BALB/c mice were purchased from Harlan. 
Anim als were housed in a pathogen-free facility using individually 
ventilated and Hltered cages under positive pressure. AH animal 
experiments were performed in com pliance with Irish Department of 
Health and Children regulations and approved by the Trinity C ollege  
Dublin BioResources ethical review board. Purified human activated 
protein C (APC), FV, FVa, FXa, and prothrombin were purchased from 
Haem atologic Technologies. Purified human thrombin was obtained 
from Enzyme Research Laboratories, and phospholipid vesicles were 
from Avanti Polar Lipids. Synthetic chrom ogenic substrates BIOPHEN 
C S -2K 66) and BIOPHEN C S-01(38) for APC and thrombin, respec
tively. were sourced from HYPHEN Biomed. Thrombin generation 
assay reagents (platelet-poor-plasm a reagent, fluorogenic substrate, 
thrombin calibration standard) were purchased from Thrombinoscope 
BV. HemosIL FV-dertcient plasma was from Instrumentation Labora
tory, and factor VIII (FVIII)-deficient plasma from Technoclone. The 
wild-type FVIII and APC -cleavage-resistant FVIII double-mutant 
R 336Q /R 562Q  were gifts o f Dr Philip Fay (University o f  Rochester 
School o f  M edicine, Rochester, NY).

M easurem ent of throm bin generation  and tail-bleeding tim e in 
mice

BALB/c mice, aged 6 to 8 weeks, were weighed and anesthetized with 
midazolam and etorphine hydrochloride. Prolamine sulfate was adminis
tered intravenously, followed 90 seconds later by transection o f the tail lip. 
The tail was loo.sely suspended in PBS at 37°C, and lime taken for complete 
cessation o f tail bleeding was recorded. To assess the effect o f prolamine on 
in vivo thrombin generation, mice were exsanguinated at specific time 
points after intravenous protamine administration. Blood was collected into 
citrate phosphate buffer (Sigma-Aldrich), and plasma was collected by 
centrifugation at 1500^ for 20 minutes. Thrombin generation was initiated 
by addition o f 20 \xL HemosIL activated partial thromboplastin time 
(APTT)-lyophilized silica reagent and 100 mM CaCh. and was assessed 
using a Fluoroskan Ascent plate reader in combination with Thrombino
scope software, as described below.

APTT and P I  m easu rem en t

Human plasma was prepared from a pool o f normal healthy volunteers. 
APTT and prothrombin time (PT) were measured using the fully automated 
ACL TOP coagulometer (Beckman Coulter) using HemosIL APTT- 
lyophilized silica reagent and PT-fibrinogen HS plus reagent, respectively 
(Instrumentation Laboratory).

Effect of protam ine on  throm bin generation  in norm al hum an 
plasm a

The anticoagulant function o f prolamine in normal, platelet-poor, pooled 
plasma was assessed using a Fluoroskan Ascent plate reader (Thermo Lab 
System) in combination with Thrombinoscope software (Thrombinoscope 
BV), as previously d escr ib ed .B rie fly , 80 p.L of plasma was incubated 
with 20 (jlL of platelet-poor-plasma reagent containing 5 pM TF and 4 p-M 
phospholipids (composed o f  60%  phosphatidylcholine [PC], 20%  phospha- 
tidyl.serine [PS], and 20% phosphatidylelhanolamine [PE] in the presence 
or absence o f protamine [3-80 jxg/mL; all final concentrations]). Thrombin 
generation was initiated by automatic dispensation o f fluorogenic thrombin 
substrate (Z-Gly-Gly-Arg-AMC.HCI) and 100 mM CaCl2 into each well 
(final concentrations, Z-Gly-Gly-Arg-AMC.HCI, 0.42 mM and CaCK, 
16.67 mM). Thrombin generation was determined using a thrombin calibra
tion standard. Measurements were taken at 20-second intervals for 60 min
utes, or until thrombin generation was complete. The lag time to start of 
thrombin generation, peak amount o f thrombin generated, time to peak 
thrombin (TTP), and area under the thrombin generation curve, represented 
by endogenous thrombin potential (ETP), were measured. Experiments 
were performed in triplicate, and data were reported as mean plus or minus 
SEM.

Characterization of APC-mediated FVa p ro teo lysis in the 
p resen ce  of protam ine

FVa degradation by APC was assessed, as previously described.'^ A total of 
8 nM APC was incubated at 3 7 X  with phospholipid vesicles (PC:PS:PE 
60%:20%:20%\Avanti Polar Lipids) and 4 nM  FVa (Hematologic Technolo
gies) in the presence and absence o f protamine sulfate (3 p.g/mL final 
concentration) in 40 mM Tris-HCI, 140 mM NaCI. 3 mM CaCli, and 0.3% 
wt/vol bovine serum albumin (2 nM APC, 19 mM phospholipids, and 1 nM 
FVa, final concentration). Phospholipid vesicles (PC:PS:PE 60%:20%: 
20%) were prepared, as described previously.*^ At specified time points, 
more than 20 minutes, 2-jxL aliquots were removed and added to a 
proihrombinase mixture (25 |jlM  phospholipids, 1 nM FXa. and 0.5 fJiM 

prothrombin [Hematologic Technologies], final concentrations) for 3 min
utes. Each reaction was stopped using 5 ĴLL ice-cold 0.5 M EDTA 
(elhylenediaminetetraacetic acid). A total o f 100 p-L reaction mixture was 
removed and incubated with 100 (xl o f 2 mM thrombin chromogenic 
substrate BIOPHEN C S-0K 38) (HYPHEN Biomed) to assess thrombin 
generation. The rate of chromogenic substrate cleavage was measured at 
405 nm using a VERSAmax microplale reader (Molecular Devices). 
Residual FVa activity was determined by compari.son with FVa activity 
observed before APC incubation, and plotted values represent the mean of 
at least 3 individual experiments plus or minus SEM.

C haracterization of APC-mediated FVHIa pro teo lysis in the 
p resen ce  of protam ine

To determine whether protamine enhancement o f APC anticoagulant 
activity was mediated through increased rate o f FVIIIa proteolysis, we used 
a previously characterized APC-resistanl FVIII double mutant (R336Q/ 
R562Q; APCR-FVIII).**^ FVIII-deficient plasma (Technoclone) was spiked 
with either B-domainless wild-type FVIII (wt-FVII) or the APCR-FVIII 
variant (both final concentration 1.0 U/mL [300 ng/mL]). Thrombin genera
tion was then initiated with 5 pM TF. 4 p.M phospholipid vesicles 
(PC:PS:PE 60%:20%:20%), and CaCiT, and ETP was determined. Subse
quently, the anticoagulant effect of prolamine alone (3 p.g/mL), APC alone 
(10 nM), or protamine in the presence of APC was determined for wt-FVIII 
and the APCR-FVIII variant, as before.
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Figure 1. P ro tam ine  pro longs in v ivo b leed ing  tim e  and c lo tting  tim e  of norm al 
pooled  p lasm a. B A LB /c m ice  w e re  in jected  w ith  e ithe r p ho spha te -bu ffe red  sa line  or 
5 m g/kg p ro tam ine . Ta il-b leed ing  tim e  (A ) or, in separa te  m ice, p lasm a endogenous 
throm bin  po ten tia l (B ) w as m easured , as described  in “M e thods." In add ition , the 
e ffect o f p ro tam ine  on c lo tting  tim e s o f hum an norm al poo led  p lasm a w a s charac te r
ized. Increas ing  co nce n tra tio ns  (10 -120  ^ ig/m L) o f p ro tam ine  w ere  titra te d  into 
norm al poo led  p lasm a, and  the  e ffe c t on p lasm a A P T T  (C) and  p lasm a P T (D ) was 
dete rm ined. R esu lts  described  rep resen t the  m ean SEM  ( * P <  .05, * * ' P <  .001, 

respective ly: unpa ired  2 -ta iled  M ests  perform ed).

Determination of rate of FV activation in the presence of 
protamine

The effect o f protamine on FV activation was determined using a method 
previously described by Safa el al.'^ Briefly, purified F'V (100 nM final 
concentration) was incubated with purified a-thrombin (1 nM final concen
tration) in 100 m M  NaCl, 20 m M  HEPES (N-2-hydroxyethylpiperazine-N'- 
2-ethanesulfonic acid: pH 7.5), 5 m M CaCl2, and 0.2 mg/mL bovine serum 
albumin, or with purified FXa (20 nM final concentration) and phospholipid 
vesicles (80 p-M final concentration). At specific time intervals, aliquots 
were removed and diluted in 100 nM NaCl and 20 nM Tris-HCl (pH 7.5) to 
stop FV activation. The time course of FV activation was immediately 
quantified using FV-deficient plasma in a standard prothrombin-based 
clotting assay.

Results

Protamine prolongs in vivo bleeding time in mice and has a 
concentration-dependent anticoagulant effect in plasma

After intravenous administration of a therapeutic protamine dose 
(50 mg), pharmacokinetic studies have demonstrated typical plasma 
protamine levels o f up to 50 (xg/mL." However, in practice, doses 
exceeding 5 mg/kg are frequently administered.^" In BALB/c mice, 
we observed that parenteral protamine (5 mg/kg) administration 
significantly prolonged tail-bleeding time and attenuated thrombin 
generation (Figure lA -B ). These findings, which are in keeping 
with a previous report in which intravenous protamine (1.5 mg/kg) 
prolonged the ACT and APTT in a canine model,^' confirm that 
protamine has in vivo anticoagulant activity. In addition, the 
presence of protamine in normal pooled human plasma resulted in 
significant prolongations in the APTT and PT, respectively (Figure 
IC-D). Furthermore, again in keeping with previous reports, 
protamine (5-60 |j,g/mL) also significantly prolonged human whole

blood ACT (data not shown).* In contrast, although previous 
studies demonstrated that protamine can bind f ib r in o g e n ,w e  
observed no effect o f protamine (final concentration 5-50 |i.g/mL) 
on thrombin-clotting time (data not shown).

Calibrated automated thrombography was used to assess the 
impact of prolamine on TF-initiated thrombin generation. In 
normal plasma, protamine significantly reduced thrombin genera
tion (Figure 2A). Calculation o f FTP demonstrated that 30 |jig/mL 
protamine reduced thrombin generation to 59% (±  7%; P <  .05) 
o f the original FTP before protamine incubation (Figure 2B). 
Furthermore, at pharmacologic doses, protamine significantly 
influenced all o f the individual parameters assessed during throm
bin generation, with significant prolongation o f lag time and TTP 
and a marked decrease in peak thrombin generation (Figure 2B), 
suggesting that protamine may influence the initiation and propaga
tion phases o f coagulation. This inhibition o f thrombin generation 
was not mediated by protamine inhibition of contact activation, as 
com trypsin inhibitor, which eliminates the contribution of 
contact pathway activation to thrombin generation in this 
system, had no effect on the observed reduction in thrombin 
generation (data not shown).

Anticoagulant effects of protamine in reversal of 
heparin-induced anticoagulation

Pharmacologic dose UFH (0,3 U/mL or I lU /m L) reduced the ETP 
such that no thrombin generation was detectable (Figure 3A). 
Protamine in itia lly reversed the anticoagulant effect o f UFH, 
resulting in a progressive increase in TF-initiated thrombin genera
tion (Figure 3A). However, addition of higher concentrations of 
protamine to heparinized plasma resulted in a significant progres
sive reduction in thrombin generation, to a minimum of 54% 
(±  14%) and 57% (±  10%) o f normal plasma ETP for 0.3 and 
l.O IU /m L UFH, respectively (Figure 3A). Similarly, although 
protamine at low dose (5-20 (xg/mL) completely reversed the 
anticoagulant effect of the LMW H tinzaparin (1.0 U/mL), higher 
doses o f protamine (20-80 (xg/mL) were again associated with a 
significant reduction in ETP (to 78% ±  1%). In contrast, titration 
of protamine into plasma containing LM W H enoxaparin (I.O U / 
mL) failed to fully correct TF-initiated thrombin generation 
(maximum 80% +  4%). Moreover, in plasma containing enoxapa
rin, higher doses o f protamine resulted in a more marked anticoagu
lant effect than that observed with either UFH or tinzaparin, 
respectively, to 21% (±  2% o f normal ETP (Figure 3B).

