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In 1947 the discovery of coagulation factor V (FV) was first published by Paul A. 
Owren, who described FV as a procoagulant protein that activates factor X [1]. Over the 
following decades the function of FV was further investigated and redefined as the 
procoagulant non-enzymatic cofactor of activated factor X (FXa). Readers interested in 
these developments are referred to an excellent review [2], which thoroughly describes 
the history of the FV discovery and the subsequent discussion in the scientific 
coagulation world, until the discovery of APC resistance in 1993 [3]. A common cause 
for APC resistance was found in a mutation of FV, Arg at position 506 to Gln (FVLeiden), 
that abolished the R506 cleavage site for the anticoagulant serine protease ‘activated 
protein C’ (APC). Loss of this cleavage site severely reduced the inactivation of the 
procoagulant form of FV, ‘activated FV’ (FVa), and resulted in shorter clotting time. 
Within one year an additional function was attributed to FV, as anticoagulant cofactor 
for APC. Cleavage of non-activated FV at position 506 was required for the 
anticoagulant function to be expressed, and therefore R506Q-FV did not have this 
anticoagulant function, further contributing to the thrombogenic phenotype in patients 
who carry this mutation. Since its discovery, the anticoagulant function of FV has been 
further characterized, and this chapter will summarize these developments. 
 

The normal coagulation reaction 

The blood coagulation reaction is initiated by the exposure of blood to extravascular 
tissue. As the blood flows out of the vessel, platelets are activated and adhere to 
extravascular surfaces and each other, forming an initial plug. This platelet plug is 
relatively weak, and is reinforced by strands of insoluble fibrin, which form a meshwork 
resulting in a more stable fibrous clot. Fibrin is produced from soluble fibrinogen that is 
cleaved by thrombin (FIIa), the main serine protease in the coagulation reaction. The 
reaction leading to the formation of fibrin, known as the coagulation cascade, is highly 
complex and has many levels of regulation (Figure 1). 
 
The transmembrane protein Tissue Factor (TF) is present on extravascular tissue. TF is 
a cofactor for activated factor VII (FVIIa), which circulates in its active form at very 
low concentrations [4]. The TF-FVIIa complex (or the ‘extrinsic tenase complex’) 
activates factor X to FXa. Subsequently FXa converts prothrombin to thrombin in the 
prothrombinase complex, and this reaction is enhanced several orders of magnitude by 
the FXa cofactor FVa [5]. Once the initial low amounts of thrombin are formed, 
thrombin stimulates its own production in a positive feedback loop by activating the 
upstream procoagulant cofactors FV and FVIII, and the serine protease zymogen FXI. 
FXIa activates FIX, which in turn activates FX in the ‘intrinsic tenase complex’. FX 
activation by FIXa is greatly enhanced by activated FVIII (FVIIIa) [6;7]. Thus, FX is 
activated by two enzymes: FVIIa and FIXa. The positive feedback loop of thrombin 
results in an enormous burst of thrombin production, ensuring the rapid formation of the 
fibrin clot. 
 
Many of these enzymatic reactions occur only under physiologic conditions. Most 
notably required are the presence of calcium ions and a negatively charged phospholipid 
membrane such as found on the surface of challenged cells and on activated platelets. 
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Figure 1. Abbreviated scheme of the coagulation reaction. A) procoagulant reaction. 
B) APC-mediated anticoagulant reaction. Blue: procoagulant. Red: anticoagulant. TF: 
tissue factor. FBN: fibrinogen. VAPC: FV cleaved at R506 by APC. PS: protein S. 
Dashed line indicates a cofactor. 
 
 
 

The anticoagulant reaction mediated by Activated Protein C 

Clot formation cannot go on forever, as it would quickly occlude the whole vessel. 
Therefore several mechanisms are activated to limit thrombin formation. These 
anticoagulant mechanisms counterbalance the procoagulant reaction and, under normal 
physiologic conditions, this balance will tip in favor of the anticoagulant mechanisms 
once a proper clot has formed. 
 
Activated protein C (APC) is the central serine protease in the anticoagulant reactions. 
The zymogen protein C (PC) [8] is activated by thrombin in the thrombin-
thrombomodulin complex on endothelial cells [9]. The activation reaction is enhanced 
20-fold in vivo when PC is also bound to endothelial protein C receptor [10]. PC 
circulates as a two chain heterodimer consisting of a light chain (residues 1-155; not 
counting a signal peptide and a propeptide of 42 amino acids, which are removed upon 
secretion) and a heavy chain (residues 158-419). For activation, thrombin cleaves after 
R169, releasing the activation peptide 158-169 [11]. Protein C is composed of an N-
terminal γ-carboxyglutamic acid (Gla) domain, two epidermal growth factor-like (EGF-
like) domains, an activation peptide, and a serine protease domain. The Gla domain 
contains Glu residues that have been converted to Gla by vitamin K-dependent γ-
glutamyl carboxylase. This domain mediates the calcium-dependent binding to 
negatively charged phospholipid surfaces [12-14]. 
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Once activated, APC inactivates factors Va and VIIIa by limited proteolysis, cleaving 
FVa at positions R306, R506, and R679 [15], and FVIIIa at positions R336 and R562 
[16], resulting in inhibition of thrombin generation. Without their cofactors, FIXa and 
FXa have no significant procoagulant activity, and their activity is therefore very 
sensitive to the amount of active cofactor available to them. Cleavage of FVa at R306, 
which occurs the slowest, results in complete inactivation of the molecule, whereas 
cleavage at R506 yields a partially active intermediate [17]. The R679 cleavage is 
~1000-fold slower than R306 cleavage [17] and has thus far not been attributed any 
physiological significance. In FVIIIa, spontaneous dissociation of the A2 domain 
quickly inactivates this molecule [18;19]. The APC cleavages however, may still 
contribute to FVIIIa inactivation. Cleavage at R562 correlates well with loss of FVIIIa 
activity, and cleavage at R336 may stimulate A2 domain dissociation [16]. In a FVIIIa 
variant in which spontaneous A2 domain dissociation was prevented with an engineered 
disulfide bridge, cleavage at R336 partially inactivated FVIIIa, and cleavage at R562 
resulted in complete inactivation [20]. 
 
Similar to other coagulation serine proteases, APC has a cofactor that enhances its 
proteolytic activity, protein S. This non-enzymatic cofactor enhances FVa and FVIIIa 
inactivation by APC, and has been well characterized in these reactions. In FVa and 
FVIIIa the slowest inactivating cleavages (R306 and R562 respectively) are enhanced 
more by protein S than the faster cleavages (R506 and R336 respectively) [20-27]. 
Protein S also has APC-independent anticoagulant effects. It inhibits activation of 
prothrombin by the prothrombinase complex through direct binding to FVa [28] and 
FXa [29], and it inhibits FX activation by the intrinsic tenase complex by binding 
directly to FVIIIa thereby competing with FIXa [30-32]. Recently protein S was shown 
to also inhibit FX activation by the extrinsic tenase complex by binding to TF and to FX 
[33]. Furthermore, protein S acts as an important cofactor to tissue factor pathway 
inhibitor (TFPI) [34;35], which directly binds to and blocks FXa in a quaternary 
heterogenous complex consisting of FXa, TFPI, FVIIa, and TF [36;37]. 
 
The importance of the anticoagulant PC system is illustrated by an increased risk of 
venous thrombosis associated with heterozygous PC deficiency and severe thrombotic 
disease due to homozygous PC deficiency [38;39]. Furthermore, it is interesting that the 
concentration of thrombomodulin, which is of vital importance for PC activation, varies 
from 0.15 nM in the large vasculature to 500 nM in the microvessels [40], the latter 
being the vessels where the majority of coagulation takes place, thereby locating PC 
activation to the site of active coagulation. Besides the anticoagulant activity, APC has 
anti-apoptotic and cytoprotective effects, for which we refer the reader to several 
excellent reviews [41-45]. 
 

FV and APC resistance 

With the discovery of APC resistance by Dahlbäck et al. in 1993 [3] a whole field of 
new research opportunities opened up, and was followed by a true explosion of 
publications on the subject. The APC resistance test that was developed initially was 
based on an activated partial thromboplastin time (APTT) clotting assay, measuring the 
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clotting time of patient plasma in the presence and in the absence of APC. In 
approximately 20 – 60 % of venous thrombosis patients APC failed to prolong the 
plasma clotting time, and these patients were therefore called ‘APC resistant’ [46-50]. 
 
Shortly after its discovery, APC resistance was shown to strongly correlate with the 
G1691A mutation in the FV gene [51;52], which was found in over 90 % of individuals 
with inherited APC resistance [51;53]. This mutation results in a change of Arg to Gln 
at position 506, which abolishes the APC cleavage site at position 506 and results in a 
10-20 fold slower inactivation of FVa [17;54]. 
 
Addition of purified wt-FV to APC resistant plasma returned the APC sensitivity to 
normal [55], and it was therefore hypothesized that FV may be a cofactor for APC. Not 
much later this proved to be true. FV enhanced the inactivation of FVIIIa by APC and 
protein S, but not in the absence of protein S [56;57]. The APC resistant R506Q-FV 
however, did not enhance FVIIIa inactivation [58;59], which suggested that cleavage at 
the 506 position was required for the FV cofactor effect. This further explained why 
R506Q-FV caused APC resistance, a procoagulant phenotype, as it is inactivated slower 
than wild type FVa, and lacks the anticoagulant cofactor activity for APC. 
 
Individuals heterozygous for the G1691A mutation have an approximately 5-fold 
increased risk for deep venous thrombosis, whereas in homozygous individuals the risk 
increase has been estimated at 80-fold [49;60;61]. G1691A appears to be a relatively 
young mutation in the human genome, as it is only found in European Caucasians, and 
not in other populations such as Asians, Africans, natives of Australia and the Americas, 
and the Inuit peoples. This suggests that the mutation first occurred after the European-
Asian split that followed the ‘out-of-Africa-exodus’, and has been estimated to be 
approximately 21,000 – 24,000 years old [62]. Therefore most studies were aimed at 
this particular group, until the question was raised whether mutations at the other APC 
cleavage sites of FV also influenced the FV anticoagulant cofactor effect. 
 
Naturally occurring mutants of the APC cleavage site R306 (FVHong Kong R306G [63], 
FVCambridge R306T [64]) result in only moderate APC resistance [65-69]. Mutation at the 
third APC cleavage site in FV, at R679, has not been associated with decreased APC 
sensitivity [70]. However, a recently discovered mutation E666D in a Chinese family 
with a history of venous thrombosis did show a slight APC resistance, and was 
suggested as a mild risk factor for thrombosis [71]. Possibly the observed APC 
resistance was due to inhibition of cleavage at R679, however this is currently only 
speculation and remains to be confirmed. 
 
For a full history of the discovery of APC resistance and a more elaborate and complete 
overview of the current status of APC resistance research, we would like to direct the 
reader to several excellent recent reviews on this topic [72-75]. We will now focus on 
the mechanisms of the FV anticoagulant cofactor effect. 
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Current status of Factor V as an anticoagulant cofactor 

In the setting of an APTT assay, in which plasma clotting time is sensitive to both FVa 
and FVIIIa inactivation, it has been suggested that approximately 50 % of R506Q-FV 
mediated APC resistance is due to the R506Q-FVa molecule being (partially) resistant 
to inactivation by APC, and approximately 50 % is due to the absence of the FV 
cofactor effect for APC [76]. Furthermore, recent experiments showed that 
anticoagulant FV also contributes to APC-mediated inactivation of FVa, which was 
shown in plasma based clotting assays in which the clotting time was sensitive to only 
FVa inactivation (Chapter 4, [77]). This indicates that FV anticoagulant function is a 
very significant contributor to the normal anticoagulant activity of APC. 
 
Although the R506 cleavage of intact FV is required for the anticoagulant cofactor 
effect, the other APC cleavages at R306 and R679 do not have any effect [57;58]. 
Furthermore, cleavage of the intact FV molecule at R306 appears to be faster than the 
cleavage at R506 [15;78]. This suggests that anticoagulant FV is already fully 
proteolyzed by APC when it acts as a cofactor for APC [57]. Interestingly, cleavage of 
FV by APC does not seem to be influenced by protein S [57]. How these cleavages alter 
the FV molecule and allow for the FV anticoagulant function to be expressed is 
currently not known. 
 