Anticoagulant effects of ARC in plasma are enhanced by 
protamine

APC down-regulates thrombin generation by inactivation o f proco
agulant cofactors FVa and FVIIIa. Moreover, we have recently 
demonstrated that FVa proteolysis by APC can be specifically 
modulated by another cationic polypeptide, platelet factor 4.'* 
Consequently, we hypothesized that the anticoagulant effects of 
cationic protamine might be mediated through a similar mecha
nism. As expected, APC (1.25-20 nM) alone caused a concentration- 
dependent prolongation in APTT (maximum 2.8 ±  0.1 -fold prolon
gation) in normal plasma (Figure 4A). However, the anticoagulant 
activity o f APC on the APTT was markedly enhanced at all 
concentrations in the presence o f protamine (30 |xg/mL; Figure 
4A), Furthermore, in keeping with the ob.served APTT findings, 
pharmacologic doses of protamine also significantly enhanced APC 
attenuation o f TF-initiated thrombin generation. For example, 
although I nM APC alone had minimal effect on thrombin
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Figure 2. Protamine inhibits TF-initiated thrombin generation in normal plasma.
Coagulation was Initiated In pooled normal plasma with 5 pM TF, 4 jxM phospholipid 
vesicles (PC:PS:PE 60%:20%:20%), and 6.67 mM CaCls. and thrombin generation 
was followed using a fluorogenic substrate, as described in “Methods." (A) Thrombin 
generation in the absence of protamine (#) was compared with 3 ^g/mL (■) and 
30 M-g/mL (O) of protamine, respectively. (B) The effect of protamine (3-80 |xg/mL) on 
individual thrombin generation curve parameters was determined. Parameters 
measured (top to bottom) were ETP (% of normal pooled plasma), TTP (minutes), lag 
time (minutes), and peak thrombin (nM). Unpaired 2-talled Mests were perfomied to 
determine significance (•**P<.0001 compared with plasma in the absence of 
protamine). All experiments were performed in triplicate. Results are expressed as 
mean ± SEM.

generation, coincubation o f the same APC concentration with 
protamine (30 |jig/mL) entirely ablated thrombin generation in 
normal plasma (Figure 4B). A synergistic anticoagulant interaction 
between APC and protamine was also observed in heparinized 
plasma. In the presence o f I nM APC, the ability o f high protamine 
concentrations to inhibit thrombin generation was markedly en
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Figure 3. Anticoagulant activity of excess protamine administration during 
reversal of heparin-induced anticoagulation. (A) Protamine (10-80 |xg/mL) was 
titrated Into normal pooled plasma containing 0.3 U/mL ( • )  or 1.0 U/mL (O) UFH, and 
TF-inrtiated thrombin generation was determined as before. (B) The ability of 
protamine (10-80 (j.g/mL) to reverse different LMWH preparations of 1.0 U/mL 
tinzaparin ( • )  or 1.0 U/mL enoxaparin (T) was also characterized.

hanced, such that thrombin generation was entirely ablated at 
40 |j.g/mL protamine (Figure 4C).

Protamine does not enhance FVa or FVIIIa proteolysis by APC

To further elucidate the mechanism(s) through which protamine 
enhances APC anticoagulant activity, the rate o f FVa proteolysis in 
the presence or absence o f protamine was determined using a 
phospholipid-dependent FVa proteolysis time course assay (Figure 
5A). In this purified system, the ability of APC to cleave and 
inactivate procoagulant FVa was not significantly enhanced in the 
presence o f pharmacologic concentrations of protamine. Therefore, 
to detennine whether the anticoagulant activity of protamine was 
due to enhanced FVIIIa proteolysis by APC, we assessed thrombin 
generation in FVIIl-deficient plasma in the presence of an APC- 
resistant FV III variant (R336Q/R562Q).'* Wild-type or variant 
FV III in FVIII-deficient plasma entirely restored ETP to normal 
plasma levels (Figure 5B). Although low-dose protamine (3 p-g/ 
mL) did not significantly reduce ETP, a marked anticoagulant 
interaction was again observed when protamine was combined 
with APC (10 nM). Moreover, the synergistic anticoagulant effects 
o f APC in combination with protamine were comparable for 
wild-type FV III and for APC-resistant FVIII. suggesting that 
accelerated FVIIIa proteolysis is not responsible for the enhanced 
anticoagulant effects o f APC in the presence o f protamine.

Protamine inhibits activation of FV by a-thrombin and FXa

We further investigated whether protamine enhancement o f APC in 
plasma was due to inhibition o f FVa generation. In the presence of 
pharmacologic concentrations o f protamine (50 (xg/mL), activation 
of FV by thrombin (I nM) was entirely ablated (Figure 6A). 
Moreover, low concentrations of protamine (0.25-12.5 jj.g/mL) 
significantly attenuated FV activation in a dose-dependent manner
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(Figure 6B). The 50% inliibitory concentration for protamine 
intiibition of FV activation by thrombin was only 0.8 jjig/mL. 
Consequently, this effect is o f clear clinical importance, given that 
peak protamine plasma concentrations can potentially reach 50 jig / 
mL after a single 50-mg bolus administration." Although physi
ologic activation o f FV is predominantly mediated by thrombin, 
FXa can also activate FV.^’  Interestingly, however, in the presence 
of protamine (50 p.g/mL), FV activation by FXa (20 nM) was also 
significantly reduced (Figure 6C).

Preactivation of FV eliminates protamine anticoagulant effect 
in plasma

Previous studies have suggested that protamine may influence 
several different procoagulant and anticoagulant reactions in 
plasma.'’-’ -̂ '''̂  ̂ To determine the relative importance o f protamine 
inhibition of FV activation in mediating the anticoagulant effect of 
protamine in plasma, increasing concentrations o f either FV or FVa 
(0-20 nM) were titrated into FV-deficient plasma in the presence or 
absence o f protamine (30 (ig/mL; Figure 7). In a TF-initiated 
thrombin generation assay, addition o f FV or FVa resulted in a
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Figure  5 . A P C -p ro tam ine  a n tico a g u la n t s ynergy  Is not m ed ia ted  by enhanced  
s u b stra te  p ro teo lys is . (A) FVa p ro te o lys is  by A PC  w a s assessed  in both the 
a bse nce  (A ) and presence  (O) o f 3  n g /m L  p ro tam ine . P urified FVa {1 nM final 
conce n tra tio n ) w a s incuba ted  w ith  p ho spho lip id  ves ic les  (P C :P S :P E , 60% :20% :20% . 
20 m̂ M fin a l concen tra tion ) in a b u ffe r con ta in ing  175 m M  NaCI. 3 m M  C aC l2, and 
25 m M  H E P E S  (pH  7.4) at 37®C. A PC  (2 nM fin a l co nce n tra tio n ) w as a dd ed  to  in itia te  
FVa inac tiva tion . At spec ific  tim e  po in ts , a liquo ts  o f the  reaction  m ix w e re  added to  a 

se pa ra te  p ro th rom b lnase  m ix tu re  and  throm bin  gen e ra te d  was m easured , as 
d escribe d  in “M e thods ." (B) To assess  FV IIIa  p ro te o lys is  by A PC , throm bin  gen e ra 
tion w a s in itia ted  w ith  TF. phospho lip id  ves ic les , and  C a C b  in F V III-de fic ien t p lasm a 
to  w h ich  1.0 U /m L w ild -type  ( ) o r A P C -re s is tan t FV III R 336Q /R 562Q  (■ ), respec

tively, had  been  added. ETP w a s d e te rm ined  fo r each  FV III va ria n t in the  p resence 
and a bse nce  o f p ro tam ine  (3 jj.g /m L) and a lso  in the  p resence  o f A PC  (10  nM).

significant increase in thrombin generation (Figure 7A-B). In 
keeping with our previous findings, protamine (30 |jLg/mL) signifi
cantly inhibited thrombin generation at all concentrations of FV 
(Figure 7A). However, in the presence of preactivated FVa, the 
ability o f prolamine to significantly inhibit thrombin generation 
was no longer evident (Figure 7B). Cumulatively, these data 
support the hypothesis that protamine-mediated inhibition o f FV 
activation plays a critical role in mediating its anticoagulant 
activity in human plasma.

Discussion

Protamine sulfate is widely regarded as the treatment o f choice for 
reversing UFH-induced anticoagulation. However, excessive prota
mine administration has been associated with anticoagulant activ
ity, and has been implicated in the etiology o f perioperative 
bleeding for many years.* '*-̂ * In particular, previous trials have 
demonstrated that the use o f lower doses o f protamine for heparin 
neutralization in patients after CPB resulted in reduced postopera
tive blood loss.^^'^" In a prospective study, Despotis et al random
ized 254 patients requiring CPB to heparin neutralization with 
either a fixed dose of protamine (0.8 mg o f protamine per mg total 
UFH), or a titrated protamine dosing based upon residual plasma 
heparin concentration.^* Although patients in the titrated protamine 
dosing arm of the study received lower doses of protamine, they 
developed fewer bleeding complications and required significantly
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Figure 6. Protamine inhibits activation of intact FV by thrombin and by FXa.
(A) The rate of activation of 100 nM purified FV by 1 nM thrombin was measured in a 
PT-based clotting assay using FV-deficient plasma (as described In “Methods") in the 
absence (O) and presence {▼) of 50 }xg/mL protamine. (B) To determine the 50% 
inhibitory concentration for the observed effect, the activity of FV was measured after 
incubation with thrombin and Increasing (0.25-12.5 ng/mL) concentrations of prota
mine for 60 seconds. Activity was expressed as a percentage of activity in the 
absence of protamine. (C) To assess whether FXa-mediated FV activation was 
affected by protamine, the rate of activation of 100 nM purified FV by 20 nM FXa In 
the presence of phospholipid vesicles (PC:PS:PE 60%:20%:20%, 80 ^M final 
concentration) was assessed in the absence ( • )  and presence (□) of 50 ixg/mL 
protamine in a PT-based clotting assay.

less hemostatic support (platelets, fresh frozen plasma, and cryopre- 
cipitale transfusions) during the perioperative period. Similarly, 
another prospective randomized trial o f adult patients undergoing 
CPB also demonstrated that reduction in protamine dose was 
associated with significantly decreased mediastinal blood loss 
( -  50%).29

In this study, we investigated the molecular mechanisms 
responsible for these clinically important protamine-mediated 
anticoagulant effects. We demonstrate that in vivo administration 
of protamine significantly reduces thrombin generation in murine 
plasma, and significantly prolongs tail-bleeding time. Moreover, 
protamine also has anticoagulant activity in normal human plasma. 
At pharmacologic doses (> 1 0  jxg/mL), protamine prolonged both 
the PT and APTT, suggesting an effect on the common pathway. 
Furthermore, prolamine also significantly attenuated TF-initiated 
thrombin generation in human plasma.

Conversion of pro-cofactor FV to active FVa occurs early in the 
process o f TF-initiated coagulation.-^' Initial activation o f FV by 
thrombin involves limited proteolytic cleavage of peptide bonds at
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Figure 7. The anticoagulant effect of protamine is greatly reduced by preactiva- 
tion of FV to FVa. (A)FV (2.5-20 nt^) or (B) FVa (1-20 nM) was titrated into 
FV-deflcient plasma in the absence (O) and presence (▼) of protamine (30 jig/mL). 
Ttirombin generation was initiated witti TF, ptiosptiolipid vesicles, and CaClz (see 
"Mettiods"), and ETP was calculated as before.

Arg™. Arg""*, and Arg''’"*''. FVa then associates with FXa on 
negatively charged phospholipid membrane surfaces to form the 
prothrombinase complex. In this complex, FVa acts as a critical 
cofactor, enhancing the ability o f FXa to convert prothrombin to 
thrombin by 300 0 0 0 - fo ld .In  addition. FVa binding also makes 
FXa refractory to inhibition by anticoagulant tissue factor pathway 
inhibitor.’ ’  Using purified protein assays to study the anticoagulant 
activity o f protamine, we demonstrate that FV activation by 
a-thrombin is reduced in a dose-dependent manner by protamine. 
Moreover, this novel specific inhibitory effect upon FV activation 
is responsible for the bulk o f the anticoagulant effect o f protamine 
on TF-initiated thrombin generation in human plasma. Indeed, 
protamine had only a minor inhibitory effect on thrombin genera
tion in plasma containing preformed FVa rather than pro-cofactor 
FV. Further studies w ill be required to unravel the precise 
mechanism(s) through which protamine attenuates activation of 
FV. Nevertheless, the observation that FV activation by both 
thrombin and FXa is inhibited indicates protamine may form an 
inhibitory complex with FV.

Because arginine residues account for approximately 60% o f its 
primary amino acid sequence, protamine is highly cationic. Interest
ingly, several recent studies have shown that specific anionic 
molecules have the opposite effect to protamine on FV activa
t i o n . I n  particular, polyphosphate, a linear polymer o f inorganic 
phosphate present in the dense granules of human platelets, 
significantly enhanced the rate o f FV activation by both thrombin 
and FXa.’"'-’  ̂ Similarly, AV513, a sulfated proteoglycan o f plant 
origin, has been shown to accelerate thrombin generation by 
significantly enhancing FV activation.’  ̂ Finally, in antithrombin- 
deficient plasma, negatively charged UFH also had significant 
procoagulant activity due to increased FV activa tion .The molecu
lar interactions through which these different anionic polymers 
function to enhance FV activation have not been defined. Neverthe
less, these reports combined with our novel findings cumulatively
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support the hypothesis that charge-mediated interactions may be 
critical in regulating FV activation.

Previous studies have reported that protamine can also down- 
regulate coagulation by directly inh ib iting thrombin activity.^'* 
However, high protamine concentrations ( >  100 (xg/mL) were 
only associated w ith relatively m inor reductions in thrombin 
function.^'* Moreover, at pharmacologic concentrations ( s  50 |j,g/ 
m L), we observed no significant protamine effect on thrombin- 
clotting time, or thrombin am idolytic activity (data not shown). In 
contrast, the presence o f lO fxg/m L protamine in pooled normal 
plasma was sufficient to prolong both the PT and APTT. In 
addition, the lag time and TTP o f TF-initiated thrombin generation 
were significantly prolonged by 3 (ig /m L protamine. Conse
quently, our findings clearly indicate that direct thrombin inhibition 
plays a relative ly m inor role in mediating the anticoagulant 
function o f  protamine. More recently. Nielsen demonstrated that 
c lin ica lly  encountered protamine concentrations also resulted in 
enhanced fib r in o ly s is .A lth o u g h  the mechanism(s) responsible for 
this effect was not defined, these data would be consistent w ith a 
down-regulation in thrombin generation, and consequent reduction 
in thrombin-activatable fibrinolysis inh ib itor activation.

The ab ility  o f pharinacologic doses o f protamine to markedly 
inh ib it FV activation has .several direct important translational 
implications. First, the A C T  assay is routinely used to monitor 
UFH-induced anticoagulation during cardicac surgery, and to 
evaluate the efficacy o f prolamine reversal during the immediate 
postoperative period.^'' In other patients, including those present
ing with life-threatening bleeding complications, heparin reversal 
after protamine administration is typ ica lly assessed using an APTT 
assay.'* However, as we have shown, administration o f excess 
protamine significantly inhibits FV activation, thereby prolonging 
both the A C T  and APTT, respectively. Consequently, an increased 
AC T  or A P TT  after protamine administration cannot be regarded as 
pathognomonic o f inadequate heparin reversal, but rather may 
reflect excess free protamine. Interestingly, we observed that 
TF-in itiated thrombin generation curves could rapidly and reliably 
differentiate between residual heparin and excess protamine, 
suggesting a potential new diagnostic application for calibrated 
automated thrombography in this setting.

Second, our findings have important clin ica l implications in 
relation to the use o f protamine for reversing LM W H-induced 
anticoagulation. Although protamine reverses the antithrombin 
activ ity o f  LM W H , it only partia lly neutralizes FXa inhibition. 
Consequently, as we demonstrate in this study, protamine is more 
effective in reversing the anticoagulant activity o f  LM W H  with 
lower anti-FXa;antithrombin ratios (eg, tinzaparin 2:1 compared
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Platelet factor 4 (PF4) is an abundant platelet a-granule che- 
mokine released following platelet activation. PF4 interacts 
with thrombomodulin and the y-carboxyglutamic acid (Gla) 
domain of protein C, thereby enhancing activated protein C 
(APC) generation by the throm bin-throm bom odulin complex. 
However, the protein C Gla domain not only mediates protein C 
activation in vivo, but also plays a critical role in modulating the 
diverse functional properties of APC once generated. In this 
study we dem onstrate that PF4 significantly inhibits APC anti
coagulant activity. PF4 inhibited both protein S-dependent APC 
anticoagulant function in plasma and protein S-dependent fac
tor Va (FVa) proteolysis 3- to 5-fold, dem onstrating that PF4 
impairs protein S cofactor enhancement of APC anticoagulant 
function. Using recombinant factor Va variants FVa-R506Q/ 
R679Q and FVa-R306Q/R679Q, PF4 was shown to im pair APC 
proteolysis of FVa at position Arĝ *** by 3-fold both in the pres
ence and absence of protein S. These data suggest that PF4 con
tributes to the poorly understood APC resistance phenotype 
associated with activated platelets. Finally, despite PF4 binding 
to  the APC Gla domain, we show that APC in the presence of 
PF4 retains its ability to initiate PAR-1-mediated cytoprotective 
signaling. In summary, we propose that PF4 acts as a critical 
regulator of APC generation, but also differentially targets APC 
toward cytoprotective, rather than anticoagulant function at 
sites of vascular injury with concurrent platelet activation.

Protein C is a vitamin K-dependent glycoprotein zymogen, 
which is activated by the throm bin-throm bom odulin complex 
on the surface of endothelial cells (for review, see Refs. 1-3). 
Protein C activation is enhanced by protein C binding to its 
receptor, the endothelial cell protein C receptor (EPCR)^ (4, 5).
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Activated protein C (APC) down-reguiates the coagulation cas
cade by inactivation of procoagulant cofactors, factor Va (FVa) 
and factor V illa (FVIlla) (6, 7), both of which are required for 
throm bin generation. The clinical im portance of APC antico
agulant function is well established. Homozygous protein C 
deficiency causes purpura fulminans in neonates (8), whereas 
heterozygous deficiency is associated w ith significantly 
increased risk of venous thrombosis (9). Proteolysis of FVa and 
FVIlla by APC is enhanced >20-fold in the presence of protein 
S, which acts as a cofactor for APC (10). Consequently, inher
ited or acquired protein S deficiency is also associated with 
significantly increased risk of throm bosis (11,12). Recent stud
ies have dem onstrated that APC bound to EPCR via its Gla 
domain can also initiate protease-activated receptor 1 (PAR-1)- 
m ediated anti-inflamm atory and anti-apoptotic signaling in 
endothelial cells (13, 14). Furtherm ore, the cytoprotective 
properties of APC are of therapeutic benefit to patients with 
severe sepsis syndrome (15).

FVa inactivation by APC occurs due to limited proteolytic 
cleavage of FVa at positions Arg®°® and Arg^^** (16). Previous in 
vitro studies have dem onstrated that FVa inactivation by APC 
occurs rapidly in the presence of negatively charged phospho
lipid vesicles (16,17). In contrast, APC-mediated FVa inactiva
tion is markedly inhibited in the presence of activated platelets 
(17,18). The one or more mechanisms through which platelet- 
m ediated APC resistance occurs are unclear. However, previ
ous work has indicated that platelet-mediated inhibition of 
APC anticoagulant function is enhanced by an unidentified 
protein com ponent of the platelet secretory granules released 
following platelet activation (19).

Accumulating evidence suggests that platelet factor 4 (PF4) 
may play an im portant role in regulating protein C activation 
(20). PF4 is synthesized in megakaryocytes, and subsequently 
stored in platelet a-granules (20). In contrast to other cationic 
proteins, PF4 enhances APC generation up to  25-fold on endo
thelial cell surfaces (21, 22). This specific enhancem ent has 
been attributed to a PF4-mediated increase in the affinity of the 
throm bin-throm bom odulin complex for protein C, resulting in 
a 30-fold decreased for protein C activation (22). Moreover, 
subsequent studies dem onstrated that enhancem ent is medi
ated through the interaction between PF4 and the protein C Gla

p h osphatidy lethano lam ine; BSA, bovine serum  album in; Gla, 7-carboxy- 
g lu tam icacid .
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PF4 Inhibition o f APC Anticoagulant Function

domain (23). The protein C/APC Gla domain also plays critical 
roles in regulating both APC anticoagulant and cytoprotective 
signaling properties. However, the functional consequences of 
the interaction between the APC Gla domain and PF4 in rela
tion to APC anticoagulant, anti-inflammatory, and anti-apo- 
ptotic functions have not previously been defined.

In this study, we dem onstrate that PF4, in contrast to its role 
in protein C activation, attenuates APC anticoagulant activity 
in plasma. Furtherm ore, PF4 inhibits the ability of protein S to 
function as a cofactor for APC. Finally, despite PF4 binding to 
the protein C/APC Gla domain, we also dem onstrate that the 
APC Gla domain interaction with EPCR is preserved, such that 
APC in the presence of PF4 retains its ability to initiate PAR-1- 
mediated cytoprotective signaling. Consequently, our findings 
support a novel physiological role for PF4 in modulating APC 
function.

EXPERIMENTAL PROCEDURES

M aterials— Human PF4 was purchased from both Hem ato
logic Technologies Inc. (Essex Junction, VT) and Enzyme 
Research Laboratories (South Bend, IN). Human purified APC, 
thrombin, and protein S were purchased from Hematologic 
Technologies Inc. Recombinant FVa variants FVa-R506Q/ 
R679Q and FVa-R306Q/R679Q were generated and character
ized as previously described (24). Deficient plasmas and chro- 
mogenic substrates BIOPHEN CS 21(66) and BIOPHEN 
CS-01(38) for APC and throm bin, respectively, were purchased 
from Hyphen-Biomed (Neuville-Sur-Oise, France). Throm bin 
generation assay reagents (PPP reagent, fluorogenic substrate, 
and throm bin calibration standard) were all purchased from 
Throm binoscope BV (Maastricht, The Netherlands). Evans 
Blue dye, bovine serum albumin, and staurosporine were 
bought from Sigma. Pre-designed primers for reverse tran 
scription-PCR experiments were from Applied Biosystems 
(Foster City, CA).

Determination o f APC Anticoagulant Activity in the Presence 
o f PF4 in Plasma—The anticoagulant function of APC in the 
presence of PF4 in normal, platelet-poor, pooled plasma was 
assessed using a Fluoroskan Ascent Plate Reader (Thermo Lab 
System, Helsinki, Finland) in com bination with Throm bino
scope software (Thrombinoscope BV), as previously described 
(25). 80 /xl of protein C-deficient plasma was incubated with 20 
/ j l I  of PPP Reagent containing 5 pM  tissue factor and 4 f i M  phos
pholipids (PC/PS/PE, 60%/20%/20%) in the presence or 
absence of APC (1.25-10 nM , all final concentrations). T hrom 
bin generation was initiated by automatic dispensation of 2.5 
mM fluorogenic throm bin substrate (Z-Gly-Gly-Arg-amido- 
methyl coumarin-HCl) and 100 m M  CaClj into each well (final 
concentrations, Z-Gly-Gly-Arg-amidomethyl coumarin-HCl, 
0.42 m M , and CaCl^, 16.67 m M ). Throm bin generation was 
determined using a thrombin calibration standard. Measurements 
were taken at 20-s intervals for 60 min, or until thrombin genera
tion was complete. The endogenous thrombin potential (ETP) of 
each reaction was then calculated. Experiments were performed in 
triplicate, and data were reported as mean ETP ±  S.E.

Protein S Enhancement o f APC Anticoagulant Activity in Pro
tein S-deficient Plasma—APC anticoagulant activity in protein 
S-deficient plasma in the presence of PF4 was determ ined using

a similar assay to that described above. Briefly, protein S-defi
cient plasma was incubated with APC (10 nM ) in the presence of 
plasma-purified protein S (6.25-100 nM ). Throm bin generation 
was initiated and assessed using Throm binoscope software as 
described previously. All experiments were perform ed in trip 
licate and data plotted as mean ETP ±  S.E.

Determination o f Protein S-independent and  Protein S-de- 
pendent APC-mediated FVa Proteolysis—FVa degradation by 
APC in the absence of protein S was assessed as previously 
described (26). Recombinant FVa (0.8 n M , final concentration) 
was incubated with phosphohpid vesicles (PS/PE/PC, 10%/ 
20%/70%, 25 piM final concentration) in the presence or absence 
of PF4 (1 /xM, final concentration) in HNBSACa buffer (25 mM 
Hepes, 150 m M  NaCl, pH 7.7, with 5 m g/m l BSA, and 5 m M  

CaClj). APC (1.65 nM , final concentration) was added to initiate 
FVa inactivation, and aliquots were drawn at set tim e intervals 
over a 20-min time course. FVa inactivation was stopped by 
1/25 dilution in ice-cold HNBSACa. The FVa activity was 
measured at each time point using a prothrom binase assay con
taining 5 nM  FXa, 0.5 /xm  prothrom bin, and phospholipid vesi
cles (PC/PS, 90%/10%, 50 ju,M final concentration) for 2 min, 
then stopped with 40-fold dilution in ice-cold EDTA buffer (50 
m M  Tris-HCl, 100 m M  NaCl, 20 m M  EDTA, 1% polyethylene 
glycol 6000, pH 7.9). The am ount of throm bin formed was 
measured using a thrombin-specific chromogenic substrate 
BIOPHEN CS-01(38). The residual FVa activity was deter
mined by comparison with the FVa activity observed prior to 
APC incubation. The plotted values represent the mean of at 
least three individual experiments ±  S.E. Protein S-dependent 
FVa proteolysis was measured at protein S concentrations in 
the presence or absence of PF4. Human protein S (2.5-25 nM ) 

was incubated with 0.8 nM  APC, 8 nM  FVa, and 75 jam phospho
lipid vesicles (PC/PS/PE, 60%/20%/20%) in 40 m M  Tris-HCl, pH 
7.4, 140 m M  NaCl, 3 m M  CaClj, 0.3% (w/v) bovine serum albu
min (0.2 nM  APC, 2 nM  FVa, and 19 /h m  phospholipid vesicles, 
final concentrations) for 2 min at 37 °C. A 2-/xl aliquot was 
added to 0.3 nM  FXa, 1.5 /x m  prothrom bin, and 75 fiM  phospho
lipid vesicles (0.1 nM  FXa, 0.5 /am pro throm bin , and 25 fiM 
phospholipid vesicles, final concentrations) at 37 °C for 3 
min. 5 ju.1 of ice-cold 250 m M  EDTA stopped the reaction. 
The rate of th rom bin substrate cleavage was then m easured 
as before.

Calculation o f Kinetic Rate Constants fo r  APC-mediated  
Cleavage atArg''"^ and  Arg^"^ o f FVa—T o  determ ine the pseu- 
do-first order rate constants for APC-mediated cleavage of FVa 
inactivation sites Arg*“*’ and Arg^“*, inactivation of FVa- 
R306Q/R679Q and FVa-R506Q/R679Q was assessed over 
time, and curves were fitted to the data according to a previ
ously determ ined equation (27). As each variant only possesses 
one cleavage site, the equation was modified to reflect this, as 
previously described (24). FVa degradation curves for FVa- 
R306Q/R679Q were fitted to Equation 1,

l / a ,  =  - e ’ '' '=“ > ' )  ( E q . i )

where Va, is the FVa cofactor activity determ ined at tim e point 
t, V u q  is the FVa cofactor activity derived prior to incubation 
with APC, B is the remaining procoagulant activity of FVa
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cleaved at amino acid position 506, and /cjoe constant
for cleavage at position 506.

For determination o f the rate constant for Arg^"^ cleavage, 
Equation 2 was used to f it  the APC-mediated FVa degradation 
curve for FVa-R506Q/R679Q,

I /a ,  =  U o o - e “ '''“ ' ' '  + C - U a o - ( 1  -  (Eq.2)

where C is the remaining procoagulant activity o f FVa cleaved 
at position 306, and is the rate constant for cleavage at 
position 306.