FV anticoagulant function requires that the C-terminal end of the B domain is present, 
and is attached to the A3 domain in the light chain. During activation of FV by 
thrombin, the B domain is severed from the light chain at R1545, resulting in loss of the 
anticoagulant cofactor function of FV. The other activating cleavages in FV, at R709 
and R1018, do not influence the FV anticoagulant effect [56;57;79]. A FV mutant with 
the whole B domain deleted (FVΔ710-1545) lost all APC cofactor activity. However, 
FV with the C-terminal part of the B domain present (FVΔ710-1476) retained nearly 
full APC cofactor activity, which suggests that residues 1476-1545 are required for the 
anticoagulant cofactor effect of FV [79]. The C-terminus of the B domain (287 residues) 
contains at least 20 repeats of a 9 amino acid sequence, is very acidic, and has 8 
potential N-linked glycosylation sites. Section 1476-1545 is still very acidic with 16 
D/E residues out of 70 total, and has only one potential glycosylation site, at N1531 
[80;81]. Therefore, this may be (part of) a binding site on anticoagulant FV in an 
APC/protein S/FV-complex. 
 
Another requirement of the FV anticoagulant cofactor activity is the presence of protein 
S [56;57]. In the absence of protein S, FV has virtually no cofactor activity for APC. In 
the inactivation of FVa by APC, protein S stimulates cleavage at R506 1- to 5-fold, and 
cleavage at R306 20- to 30-fold [23-27]. Binding of protein S to APC results in a 
change of conformation of APC by bringing the active site closer to the membrane 
[82;83]. For FVa inactivation this may mean that the active site is now better positioned 
for cleavage of FVa at R306, which could explain why protein S stimulates cleavage at 
this site more than cleavage at R506. Whether this is specific for the R306 cleavage has 
recently been disputed because it is not known if R306 in FVa is closer to the membrane 
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than R506, and protein S stimulating cleavage at position R506 also argues against a 
selective effect towards R306 cleavage [84]. 
 
Protein S consists of a Gla domain, a thrombin sensitive region (TSR), four EGF 
domains, and a sex hormone-binding globulin (SHBG) domain [85;86]. A binding 
interaction between protein S and APC has been located to residues 35 to 39 in the Gla 
domain of APC [87-89]. Selective mutation studies in this region showed that mutation 
of L38 to Asp completely abolished the protein S cofactor effect in a purified assay 
measuring FVa inactivation, and also the anticoagulant activity in a plasma milieu. 
Although mutation of several adjacent residues, D35, D36, and A39 also resulted in 
reduced cofactor effect of protein S, these mutants had significant residual cofactor 
effect left and anticoagulant activity was reduced less than twofold [87]. 
 
In a recent study by Andersson et al. a binding site for APC on the protein S molecule 
was found in the region around residue D95 in the EGF1 domain of protein S [90]. In 
this study, alanine mutations of D78 and Q79, that in 3D-structure models are in close 
proximity to D95, resulted in severely reduced anticoagulant activity in a plasma-based 
thrombin generation assay. The D95 to Ala mutant retained no anticoagulant activity at 
all, whereas a D95 to Asn mutant had some residual APC cofactor activity. Other 
studies have suggested that the Gla domain [91], thrombin sensitive region [92-95], the 
EGF1 domain [92;94;96], EGF2 domain [97], and even EGF3 and EGF4 [94;98] are 
also involved in the in the APC – protein S interaction. Thus, residues L38 in the APC 
Gla domain, and D95 in the protein S EGF1 domain seem to be of pivotal importance 
for the APC – protein S interaction, although studies on other regions of these two 
partners suggest that an extended binding site may exist. 
 
Protein S is found in plasma at approximately 350 nM, of which approximately 60 % is 
bound to the β-form of C4b-binding protein (C4BPβ+) [99-101]. This is a very high 
affinity interaction that is calcium dependent [100;102;103], and involves the SHBG-
like domain binding to the β-chain of C4BP, involving several residues in the region 
I16-F45 in the first complement control protein module of the C4BP β-chain [104;105], 
and residues in the region 413-433 [106;107] and 447-460 [108] in the SHBG-like 
domain of protein S. Free (unbound) protein S is the known anticoagulant cofactor for 
APC. However, when bound to C4BP protein S still enhances cleavage of FVa at 
residue R306 ~10-fold, but inhibits cleavage at R506 3- to 4-fold, resulting in an overall 
6- to 8-fold reduced FVa inactivation compared to free protein S [109]. C4BP-bound 
protein S retains full APC cofactor activity in the inactivation of FVIIIa in the absence 
of FV [110]. 
 
Interestingly, C4BP-bound protein S does not support the FV anticoagulant function 
[59]. It was shown that the SHBG-like domain of protein S is necessary for the FV 
anticoagulant activity [111;112]. A truncated protein S variant in which the SHBG-like 
domain was absent (‘mini-protein S’) expressed normal APC cofactor activity in 
purified FVa and FVIIIa inactivation assays, but did not support the cofactor activity of 
FV in the FVIIIa inactivation reaction. Furthermore, the ‘mini-protein S’ showed 
reduced anticoagulant activity in plasma based assays, suggesting that this protein S 
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variant did not support FV anticoagulant activity in a plasma milieu [111;113]. Also, 
replacement of the protein S SHBG-like domain with the homologous domain of growth 
arrest-specific protein 6 (Gas6) resulted in the abolition of the FV cofactor activity 
[112]. These studies suggest that the anticoagulant form of FV interacts with the SHBG-
like domain of protein S. To speculate on this, it is conceivable that cleavage of FV at 
R506 opens up a binding site for the SHBG-like domain of protein S, that may involve 
the negatively charged C-terminal section of the FV B domain, and possibly other 
residues on the FV molecule that have not yet been identified. 
 
The glycosylation status of FV may also play a role in the anticoagulant function. There 
are 37 potential glycosylation sites, 9 on the heavy chain, 25 in the B domain, and 3 in 
the light chain of FV  [80;81;114]. Partial removal of N-linked carbohydrates enhanced 
FV susceptibility to APC cleavage, and increased the APC sensitivity ratio in an APTT 
assay when added to FV-deficient plasma. The increase of APC sensitivity ratio may be 
explained by either an increase in FV anticoagulant activity, or an increase of FVa 
proteolysis by APC, or both. Whether FVa is indeed more sensitive to APC after mild 
deglycosylation is at this point not clear, as contradictory results have been published 
[115;116]. To date, the function of individual N-linked carbohydrates in FV 
anticoagulant cofactor function has not been investigated. 
 
FV is found in two forms in plasma which differ in the glycosylation status at N2181 in 
the C2 domain, and are designated FV1 (with N2181 glycosylation) and FV2 (without). 
FV1 was shown to have decreased binding affinity for negatively charged phospholipid 
membranes, decreased activity in the prothrombinase complex, and reduced sensitivity 
to inactivation by APC [117-120]. Furthermore, FV1 had significantly reduced activity 
as APC anticoagulant cofactor, both in plasma clotting assays and in the setting of a 
purified FVIIIa inactivation assay [59]. These studies indicate that the anticoagulant 
cofactor function of FV is phospholipid dependent. 
 
Mutation of Ile at position 359 in FV to Thr (FVLiverpool) [121] creates a glycosylation 
signaling sequence for glycosylation at N357. The presence of a bulky carbohydrate at 
this position was shown to inhibit R306 cleavage in FVa, but did not affect cleavage at 
R506 in FVa [122]. Furthermore, FVLiverpool showed no anticoagulant cofactor activity 
for APC/protein S in the inactivation of FVIIIa in a purified assay [122]. Whether R506 
cleavage, which is required for the anticoagulant cofactor activity, is affected in I359T-
FV is currently unknown. The 3D-structure model of FVa [123;124] shows that N357 is 
located on the ‘backside’ of the FV heavy chain and is therefore relatively distant from 
R306 and R506. 
 
20-25 % of total FV in blood is stored in alpha-granules of platelets [125]. Platelet FV 
originates from plasma FV that is taken up by megakaryocytes, after which it undergoes 
additional posttranslational modification, distinguishing it from plasma FV [126-128]. 
Most of the platelet FV pool is already (partially) activated by cleavage at T1543 
[125;126;129-133]. As an intact connection between the heavy chain and light chain are 
required for FV anticoagulant function [56;79], it is unlikely that platelet FV has any 
anticoagulant cofactor properties towards APC. However, to our knowledge no studies 
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have been done that investigate platelet derived FV/FVa as an anticoagulant cofactor for 
APC/protein S. 
 

Conclusion 

The functional properties of the FV anticoagulant effect have been well characterized, 
but the structural and mechanistic properties remain to be further explored. It is 
presently not known how cleavage at R506 changes the conformation of the FV 
molecule, or how anticoagulant FV interacts with the APC/protein S/substrate complex. 
Elucidation of these characteristics may have important therapeutical implications, for 
example a FV-based molecule with only anticoagulant properties may be of great 
benefit for patients that carry the FVLeiden mutation. 
 

Aim of the study 

This dissertation describes several studies on the anticoagulant function of activated 
protein C (APC) in the proteolytic inactivation of coagulation factors Va and VIIIa. Our 
goals were to further characterize the inactivation of factor VIIIa by APC with respect 
to the individual proteolytic inactivation events, and to investigate the function of the 
autolysis loop of APC in factor VIIIa inactivation. Furthermore, we wanted to 
investigate if anticoagulant factor V could stimulate the inactivation of factor Va by 
APC, in a similar way to which it stimulates factor VIIIa inactivation by APC.  
 
 
Therefore, our specific aims were: 
 
1.  To investigate the role of the individual cleavages at R336 and R562 in  proteolytic 

factor VIIIa inactivation by APC (Chapters 2 and 3). 
 
2.  To investigate the stimulatory effect of the APC cofactors protein S and 

anticoagulant factor V on the individual inactivation cleavages in FVIIIa (Chapters 
2 and 3). 

 
3.  To investigate the function of the APC autolysis loop in factor VIIIa inactivation, 

and the effect of protein S and anticoagulant FV on the function of the autolysis 
loop (Chapter 3). 

 
4.  To investigate if anticoagulant FV enhances the proteolytic inactivation of factor 

Va by APC (Chapters 4 and 5). 
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Abstract 

Factor VIIIa is inactivated by a combination of two mechanisms. Activation of factor 
VIII by thrombin results in a heterotrimeric factor VIIIa that spontaneously inactivates 
due to dissociation of the A2 subunit. Additionally factor VIIIa is cleaved by the 
anticoagulant serine protease, activated protein C, at two cleavage sites, R336 in the A1 
subunit, and R562 in the A2 subunit. We previously characterized an engineered variant 
of factor VIII which contains a disulfide bond between the A2 and the A3 subunits that 
prevents the spontaneous dissociation of the A2 subunit following thrombin activation. 
Thus, in the absence of activated protein C this variant has stable activity following 
activation by thrombin. In order to isolate the effects of the individual activated protein 
C cleavage sites on factor VIIIa we engineered mutations of the activated protein C 
cleavage sites into the disulfide bond-crosslinked factor VIII variant. R336 cleavage is 
5-fold faster than R562 cleavage and the R336 cleavage does not fully inactivate factor 
VIIIa when A2 subunit dissociation is blocked. Protein S enhances both cleavage rates 
but enhances R562 cleavage more than R336 cleavage. Factor V also enhances both 
cleavage rates when protein S is present. Factor V enhances R562 cleavage more than 
R336 cleavage as well. As a result, in the presence of both activated protein C cofactors, 
R336 cleavage is only twice as fast as R562 cleavage. Therefore, both cleavages 
contribute significantly to factor VIIIa inactivation. 
 

Introduction 

Hemophilia A is an X-linked bleeding disorder, affecting 1 in 5000 males. It is caused 
by deficiency of blood coagulation factor (F) VIII, and can cause severe bleeding after 
e.g. surgery and trauma or chronic bleeding into muscles and joints [1]. Upon initial 
production of small amounts of thrombin the intrinsic coagulation pathway is initiated 
by a positive feedback loop [2], in which thrombin activates factors V, VIII, and XI. 
Activated FXI (FXIa) activates FIX to FIXa, which in turn activates FX to FXa. FXa 
then converts prothrombin to thrombin, leading to fibrin clot formation. FVa and FVIIIa 
are cofactors for FXa and FIXa respectively, and enhance the proteolytic function of 
these enzymes considerably, resulting in rapid production of thrombin. 
 