Measurement o f Endothelial Cell Barrier Protection b y  APC— 
Endothelial cell barrier permeability was determined as 
described previously (28). Briefly, EAhy926 cells (kind g ift o f 
Dr. C. Edgell, University o f N orth  Carolina, Chapel H ill, NC) 
were grown to confluence on polycarbonate membrane Tran
swells (Costar, 3-/xm pore size, 12-mm diameter) and incu
bated w ith 20 nM  APC in the presence or absence o f 1 /x m  PF4. 
A fter 3 h, the cells were treated w ith  throm bin in serum-free 
media fo r 10 min. The cells were washed and incubated w ith 
0.67 m g/m l Evans Blue w ith 4% bovine serum albumin (BSA). 
Changes in endothelial cell barrier permeability were deter
mined by following the increase in  absorbance at 650 nm in the 
outer chamber over time due to the transmigration o f Evans 
Blue-BSA. Experiments were performed in trip licate and p lot
ted as the mean ±  S.E.

Determ ination o f APC-mediated Protection o f Apoptotic 
Endothelial Ce//s—Confluent EAhy926 cells in 6 -well plates 
were pre-treated w ith APC ±  PF4 for 17 h. EAhy926 cell apo- 
ptosis was induced by staurosporine (20 /x m ) treatment for 4 h. 
Cells were then trypsinized and RNA-extracted using an 
RNeasy M in i K it (Qiagen). Reverse transcription was carried 
out (H igh Capacity cDNA Reverse Transcription K it, Applied 
Biosystems) then Real Time PCR was performed using Bax 
(Hs00180269_ml), Bcl-2 (Hs00153350_ml), and fi-actin  
(Hs99999903_ml) TaqMan® Gene Expression Assays (Applied 
Biosystems) in a Applied Biosystems 7500 Real Time PCR sys
tem. Experiments were performed in triplicate and plotted as 
mean Bax/Bcl-2 ratio ±  S.E.

RESULTS

PF4 impairs APC Anticoagulant Function in Plasma— 
interacts w ith  the protein C Gla domain, thereby significantly 
enhancing APC generation on endothelial cell surfaces (21,22). 
However, the Gla domain also plays a critical role in  regulating 
APC anticoagulant function. Preliminary experiments using an 
APC-specific chromogenic assay indicated that APC amidol- 
ytic activ ity was unaltered by the presence o f PF4 concentra
tions up to 1 fiM  (data not shown). Consequently, calibrated 
automated thrombography was used to assess the impact of 
PF4 upon APC attenuation o f tissue factor-initiated throm bin 
generation in protein C-deficient plasma (25). APC alone 
reduced throm bin generation (Fig. M ). Calculation o f the area 
under the throm bin generation curve (ETP) indicated that 10 
nM  APC reduced throm bin generation to 9 ±  4% o f the original 
ETP p rio r to APC incubation (Fig. M ) . However, co-incubation 
o f the same APC concentration w ith  PF4 reduced the inhib ition 
o f throm bin  generation conferred by APC in a dose-dependent

400
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« 200
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FIGURE 1. PF4 inhibits APC anticoagulant function in platelet-poor 
plasma. Coagulation was initiated in protein C-deficient plasma w ith  5 pM 
tissue factor, 4 fiM phospholipid vesicles (PC/PS/PE, 60%/20%/20%), and 6.67 
mM CaClj, and throm bin generation followed using a fluorogenic substrate, 
as described under "Experimental Procedures.” A, throm bin generation in the 
absence o f APC {*) was attenuated in the presence of 10 nM APC (■). Increas
ing PF4 concentration (0.5-2 îm) in the presence o f 10 nM APC-impaired APC 
anticoagulant response: 0.5 fiM  PF4 (X), 1 /j.m PF4 (□ ), and 2 /aM PF4 (O). 
6, inh ib ition o f APC anticoagulant function in normal plasma was assessed 
both in the presence (A) and absence (A) of 1 fiM  PF4 using respective mean 
ETPs ±  S.E.

manner (Fig. lA ). In the presence o f 1 /xm PF4 (a concentration 
at which protein C activation on endothelial cells is significantly 
enhanced (21, 22)) the anticoagulant activity o f 10 nM  APC was 
significantly impaired, as throm bin generation was reduced to 
only 44 ±  4% o f the original ETP, compared w ith 9 ±  4% in the 
absence o f PF4 (Fig. M ). To assess whether the presence of 
zymogen protein C altered the inh ib ito ry activity o f exogenous 
APC, the same experiment was performed in the presence of 
normal pooled plasma. Similar results were observed in APC- 
incubated normal pooled plasma in the presence o f 1 /nM PF4 
(Fig. IB). The same experiment was performed in the presence 
o f a higher phosphohpid concentration (25 fiM), to  exclude the 
possibility that the cationic PF4 inhibited APC anticoagulant 
activity by binding to and blocking access to crucial anionic 
phospholipid binding sites. However, PF4 was found to inh ib it 
APC function in a similar manner (data not shown). The IC 5 0  

for PF4 inh ib ition  o f APC anticoagulant function was 12 /J-g/ml 
(0.4 /im), sim ilar to PF4 serum concentration after platelet acti
vation (22). Interestingly, PF4 in the absence o f APC also m ild ly 
inhibited throm bin generation (<25% at 1 fiM  PF4) (data not 
shown). This impairment was not mediated by PF4 inh ib ition  
o f contact activation, because corn trypsin inh ib itor, which 
eliminates the contribution o f contact pathway activation to 
throm bin generation in this system, had no effect on the 
observed m ild  reduction in throm bin generation.

Cationic Polypeptides Induce Diverse Functional Effects upon 
APC Anticoagulant Activ ity—Jo  determine whether PF4 
impairment o f APC anticoagulant function represented a gen
eral functional consequence o f cationic molecule association 
w ith  APC, we assessed APC anticoagulant response in normal
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FIGURE 2. Cationic polypeptides rapidly enhance APC anticoagulant 
function. A, APC anticoagulant function was determ ined in plasma in the 
presence of APC (2.5-10 nM) (top panel: no APC (O), 2.5 nM APC (*), 5 nM APC 
(□ ), and 10 nM APC (■). 30 jig /m l protamine sulfate (middlepanel) and Poly- 
brene {.lower panel), both (O) in the absence o f APC was assessed. B, the ETP 
determ ined in normal plasma after throm bin generation in the presence of 
30 ;j.g/ml protamine sulfate and Polybrene was compared w ith  that o f normal 
pooled plasma alone. C, the susceptibility to  APC anticoagulant activity w ith 
increasing APC concentration (1.5-10 nM APC) in the presence o f protamine 
sulfate (▲) or Polybrene (O) was assessed and compared w ith  throm bin gen
eration in the presence o f APC alone (• ) .

platelet-poor plasma in the presence of two other well charac
terized cationic polypeptides, protamine sulfate and Polybrene. 
APC impaired thrombin generation in a dose-dependent fash
ion as previously described (25) (Fig. 2A, top panel). In the 
absence of APC, protamine sulfate and Polybrene both altered 
the dynamics of thrombin generation by reducing the peak 
thrombin generation and extending the time over which 
thrombin was generated (Fig. 2A, middle and lower panels). 
However, overall ETP was not significantly different to that 
determined in the absence of either cationic molecule (Fig. 2B).

Surprisingly, and in direct contrast to the inhibition of APC 
anticoagulant activity observed in the presence of PF4, both 
protamine sulfate and Polybrene rapidly enhanced APC antico
agulant activity. In the presence of either protamine sulfate or 
Polybrene (both 30 /Ag/ml), thrombin generation in normal 
plasma was entirely ablated in the presence of 5 nM  APC, 
whereas APC alone under the same conditions only reduced 
thrombin generation by 41% (Fig. 2C). These findings demon
strate that the inhibitory effect of PF4 upon APC anticoagulant 
function is not solely mediated by its cationic nature.

PF4 Impairs Protein S-dependent APC Anticoagulant 
Activity—APC binds to anionic phospholipids, and in complex 
with its cofactor protein S, down-regulates thrombin genera
tion by inactivation of procoagulant cofactors FVa and FVIIIa 
(6 ,7). To investigate the one or more mechanisms by which PF4 
inhibit APC anticoagulant activity, APC anticoagulant function 
was assessed in protein S-deficient plasma reconstituted with 
plasma-purified protein S. 10 nM  APC in protein S-deficient 
plasma had no effect upon thrombin generation, as previously 
described (29) (Fig. 3X). However, co-incubation with protein S 
(6.25-100 nM ) facilitated a protein S-dependent impairment of

PROTEINS (nM)

FIGURE 3. PF4 inhib ition of APC anticoagulant activity occurs via inh ib i
tion o f APC-mediated FVa proteolysis./., protein S-dependent APC antico
agulant activity was measured in protein S-deficient plasma, as described 
under "Experimental Procedures." 5 nM APC alone (O) was compared w ith  5 
nM APC plus 50 nM protein S in the presence (■) and absence (□ )  o f PF4 (1 fiM). 
B, protein S (6.25-100 nM)-dependent APC anticoagulant activity was 
assessed in the presence (■) and absence of PF4 (O) using protein S-deficient 
plasma. C, protein S-independent FVa proteolysis by APC was assessed in 
both the presence and absence o f PF4 (1 /am). Recombinant FVa (0.8 nM final 
concentration) was incubated w ith  phospholipid vesicles (PS/PE/PC, 10%/ 
20%/70%, 25 jiM final concentration) in the presence (■) or absence (O) o f 1 
fiM PF4 in HNBSACa buffer (25 mM Hepes, 150 mM NaCI, pH 7.7, w ith 5 mg/ml 
BSA, and 5 mM CaCI^. APC (1.65 nM final concentration) was added to initiate 
FVa inactivation, and aliquots were drawn at set tim e intervals over a 20-min 
tim e course. FVa inactivation was stopped by 1/25 d ilu tion in ice-cold HNB
SACa. The FVa activity was measured using a prothrombinaseassay (5 nM FXa 
for 0.5 nM FXa, 0.5 >iM prothrombin, and phospholipid vesicles (PC/PS, 10%/ 
90%, 50 final concentration)). After 2 min the reaction was stopped w ith 
40-fold d ilu tion in ice-cold EDTA buffer (50 mM Tris-HCI, 100 mM NaG, 20 mM 
EDTA, 1 % polyethylene glycol 6000, pH 7.9). The throm bin formed was meas
ured using a thrombin-specific chromogenic substrate BIOPHEN CS-01(38). 
The residual FVa activity was determined by comparison to the FVa activity 
observed prior to  APC incubation. The plotted values represent the mean of 
at least three individual experiments ±  S.E. D, protein S-dependent FVa pro
teolysis was measured in the presence (■) and absence (O) o f PF4. Human 
protein S (1.25-25 nM) was incubated w ith 0.8 nM APC, 8 nM FVa, and 75 îm 
phospholipid vesicles (PC/PS/PE, 60%/20%/20%) in 40 mM Tris-HCI, pH 7.4, 
140 mM NaCI, 3 mM CaClj, 0.3% (w/v) bovine serum albumin (0.2 nw APC, 2 nM 
FVa, and 19 /nM phospholipid vesicles, final concentrations) for 2 min at 37 °C. 
A 2-^1 aliquot was added to  0.3 nM FXa, 1.5 îm prothrombin, and 75 /xm 
phospholipid vesicles (0.1 nM FXa, 0.5 /lim prothrombin, and 25 /iM phospho
lipid vesicles, final concentrations) at 37 °C for 3 min. 5 (il o f ice-cold 250 mM 
EDTA stopped the reaction. The rate o f throm bin chromogenic substrate 
cleavage was then measured as before.

thrombin generation (ICjq =  36 nM , Fig. 3, A and B). Co-incu
bation of 1 jLiM PF4 with APC/protein S significantly impaired 
protein S-enhancement of APC anticoagulant activity in 
plasma ~3-fold (IC 5 0  =  96 nM , Fig. 3, A and B). These data 
suggest that PF4 inhibition of APC anticoagulant activity in 
plasma is mediated in part by impairment of protein S cofactor 
enhancement of APC.

APC anticoagulant activity is principally determined by its 
ability to initiate FVa proteolysis. To gain further insight into 
PF4 inhibition of APC anticoagulant function, the rate of FVa 
proteolysis in the presence or absence of protein S and/or PF4 
was determined using an APC-mediated FVa degradation reac
tion dependent upon the presence of anionic phospholipids for 
efficient APC degradation of FVa. In preliminary experiments, 
PF4 was shown not to influence thrombin generation by the 
prothrombinase reaction used in this assay (data not shown). 
PF4 was found to impair APC-mediated FVa proteolysis, in
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particular the final stage of the characteristic biphasic FVa inac
tivation response (Fig. 3C).

A modified version of this assay was used to evaluate the 
ability of PF4 to inhibit FVa proteolysis by APC in the presence 
of protein S. PF4 inhibited APC protein S-dependent FVa pro
teolysis ~5-fold {Fig. 3D), based upon the protein S concentra
tion required to enable half-maximal FVa inactivation in the 
presence and absence of PF4 (6.1 nM  versus 1.2 nM  protein S, 
respectively). Collectively, these results indicate that, in both 
plasma and purified factor assays, PF4 impairs protein S-cofac- 
tor-enhanced APC anticoagulant activity. These data are con
sistent with previous reports dem onstrating interaction 
between PF4 and the Gla domain of protein C/APC and further 
suggest that this interaction may involve the C-term inal por
tion of the APC Gla domain.