FVIII is a 2332 amino acid protein with the domain structure A1-A2-B-A3-C1-C2 [3], 
which is cleaved within the B domain during secretion and circulates in the blood as a 
heterodimer bound to von Willebrand factor (vWF). Thrombin converts FVIII to its 
activated form (FVIIIa), by cleavages at positions R372, R740, and R1689 [4]. 
Cleavage at R372 and R1689 are both required for complete activation of FVIII [5;6]. 
The cleavage at R740 leads to dissociation of the B domain from the rest of the 
molecule, but this cleavage is not required for FVIIIa activation [5]. After cleavage and 
dissociation of the B domain the remaining subunits form a non-covalently linked 
heterotrimer, consisting of the A1-subunit (1-372), the A2-subunit (373-740), and a 
light chain containing the A3, C1, and C2 domains (1690-2332) [7;8]. 
 
In FVIIIa the A2-subunit spontaneously dissociates, which inactivates FVIIIa with a 
half-life of about two minutes [9-11]. FVIIIa can also be inactivated through proteolysis 
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by activated protein C (APC), which cleaves FVIIIa at R336 in the A1 domain, and at 
R562 in the A2 domain. APC’s proteolytic activity is enhanced by its non-enzymatic 
cofactors protein S [12] and factor V (FV) [13]. Protein S enhances both FVa [14;15] 
and FVIIIa [12;14] inactivation by APC. FV enhances cleavage of FVIIIa by APC in 
the presence of protein S in purified systems, and prolongs clotting time in plasma 
based clotting assays measuring FVIIIa activity [13;16]. This APC cofactor effect of FV 
was discovered as a result of the thrombosis risk factor FVLeiden [17;18]. FVLeiden has 
R506 mutated to Gln and therefore can not be cleaved by APC at this position [19;20]. 
This cleavage is required for APC to fully inactivate FVa [21]. However, it is also 
required for the APC cofactor activity of FV [22]. 
 
Cleavage of FVIIIa at R336 has been correlated with the inactivation of FVIIIa [8], and 
is kinetically favored over cleavage at R562 in APC-mediated inactivation of FVIIIa 
[16;23]. As cleavage at R336 also induces A2-subunit dissociation, which fully 
inactivates FVIIIa, this is considered the primary inactivation site [23]. The cofactors of 
APC likely influence the cleavage rates of these individual sites differently. O’Brien et 
al. monitored FVIIIa proteolysis by APC via western blot using antibodies specific for 
the A1 or A2 domains and determined that protein S enhanced both cleavages but had a 
greater effect on cleavage at R562 [24]. 
 
In this study we characterize the individual cleavages in FVIIIa by APC that led to the 
inactivation of FVIIIa, and the effect of the APC cofactors, protein S and factor V, on 
each cleavage. Rapid inactivation of FVIIIa due to A2-subunit dissociation makes 
proteolytic inactivation of FVIIIa hard to study. This problem has been addressed in the 
past by either using very high concentrations of FVIIIa [23] or studying proteolysis of 
the procofactor FVIII rather than FVIIIa [4]. To circumvent this problem we used a 
FVIII variant which has a disulfide bond engineered between the A2 and A3 domains 
(M662C/D1828C FVIII). This disulfide bond prevents dissociation of the A2 domain 
and stabilizes the molecule [25]. This allowed us to determine the effects of APC 
proteolysis on FVIIIa activity independently of the effects of A2-subunit dissociation. A 
similar disulfide bond introduced in FVa allowed for characterization of individual APC 
cleavage sites in FVa, independent of A2-subunit dissociation [26]. 
 
After activation by thrombin, M662C/D1828C FVIIIa has FIXa cofactor activity similar 
to that of wild type FVIIIa [25]. As has been reported [23], cleavage at R336 was faster 
than cleavage at R562. But we found that, in the absence of A2-subunit dissociation, 
cleavage at R336 did not fully inactivate FVIIIa, whereas cleavage at R562 did. We also 
found that protein S stimulated both FVIIIa cleavages but stimulated R562 cleavage 
somewhat more. FV also enhanced cleavage at R562 more than cleavage at R336. As a 
result, in the presence of both protein S and FV, APC cleavage at R336 was only 2-fold 
faster than APC cleavage at R562. 
 

Materials and Methods 

FVIII deficient plasma was from George King Biomedical Inc. (Overland Park, KS). 
Recombinant FVIII and the plasmid p25D were from Bayer Corporation (Berkeley, 
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CA). Refacto® B domain-deleted (BDD) FVIII was from Wyeth Corporation 
(Collegeville, PA). Thrombin, protein S and factor IXaß were purchased from Enzyme 
Research Laboratories (South Bend, IN). Activated protein C, factor X, and factor V 
were purchased from Haematologic Technologies (Essex Junction, VT). Hirudin was 
purchased from Calbiochem/EMD Biosciences (La Jolla, CA). Bovine brain 
phosphatidyl serine and bovine brain phosphatidyl ethanolamine were purchased from 
Sigma (St. Louis, MO). Bovine liver phosphatidyl choline was purchased from Avanti 
Polar Lipids (Alabaster, AL). 
 
Characterization of FVIII variants – M662C/D1828C FVIII and other variants were 
produced essentially as previously described [25;27]. The new FVIII variants were also 
created in plasmid p25D expressing B domain-deleted FVIII (with amino acids 744 to 
1637 deleted) that already contained the M662C and D1828C mutations (p25D-
M662C/D1828C FVIII), using the Quikchange mutagenesis kit from Stratagene (La 
Jolla, CA). R336 was mutated to Gln by changing codon CGA to CAG. R562 was 
mutated to Gln by changing codon AGA to CAG. Sequence was verified after sub-
cloning the mutated FVIII gene into p25D plasmid that did not go through mutagenesis. 
Plasmids were transfected into HEK293 cells and selected for stable expression with 
geneticin and the FVIII gene was purified from the selected HEK293 clones and 
sequenced to confirm mutant sequence in the clones expressing FVIII. After purification 
as described [27] proteins were stored in HBS (50 mM Hepes, 150 mM NaCl, 4 mM 
CaCl2 pH 7.4). FVIII antigen concentration (mg/mL) was determined using the 
Asserachrom Factor VIIIC:Ag ELISA kit from Diagnostica Stago (Parsippany, NJ) and 
the Immubind FVIII ELISA kit from American Diagnostica (Greenwich, CT) using the 
standard protocols with Refacto® FVIII as the standard. FVIII activity concentration 
(units/mL) was determined using the Chromogenix Coamatic VIII kit (Diapharma 
Group, Inc., West Chester, OH) with Refacto® FVIII as the standard (13,350 U/mg). 
Phospholipid vesicles (40 % phosphatidyl choline, 20 % phosphatidyl serine, 40 % 
phosphatidyl ethanolamine) were prepared as described [28]. FVIII purity and 
proteolysis by thrombin and APC were monitored with silver stained gels. For purity 
analysis about 25 ng FVIII was loaded per lane. Samples were either reduced with 
dithiothreitol followed by treatment with iodoacetamide to prevent re-oxidation, or just 
treated with iodoacetamide to block all free cysteines and prevent reduction and 
disulfide shuffling. For proteolysis, FVIII at 5 nM with 25 μM phospholipid vesicles 
was incubated with 1.6 U/mL IIa for 1 minute followed by addition of 4.8 U/mL hirudin 
to inactivate the thrombin before adding 25 nM APC/50 nM protein S for a 1 hour 
incubation at room temperature. The buffers used were the same as for the FXase assays 
(see below) except that no bovine serum albumin was added. Samples were 
electrophoresed on a 4-12 % Bis/Tris gel with MOPS-SDS buffer (Invitrogen, Carlsbad, 
CA) and gels were stained with the SilverXpress kit (Invitrogen). 
 
Functional assays of FVIIIa inactivation and kinetic properties – The functional 
properties of FVIIIa were monitored in assays of the FIXa:FVIIIa complex (FXase). We 
first determined the functional concentration of FVIIIa binding sites for FIXa in FXase 
assays as described [25]. Using the FVIIIa concentrations for each FVIIIa variant 
determined in this manner, FIXa titrations were performed as described with the 
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exception that FVIII was activated with 0.8 U/mL thrombin for one minute (four times 
as much as previously used) followed by 4.8 U/mL hirudin to ensure complete 
inactivation of the thrombin. Data were fit to a hyperbolic curve to derive K1/2 values for 
formation of the FVIIIa-FIXa complex [25]. FX titrations were performed as described 
and fit to the Michaelis-Menten equation to derive kcat and KM [25]. The actual FXase 
complex concentration value used was the concentration of the limiting component (3-5 
pM FVIIIa) times the fraction of this component that should be bound, based on the 
apparent Kd (K1/2) of the interaction of that respective FVIIIa variant with FIXa at that 
concentration (4.9 nM). 
 
Assays of FVIIIa inactivation by APC/protein S/FV were performed as follows. FVIII 
at 5 nM was incubated in FXase buffer (150 mM NaCl, 50 mM Hepes, 5 mM CaCl2, 0.1 
mM MnCl2, 5 mg/mL bovine serum albumin, pH 7.4) with 25 µM phospholipid 
vesicles. Thrombin was added to this mix at 0.8 U/mL (5 nM) to activate the FVIII, and 
then at 1 min. 4.8 U/mL hirudin was added to inactivate the thrombin. An aliquot was 
removed for assay in the FXase assay. Then APC and/or protein S and/or FV were 
added immediately (time 0 in graph). Aliquots were removed over time and added to 
FIXa and 25 µM phospholipid vesicles. Then FX was added to initiate the FXase 
reaction as described [25]. Final concentrations in the FXase reaction were 150 pM 
FVIIIa, 2 nM FIXa and 0.5 µM FX. The reaction was stopped with EDTA and FXa was 
measured with substrate S2765 (Chromogenix, Lexington, MA). 
  
The variant M662C/D1828C FVIIIa has two APC cleavage sites and we assume that 
FVIIIa inactivation can proceed via two pathways: 
 

 

FVIIIiFVIIIaFVIIIa kk  562336
int  

and 

FVIIIiFVIIIa k 562'  
 
 
In the first pathway FVIIIa is cleaved at R336 resulting in a reaction intermediate with 
partial activity (FVIIIaint), this cleavage is followed by cleavage at R562 which results 
in inactive FVIIIa (FVIIIi). In the second, alternate pathway FVIIIa is cleaved first at 
R562 and this cleavage fully inactivates FVIIIa. These data for M662C/D1828C FVIIIa 
inactivation can be fit to a double exponential decay [21;29]. But we determined that we 
could not achieve first order conditions in this assay setup, thus the rate of inactivating 
cleavages was dependent upon substrate concentration. Therefore, we did not determine 
cleavage rates from curve fits to M662C/D1828C FVIIIa inactivation. 
 
M662C/D1828C/R336Q FVIIIa and M662C/D1828C/R562Q FVIIIa inactivation are 
both the result of a single cleavage, thus inactivation profiles should fit an exponential 
decay. However, in order to account for the lack of first order conditions only the initial 
rate of activity loss was determined. Thus, for M662C/D1828C/R336Q FVIIIa and 
M662C/D1828C/R562Q FVIIIa the initial time points that appeared linear on a log 
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scale were fit to a single exponential decay using non-linear least squares regression 
analysis with the following equation:  
 
 

kteAA  0  

 
 
where A is activity of FVIIIa (in percent), A0 is the initial activity of FVIIIa, k is the 
rate constant in minutes-1 and t is time in minutes [23]. The data for 
M662C/D1828C/R562Q FVIIIa (cleavage at R336) were fit to an exponential decay to a 
plateau of 25 % and we then assumed that 25 % was equivalent to complete cleavage at 
R336. Data in Table 1 are presented as rate constants of FVIIIa cleavage assuming that 
loss of activity is proportional to cleavage rate. Initial concentration of FVIIIa was 5 nM 
and APC concentration varied as indicated in the figures. 
 
FVIIIa inactivation by APC and protein S was also monitored with an APTT assay 
essentially as previously described, except that FVIII was activated with 0.8 U/mL IIa 
for 1 minute followed by 3.2 U/mL hirudin [27]. Time courses were started with the 
addition of APC and protein S to final concentrations of 1 nM and 100 nM respectively. 
Clotting time was converted to units FVIII activity with a standard curve of Refacto® 
FVIII corrected for the hirudin in the FVIII sample. 
 
 
 
Table 1. Inactivation cleavage rates for cleavages at R336 and R562 in FVIIIa.   
 