PF4 Impairs Arg^'^ but N ot Arg"'’'' Cleavage on FVa in the 
Presence and  Absence o f Protein S—To assess the potential 
mechanisms by which PF4 might impair APC anticoagulant 
activity, the ability of APC to inactivate recom binant FVa vari
ants in which specific APC cleavage sites (Arg^°* and Arg'*'**) 
were substituted to  prevent cleavage was assessed. Degradation 
of FVa variant FVa-R306Q/R679Q, in which only Arg®“* cleav
age by APC can occur, was unaffected by the presence of PF4, in 
either the presence or absence of protein S (data not shown). 
However, FVa degradation of FVa-R506Q/R679Q, in which 
only Arg^°^’ cleavage takes place, was impaired by the presence 
of 1 /AM PF4 in both the presence and absence of protein S (Fig. 
4, A and B). Calculation of the rate constant for Arg"“*̂  cleavage 
by APC in FVa-R506Q/R679Q shows that the kinetic rate of 
Arg^°* cleavage by APC in both the presence and absence of 
protein S was reduced by 3-fold (Fig. 4, C and D). PF4 therefore 
impairs APC anticoagulant activity in both plasma and purified 
protein assays via inhibition of the rate of Arg^® ’̂ cleavage dur
ing FVa degradation by APC.

PF4 Does N ot Directly Influence APC Cytoprotective Func
tion—APC bound to EPCR via its Gla domain can activate 
PAR-1 on endothelial cells, triggering complex intracellular sig
naling that result in anti-inflamm atory and anti-apoptotic cel
lular responses (28, 30). To ascertain whether PF4 interaction 
with the protein C/APC Gla domain might impair APC-EPCR- 
PAR-1 cytoprotective signaling, an in vitro assay of endothelial 
cell barrier permeability was used. As previously reported, 
throm bin markedly enhanced endothelial barrier permeability, 
com pared with untreated cells (Fig. 5/4). However, preincuba
tion with APC significantly attenuated this throm bin-induced 
increase in permeabihty (p < 0.05, Fig. 5A). PF4 alone (up to  1 
ju,M) had no independent effect upon endothelial barrier perm e
ability, and did not protect against throm bin-m ediated 
increased permeability. Finally, in contrast to its inhibition of 
APC anticoagulant activity, PF4 did not significantly inhibit the 
endothelial barrier protective properties of APC.

Previous studies have dem onstrated that APC regulates 
expression of both pro- and anti-apoptotic genes to confer an 
anti-apoptotic phenotype in endothelial cells. Moreover, these 
effects are also m ediated via APC-EPCR-PARl signaling. To 
determ ine whether PF4 might interfere with APC-mediated 
cytoprotection, apoptosis in EAhy926 cells was assessed by 
reverse transcription-PCR quantification of pro-apoptotic
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FIGURE 4. PF4 impairs proteolysis of FVa via inhibition of APC cleavage at 
position Arg’ ®*. Recombinant FVa variant (5060/679Q) (0.8 nw final concen
tration) was incubated with PS/PE/PC (10%/20%/70%) phospholipid vesicles 
(25 ( iM  final concentration) w ithout (A) or with (6) protein S (100 nM ), in the 
absence (O) or presence (■) of 1 ;j,m  PF4. APC 3.3 nM (/\) or 0.2 nM (S) was added 
to start FVa inactivation and at specified tim e intervals, samples were drawn, 
and the FVa inactivation was stopped by 1/25 dilution in ice-cold HNBSACa 
buffer. The FVa activity was m easured with a prothrom binase assay including 
5 nM FXa, 0.5 /am prothrombin, and 50 ixm phospholipids (PC/PS, 90%/l 0%, all 
final concentrations) for 2 min, then stopped with EDTA buffer. The FVa activ
ity was related to  the  FVa activity observed in the absence of APC. The plotted 
values represent the  mean of at least three individual experim ents ± S.E.The 
effect of PF4 upon rate constants for cleavage at Arg’“* [ k ^ )  using FVa d eg 
radation curves for FVa-R506Q/R679Q in the  absence (C) or presence (D) of 
protein S was assessed. APC-mediated FVa degradation in the  absence {black 
bars) or presence (gray bars) of PF4 (1 fiM) was determ ined. Each bar repre
sents the  m ean kinetic rate constant value of at least three independent 
experiments ±  S.E.

{Bax) and anti-apoptotic (Bcl-2) gene expression following 
incubation with staurosporine, a well established inducer of 
apoptosis in endothelial cells (Fig. 5B). Staurosporine (20 /a m ) 

increased the Bax/Bcl-2  ratio significantly com pared with 
untreated cells {p <  0.05). Pre-treatm ent of EAhy926 cells with 
APC, however, decreased the Bax/Bcl-2 ratio close to that 
determined for untreated EAhy926 cells. Furtherm ore, the 
EPCR dependence of APC-mediated cytoprotection was con
firmed using an inhibitory anti-EPCR antibody (RCR-252), 
which entirely ablated the anti-apoptotic effect of APC. PF4 alone, 
or in combination with APC, had no effect upon apoptosis-related 
gene expression as determined by alteration of Bax/Bcl-2 expres
sion ratios in response to staurosporine (Fig. 5B). Therefore, 
despite PF4 enhancement of protein C activation, we demonstrate 
that PF4 impairs the anticoagulant response of APC by interfering 
with protein S cofactor enhancement. Furthermore, PF4 does not 
directly alter APC-mediated cytoprotection, despite its described 
association v«th the protein C/APC Gla domain.

D ISC U SSIO N

Together with throm bospondin and /3-thromboglobulin, 
PF4 comprises one of the major constituents of platelet a-gran- 
ules (20). A num ber of procoagulant functions have been 
ascribed to PF4 that are associated with its acute release at sites 
of vascular injury and platelet activation. In particular, the cat
ionic properties of PF4 facilitate high affinity heparin binding 
[Ki^ = 4 nM ) and thereby attenuates the antithrom bin-m edi-
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FIGURE 5. PF4 does not a lte r APC-EPCR-PAR-1 cytoprotective  signaling.
A, th e  effect o f PF4 upo n  APC a tten u a tio n  o f th ro m b in -in d u ced  endo thelial 
cell hyperperm eab ility  w as a ssessed  as desc ribed  u n d e r "Experim ental Pro
cedures." B, th e  an ti-ap o p to tic  activity of APC in th e  p re sen c e  o f PF4 was 
m easu red  by de te rm in a tio n  o f Bax/Bcl-2 ratios in s tau ro sp o rin e-trea ted  
EAhy926 cells, as described  previously (*, p  <  0.05 w hen  co m p ared  w ith s tau 
ro spo rine -trea ted  EAhy926 cells).

ated anticoagulant properties of heparin and endothelial cell 
surface glycosaminoglycans (31, 32). Furtherm ore, PF4 inhibits 
factor XII activation by negatively charged surfaces and 
enhances platelet aggregation (20). In contrast, more recent 
studies have dem onstrated that PF4 significantly enhances gen
eration of anticoagulant APC on endothelial cell surfaces (21). 
Enhanced APC generation involves PF4 binding to throm bo
modulin via O-linked chondroitin sulfate glycosaminoglycans 
and binding to the protein C Gla domain (23). This domain also 
mediates protein C binding to EPCR (33), negatively charged 
phosphohpids, and protein S (25, 34), all of which are required 
for normal APC anticoagulant activity.

In vivo studies that investigated the role of PF4 upon APC 
generation found that low dose throm bin infusion with PF4 
increased APC generation in primates 2- to 3-fold (21). How
ever, a PF4 knockout mouse exhibited platelet aggregation 
defects and impaired throm bus formation, suggesting a pri
marily prothrom botic role for PF4 (35). Curiously, a transgenic 
mouse line that overexpressed PF4 exhibited similar th rom 
botic defects to those described for those mice lacking PF4 (35). 
Therefore, although PF4 appears to  have a significant role in 
APC generation on the endothelial cell surface following plate
let activation, its release from platelets is required to facilitate 
normal platelet aggregation and stable throm bus formation.

In this study, we dem onstrate that PF4 inhibits APC antico
agulant function (Fig. 1) at PF4 concentrations described to 
m ediate enhanced protein C activation on the surface of endo
thelial cells (21). Interestingly, th is anticoagulant effect was 
specific for PF4, and was not apparen t for o ther cationic

polypeptides (e.g. protam ine sulfate and Polybrene) (Fig. 2). 
Consequently, the mechanism through which PF4 impairs APC 
anticoagulant functions is not strictly attributable to  nonspe
cific cationic interactions. Using purified protein assays to 
study APC anticoagulant activity, we observed that the inhibi
tory effects of PF4 were apparent when FVa inactivation by 
APC was assessed in the presence and absence of protein S (Fig. 
3). Furthermore, despite PF4 interaction with the protein C/APC 
Gla domain, PF4 does not appear to interfere with the ability of the 
APC Gla domain to concurrently interact with negatively charged 
phospholipids. Instead, we demonstrate that the molecular mech
anism through which PF4 inhibits APC anticoagulant function 
is via inhibition of the rate of Arg^®*' cleavage in FVa, which is 
specifically enhanced by the presence of protein S (Fig. 4).

Although protein S constitutes an essential cofactor for APC 
anticoagulant function in normal plasma, the protein S binding 
sites on APC are not well defined. However, the APC Gla 
domain has been shown to play a key role in m ediating protein 
S cofactor enhancement. Recent studies have highlighted the 
potential importance of APC Gla residues 33-39. Although no 
specific PF4-Gla domain binding site has been identified, sig
nificant amino acid sequence conservation exists between the 
protein C/APC Gla domain and that of other vitamin K-de- 
pendent coagulation glycoproteins (36). Furtherm ore, previous 
studies dem onstrated that PF4 also binds to the Gla domains of 
prothrom bin, factor X, and protein S, although the comparative 
affinities of each interaction are unknown (23). It remains 
unclear whether the ability of PF4 to inhibit the norm al protein 
S-APC cofactor enhancem ent is mediated primarily through 
PF4 binding to the APC Gla domain, or whether PF4 binding to 
the protein S Gla domain is also im portant.

In view of the potent anticoagulant properties of APC, the 
observation that PF4 increases APC generation is clearly at 
odds with its apparent procoagulant function. M oreover, the 
physiological benefit of PF4 prom oting enhanced APC genera
tion, while simultaneously inhibiting the anticoagulant func
tion of APC, would appear somewhat counterintuitive. How
ever, recent studies have clearly dem onstrated that, in addition 
to its anticoagulant properties, APC bound to EPCR via its Gla 
domain can initiate PAR-1-mediated cytoprotective signaling 
on the surface of endothelial cells. In vivo beneficial effects of 
APC have been observed in a series of different animal disease 
models, including severe sepsis, ischemic stroke, and experi
mental autoim m une encephalomyelitis (13, 15, 37, 38). Also, 
intravenous infusion of recom binant APC significantly 
increased overall survival (risk reduction, 19.4%) in patients 
with severe sepsis in The Recombinant H um an Activated Pro
tein C W orldwide Evaluation in Severe Sepsis study (15). Accu
mulating evidence suggests that the efficacy of APC therapy in 
this setting primarily relates to  its cytoprotective signaling 
activity, rather than its anticoagulant function (39). N everthe
less, the anticoagulant properties of APC are also of clinical 
importance, because APC therapy is associated with significant 
bleeding risk, restricting the dose and duration of recom binant 
APC adm inistration (15). In an effort to reduce this risk of 
bleeding, recent studies have sought to develop APC variants 
that retain normal beneficial cytoprotective signaling but have 
reduced anticoagulant properties (40 -  42). In this study, we
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dem onstrate that, although PF4 specifically  inhibits APC anti
coagulant activity, APC generated in the presence o f  PF4 can  
still initiate PAR-1 cy toprotective  signaling. M oreover, this 
observation is supported by recent e legant in vivo  studies d em 
onstrating that en dogenou sly  released PF4 from  activated  
platelets stim ulates APC generation, w h ich  reduces m ortality  
follow ing hpopolysaccharide challenge in m ice (43),

Inherited or acquired resistance to  APC anticoagulant activ
ity in plasm a con stitu tes the m ost c o m m o n  laboratory abnor
m ality identified  in patients w ith  venous throm boem bolism . In 
a majority o f  clin ical cases, APC anticoagulant activity is caused  
by the FV L eiden polym orphism  (R506Q ). H ow ever, it is also  
w ell recognized  that an acquired APC anticoagulant activity  
phenotype is observed in the presence o f  freeze-thaw ed plate
lets (44). A lthou gh  a num ber o f d ifferent potential m echanism s  
have been  proposed  (1 7 ,1 9 ,4 4 , 45), the on e  or m ore m olecular  
events underlying p latelet-m ed iated  APC resistance are not 
w ell defined. W e dem onstrate  that PF4 inh ib its APC anticoag
ulant function , and is therefore predicted  to  contribute to APC  
inhibition in the presence o f  activated platelets. A lthough nor
m al plasm a PF4 con cen trations are low , significant am oun ts are 
secreted from  activated platelets, so that con cen trations in the  
vicinity o f  the platelet p lug can reach ~ 1 0  /xg/m l. T hus, our  
findings are in keeping w ith  previous studies dem onstrating  
that platelet activation is a requirem ent for the phen otype o f  
platelet-m ed iated  APC resistance (19, 44, 46).

In sum m ary, w e have sh ow n that PF4 inhibits APC anticoag
ulant function , w hile retaining P A R -l-m ed ia ted  cytoprotective  
signaling. T his provides a rationale for how  PF4 can exert pro- 
throm botic effects, but also m ediate enhanced  APC generation  
on  the surface o f  endothelia l cells to  induce both  anti-inflam - 
m atory and anti-apop totic  events. Based on these observations, 
w e propose that PF4 acts as a critical regulator o f  APC genera
tion  in vivo  but also targets APC tow ard cytoprotective, rather 
than anticoagulant fun ctions at sites o f  vascular injury.
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Activated protein C (APC) plays a critical anticoagulant role 
in vivo by inactivating procoagulant factor Va and factor V illa 
and thus down-regulating throm bin generation. In addition, 
APC bound to the endothelial cell protein C receptor can ini
tiate protease-activated receptor-1 (PAR-l)-mediated cytopro- 
tective signaling. Protein S constitutes a critical cofactor for the 
anticoagulant function of APC but is not known to be involved 
in regulating APC-mediated protective PAR-1 signaling. In this 
study we utilized a site-directed mutagenesis strategy to charac
terize a putative protein S binding region within the APC Gla 
domain. Three single amino acid substitutions within the APC 
Gla domain (D35T, D36A, and A39V) were found to mildly 
impair protein S-dependent anticoagulant activity (< 2-fold) 
but retained entirely normal cytoprotective activity. However, a 
single amino acid substitution (L38D) ablated the abiUty of protein 
S to function as a cofactor for this APC variant. Consequently, in 
assays of protein S-dependent factor Va proteolysis using purified 
proteins or in the plasma miUeu, APC-L38D variant exhibited min
imal residual anticoagulant activity compared with wild type APC. 
Despite the location of Leu-38 in the Gla domain, APC-L3SD inter
acted normally with endothelial cell protein C receptor and 
retained its ability to trigger PAR-1 mediated cytoprotective sig
naling in a manner indistinguishable from that of wild type APC. 
Consequently, elimination of protein S cofactor enhancement of 
APC anticoagulant function represents a novel and effective strat
egy by which to separate the anticoagulant and cytoprotective 
functions of APC for potential therapeutic gain.

Protein C is a vitamin K-dependent serine protease zymogen 
that circulates at a plasma concentration of —70 h m . It has a mul
tidomain structure comprising an N-terminal y-carboxyglutamic 
acid (Gla)^ domain (residues 1-45), two epidermal growth factor
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te in  C; EPCR, endo the lia l cell p ro te in  C recep tor; sEPCR, so luble EPCR; Fva, 
fac to r Va; PC, phosphatidy lcho line; PE, p hosphatidy lethano lam ine; PS,

like domains (EGF-1, residues 46 -92, and EGF-2, residues 
93-136) and a C-terminal serine protease domain (170-419). 
Protein C zymogen is activated by thrombin in complex with 
thrombomodulin on the surface of endothelial cells (1). Activated 
protein C (APC) generation is significantly enhanced by protein C 
binding to the endothelial cell protein C receptor (EPCR) (2). APC 
binds to anionic phospholipids on the endothelial cell surface and, 
in complex with its cofactor protein S inactivates procoagulant 
cofactors factor Va (FVa) (3) and factor Villa (4), thereby attenu
ating further thrombin generation and down-regulating coagula
tion. The physiological importance of the protein C anticoagulant 
pathway is well established. Individuals with homozygous protein 
C deficiency typically present shortly after birth with fulminant 
life-threatening thrombotic complications (5). Moreover, individ
uals heterozygous for protein C deficiency demonstrate significant 
hfelong increased risk of venous thromboemboUsm (6).

Recent studies have shown that APC bound to EPCR via its 
Gla domain can activate protease-activated receptor-1 (PAR-1) 
on endothelial cells, triggering complex intracellular signaUng 
(7). The molecular mechanisms underlying the cytoprotective 
effects of APC have not been fully characterized but appear 
mediated independently of its anticoagulant function (8). 
Through mechanisms downstream of PAR-1 activation, APC 
has been shown to exhibit anti-inflamm atory and anti-apopto- 
tic properties via up-regulated gene expression of anti-apopto- 
tic and anti-inflamm atory mediators (9, 10), down-regulation 
of pro-inflammatory cytokines (10, 11), and stabilization of 
endothelial barrier function (12, 13).

In vivo beneficial effects of APC have been reported in a num 
ber of different animal injury models. For example, APC dem 
onstrated significant neuroprotective effects in rat and m urine 
stroke models (14-16) and was also recently shown to amelio
rate experimental autoim m une encephalomyelitis in mice (17). 
Furtherm ore, APC was protective in a m urine model of diabetic 
nephropathy by inhibition of endothelial and podocyte apopto- 
sis, whereas anticoagulation with low molecular weight heparin 
had no such beneficial effect (18). Each of these animal studies 
dem onstrated a consistent and critical role for the APC-EPCR- 
PAR-1 signaling axis.

The therapeutic potential of APC was highlighted in the acti
vated Protein C W orldwide Evaluation in Severe Sepsis

phosphatidy lserine; ETP, e n d o g en o u s  th ro m b in  po ten tia l; PAR-1, p ro te 
ase-ac tiva ted  receptor-1 ; PROWESS, activated  Protein C W orldw ide Evalu
a tion  in Severe Sepsis.
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(PROWESS) study (19). Intravenous infusion of recombinant 
APC (24 /xg/kg per h for 96 h) significantly reduced overall 
mortality (relative risk reduction, 19.4%) in adult patients with  
severe sepsis. In contrast, treatment with other anticoagulants 
(notably antithrombin (20) and tissue factor pathway inhibitor 
(21)) have no such effect on survival. The anticoagulant prop
erties o f APC are, however, associated with increased risk of 
bleeding com plications and have thereby restricted its use in 
clinical practice. In the PROWESS study, serious bleeding com 
plications were observed in 3.5% o f the patients treated with 
APC compared with only 2% of the placebo group (19). Further
more, recent post-marketing studies have reported even higher 
incidences of serious bleeding com plications (6.5 and 6.7%, 
respectively) in patients treated with APC (22, 23). In this con 
text, recent studies have sought to define the relative contribu
tions o f the cytoprotective and/or anticoagulant properties of 
APC toward mediating its therapeutic efficacy in different 
pathological settings. These studies have sought to design APC 
variants which retain beneficial cytoprotective actions but 
exhibit relative reduction in its anticoagulant properties and, 
thus, bleeding risk (24 -26 ).

The anticoagulant function o f APC requires the presence of  
its principal cofactor, protein S (27). Protein S may enhance 
APC anticoagulant activity by increasing its affinity for nega
tively charged phospholipid surfaces (27), re-positioning the 
APC active site for optimal substrate cleavage (28), or removing 
the protection o f FVa in the prothrombinase com plex con
ferred by FXa binding (29). Thus, protein S plays a critical role 
in mediating the anticoagulant properties o f APC, but there is 
no evidence to date that it is important for the anti-inflamma- 
tory or anti-apoptotic effects o f APC. The molecular basis 
through w hich protein S interacts with APC is not fully under
stood; however, a possible role for the APC Gla domain has 
recently been described (30). In this study, we have used a site- 
directed mutagenesis strategy to characterize the impact o f 
individual amino acid residue substitutions in this putative pro
tein S binding region upon APC anticoagulant function. W e  
demonstrate that, surprisingly, a single amino acid substitution  
(L38D) is sufficient to entirely ablate the ability o f protein S to 
function as a cofactor for this APC variant yet does not alter 
APC-mediated proteolysis o f FVa in the absence of protein S. 
Consequently, in both protein S-dependent FVa proteolysis 
assays using purified coagulation proteins and in the plasma 
milieu, this APC Gla domain variant exhibited minimal residual 
anticoagulant activity compared with wild type APC. In addi
tion, despite the fact that this key amino acid is located in the 
APC Gla domain, we also show that this APC variant interacts 
normally w ith EPCR and that it retains its ability to initiate 
PAR-1 protective signaling in an identical fashion to that o f wild 
type APC.

EXPERIMENTAL PROCEDURES

Generation an d  Characterization o f Recom binant Protein C  
Variants—Recombinant protein C Gla domain variants were 
generated by site-directed mutagenesis, expressed, and isolated  
from serum-free medium as previously described (30, 31). 
Recombinant protein C was characterized by Coom assie stain
ing and im m unodetection using a horseradish peroxidase-con

jugated anti-protein C polyclonal antibody (Dako, Ely) and a 
m ouse anti-Gla m onoclonal antibody (American Diagnostica) 
according to standard procedures. To generate recombinant 
APC, wild type protein C and protein C variants were activated 
with Protac (Hyphen-BioM ed). APC chrom ogenic substrate 
(BIOPHEN CS-21(66), Hyphen-Biomed) cleavage by each 
recombinant APC preparation was determined as previously 
described (30, 31).

Inhibition o f A PC  in P lasm a—Inhibition o f APC variants in 
plasma was determined as previously described (32). W ild type 
and variant APC (20 nM ) was incubated in pooled human cit- 
rated plasma at 37 °C. At designated tim e points, aliquots were 
removed, and the residual amidolytic activity was determined  
using a chrom ogenic substrate for APC (BIOPHEN CS2166). 
To examine the role o f protein C inhibitor, the sam e experi
m ents were performed in the presence o f heparin (10 units/m l).

D eterm ination o f  A PC  Anticoagulant A ctiv ity  in Protein  
C-deficient P lasm a—The anticoagulant function o f wild type 
and variant APC upon protein C-deficient plasma was assessed  
using a Fluoroskan Ascent Plate Reader (Thermo Lab System, 
Helsinki, Finland) in combination with Throm binoscope soft
ware (SYNAPSE BV) as previously described (30). 80 fji\ o f pro
tein C-deficient plasma (Hyphen-Biomed) was incubated with 
20 /xl o f PPP reagent (Synapse) containing 5 pM  tissue factor and 
4 juM phospholipids (PC/PS/PE, 40%:20%:20%) in the presence 
or absence of wild type or variant APC (1 .25 -20  nvi). Thrombin 
generation was initiated by automatic dispensation of fluoro- 
genic thrombin substrate (Z-Gly-Gly-Arg-amidomethylcou- 
marin-HCl) and 100 m M  CaClj into each well. Thrombin gen
eration was determined using thrombin calibration standard 
(Synapse). Measurements were taken at 20-s intervals for 60  
min or until thrombin generation was com plete. The endoge
nous thrombin potential (ETP) of each reaction were then cal
culated. Experiments were performed in triplicate, and data are 
reported as the mean ETP ±  S.E.

Protein S Enhancement o f  A PC  Anticoagulant A ctivity in Pro
tein S-deficient P lasm a—The enhancem ent o f APC anticoagu
lant activity in protein S-deficient plasma was determined using 
a similar assay to that described above. Briefly, protein S-defi- 
cient plasma (Hyphen-Biomed) was incubated with wild type or 
variant recombinant APC (10 nM ) in the presence or absence of 
plasma-purified protein S (0 .125-1 .5  jxM, Hem atologic T ech
nologies Inc.). Thrombin generation was initiated and assessed 
using Throm binoscope software as described previously. All 
experiments were performed in triplicate and data plotted as 
mean ETP ±  S.E.

D eterm ination o f Protein S-independent A P C -m ediated  Fac
tor Va Proteolysis—FVa degradation by APC was assessed as 
previously described (30, 31). 0.32 nM  APC was incubated at 
37 °C with phospholipids vesicles (PC/PS/PE, 60%:20%;20%; 
Avanti Lipids) and 4 nM  FVa (Hematologic Technologies, Inc.) 
in 40 m M  Tris-HCl, 140 m M  NaCI, 3 m M  CaCl2 , and 0.3% w /v  
bovine serum albumin (0.08 nM  APC, 19 /a m  phospholipids, and 
1 nM  FVa, final concentration). Phospholipid vesicles were pre
pared as described previously (31). At the specified time points, 
2-pil aliquots were removed and added to a prothrombinase 
mixture (25 /xm  phospholipids, 1 nM  factor Xa, and 0.5 ju,M pro
thrombin (Hematologic Technologies Inc.) final concentra-
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tions) for 3 min. Each reaction was then stopped using 5 /xl of 
ice-cold 0.5 M  EDTA. 100 p t l  of the reaction mixture was 
removed and incubated with 100 ;xl of 2 m M  throm bin chromo- 
genic substrate Biophen CS-01(38) (Hyphen-Biomed) to assess 
throm bin generation. The rate of chromogenic substrate cleav
age was m easured at 405 nm using a plate reader. All experi
m ents were perform ed in triplicate.

Determination o f Protein S-enhanced Proteolysis o f FVa by 
APC—Protein S-enhanced proteolysis of FVa by APC was 
determ ined as previously described (30). Human protein S 
(2.5-25 nM ) was incubated with 0.8 nM  wild type or variant 
APC, 8 nM  FVa, and 75 ju,M phospholipids vesicles in 40 m M  Tris 
HCl, pH7.4, 140 m M  NaCl, 3 m M  CaCl^, 0.3% (w/v) bovine 
serum albumin (0.2 nM  APC, 2 nM  FVa, and 19 / la m  phospholip
ids vesicles, final concentrations) for 2 min at 37 °C. After this 
incubation, a 2-jitl aliquot was added to  0.3 nM  FXa, 1.5 juM 

prothrom bin, and 75 fiM phospholipids vesicles (0.1 nM  FXa, 
0.5 ju,M prothrom bin, and 25 ju.M phospholipids vesicles, final 
concentrations) at 37 °C for 3 min, then stopped with 5 /xl of 
ice-cold 0.5 m  EDTA. The rate of throm bin substrate cleavage 
by the consequent reaction mixture was then measured as 
before. Experiments were perform ed in triplicate, and data 
were plotted as the mean residual FVa cofactor activity ±  S.E.