 M662C/D1828C/R562Q FVIIIa M662C/D1828C/R336Q FVIIIa 

 R336 cleavage R562 cleavage 

 nM FVIII × min-1 × nM APC-1 nM FVIII × min-1 × nM APC-1 

APC 0.10 ± 0.03 (5) 0.019 ± 0.004 (5) 

APC/FV 0.10 ± 0.04 (2) 0.030 ± 0.007 (2) 

APC/PS 0.61 ± 0.30 (6) 0.13 ± 0.03 (6) 

APC/PS/FV 2.6 ± 0.6 (3) 1.1 ± 0.2 (3) 

 
Rates are derived from data that were averaged together to generate Figures 3, 4 and 5 
according to curve fits described in the methods. Standard errors are shown and the 
number of experiments used to determine mean and SE is indicated in parentheses. In 
some cases, values were determined at two APC concentrations. For example second 
order rate constants derived from Figure 4B with 2.5 nM APC, 100 nM PS and from 
Figure 5A with 1 nM APC, 100 nM PS were averaged together to determine values in 
the APC/PS row. PS is protein S. 
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Results 

Preparation and characterization of FVIII variants – M662C/D1828C FVIII, which 
contains an engineered disulfide bond between residues 662 and 1828, has been 
characterized and described [25]. This variant was made in the background of B 
domain-deleted FVIII. Within the construct containing M662C/D1828C FVIII we 
introduced individual mutations of the APC cleavage sites.  Both sites were mutated 
from Arg to Gln, generating the constructs, p25D-M662C/D1828C/R336Q FVIII and 
p25D-M662C/D1828C/R562Q FVIII. The constructs were expressed in HEK293 cells 
and all three proteins were purified as described [25;27]. FVIII concentration and 
activity were measured as described in the methods and M662C/D1828C FVIII had 
specific activity of 7640 U/mg FVIII, M662C/D1828C/R336Q FVIII  had specific 
activity of 9510 U/mg FVIII and M662C/D1828C/R562Q FVIIIa had specific activity 
of 14,500 U/mg FVIII. 
 
To evaluate the purity of these preparations and to confirm presence of the disulfide 
bond we ran silver stained gels of M662C/D1828C FVIII, M662C/D1828C/R336Q 
FVIII and M662C/D1828C/R562Q FVIII (Figure 1A). Each protein was 
electrophoresed in non-reduced (lanes 1, 3 and 5) and reduced form (lanes 2, 4 and 6). 
Some free heavy chain and light chain were present in the non-reduced lanes. But a 
majority of the FVIII was present as a crosslinked heavy chain and light chain band at 
about 170 kDa at least for M662C/D1828C FVIII and M662C/D1828C/R562Q FVIII. 
M662C/D1828C/R336Q FVIII was less pure (see below) so we could not estimate the 
degree of crosslinking of M662C/D1828C/R336Q FVIII. When the proteins were 
reduced, most of the protein density shifted from crosslinked heavy chain/light chain to 
separate heavy chain and light chain. 
 
M662C/D1828C FVIII and M662C/D1828C/R562Q FVIII were reasonably pure 
according to silver stain. But M662C/D1828C/R336Q FVIII did have significant 
contaminants present. In particular, in the reduced lane (lane 6) there was a band below 
31 kDa and the apparent light chain band was much more intense than the heavy chain 
band. This was unlike the other two proteins, which suggested that there may be a 
contaminating protein in M662C/D1828C/R336Q FVIII that ran at about the same 
mobility as the light chain in the reduced sample. This was possibly because 
M662C/D1828C/R336Q FVIII was expressed at significantly lower levels in the stably 
expressing cell line so purification was less effective. We were not able to improve this 
purity in two attempts at producing this variant. 
 
To confirm that mutations at R336 and R562 prevented cleavage by APC, we 
electrophoresed FVIIIa variants in a reducing gel after proteolysis first by thrombin to 
activate to FVIIIa and then by APC with protein S (Figure 1B). Thrombin alone was in 
lane 10 and thrombin with APC and protein S were in lane 11 to identify bands derived 
from thrombin, APC and protein S in the FVIII lanes. M662C/D1828C FVIIIa (lane 3) 
was cleaved at both R336 and R562 by APC. Both the A1-subunit was lost (due to 
R336 cleavage) and the A2 subunit was lost (due to R562 cleavage).  
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Figure 1. Gel analysis of disulfide bond formation and proteolysis of FVIII 
variants. A. Purified FVIII variants were analyzed by SDS-PAGE with or without 
reduction by DTT. Non-reduced lanes (NR) were treated with iodoacetamide before 
addition of SDS to prevent disulfide shuffling. Reduced lanes (R) were treated with 
DTT while boiling in SDS sample buffer then with iodoacetamide to prevent 
reformation of disulfide bonds. Lanes 1 and 2 = M662C/D1828C FVIII, lanes 3 and 4 = 
M662C/D1828C/R562Q FVIII, lanes 5 and 6 = M662C/D1828C/R336Q FVIII. B. Gel 
analysis of thrombin proteolysis of FVIII variants and APC proteolysis of thrombin-
activated FVIIIa. Lanes 1 to 3 = M662C/D1828C FVIII, lanes 4 to 6 = 
M662C/D1828C/R562Q FVIII, lanes 7 to 9 = M662C/D1828C/R336Q FVIII, lane 10 is 
thrombin alone and lane 11 is thrombin, APC and protein S. Each variant is shown with 
no proteolysis (lanes 1, 4 and 7), proteolysis by 1.6 U/mL thrombin (13.5 nM) for 10 
minutes at room temperature (lanes 2, 5 and 8), and proteolysis first by thrombin, then 
followed by 25 nM APC/50 nM protein S for 60 minutes at room temperature (lanes 3, 
6 and 9). In panel B samples were all reduced with DTT and all gels were silver stained. 
In both panels molecular weight markers are indicated on the right and FVIII fragments 
are indicated on the left. HC-LC = heavy chain crosslinked to light chain, HC = heavy 
chain, LC = light chain, LCa = activated light chain, A1 = A1 subunit, A1n = APC 
cleaved A1 (residues 1-336), A2 = A2 subunit. 
 
 
 
The A1-subunit (see lane 2, 48 kDa, residues 1-372) was replaced by the A1 N-terminal 
fragment directly above the A2-subunit (43 kDa, residues 1-336). The A2-subunit (41 
kDa, residues 373-740) was a sharp band (see lane 2) that was lost completely. The 
resulting fragments would be around 20 kDa and were not visualized in this gel. 
Thrombin-activated M662C/D1828C/R562Q FVIIIa (lane 5) had the typical A1- and 
A2-subunit bands. Following APC cleavage the A1 band was gone and was replaced by 
the A1 N-terminal fragment (lane 6) but the A2 band seen in lane 5 remained in lane 6. 
Thus there was no cleavage at Q562. 
 
 
 

A B
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M662C/D1828C/R336Q FVIII was not as pure as the others so the gel was not as clear. 
In lane 7, in the absence of thrombin or APC proteolysis, the heavy chain and light 
chain bands were not clearly separated as was seen in lanes 1 and 4. As stated, this may 
have been due to a contaminating protein. This hypothesis was supported by the fact 
that the major band intensity did not decrease upon thrombin or APC reaction in lanes 8 
and 9. Additionally, other contaminating bands were seen and the FVIIIa bands were 
not as intense as the other FVIIIa variants. However, the kinetic properties of all three 
variants were similar (Table 2) suggesting that this contaminant did not affect the 
functional properties of this FVIII preparation. Nevertheless the A1- and A2-subunit 
bands could clearly be seen in lane 8 at 48 kDa and 41 kDa. After proteolysis by APC 
(lane 9) the A1-subunit band at 48 kDa was still present. A band visible at 43 kDa was 
equivalent to the A1-subunit cleaved at R336. But this was probably a protein present in 
the mix of thrombin, APC and protein S (see lane 11). In contrast the A2-subunit band 
at 41 kDa was completely gone, indicating complete cleavage at R562. 
 
Note that the thrombin, which was visible in this gel at about 35 kDa apparent 
molecular weight (lanes 2, 5, 8, 10), decreased in intensity in the lanes containing APC 
and protein S, though these samples also contain thrombin (lanes 3, 6, 9, 11). This result 
was seen consistently in many gels (not shown) and suggests a possible cleavage of 
thrombin in these reactions. But we don’t have a definite explanation for this 
phenomenon. 
 
Inactivation of FVIIIa variants by APC and protein S – We first tested the inactivation 
of the FVIII variants in a time course using the APTT clotting assay to monitor FVIIIa 
activity (Figure 2). FVIII variants were activated with thrombin. In the absence of APC 
and protein S all three variants were fairly stable. M662C/D1828C FVIIIa and 
M662C/D1828C/R336Q FVIIIa lost about 25 % activity and M662C/D1828C/R562Q 
FVIIIa lost only 5 % activity. This stability was presumably due to the disulfide bond 
which prevents A2 subunit dissociation in FVIIIa, as was previously confirmed with 
M662C/D1828C FVIIIa [25]. However, in this experiment M662C/D1828C FVIIIa was 
more stable than previously observed [25]. We now use more thrombin to activate FVIII 
than used previously (0.8 U/mL versus 0.2 U/mL) and also use a greater excess of 
hirudin to assure full inactivation of thrombin.  Control experiments confirmed that this 
explains the difference in these current results (see also Figure 3A).  We believe that the 
FVIII is more fully activated with 0.8 U/mL thrombin. When APC and protein S were 
added to the thrombin-activated FVIIIa variants M662C/D1828C FVIIIa was readily 
inactivated even in the absence of A2-subunit dissociation (less than 0.001 % activity at 
60 minutes). Both APC cleavage site variants were inactivated more slowly but to 
similar extents. 
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Table 2. Kinetic constants of the FXase complex containing variant FVIIIa before 
and after digest with APC.  
 

 Factor IXa 
affinity 

Factor X 
activation 

 

 K1/2, nM KM, nM kcat, s
-1 

M662C/D1828C FVIIIa 0.62 ± 0.16 7.8 ± 1.3 6.1 ± 2.2 

M662C/D1828C FVIIIa + APC ND ND ND 

M662C/D1828C/R336Q FVIIIa 0.86 ± 0.28 4.5 ± 1.0 6.4 ± 2.7 

M662C/D1828C/R336Q FVIIIa + APC ND ND ND 

M662C/D1828C/R562Q FVIIIa 0.55 ± 0.15 5.0 ± 0.9 4.4 ± 0.9 

M662C/D1828C/R562Q FVIIIa + APC 2.10 ± 0.93 26 ± 4 2.5 ± 1.2 

 
Rates derived from hyperbolic curve fits to titrations of FIXa or FX into the FXase 
complex as described in the methods, 4 to 8 experiments averaged together. ND = not 
detectable. 
 
 
 
Rates of inactivation by APC alone – In order to clarify the profiles of inactivation of 
M662C/D1828C/R336Q FVIIIa and M662C/D1828C/R562Q FVIIIa we monitored 
inactivation of thrombin-activated FVIIIa variants using a FXase assay with purified 
components. In this assay all three FVIIIa variants lost only about 10 % activity after 45 
minutes in the absence of APC (Figure 3A). But in the presence of 20 nM APC without 
any cofactor they were all inactivated (Figure 3B). M662C/D1828C FVIIIa was fully 
inactivated in the time course. M662C/D1828C/R336Q FVIIIa was inactivated much 
more slowly but activity continued to decrease throughout the time course. In contrast to 
this, M662C/D1828C/R562Q FVIIIa quickly lost about 75 % of its activity but then the 
activity leveled off. 
 
The inactivation profile of M662C/D1828C FVIIIa was fit to a double exponential 
decay (Figure 3B). However, first order rate conditions did not apply in these 
experiments. Specifically, the apparent rate of inactivation was dependent upon 
substrate concentration (data not shown). Therefore, we did not calculate rate constants 
from the double exponential decay. Furthermore, inactivation profiles of 
M662C/D1828C/R336Q FVIIIa and M662C/D1828C/R562Q FVIIIa were fit to single 
exponential decay equations using only the initial time points that appeared linear on a 
log scale. These curve fits for the two cleavage site variants were used to derive initial 
cleavage rates for the R336 cleavage alone and the R562 cleavage alone (Table 1). In 
M662C/D1828C/R562Q FVIIIa, APC cleaved R336 at a rate of 0.1 nM FVIII × min-1 × 
nM APC-1. APC cleaved R562 in M662C/D1828C/R336Q FVIIIa at a rate of 0.019 nM 
FVIII × min-1 × nM APC-1. 
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Figure 2. M662C/D1828C FVIIIa variants containing APC cleavage site mutants 
are partially resistant to APC inactivation. FVIII variants were first activated by 
reaction with 5.4 nM thrombin followed by excess hirudin, then at time zero either 1 
nM APC and 100 nM protein S or an equivalent volume of buffer was added. At time 
points aliquots were removed and assayed for FVIIIa activity in an APTT coagulation 
assay with FVIII deficient plasma. M662C/D1828C FVIIIa (∆, ▲), 
M662C/D1828C/R336Q FVIIIa (○, ●), M662C/D1828C/R562Q FVIIIa (□, ■), open 
symbols without APC/protein S, closed symbols with APC/protein S. Four experiments 
were averaged together and standard errors are shown as error bars. 
 