Assessment o f APC Variant Binding to Soluble EPCR—APC 
binding to sEPCR was determ ined using a BIAcore XlOO (GE 
Healthcare) as previously described (30, 31). Briefly, 10 ju-g/ml 
monoclonal anti-EPCR antibody, RCR-2 (kind gift of Dr. K. 
Fukudome, Saga Medical School), was immobilized on to both 
flow cells of a CM5 sensor chip. sEPCR (31) in HBS-P buffer 
(100 m M  HEPES, pH7.4, 150 m M  NaCl, 0.005% v/v surfactant 
P20) was bound to  the surface of the test flow cell (400 -  800 
response units). A reference flow cell with only RCR-2 bound 
was used to detect nonspecific binding. Wild type or variant 
APC (25-100 n M ) was sequentially injected over both flow cells 
at a flow rate of 5 ptl/min for 60 s. APC-EPCR binding was 
dissociated using HBS-EP buffer (HBS-P, but containing 3 m M  

EDTA; BIAcore) The RCR-2 surface was regenerated with 10 (xl 
of 10 m M  glycine-HCI (pH 2.5) after each experiment.

Measurement o f Endothelial Cell Barrier Protection by APC— 
Endothelial cell barrier permeability was determ ined as 
described previously with m inor modifications (13). Briefly, 
EAhy926 cells (kind gift of Dr. C. Edgell, University of North 
Carolina, Chapel Hill, NC) were grown to confluence on poly
carbonate m em brane transwells (Costar, 3 /xM pore size, 
12-mm diameter) and incubated with 20 nM  wild type or variant 
APC. After 3 h the cells were treated with throm bin (Hemato
logic Technologies) in serum-free media for 10 min. The cells 
were washed and incubated with 0.67 mg/ml Evans Blue with 
4% bovine serum albumin (Sigma). Changes in endothelial cell 
barrier permeability were determ ined by following the increase 
in absorbance at 650 nm in the outer chamber over tim e due to 
the transm igration of Evans Blue-bovine serum albumin. 
Experiments were perform ed in triplicate and plotted as the 
mean ±  S.E.

Determination o f APC-mediated Protection o f Apoptotic 
Endothelial Cells—Confluent EAhy926 cells in 6-well plates 
were pretreated with either wild type or variant APC for 17 h. 
EAhy926 cell apoptosis was induced by staurosporine (20 /x m .

Sigma) trea tm en t for 4 h. Cells were then  trypsinized, and 
RNA was ex tracted  using the RNeasy M ini kit (Qiagen). 
Reverse transcrip tion  was carried out (High Capacity cDNA 
reverse transcrip tion  kit. Applied Biosystems), then real 
tim e PCR was perform ed using bax (Hs00180269_ml), bcl-2 
(Hs00153350_ml) and /3-actin (Hs99999903_ml) Taqman® 
gene expression assays (Applied Biosystems) in a Applied Bio
systems 7500 real tim e PCR system. Experiments were per
formed in trip licate and plotted  as the m ean bax/bcl-2  
ratio ±S.E.

RESULTS

Characterization o f Recom binant Protein C /APC Gla 
Domain Variants—To identify the critical amino acid residues 
in the APC Gla domain that mediate protein S cofactor 
enhancem ent of APC anticoagulant activity, recom binant pro
tein C Gla domain variants were generated by site-directed 
mutagenesis spanning a region of the Gla domain proposed to 
mediate protein S cofactor function (Fig. \A ). Each of these 
variants (APC-D3ST, APC-D36A, APC-L38D, and APC-A39V) 
contains single amino acid substitutions with the correspond
ing residue of the hum an prothrom bin Gla domain. This 
approach enables analysis of APC-specific functions while 
maintaining Gla domain structural integrity (30). Each 
expressed recom binant protein C variant was characterized by 
W estern blotting with an anti-protein C polyclonal antibody 
and an anti-Gla monoclonal antibody. Recombinant wild type 
and variant protein C migrated in a similar fashion to plasma- 
purified protein C under non-reducing conditions at the 
expected molecular mass of ~ 65  kDa. W ild type and variant 
recom binant protein C exhibited similar band intensity when 
detected with both anti-protein C and anti-Gla antibodies to 
that observed w ith plasm a-purified protein  C, indicative of 
norm al expression and post-translational m odification of 
the recom binant p ro teins (Fig. IB). For functional studies 
wild type and varian t recom binant pro tein  C were activated 
using Protac. The am idolytic activity of each recom binant 
APC variant was assessed and found to  be identical to th a t of 
wild type APC (Fig. 1C)-

The rate of inhibition of each APC variant by serpins was 
determ ined in norm al plasma. Inhibition of both wild type and 
variant APC was closely comparable (Fig. ID). To examine the 
role of protein C inhibitor (PCI), the same experiment was per
formed in the presence of heparin, which accelerates PCI inhi
bition of APC. Accordingly, inhibition of wild type APC was 
enhanced 3-fold, as previously described (32). Each APC vari
ant was inhibited in a similar m anner to that of wild type APC in 
this system (Fig. IE). Furtherm ore, subsequent assays indicated 
that APC inhibition kinetics in the presence of purified a ,-  
antitrypsin and protein C inhibitor were not affected by the 
presence of any of the APC variants tested (data not shown). 
Therefore, the residue substitutions present in each APC vari
ant do not alter APC inhibition by its known plasma inhibitors.

Determination o f Recombinant APC Gla Domain Variant 
Anticoagulant Activity—To identify the specific APC Gla 
domain residue(s) responsible for mediating APC anticoagu
lant activity in plasma, the ability of wild type and variant APC 
to inhibit tissue factor-induced throm bin generation was
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FIGURE 1. Characterization of recombinant APC Gla domain variants.
A, recom binant protein C Gla dom ain variants were generated in w^hich pro
tein C residues at positions 35, 36, 38, and 39 were replaced with the  corre
sponding residues In human prothrombin. Protein C variants were expressed 
in HEK 293 cells and then  isolated from conditioned serum-free medium. 
8, plasma-purified, recom binant wild type (WJ) and variant protein C prepa
rations were assessed by W estern blotting with sheep anti-protein C poly
clonal and m ouse anti-Gla monoclonal antibodies. hPC, human PC. C, each 
protein C preparation was activated using Protac, and amidolytic activity of 
each recom binant APC was assessed using a short APC chrom ogenic sub
strate. mAU, milliabsorbance units. Inhibition of wild type and variant APC in 
normal pooled plasma was assessed in the absence (D) and presence (f) of 10 
units/ml heparin (wild type, □ ;  APC-D35T, ■; APC-D36A, A: APC-L38D, T; APC- 
A39V, ♦ ;a ll 20 nM). Samples were removed at specified time points, and APC 
amidolytic activity was tested using a chrom ogenic substrate. The data 
shown represents the  mean of three independent determ inations ±  S.D.

assessed. Wild type APC diminished thrombin generation in a 
concentration-dependent manner, as previously described (30) 
(Fig. 2A). Variants APC-D35T, APC-D36A, and APC-A39V  
exhibited mildly impaired anticoagulant activity, with < 2-fold 
reduced ETP compared with wild type APC (Fig. 2, A and B). 
Variant APC-L38D, however, exhibited severely impaired anti
coagulant activity (Fig. 2, A and B). APC-L38D was unable to 
achieve half-maximal inhibition of thrombin generation (ETP) 
at concentrations as high as 150 nM APC (Fig. 2C), compared 
with half-maximal inhibition observed with wild type APC (7.2

Tim* (min)

FIGURE 2. Variant XPC-L38D has negligible anticoagulant activity in pro
tein C-deficient plasma. The ability of recom binant APC variants to inhibit 
tissue factor-induced throm bin generation was assessed./I, APC (1.25-20 nM) 
was incubated with protein C-deficient plasma, and thrombin generation 
initiated with tissue factor, phospholipid vesicles, and CaClj (see "Experimen
tal Procedures"). Thrombin generation in protein C-deficient plasma in the 
absence of APC (O) was com pared with 5 nM(V), 10 nM (^), and 20 nw (□) of 
each recom binant APC. B, the  ETP for each experiment was determ ined and 
expressed as % of thrombin generated  in the  absence of APC (wild type APC, 
(O); APC-D35T, (■); APC-D36A, A; APC-L38D, □ ; APC-A39V, ♦ .  C high concen
trations (up to 150 nM) o f APC-L38D (□) was com pared with wild type APC (O) 
in the  same assay.

nM; Fig. 2B). These data indicate that APC-L38D is at least 
20-fold less active than wild type APC in plasma.

Leu-38 Is Required for Protein S-dependent APC Anticoagu
lant Function in Protein S-deficient Plasma—To clarify the role 
of Leu-38 in facilitating APC anticoagulant function, the ability 
of APC-L38D to be stimulated in protein S-deficient plasma 
reconstituted with plasma purified protein S was determined. 
Wild type APC had no anticoagulant function in protein S-de- 
ficient plasma, as previously observed (33). However, co-incu
bation of wild type APC with increasing protein S concentra
tions (12.5-200 nM) caused a corresponding reduction in 
thrombin generation (ETP) (IC5Q = 24 nM protein S) (Fig. 3, A 
and B). Variant APC-L38D, however, was almost entirely unre
sponsive to protein S (Fig. 3, A and B). At the highest protein S 
concentration tested (1.5 i x m ) ,  corresponding to 10-fold plasma 
free protein S concentration, thrombin generation was reduced 
only 22 ±  2% compared with thrombin generated in the 
absence of protein S. Therefore, residue Leu-38 mediates APC 
anticoagulant function in plasma by facilitating critical protein 
S cofactor function.
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FIGURE 3. Variant APC-L38D is not stimulated by protein S in protein S-de- 
ficient plasma. A, the ability of recombinant wild type APC (O) and variant 
APC-L38D (□ ) (both 10 nM ) to inhibit tissue-factor induced thrombin genera
tion in protein S deficient plasma was assessed in the presence of increasing 
plasma purified protein S concentrations; no APC/protein S (0 ) , 10 nw APC 
only (O), APC + 25 nM  protein S {•), APC +  50 nM  protein S (□ ), and APC +  100 
nM  protein S (♦ ) . 8, the thrombin generation (ETP, %) in the protein S 
enhancement of variant APC-L38D (□ ) was compared with wild type APC (O) 
in the presence of protein S concentrations (6) (6 -200 nM ) and (O (0.125-1.5 
ftM) in the same assay.

APC-L38D Exhibits Normal Protein S-Independent but 
Severely Impaired Protein S-dependent FVa Proteolysis—To 
assess the mechanism by which the impaired response to pro
tein S hy APC-L38D in plasma occurs, the rate o f FVa proteol
ysis by APC in the presence and absence o f protein S was deter
mined. Using a phosphoHpid-dependent FVa proteolysis time 
course assay, the ability o f APC-L38D to  inactivate FVa in the 
absence o f protein S was determined. Both w ild type APC and 
APC-L38D rapidly reduced FVa cofactor activity (Fig. 4, upper 
panel), indicating that the observed impaired anticoagulant 
activity in plasma observed fo r APC-L38D is not mediated by 
impaired interaction w ith  anionic phospholipids or FVa. A 
modified version o f this assay was used to evaluate FVa prote
olysis o f w ild  type and variant APC in response to protein S.

10 20 30 40
PROTEINS (nM)

FIGURE 4. Protein S-dependent FVa proteolysis by APC requires residue 
Leu-38 in the APC Gla domain. Upper panel, FVa (1 n M ) was incubated with 
wild type APC (O) or variant APC-L38D (□ ) (0.2 nM ) in the presence of 25 f iM  
phospholipid vesicles (40% PC, 20% PS, 20% PE). The FVa cofactor activity at 
specified time points was determined by prothrombinase assay (see "Exper
imental Procedures"). 6, human plasma purified protein S (3-50 nM ) was incu
bated with wild type APC (O) or variant APC-L38D (□ ) (0.4 nM ), FVa (8 nM ), and 
25 /iM phospholipid vesicles (40% PC, 20% PS, 20% PE). After 2 min of incuba
tion, an aliquot was removed and added to a prothrombinase assay to assess 
FVa cofactor activity.

W ild  type APC-mediated FVa proteolysis was rapidly enhanced 
by protein S (Fig. 4, lower panel). Half-maximal inh ib ition  of 
FVa cofactor activity was observed at 5 nM protein S (Fig. 4, 
lower panel). In  contrast,/4/’C-Z,38D exhibited no protein S-en- 
hanced FVa proteolysis at each protein S concentration tested. 
Therefore, APC-L38D loss o f protein S-dependent APC antico
agulant activity observed in plasma occurs via impaired protein 
S-mediated FVa proteolysis.

APC-L38D Binds sEPCR with Equal Affinity to Wild Type 
/IPC —APC-mediated PAR-1 activation is dependent upon 
APC binding to EPCR. To ascertain whether APC-L38D in te r
acts norm ally w ith  sEPCR, the b ind ing a ffin ity  o f th is variant 
compared w ith  w ild  type APC was tested by surface plasmon 
resonance. A fte r sEPCR im m obiliza tion , w ild  type APC and 
APC-L38D  (12.5-100 n M )  were exposed to the sEPCR sur
face ./IP C -O S D  bound sEPCR norm ally (/C,j =  112 ±  25 n M ) ,  

sim ilar to  tha t previously described fo r w ild  type PC/APC 
(30, 31) (Fig. 5).
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FIGURE 5. APC-L38D  has norm al a ffin ity  fo r sEPCR. R ecom binant APC vari
an t b ind ing  to  sEPCR w as m easu red  by surface p lasm on resonance  te ch n o l
ogy. sEPCR (5 0 0 -6 0 0  resp o n se  units {RU)) w as im m obilized on  to  th e  surface 
of a CMS sen so r chip via a m onoclonal anti-EPCR an tib o d y  (RCR-2) (see 
"Experim ental Procedures"). An RCR-2 only flow cell w as used  to  d e te c t n o n 
specific b ind ing . 2 5 -100  nw wild ty p e  APC {A) and  APC-L38D (B) w as passed  
over th e  sEPCR surface a t a flow ra te  o f 5 /il/m in . M inor differences in APC 
levels a re  d u e  to  small differences in sEPCR bou n d  to  th e  sen so r chip surface. 
B inding w as a ssessed  using  BIAevaluation softw are package.