 
 
Effect of APC cofactors on inactivation rates – Protein S and FV are both cofactors for 
APC in the proteolysis of FVIIIa [13;14]. APC alone at a concentration of 2.5 nM did 
not fully inactivate the FVIIIa variants during a 45 minute time course (Figure 4A). But 
protein S significantly enhanced the rate of inactivation of all three FVIIIa variants by 
APC (Figure 4B). Protein S increased the rate of R336 cleavage about 5-fold in 
M662C/D1828C/R562Q FVIIIa. Furthermore, protein S increased the rate of R562 
cleavage 7-fold in M662C/D1828C/R336Q FVIIIa (Table 1). FV had very little APC 
cofactor effect in the absence of protein S (inset to Figure 4B).  
 
A slight increase in cleavage at R562 may or may not be significant. This was consistent 
with published results [13;16]. 
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Figure 3. Time courses of inactivation of M662C/D1828C FVIIIa variants by APC. 
Thrombin-activated FVIIIa activity was monitored over time by FXase assay, a purified 
system containing FIXa, FX and phospholipid vesicles. A. FVIIIa alone. B. FVIIIa with 
20 nM APC. M662C/D1828C FVIIIa (▲), M662C/D1828C/R336Q FVIIIa (●), 
M662C/D1828C/R562Q FVIIIa (■). Two to three experiments were averaged together. 
M662C/D1828C FVIIIa inactivation was fit to a double exponential decay. 
M662C/D1828C/R336Q FVIIIa and M662C/D1828C/R562Q FVIIIa were fit to single 
exponential decay curves. Standard deviations are shown as error bars. 
 
 
 
However, in the presence of protein S, FV was a potent cofactor for APC proteolysis of 
FVIIIa (Figure 5). With APC concentration further decreased to 1 nM and with 100 nM 
protein S, 12 nM FV increased the cleavage rate of R336 in M662C/D1828C/R562Q 
FVIIIa by 4-fold over the APC/protein S rate and it increased the cleavage rate of R562 
in M662C/D1828C/R336Q FVIIIa by 9-fold over the APC/protein S rate (Table 1). 
R336 was cleaved at a rate of 2.6 nM FVIII × min-1 × nM APC-1 and R562 was cleaved 
at a rate of 1.1 nM FVIII × min-1 × nM APC-1.  
 
So while protein S and FV enhanced both cleavage rates, together they served to 
increase the R562 cleavage rate about 60-fold and the R336 cleavage rate about 24-fold 
such that the R562 cleavage rate was close to 50 % of the R336 cleavage rate in the 
presence of both cofactors. Cleavage rates could be determined at two different APC 
concentrations for APC alone (Figure 3B and Figure 4A) and for APC plus protein S 
(Figure 4B and Figure 5A). These numbers were not significantly different, thus the 
values presented in Table 1 were averaged together over both experiments where 
possible. 
 
 
 
 
 



Chapter 2 
 

 41 

 

 
 
Figure 4. Time courses of inactivation of M662C/D1828C FVIIIa variants by APC 
and protein S or FV. Activity of thrombin-activated FVIIIa variants was monitored 
over time by FXase assay. A. FVIIIa with 2.5 nM APC. B. FVIIIa with 2.5 nM APC 
and 100 nM protein S. Inset. FVIIIa with 2.5 nM APC and 12 nM FV. M662C/D1828C 
FVIIIa (∆, ▲), M662C/D1828C/R336Q FVIIIa (○, ●), M662C/D1828C/R562Q FVIIIa 
(□, ■). Two to three experiments were averaged together. M662C/D1828C FVIIIa 
inactivation was fit to a double exponential decay. M662C/D1828C/R336Q FVIIIa and 
M662C/D1828C/R562Q FVIIIa were fit to single exponential decay curves.  Standard 
deviations are shown as error bars. 
 
 
 
Effect of APC proteolysis on kinetic parameters of FVIIIa cofactor activity – We 
determined a functional dissociation constant (K1/2) for binding of FVIIIa to FIXa with a 
titration of FIXa into the FXase complex assay with limiting FVIIIa and excess 
substrate (FX). We determined Km and kcat for the FXase complex with a titration of the 
substrate, FX, into the FXase complex. M662C/D1828C FVIIIa had a Kd for FIXa of 
0.62 nM, KM for FX of 7.8 nM and kcat of 5.5 s-1 (Table 2). After complete cleavage by 
APC no FVIIIa cofactor activity was detectable. M662C/D1828C/R336Q FVIIIa had 
similar kinetic constants with a Kd of 0.86 nM, KM of 4.5 nM and kcat of 5.4 s-1. This 
variant also had no detectable activity in the FXase complex after cleavage by APC 
(Table 2). In all these inactivation time courses M662C/D1828C/R562Q FVIIIa 
maintained a plateau of about 25 % activity after apparent complete cleavage at R336. 
APC proteolysis at R336 increased the Kd for FIXa from 0.55 to 2.1 nM and increased 
the Km for FX activation from 5.0 to 26 nM while decreasing the kcat from 3.9 to 1.8 s-1. 
Therefore, cleavage at R562 (in the variant M662C/D1828C/R336Q FVIIIa) fully 
inactivated FVIIIa while cleavage at R336 (in the variant M662C/D1828C/R562 
FVIIIa) only partially inactivated FVIIIa in the absence of dissociation of the A2 
subunit. 
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Figure 5. Time courses of inactivation of M662C/D1828C FVIIIa variants by APC, 
protein S and FV. Thrombin-activated FVIIIa variants were monitored over time by 
FXase assay. A. FVIIIa with 1 nM APC and 100 nM protein S. B. FVIIIa with 1 nM 
APC, 100 nM protein S and 12 nM FV. M662C/D1828C FVIIIa (∆, ▲), 
M662C/D1828C/R336Q FVIIIa (○, ●), M662C/D1828C/R562Q FVIIIa (□, ■). Two to 
three experiments were averaged together. M662C/D1828C FVIIIa inactivation was fit 
to a double exponential decay. M662C/D1828C/R336Q FVIIIa and 
M662C/D1828C/R562Q FVIIIa were fit to single exponential decay curves. Standard 
deviations are shown as error bars. 
 
 
 

Discussion 

We previously demonstrated that M662C/D1828C FVIII formed a disulfide bond 
between C662 in the A2 domain and C1828 in the A3 domain [27]. We further 
determined that M662C/D1828C FVIII had normal functional properties in the FXase 
complex but was not inactivated via the normal mechanism of spontaneous dissociation 
of the A2-subunit following activation by thrombin [25]. This established that, while the 
disulfide bond prevented A2-subunit dissociation as expected, it did not otherwise 
distort the FVIIIa protein in any way that impacted the extensive interactions that are 
involved in the normal cofactor function of FVIIIa in the FXase complex. Additionally 
the fact that addition of this disulfide bond does not change the functional properties of 
FVIIIa confirms that inactivation mechanisms due to A2-subunit dissociation versus 
inactivation mechanisms due to proteolysis could be isolated [25]. 
  
These kinetic constants were significantly different from our previously published 
results for M662C/D1828C FVIIIa [25]. This was due to a variety of factors. Most 
notably we activated FVIII with more thrombin in these experiments than previously 
(see Methods). We also had to change our sources for phospholipids and factor X, both 
of which are critical for this assay. We believe that these numbers more accurately 
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reflect the functional properties of the FXase complex. But this does not negate any 
earlier conclusions since our previously published data were all internally consistent. 
We used a similar disulfide-crosslinked FVa variant to isolate the inactivating effects of 
APC proteolysis from A2-subunit dissociation that follows APC proteolysis in wild type 
FVa [26]. Therefore, this disulfide bond-stabilized FVIIIa was a valid tool for isolating 
the effects of the individual APC cleavages on FVIIIa function. Furthermore, because 
A2-subunit dissociation does not occur it allows accurate determination of the effects of 
the APC cofactors, protein S and FV at near physiological concentrations. 
 
We confirmed that APC alone cleaves R336 faster than it cleaves R562. However, the 
difference in rates that we saw (R336 cleavage was 5-fold faster than R562 cleavage) 
was less than that seen in a study of APC cleavage site mutants without a stabilizing 
disulfide bond. Varfaj et al. determined that R336 cleavage by APC took place around 
25-fold faster than R562 cleavage [23]. This difference may be due to different assay 
conditions, in particular the extremely high concentration of FVIIIa that was used in 
previous studies. In general though, our results confirm these previous results. 
 
In the absence of A2-subunit dissociation the R562 cleavage within the A2-subunit still 
fully inactivates FVIIIa. This has been suggested in other work and likely happens 
because R562 is located in a FIXa interactive site within residues 558 to 565 [23;30]. 
R336 cleavage within the A1-subunit does not fully inactivate FVIIIa. The partial loss 
of activity is attributable to a 4-fold increase in Kd for FIXa as well as a 5-fold increase 
in KM for FX and a minor decrease in kcat for FX (Table 2). This partial loss of activity 
due to cleavage at R336 was also measured in experiments where cleaved or uncleaved 
FVIIIa subunits were reconstituted at very high concentrations to recover activity [31]. 
The effect of cleavage at R336 on KM is expected because this cleavage releases peptide 
337 to 372 which binds to FX [32] and cleavages by FXa at both K36 and R336 
together result in a 5-fold increase in KM [31]. But this is the first instance where the 
complete functional effects (Kd, KM and kcat) of cleavage at R336 were measured in 
isolation from other cleavages or from subunit dissociation. 
 
In spite of the high level of homology between FVIII and FV there are significant 
differences in the mechanisms of inactivation of FVIIIa and FVa as a result of APC 
cleavages. As was previously established, R336 cleavage is faster than R562 cleavage 
[23].  This is in contrast to FVa inactivation where APC cleavage at R506 (homologous 
to R562) is faster than cleavage at R306 (homologous to R336). 
 
The APC cofactor protein S (and FV in the case of FVIIIa inactivation) enhances the 
cleavage rate of the slower APC cleavage more than the faster APC cleavage.  Thus 
protein S primarily enhances R306 cleavage in FVa [33] while protein S and FV 
together preferentially enhance R562 cleavage in FVIIIa, though in FVIIIa both 
cleavage rates are enhanced. The effect for protein S alone that we observed was similar 
to previous measurements of protein S effect [24]. Therefore, as is the case for FVa, in 
the presence of both endogenous cofactors for APC, the APC cleavages take place at 
similar rates. 
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There are similarities in the inactivation of FVa and FVIIIa. In both FVa and FVIIIa the 
homologous cleavages in the A1 domain (R306 and R336) result in dissociation (in the 
case of FVa) or enhanced dissociation (in the case of FVIIIa) of the A2-subunit, which 
fully inactivates the cofactor. But when A2-subunit dissociation is prevented both 
cofactors retain significant activity. In both FVa and FVIIIa the homologous cleavages 
in the A2 domain (R506 or R562) result in a greater loss of activity than does the A1-
subunit cleavage when A2-subunit dissociation is prevented. In FVa, R506 cleavage 
results in a 40-fold decrease in FXa affinity while R306 cleavage only results in a 7-fold 
decrease in FXa affinity [21;26]. In FVIIIa, R562 cleavage fully inactivates FVIIIa 
independent of subunit dissociation while R336 cleavage only partially inactivates 
FVIIIa independent of subunit dissociation (Table 2). 
 