APC-L38D Exhibits Identical Anti-inflamm atory and A nti- 
apoptotic Activity to W ild Type APC—As APC-L38D  bound 
sEPCR normally, the anti-inflammatory and anti-apoptotic 
properties of APC-L38D  were evaluated. APC can regulate 
expression of both pro- and anti-apoptotic genes via EPCR- 
mediated PAR-1 signaling (10) to confer a net anti-apoptotic 
phenotype on endothelial cells. The ability of APC-L38D  to 
protect EAhy926 cells from apoptosis was assessed by quantifi
cation of pro- (bax) and anti- (bcl-2) apoptotic gene expression 
after incubation with staurosporine, a well characterized 
inducer of apoptosis in endothelial cells. Staurosporine, as 
expected, significantly increased (2.3-fold) the bax/bcl-2 ratio 
com pared with untreated EAhy926 cells (p <  0.005) (Fig. 6A). 
Preincubation with either plasma-purified or wild type APC, 
however, significantly ameliorated the effect of the staurospo
rine, as indicated by the large reduction in bax/bcl-2  ratio in 
APC-treated cells (p <  0.005) compared with those treated with 
staurosporine alone. The EPCR dependence of this anti-apo- 
ptotic activity was confirmed by incubation of an inhibitory 
anti-EPCR antibody in conjunction with wild type APC, which 
led to ablation of the APC-associated protective effect. O f note.

APC-L38D  significantly reduced the bax/bcl-2 ratio com pared 
with staurosporine only treated cells (p <  0.005) to the same 
extent as wild type APC (Fig. 6). APC activation of PAR-1 sig
naling has also previously been described to protect against 
throm bin-induced endothelial cell barrier hyperpermeability. 
Using an in vitro assay to assess endothelial cell barrier func
tion, throm bin was found to significantly increase endothelial 
cell barrier permeability (Fig. 6, B and C) as previously reported 
(13). Prior incubation with wild type APC, however, signifi
cantly attenuated throm bin-induced endothehal barrier per
meability (Fig. 6, B and C). Each of the APC variants conferred 
an identical and significant level of endothelial barrier protec
tion to that of wild type APC com pared with throm bin-only 
treated EAhy926 cells (Fig. 6, B and C). Therefore, APC variants 
APC-D35T, APC-D36A, APC-L38D, and APC-A39V  protect 
endothelial barrier function to the same extent as wild type 
APC. These results show that the anti-inflamm atory and anti- 
apoptotic functions of APC mediated by EPCR-PAR-1 signal
ing are entirely conserved in the APC-L38D  variant despite sig
nificant loss of anticoagulant function caused by the severely 
impaired response to  protein S.

D ISCU SSIO N

Protein S is essential for norm al anticoagulant function of 
APC in plasma, acting as a cofactor to  enhance proteolysis of 
APC substrates factor Va and factor V illa. A lthough several 
putative APC binding sites have been described on protein  S 
(3 4 -4 0 ), the corresponding binding sites on APC are poorly 
defined. However, a previous study has dem onstrated  tha t 
substitu tion  of the APC Gla dom ain am ino acid residues 
2 5 -  45 w ith the corresponding am ino acid residues in hum an 
pro throm bin  prevented protein S enhancem ent of APC an ti
coagulant activity w ithout adversely affecting anionic phos
pholipid or FVa in teractions (41). Furtherm ore, a subse
quent report highlighted the im portance of APC Gla dom ain 
residues between 33-39 , w ith particular significance 
assigned to residues Asp-35, Asp-36, Leu-38, and Ala-39 
(30).

In this study we have generated and tested individual APC 
variants in which each of these Gla domain residues was indi
vidually substituted with the corresponding prothrom bin 
amino acid residues. Interestingly, only the anticoagulant activ
ity of APC-L38D  was severely impaired, exhibiting minimal 
anticoagulant activity in protein C-deficient plasma compared 
with wild type APC, even at extremely high concentrations 
(only 35 ±  1% reduction in FTP observed at 150 nM APC-L38D; 
Fig. 2). Furtherm ore, when the protein S-dependent anticoag
ulant activity of this variant was assessed in protein S-deficient 
plasma (Fig. 3) and in FVa proteolysis assays (Fig. 4:),APC-L38D 
exhibited effectively no response to protein S, even at free pro
tein S concentrations 10-fold higher than that found in normal 
plasma (Fig. 3B). In contrast, the anticoagulant effects of APC- 
D35T, APC-D36A, and APC-A39V  were only moderately 
impaired, exhibiting <2-fold impaired anticoagulant activity in 
plasma com pared with wild type APC (Fig. 2). These findings 
suggest that APC Gla domain residues 35, 36, and 39 make a 
relatively minor contribution to the protein S interaction with 
the APC Gla domain in this region.
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FIGURE 6. APC variants 3 5 -39  exhibit normal ability to inhibit apoptosis 
and endothelial barrier protection. A, confluent EAhy926 cells were incu
bated with Protac-generated plasma purified APC, recom binant wild type 
APC, and APC Gla domain variants for 17 h. A rat monoclonal anti-EPCR anti
body (RCR-252) was added (400 /i.M) alongside wild type APC to determ ine 
EPCR dependence. Apoptosis was induced in EAhy926 cells by incubation 
with 20 staurosporinefor4  h. RNA was extracted and reverse-transcribed 
as described under "Experimental Procedures." Reverse transcription-PCR 
was perform ed using specific Sox, Bcl-2, and ^-actin primers. Experiments 
were perform ed in triplicate, and data are presented as the  mean ±  S.E. 
Unpaired two-tailed f tests were used to  determ ine significance (**, p <  0.005 
com pared with stayrosporlne-only treated  EAhy926 cells). MPC, human APC.

Protein S binding to APC has historically proved refractory 
to meaningful assessment in the absence of phospholipid vesi
cles, making it difficult at this stage to ascertain whether Leu-38 
constitutes a key residue as part of a protein S binding site on 
APC or is critical for a protein S-mediated conformational 
change that facilitates enhanced APC substrate proteolysis. 
Further studies will be required to unravel the precise role of 
Leu-38 in regulating protein S cofactor enhancement.

Accumulating evidence from different animal disease mod
els suggests that the cytoprotective signaling activity of APC 
may be of greater significance than its anticoagulant function in 
protection against various disease states, including severe sep
sis, inflammatory bowel disease, and ischemic stroke (16, 19, 
42). Nevertheless, the anticoagulant properties of APC are 
important in that APC administration is associated with a sig
nificant increased bleeding risk (19). Although protein S con
stitutes a critical cofactor for the anticoagulant function of 
APC, there is no suggestion that it plays any role in regulating 
PAR-1-mediated anti-inflammatory or anti-apoptotic effects. 
Thus, disrupting the interplay between APC and protein S con
stitutes an attractive and novel strategy that may be exploited to 
generate APC variants with discrepant anticoagulant to cytopro
tective properties. However, previous studies have demonstrated 
that mutations in other regions of APC may influence the ability of 
the APC Gla domain to effectively bind EPCR, which is a prereq
uisite for PAR-1 signaling (24). As we have demonstrated, despite 
having almost entirely lost the ability to interact with protein S, the 
APC-L38D variant bound sEPCR with the same affinity as wild 
type APC (Fig. 5). Furthermore, APC-L38D exhibited PAR- 1-me- 
diated cytoprotective properties that were indistinguishable from 
those of v«ld type APC (Fig. 6).

Recombinant APC variants possessing APC modifications 
that have significantly reduced anticoagulant activity but 
retained significant PAR-1 signaling function have previously 
been generated using alternative strategies. Mosnier et al. (25) 
demonstrated that clustered alanine mutations (R229A/ 
R230A) and (K191A/K192A/K193A) in two surface loops of the 
APC serine protease domain disrupted the anion binding site 
on APC for FVa exosite binding. Consequently, when these five 
alanine substitutions were combined (5A-APC), APC anticoag
ulant activity was markedly reduced (<3% residual APTT clot
ting assay) (26). Because the APC serine protease exosite for 
PAR-1 is distinct from that of FVa, this combination of muta
tions did not influence the cytoprotective properties of 
5A-APC, which were identical to those of wild type APC. Thus 
the anticoagulant and anti-inflammatory profiles of this 
5A-APC variant are comparable with that exhibited by the

6, the protective effect of APC on the  endothelial cell barrier was determ ined 
for wild type APC and each Gla dom ain variant. EAhy926 cells were prelncu- 
bated with 20 nM wild type or variant APC {black bars) for 3 h. Untreated cells 
(white bar) were used as a negative control. EAhy926 cells were then  treated 
with 5 nM throm bin in serum-free media for 10 min (cells treated with throm 
bin only, gray bar), and endothelial barrier permeability was assessed after 30 
min using Evans Blue-bovine serum albumin (see "Experimental Proce
dures"), Unpaired two-tailed t  tests were used to  determ ine significance (*, 
p <  0.05 com pared with thrombin-only treated  EAhy926 cells). C, endothelial 
barrier protection was assessed over time as described above: untreated 
EAhy926 cells, • ;  5 nM thrombin, ♦ ;  WT-APC, A; APC-D35T, ■; APC-D36A, A; 
APC-L38D, 0 ; APC-A39V, T.
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APC-L38D  variant described herein despite the fact that the 
respective mutations occur at opposite ends of the APC mole
cule, are located in distinct structural domains, and target two 
different specific APC functional interactions.

Using an alternative approach, Bae et al. (24) engineered a 
disulfide bond (Cys*^-Cys®^; chymotrypsin numbering) within 
the APC serine protease domain, which prevented Ca^"  ̂ bind
ing to the functionally critical Ca^"  ̂ binding 7 0 -8 0  loop. As a 
result, the anticoagulant activity of the variant Cys^^- 
Cys®^APC was again dramatically impaired, but it was shown to 
retain PAR-1 activation mediated anti-apoptotic, anti-inflam- 
matory, and endothelial barrier protective functions. However, 
in contrast to 5A-APC and the APC-L38D  variant, the cytopro- 
tective effects of Cys®^-Cys®^-APC required a 2-fold higher 
concentration of m utant APC to produce equivalent effects to 
wild type APC. Interestingly this reduction in the cytoprotec- 
tive properties of Cys®^-Cys*^APC was subsequently shown to 
result from a reduced affinity of the variant APC for EPCR.

O n the basis of their specifically reduced anticoagulant activ
ity, one would anticipate that these two previously described 
recom binant APC variants together with the novel APC-L38D  
variant should all be associated with significantly reduced 
bleeding risk in vivo. Because of their reduced bleeding risk, 
these variants may perm it the use of significantly higher APC 
doses and also longer duration APC administration. Such 
altered APC therapeutic regimens may be particularly relevant 
in severe sepsis where overall mortality in the group of patients 
treated with wild type APC in the PROWESS trial still exceeded 
24% (19). A recent in vivo study has confirmed for the first time 
that APC variants with reduced or minimal anticoagulant activ
ity may confer im portant therapeutic benefit. In a murine 
model, Kerschen et al. (8) dem onstrate that 5A-APC was as 
effective as wild type APC in reducing overall mortality after 
LPS challenge.

In addition to the complete ablation of anticoagulant activity 
for APC-L38D, we observed a 2-fold reduced anticoagulant 
activity for each of the variants APC-D3ST, APC-D36A, and 
APC-A39V  respectively. Each of these variants also retained 
entirely normal PAR-l-m ediated cytoprotective properties. 
Thus, these three variants dem onstrate anticoagulant/cytopro- 
tective phenotypes that are interm ediate between wild type 
APC and the APC-L38D  variant. Consequently, these variants 
may prove useful adjuncts for defining the relative importance 
of the anticoagulant and cytoprotective effects of APC in differ
ent disease states. Moreover, such APC variants with reduced 
but residual anticoagulant activity may also offer novel thera
peutic opportunities. For example, a beneficial effect of APC 
has recently been described in a m urine model of experimental 
autoim m une encephalomyehtis (17). In this animal model of 
multiple sclerosis, it was clearly dem onstrated that both the 
cytoprotective and the anticoagulant properties of APC were 
required for maximal therapeutic efficacy. These findings sug
gest that second generation therapeutic recom binant APC vari
ants that retain some residual anticoagulant activity may con
stitute the treatm ent of choice in specific disease settings. 
Further in vivo studies will be necessary to fully dissect the 
relative contributions of APC anticoagulant versus cytoprotec

tive properties across such a wide variety of pathophysiological 
processes.

In conclusion, we have dem onstrated that a single am ino acid 
substitution {L38D) in the Gla domain of APC is sufficient to 
almost entirely ablate APC anticoagulant activity due to 
severely impaired protein S cofactor response. This variant, 
however, retains normal EPCR binding and PAR-1 signaling 
properties, suggesting a novel mechanism by which the antico
agulant and cytoprotective properties of APC can be separated 
for potential therapeutic gain.
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