In summary these FVIIIa variants have allowed us to isolate and therefore precisely 
characterize the functional effects of each APC cleavage on FVIIIa independent of 
FVIIIa inherent instability. In addition this has allowed a new level of detail in 
characterization of the role of the APC cofactors, protein S and FV in these reactions. In 
the presence of the APC cofactors, which is the normal state in vivo, both cleavages 
should play a significant role in FVIIIa inactivation. 
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Abstract 

Activated protein C (APC) binds to its substrates FVa and FVIIIa with a basic exosite 
that consists of loops 37, 60, 70 and the autolysis loop. These loops have a high density 
of basic residues, resulting in a positive charge on the surface of APC. Many of these 
residues are important in the interaction of APC with FVa and FVIIIa. The current study 
focused on the function of the autolysis loop in the interaction with FVIIIa. This loop 
was previously shown to interact with FVa, and it inhibits APC inactivation by plasma 
serpins. Charged residues of the autolysis loop were individually mutated to alanine and 
the activity of these mutants was assessed in functional FVIIIa inactivation assays. The 
autolysis loop was functionally important for FVIIIa inactivation. Mutation of R306, 
K311, and R314 each resulted in significantly reduced FVIIIa inactivation. The 
inactivating cleavages of FVIIIa at R336 and R562 were affected equally by the 
mutations. Protein S and FV stimulated cleavage at R562 more than cleavage at R336, 
independent of mutations in the autolysis loop. Together these results confirmed that the 
autolysis loop plays a significant role as part of the basic exosite on APC in the 
interaction with FVIIIa. 
 

Introduction 

Protein C (PC) is a pivotal serine protease in the down-regulation of the coagulation 
cascade. PC is activated by thrombin (factor (F) IIa) in the thrombin-thrombomodulin 
complex to form activated protein C (APC). Once activated, APC inactivates activated 
factor V (FVa) and activated factor VIII (FVIIIa) via limited proteolysis, resulting in a 
severe decrease of thrombin formation. The structure of FVIII consists of an N-terminal 
heavy chain (A1 and A2 domains) and a C-terminal light chain (A3, C1 and C2 
domains) that are connected by the B domain. Thrombin activates FVIII via cleavages 
at R372, R740 and R1689 [1;2], which results in removal of the B domain and 
separation of the A1 and A2 domains. The A1 domain remains tightly associated with 
the light chain, but the A2 domain is only associated with the rest of the FVIIIa 
molecule via weak electrostatic interactions. Consequently, the A2 domain readily 
dissociates from the rest of the molecule resulting in inactivation of FVIIIa [3-5]. 
Subsequently, FVIIIa is inactivated by APC via cleavages at R336 at the C-terminal end 
of the A1 domain and R562 in the A2 domain, which enhances dissociation of the A2 
domain. Cleavage at R336 is fast, but results in a partially active molecule. Cleavage at 
R562 is slower than R336, but completely inactivates FVIIIa. The APC cofactors 
protein S and FV enhance cleavage at both sites and both cofactors stimulate R562 
cleavage more than R336 cleavage (Chapter 2 and [6-8]). 
 
Analysis of the crystal structure of APC elucidated a positively charged basic exosite on 
APC [9]. This basic exosite contains loop 37 (loops are numbered in the chymotrypsin 
numbering system, loop 37 corresponds with PC residues 190-193), loop 60 (PC 
residues 214-222), loop 70 (PC residues 225-235; calcium binding loop) and loop 148 
(PC residues 301-316; autolysis loop). The autolysis loop of APC has been of special 
interest, because this loop is relatively large, highly flexible, and the sequence 306-
REKEAKRNR-314 with five positively charged and two negatively charged residues, 
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gives this loop an overall positive charge [9]. A comparative study showed that this 
sequence is well conserved in mammals [10]. However, four out of nine species studied 
(cat, cow, dog, and goat), have a truncated autolysis loop with residues 305-308 deleted, 
emphasizing the possible importance of residues 309-314. 
 
An alanine scanning study of the APC autolysis loop showed that basic residues R306, 
K311, R312, and R314 are the most important residues for the interaction with FVa 
[11]. APC inactivates FVa via cleavages at R306, R506, and R679, of which R506 is 
fastest, but results in a partially active molecule. Cleavage at R306 is slower than R506, 
but results in full inactivation, and the slowest cleavage, at R679, has thus far not been 
attributed any physiological significance. Mutation of basic residues in the autolysis 
loop had a greater impact on cleavage at R506, whereas cleavage at R306 was affected 
far less [11]. 
 
In studies using a different approach, an APC mutant was created in which the autolysis 
loop was swapped with the autolysis loop of FXa, which is five residues shorter than the 
autolysis loop of APC, but still has four basic residues. This APC mutant showed an 
increased rate of FVa and FVIIIa inactivation, but also reduced the half life of APC in 
plasma from 30 minutes to ~5 minutes, due to increased interaction with plasma serpins 
[12]. However, mutation of the basic residues of the FXa autolysis loop in this APC 
mutant reduced the FVa inactivation rate relative to APC with the wild type FXa 
autolysis loop, and also reduced the interaction with antithrombin [13], which is the 
main serpin in plasma to inactivate plasma serine proteases [14]. Thus, regardless of the 
length of the autolysis loop, basic residues in this loop appear important for the 
interaction of APC with FVa and antithrombin.  
 
Studies of the other loops in the basic exosite of APC have shown that several charged 
residues in each loop play a significant role in FVa inactivation. Especially residues 
K193, R222, D227, R229 and R230 are significant contributors to the interaction with 
FVa. Also in these studies, cleavage at R506 was severely impaired by mutation of the 
basic exosite, whereas cleavage at R306 was affected much less [15;16]. FVIIIa 
inactivation is mediated by the same residues in APC, but contrary to the results found 
in FVa inactivation, the inactivating cleavages at R336 and R562 are affected equally 
[17]. The role of individual residues of the autolysis loop however, has not been studied 
in the interaction with FVIIIa. 
 
Protein S enhances cleavage at R562 in FVIIIa more than cleavage at R336 [6-8], and 
cleavage at R306 in FVa more than cleavage at R506 [18]. Although the APC autolysis 
loop distinguishes between the two cleavages in FVa, protein S appears to function 
independent of the autolysis loop in FVa inactivation [19], and also independent of the 
other loops of the basic exosite in FVIIIa inactivation [17]. 
 
As the autolysis loop plays an important role in the inactivation of FVa, and the same 
residues in the other loops of the basic exosite of APC are important for the inactivation 
of both FVa and FVIIIa, the current study was designed to determine the importance of 
the autolysis loop in FVIIIa inactivation, and to characterize the function of individual 
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residues of this loop in the FVIIIa inactivation reaction. APC mutants in which 
individual residues of the autolysis loop were mutated to alanine were created and their 
activity in FVIIIa inactivation was assessed in a purified FXase assay. We found that 
individual mutation of R306, K311 and R314 resulted in significantly reduced FVIIIa 
inactivation, and cleavages of FVIIIa at R336 and R562 were affected equally by 
mutations in the autolysis loop. Both protein S and FV stimulated cleavage at R562 
more than cleavage at R336, independent of mutations in the autolysis loop. These 
results confirmed that the autolysis loop plays a significant role as part of the basic 
exosite on APC in the interaction with FVIIIa. 
 

Materials and Methods 

Reagents – FIXa, FX, protein S, and thrombin were from Enzyme Research 
Laboratories (South Bend, IN, USA). FV was from Haematologic Technologies (Essex 
Junction, VT, USA). Refacto® B domain-deleted FVIII was from Wyeth Corporation 
(Collegeville, PA, USA). Synthetic unsaturated phosphatidylcholine, 
phosphatidylserine, and phosphatidylethanolamine were from Avanti Polar Lipids 
(Alabaster, AL, USA). BSA, hirudin and benzamidine were from Calbiochem/EMD 
Biosciences (La Jolla, CA, USA). FVIII-deficient plasma and normal pooled human 
plasma were from George King Biomedical Inc. (Overland Park, KS, USA). TriniCLOT 
aPTT HS activated partial thromboplastin time (APTT) reagent was from Trinity 
Biotech plc (Bray, Wicklow, Ireland). Pefachrome PCa chromogenic substrate was from 
Centerchem Inc. (Norwalk, CN, USA). Chromogenic FXa substrate S2765 (Z-D-Arg-
Gly-Arg- pNA·2HCl) was from Chromogenix (Lexington, MA, USA). Vitamin K1 and 
p-nitrophenyl p’-guanodino-benzoate hydrochloride (pNPGB) were from Sigma. 
Penicillin/Streptomycin/L-Glutamine (100× solution), Lipofectamine 2000, G-418, and 
DMEM Ham’s F12 50:50 with phenol red were from Invitrogen (Carlsbad, CA, USA). 
DMEM Ham’s F12 50:50 without phenol red was from Mediatech Inc. (Manassas, VA, 
USA). FBS was from Omega Scientific Inc. (Tarzana, CA, USA). 
 
Recombinant protein C production, purification, and characterization – Mutations in 
the PC autolysis loop were made using site directed mutagenesis as described [11] and 
the cDNA was subcloned into the pcDNA3.1+ expression vector (Invitrogen). The 
construct was then stably transfected into HEK293 cells using Lipofectamine 2000, G-
418 was used to select stable clones. Conditioned medium was collected and stored at  
-80°C. PC was purified essentially as described [20]. Briefly, after thawing the 
conditioned medium, 5 mM benzamidine and 5 mM ethylenediaminetetraacetic acid 
(EDTA) were added, and run over a 12 mL Fast Flow Q (FFQ)-sepharose (Amersham) 
column at 4°C, which was equilibrated with buffer A (20 mM tris, 100 mM NaCl, pH 
7.4). PC was eluted in a step elution with buffer C (20 mM tris, 50 mM CaCl2, pH 7.4). 
Presence of PC was assessed in a PC activation assay with Protac (Aniara, Mason, OH, 
USA), and the chromogenic substrate Pefachrome PCa. Fractions containing PC were 
pooled and loaded on a second FFQ-sepharose column (5 mL), washed with buffer A, 
and PC was eluted with a NaCl gradient (0.1 – 1 M NaCl). Fractions containing PC 
were pooled and concentrated with an Amicon® Ultra concentrator with a 30,000 Da 
molecular weight cut-off from Millipore Corporation (Billerica, MA, USA). After PC 
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purification, concentration was determined by absorption at 280 nm, using the 
extinction coefficient of 14.5 M-1 cm-1 (for a 1% solution). 
 
Protein C activation by thrombin – PC was activated by thrombin at 37°C, at a 300-fold 
molar excess of PC over thrombin. APC activity was monitored over time and the 
activation reaction was stopped by adding excess hirudin to inactivate the thrombin. 
APC was then further purified by loading the sample on a 1 mL FFQ-sepharose column 
and eluted in 1 step with a high salt buffer (20 mM tris, 640 mM NaCl, pH 7.4). The 
APC preparations were then concentrated and stored at -80°C. Purity was assessed on 
silver stained gels, using the SilverXpress kit from Invitrogen. Active site 
concentrations of APC variants, FIXa and FXa were determined with active site 
titrations adapted from Chase and Shaw [21]. 
 
Phospholipid vesicles – Phospholipid vesicles composed of 40% phosphatidylcholine, 
20% phosphatidylserine and 40% phosphatidylethanolamine (M/M/M) (PCPSPE) were 
prepared as previously described [22]. 
 
Recombinant disulfide crosslinked B domain truncated FVIII production, purification, 
and characterization – M662C/D1828C FVIII, M662C/D1828C/R336Q FVIII, and 
M662C/D1828C/R562Q FVIII [7;23] were produced in HEK293 cells and purified as 
described [24]. FVIII characterization was performed as previously described [7;23] 
using the Asserachrom Factor VIIIC:Ag ELISA kit from Diagnostica Stago 
(Parsippany, NJ, USA) to determine FVIII antigen level. FVIII activity in U/mL was 
based on APTT assays using a FVIII standard curve with Refacto® FVIII (13,350 
U/mg). The functional concentration of FVIIIa-binding sites for FIXa was determined 
with FVIIIa and FIXa titrations for each recombinant FVIII as described [23], with the 
following exceptions. FVIII was activated for 1 minute with 1.6 U/mL thrombin, 
followed by addition 6.4 U/mL hirudin to inactivate the thrombin. For the FVIIIa 
titrations 2.56 nM was activated for 1 minute with 1.6 U/mL thrombin, followed by 4.8 
U/mL hirudin. FX was added to a final concentration of 0.2 μM. FXa generation data 
were fit to a hyperbolic curve to derive the K½ for the formation of the FVIIIa-FIXa 
complex, and active FVIII concentration was calculated as described [23]. 
 
FVIIIa inactivation experiments in the FXase assay – For FVIIIa inactivation reactions 
1 nM M662C/D1828C FVIII (or variants) was activated for 1 minute with 0.8 U/mL 
thrombin in the presence of 33 μM PCPSPE in FXase buffer (50 mM Hepes, 150 mM 
NaCl, 5 mM CaCl2, 0.1 mM MnCl2, 5 mg/mL BSA, 0.5 mg/mL NaN3, pH 7.4), 
followed by addition of 4.8 U/mL hirudin to inactivate the thrombin. A 3 μL aliquot of 
M662C/D1828C FVIIIa was added to 27 μL of 0.39 nM FIXa / 25 μM PCPSPE mix in 
a 96 well plate, immediately followed by addition of 5 μL 875 nM FX. The FX 
activation reaction was stopped after 30 seconds by addition of 50 μL AAB/EDTA (20 
mM Tris-base, 100 mM NaCl, 50 mM EDTA, 5 mg/mL BSA, 0.2 mg/mL NaN3, pH 
8.3). Final concentrations for the FX activation reaction were 65 pM FVIIIa, 0.3 nM 
FIXa, 125 nM FX, 25 μM PCPSPE. The amount of FXa formed was assessed by adding 
35 μL of 1 mM chromogenic FXa substrate S2765 followed immediately by a three 
minute kinetic OD read at 405 nm.  
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Data conversion for FVIIIa inactivation data – FVIIIa activity was expressed as a 
percentage of FXa production in the FXase assay at time point zero. To calculate the 
reaction rate constant, the percentage data for M662C/D1828C/R336Q FVIIIa 
inactivation were fit to an exponential decay curve (equation 1): 
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in which A is the FVIIIa activity in percent, A0 is the FVIIIa activity in percent at time 
zero, k is the rate constant in min-1, and t is time in minutes. M662C/D1828C/R562Q 
FVIIIa was not fully inactivated due to cleavage by APC at only R336, and reached a 
plateau of approximately 20 % residual activity. Therefore the data for 
M662C/D1828C/R562Q FVIIIa were fit to equation 2 that incorporates this plateau: 
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The FVIIIa inactivation reactions did not follow first order kinetics under these 
conditions, and therefore the rate constant was calculated for only the initial part of the 
curve fit that appeared linear on a semi log plot. The rate constants were then converted 
to an initial reaction rate with the unit nM FVIII × min-1 × nM APC-1 by multiplying 
the rate constant by the concentration of FVIIIa in the inactivation reaction (0.754 nM) 
and dividing by the concentration of APC. Therefore the data with the same conditions, 
independent of APC concentration, could be pooled and averaged to give the initial 
reaction rate. Inactivation of M662C/D1828C FVIIIa should follow a double 
exponential decay curve, due to cleavage at both inactivation sites. However, due to the 
lack of first order kinetics, two cleavages give too many variables to confidently 
calculate inactivation rates. Therefore the inactivation data of M662C/D1828C FVIIIa 
were presented as qualitative curves only, and rates were not calculated. 
 
Western blotting – M662C/D1828C FVIIIa inactivation reactions for Western blot 
analysis were done as follows. 5 nM M662C/D1828C FVIII was activated with 2 U/mL 
thrombin for 10 minutes at room temperature, followed by addition of 8 U/mL hirudin 
to inactivate the thrombin. The zero point sample was removed and 20 nM wt-APC and 
100 nM protein S were added to the FVIIIa. Then samples were taken at time points as 
indicated and prepared by adding LDS sample buffer (Invitrogen), 1 mg/mL 
dithiothreitol  (Sigma) and 1.5 mg/mL iodoacetamide (Sigma), and heating at 80°C for 
15 minutes. The samples were run on 10 % Bis-Tris gels in MOPS buffer (Invitrogen) 
and transferred to Immobilon-FL™ PVDF membrane (Millipore). Membranes were 
probed with 58.12 anti-A1 domain monoclonal IgG [25] and developed according to  
LI-COR instructions with IRDye® 680 goat anti-mouse (LI-COR Biosciences, Lincoln, 
NE, USA) as secondary antibody. Subsequently the membrane was stripped according 
to Yeung et al. [26] and reprobed with R8B12 anti-A2 domain monoclonal IgG [27] and 
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IRDye® 680 goat anti-mouse (both primary antibodies were gifts from Bayer 
Corporation). Quantification was done with the LI-COR Odyssey Infrared Imaging 
System software. 
 

Results 

FVIIIa rapidly loses activity due to dissociation of the A2 domain [3-5], which makes 
the study of FVIIIa inactivation by APC in a purified system technically challenging. In 
the published literature this problem is usually circumvented by using very high 
concentrations of FVIIIa, which leaves a larger timeframe in which FVIIIa activity is 
measurable. As an alternative approach, our lab has developed a stable FVIII molecule 
in which the A2 domain was linked to the A3 domain with a disulfide bond. This was 
achieved by mutation of residues M662 and D1828 to cysteine (M662C/D1828C 
FVIII), resulting in a disulfide bridge between these two residues, prevention of A2 
domain dissociation, and stabilization of the FVIIIa molecule [23;28]. 
 
The preparations of M662C/D1828C FVIII used for this study were inactivated slower 
by APC than those used in our previous study, yielding somewhat different inactivation 
rates [7]. This was probably due to changes in experimental conditions, and possibly 
due to some batch-to-batch variability. Therefore comparison between different batches 
of FVIII, and direct comparison of the current results to those obtained in previous 
studies, could not be allowed. However, the studies presented here were all done with a 
single preparation of each FVIII variant, and therefore these experiments were internally 
consistent. 
 
All protein C variants were produced in HEK293 cells, and purified yielding 0.6 to 10 
mg PC per liter conditioned media. Following activation by thrombin and purification 
of APC, the purity of each variant was assessed on silver stained gels and was estimated 
at 90 – 95 %. R306A/K311A/R312A/R314A-APC expressed very poorly at 
approximately 40 μg/L, and was estimated on silver stained gels as approximately 75 % 
pure. Active concentration of APC was determined with active site titrations adapted 
from Chase and Shaw [21]. Titrations with the chromogenic substrate Pefachrome PCa 
were used to assess if the mutations in the autolysis loop affected the catalytic site of 
APC. Km and kcat values were derived and did not differ significantly from wt-APC. 
Only K311A-APC showed a slight decrease in kcat and for 
R306A/K311A/R312A/R314A-APC both Km and kcat were slightly increased (Table 1). 
These values were consistent with previously published data [11;15]. Unfortunately we 
were only able to do the titration once with R306A/K311A/R312A/R314A-APC due to 
the limited amount of protein available. 
 
M662C/D1828C FVIIIa was inactivated by wt-APC and the APC autolysis loop 
mutants following activation by thrombin (Figure 1). Residual FVIIIa cofactor activity 
for FIXa was measured in a FXase assay in a time course as described in materials and 
methods. In M662C/D1828C FVIIIa both R336 and R562 cleavages contribute to the 
inactivation of FVIIIa. In the absence of APC, M662C/D1828C FVIIIa and the 
M662C/D1828C FVIIIa cleavage site mutants described below lost approximately 20 % 
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activity over the 30 minute time course due to incomplete formation of the engineered 
disulfide crosslink bond, as has been described earlier [23]. This was subtracted from 
the inactivation data shown in Figures 1 and 3. 
 
After 30 minutes of incubation with 20 nM wt-APC, ~21 % FVIIIa activity was left 
(Figure 1A). R306A-APC, K311A-APC, and R314A-APC were all moderately 
impaired in FVIIIa inactivation compared to wt-APC (Figures 1A & B). K308A-APC 
was slightly less impaired, but still showed significantly less FVIIIa inactivation than 
wt-APC. The quadruple mutant, R306A/K311A/R312A/R314A-APC, had the lowest 
FVIIIa inactivation activity (Figure 1B). E307A-APC and R312A-APC showed no 
significant difference from wt-APC under any of the experimental conditions (Figure 1) 
and were therefore not further investigated. 
 
In order to measure FVIIIa inactivation in the presence of protein S, the APC 
concentration was reduced to 2.5 nM. At this concentration of APC, and in the absence 
of protein S, the difference between wt-APC and the mutants was minimal as FVIIIa 
inactivation was minimal. In the presence of 100 nM protein S the difference between 
wt-APC and mutants became apparent again (Figure 1C & D closed symbols). R306A-
APC, K311A-APC and R314A-APC all showed a similar decrease, whereas the 
K308A-APC mutant showed the same FVIIIa inactivation as wt-APC. The 
R306A/K311A/R312A/R314A-APC mutant showed severely reduced FVIIIa 
inactivation. Initially R306A/K311A/R312A/R314A-APC inactivated FVIIIa similar to 
K311A-APC and R314A-APC, but after the 4 minute time point FVIIIa activity 
remained stable between 75 – 90 %. 
 
 
 
Table 1. Kinetic properties of APC variants towards the chromogenic substrate 
Pefachrome PCa.  
 

APC variant KM (µM  sd) kcat (s
-1  sd) kcat/KM (s-1M-1) 

wt 288  1 63.3  14.1 2.2 x 105 
306A 271  13 55.7  1.4 2.1 x 105 
307A 288  26 54.4  5.7 1.9 x 105 
308A 277  13 62.2  1.0 2.2 x 105 
311A 300  20 42.3  1.1 1.4 x 105 
312A 307  40 61.6  0.1 2.0 x 105 
314A 236  25 71.2  3.5 3.0 x 105 
R306A/K311A/ 
R312A/R314A 

370 71.3 1.9 x 105 

 
Measurements are the average of two separate experiments done in duplicate. Data from 
R306A/K311A/R312A/R314A-APC was from one experiment done in duplicate. sd, 
standard deviation. 
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APC concentration was further reduced to 1 nM to accommodate for measurements of 
FVIIIa inactivation in the presence of both protein S and FV (Figures 1E & F). In the 
presence of 100 nM protein S, the mutations of the APC autolysis loop had the same 
effect as they did at 2.5 nM APC, although FVIIIa inactivation was obviously slower at 
1 nM APC (compare Figures 1C & D closed symbols with 1E & F open symbols). In 
the presence of FV, R306A-APC mediated FVIIIa inactivation was reduced 
significantly compared with wt-APC, but only for the first two minutes of the reaction, 
after which it no longer differed from wt-APC. The K308A-APC mutant was not 
different from wt-APC. K311A-APC and R314A-APC showed equally reduced activity 
in the FVIIIa inactivation reaction. Again R306A/K311A/R312A/R314A-APC showed 
severely reduced FVIIIa inactivation. FV enhanced FVIIIa inactivation by all APC 
variants considerably. Overall Figure 1 shows that residues R306, K311, and R314 are 
the most important residues in the APC autolysis loop for inactivation of FVIIIa. 
 
Cleavage of M662C/D1828C FVIIIa was confirmed by Western blot analysis. The A1 
domain was observed at 48 kDa, and the cleavage product following R336 cleavage was 
seen at 43 kDa (Figure 2A). The intact A2 domain was 41 kDa and its cleavage product 
following R562 cleavage appeared at 20 kDa (Figure 2C). A strong band between the 
51 and 64 kDa molecular weight marks, and several high molecular weight bands (>97 
kDa), were from the BSA present in the samples at ~2000-fold higher concentration 
than FVIII (indicated with *). The faint band at ~80 kDa in both blots was consistent 
with a minor fraction of intact heavy chain. The A1 and A2 band intensities were 
quantified (Figures 2B, D). Intensity values of the observed bands were normalized 
against the intensity of the heavy chain band at time zero. Cleavages by wt-APC in both 
domains were significantly faster than cleavages by R306A/K311A/R312A/R314A-
APC, which had virtually no cleavage (Figures 2B, D). This confirmed that differences 
between the APC autolysis mutants in the functional assays of M662C/D1828C FVIIIa 
inactivation were due to differences in cleavage rates. 
 
The effect of the APC autolysis loop mutants on the individual cleavages in FVIIIa were 
investigated with APC cleavage site mutants of M662C/D1828C FVIII, under the same 
experimental conditions as used in Figure 1. Mutation of the R562 cleavage site to 
glutamine in disulfide crosslinked FVIII (M662C/D1828C/R562Q FVIII) allowed us to 
isolate the R336 cleavage as sole event for the inactivation of FVIIIa, and mutation of 
the R336 cleavage site to glutamine in disulfide crosslinked FVIII 
(M662C/D1828C/R336Q FVIIIa) allowed us to isolate R562 cleavage. For comparison 
of the APC mutants with wt-APC, the FVIIIa inactivation data were fit to an 
exponential decay curve and an initial reaction rate constant was derived in nM FVIIIa 
× min-1 × nM APC-1 (as described in materials and methods), and were displayed in 
Figure 3 as relative rates normalized to wt-APC. 
 
In the absence of either cofactor, R306A-APC, K311A-APC and R314A-APC showed a 
reduction of reaction rate of R336 of ~50% compared to wt-APC, whereas K308A-APC 
was only slightly reduced (Figure 3A). In the absence of either cofactor, all the single 
mutants showed a cleavage rate at R562 that did not significantly differ from wt-APC, 
but R306A-APC, K311A-APC and R314A-APC had somewhat reduced activity (Figure 
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Figure 1. M662C/D1828C FVIIIa inactivation by APC autolysis loop mutants. 
FVIIIa residual activity is expressed as percentage of the initial activity at t = 0. A and 
B, FVIIIa inactivation by 20 nM APC. C and D, FVIIIa inactivation by 2.5 nM APC in 
the absence (open symbols) and presence (closed symbols) of 100 nM protein S. E and 
F, FVIIIa inactivation by 1 nM APC and 100 nM protein S in the absence  
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3B). When FVIIIa was inactivated by APC alone, the autolysis loop seemed to play an 
important role for the R336 cleavage, but less so for the R562 cleavage. However, under 
these conditions R562 cleavage was very slow, even for wt-APC, so conclusions are 
limited. 
 
In the presence of protein S the R306A, K311A, and R314A mutations in APC each 
resulted in ~40 – 50 % reduction of reaction rate for either cleavage, whereas the 
cleavage rates with the K308A-APC mutant did not significantly differ from wt-APC 
(Figures 3C and 3D). When both FV and protein S were added to the reaction, R306A-
APC, K311A-APC, and R314A-APC showed ~50 % reduced reaction rate for R336 
cleavage, and the K308A-APC mutant showed a reduction of ~30 % (Figure 3E). 
Cleavage at R562 in the presence of FV and protein S showed reduced reaction rates for 
R306A-APC, K311A-APC and R314A-APC by ~60 %, ~55 %, and ~40 % respectively. 
The K308A-APC mutant however, did not show a significant difference from wt-APC 
(Figure 3F). Under all conditions the R306A/K311A/R312A/R314A-APC mutant 
showed a reduction of ~90 % of reaction rate compared to wt-APC. However, due to the 
very low reaction rates and a relatively large amount of scatter, the numbers are 
approximate. Still, it was obvious that cleavage of both R336 and R562 by 
R306A/K311A/R312A/R314A-APC was severely reduced. 
 
Table 2 shows the fold increase of initial reaction rates induced by the APC cofactors 
protein S and FV for the individual cleavages of FVIIIa. The fold increase was 
calculated by dividing the rate (nM FVIIIa × min-1 × nM APC-1) in presence of the 
cofactor by the rate in absence of the cofactor. Overall these data showed no significant 
difference between the APC mutants and wt-APC for either the protein S or FV cofactor 
effects for either cleavage. However, it was apparent that both protein S and FV had a 
larger stimulatory effect on cleavage at R562 than at R336. Unfortunately due to the 
low reaction rate and a relatively high amount of scatter in the data obtained with 
R306A/K311A/R312A/R314A-APC, we were unable to confidently determine a fold 
increase in rate due to the presence of the APC cofactors for this mutant. 
 
Figures 1 and 3 have been summarized in Table 3, which is meant as a reference as to 
which residue of the APC autolysis loop is important for which cleavage in FVIIIa 
inactivation. 
 
 
 
 
 
 
 
(open symbols) and presence (closed symbols) of 12 nM FV. A, C and E, diamonds, wt-
APC; squares, 306A-APC; circles, 307A-APC; triangles, 308A-APC. B, D and F, 
diamonds, wt-APC; squares, 311A-APC; circles, 312A-APC; triangles, 314A-APC; 
inverted triangles, R306A/K311A/R312A/R314A-APC. Data represent the average of 3 
to 5 individual experiments. Error bars were excluded for aesthetic reasons. 
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Figure 2. Western blot of M662C/D1828C FVIIIa inactivation time course. A, 
membrane developed with the 58.12 antibody against the FVIII A1 domain. B, 
quantification of band intensities of the A1 domain, averages of two experiments. C, 
membrane from A was stripped, and reprobed with the R8B12 antibody against the 
FVIII A2 domain. D, quantification of band intensities of the A2 domain. Averages are 
of two experiments. Several error bars are too small to be visible. Wt is wt-APC, 
306/314 is R306A/K311A/R312A/R314A-APC, asterisks indicate bands from BSA, A1 
is A1 domain (48 kDa), A1n is N-terminal cleavage product of A1 domain (43 kDa), A2 
is A2 domain (41 kDa), A2c is C-terminal cleavage product of A2 domain (20 kDa). 
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Figure 3. Relative initial reaction rates of R336 and R562 cleavage. A and B, FVIIIa 
inactivation by APC. C and D, FVIIIa inactivation by APC in presence of 100 nM 
protein S. E and F: FVIIIa inactivation by APC in presence of 100 nM protein S and 12 
nM FV. A, C and E, R336 cleavage in M662C/D1828C/R562Q FVIIIa. B, D and F, 
R562 cleavage in M662C/D1828C/R336Q FVIIIa. Data represent averages of 3 
individual experiments. Error bars are SEM. Labels on X-axis represent the APC 
mutants, 306/314 is R306A/K311A/R312A/R314A-APC. 
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Table 2. Fold increase of initial reaction rate due to presence of protein S or FV.  
 

M662C/D1828C/R562Q FVIIIa 
R336 cleavage 

M662C/D1828C/R336Q FVIIIa 
R562 cleavage 

 
 
APC 
variant Prot. S Prot. S + FV Prot. S Prot. S + FV 

WT 7.7 ± 1.1 3.4 ± 0.6 61 ± 21 7.6 ± 1.4 
306A 7.1 ± 1.0 3.4 ± 0.7 37 ± 12 6.6 ± 1.5 
308A 9.3 ± 1.6 2.4 ± 0.4 43 ± 13 7.0 ± 1.3 
311A 11.3 ± 3.1 2.6 ± 0.6 36 ± 14 7.7 ± 1.4 
314A 7.1 ± 1.0 4.1 ± 0.7 48 ± 24 9.6 ± 1.7 

 
Values are the ratios of the rate in the presence of the cofactor divided by the rate in the 
absence of the cofactor, ± SEM. 
 
 
 
Table 3. Reference guide for significant effect of charged residue in the APC 
autolysis loop.  
 

wt-FVIIIa R336 cleavage R562 cleavage 
APC residue  APC +PS +PS/V APC +PS +PS/V APC +PS +PS/V 
R306 + + + + + + x + + 
E307 x x x nd nd nd nd nd nd 
K308 + x x + x + x x + 
K311 + + + + + + x + + 
R312 x x x nd nd nd nd nd nd 
R314 + + + + + + x + + 

 
+, mutation of this residue to Ala resulted in decreased inactivation of FVIIIa under this 
condition. x, mutation of this residue to Ala had no effect on FVIIIa inactivation under 
this condition. nd, not determined. 
 
 
 
A mutant of APC with residue E309 mutated to Ala was also made and assayed in the 
same experiments as the other APC mutants described in this report. Overall, E309A-
APC showed an increase in FVIIIa inactivation, due to a faster cleavage at R562. 
However, analysis of E309A-APC on silver stained gels and Western blots revealed 
high levels of heavy chain degradation, and therefore this APC mutant was excluded 
from the current study. Wt-APC can be cleaved at two positions during purification, 
after H10 in the light chain, and after K308 in the heavy chain [29]. We have found 
degradation of the heavy chain in E309A-APC and low molecular weight fragments that 
reacted with antibodies directed against the heavy chain, but no fragments of the light 
chain or degradation of the light chain, which suggested that K308 cleavage was 
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enhanced in this mutant. Further investigations will be required however to confirm 
these speculations. 
 

Discussion 

In the present study we have shown that the autolysis loop of APC contributes 
significantly to FVIIIa inactivation. Mutation of residues R306, K311 or R314 in this 
loop each resulted in significant decrease of FVIIIa inactivation by APC. A previous 
study has shown that those same residues are also important for inactivation of FVa 
[11]. Residues E307 and R312 however, which are important for FVa inactivation, did 
not affect FVIIIa inactivation. Residue K308 of the autolysis loop was a minor 
contributor to FVIIIa inactivation. 
 
The APC autolysis loop did not differentiate between the two inactivating cleavages in 
FVIIIa, at R336 and R562. This correlates well with other studies of the basic exosite of 
APC in FVIIIa inactivation. Manithody et al. [17] investigated loop 37, loop 60, and 
loop 70 of the basic exosite by alanine scanning studies, and showed that both cleavages 
in FVIIIa were affected equally by mutations of basic residues in these loops. This is 
distinct from the impact of the basic exosite of APC on inactivation of FVa, where 
mutations in all loops resulted in a larger reduction of cleavage at R506 than at R306 
[11;15;16]. This collection of studies used the same APC mutants, and used similar 
experimental settings in purified assays. Thus, in spite of the homology of FVa and 
FVIIIa, these two substrates of APC are distinct. 
 
Compared to other coagulation serine proteases, the autolysis loop of APC is five 
residues longer, except for the thrombin autolysis loop which is one residue longer than 
that of APC [13]. Several studies in which the APC autolysis loop was replaced with the 
shorter one of FXa, have shown that the length of this loop plays a pivotal role in the 
interaction with substrate and plasma serpins [12;30]. The shorter autolysis loop 
resulted in a faster inactivation of FVa and FVIIIa and a higher amidolytic activity 
towards chromogenic substrate [12], indicating that the APC autolysis loop is not 
optimally configured for the inactivation of these substrates. But this mutant APC also 
showed a severely shortened half life in a plasma milieu due to improved interaction 
with plasma serpins. This suggests an advantage of the wt-APC autolysis loop over that 
of other coagulation serine proteases by allowing for a longer half life of APC 
[12;13;30]. 
 
The charge of the autolysis loop also plays a role in the different interactions. Mutation 
of individual charged residues in the APC autolysis loop affected the interaction with 
FVa [11]. But also mutation of the charged residues in the APC variant with the FXa 
autolysis loop resulted in impaired FVa inactivation [13]. Furthermore in FXa itself, 
individual mutations to Ala of the positively charged residues resulted in reduced 
inactivation by antithrombin and tissue factor pathway inhibitor, and impaired 
activation of prothrombin in the prothrombinase complex [31]. Similar results were 
found for the autolysis loop of FIXa [32]. Together these studies suggested that the 
specific sequence of the autolysis loop in these plasma serine proteases is important for 
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the interactions with their various substrates and inhibitors. Our current results are in 
agreement with these studies, as single mutations of the charged residues of the APC 
autolysis loop inhibited FVIIIa inactivation. 
 
Protein S stimulated the inactivation of FVIIIa significantly, independent of mutations 
in the autolysis loop. It has been previously suggested that protein S does not modulate 
the APC autolysis loop [19] or the other loops of the basic exosite [17], and our current 
results support this idea. The fold increase of initial reaction rate for the R336 cleavage 
(in M662C/D1828C/R562Q FVIIIa) was similar to previously published results [7]. 
Cleavage at R562 however (in M662C/D1828C/R336 FVIIIa), appeared to be 
stimulated by protein S much more than we previously reported, comparing a 7-fold 
increase of previous measurements [7] to a 60-fold increase in our current results. The 
difference between these results and those previously published cannot be fully 
explained. Nevertheless, as we previously described, the cofactors protein S and factor 
V enhanced R562 cleavage more than R336 cleavage.  And our conclusion, that protein 
S and factor V cofactor effects are independent of the autolysis loop, is unchanged. 
 
This study, combined with the current literature, suggests that the basic exosite of APC 
is not modulated by either protein S or FV. This is consistent with reports suggesting 
that APC interaction with protein S is mediated primarily through interaction with 
residues 35-39 of the Gla domain of APC [33-35].  The specific binding interactions 
between anticoagulant factor V and APC or protein S have not yet been described. 
 
In addition to the presence of protein S, the APC cofactor effect of FV requires cleavage 
of FV by APC at R506. Mutations in the autolysis loop however, did not change the FV 
cofactor effect significantly under our experimental conditions. Although R506 
cleavage in activated FV (FVa) was profoundly influenced by the autolysis loop [11], 
our results may suggest that cleavage of intact FV at R506 was not significantly 
affected, because no significant difference in FV cofactor effect was observed between 
the APC autolysis loop mutants. 
 
In summary, our results show that the autolysis loop of APC is involved in the 
interaction with FVIIIa. Especially residues R306, K311 and R314 strongly contribute 
to the inactivation of FVIIIa, and K308 to a lesser extent. The autolysis loop did not 
differentiate between the R336 and R562 cleavages in FVIIIa, as both cleavages were 
affected equally by mutation in this loop. Furthermore, protein S and FV enhanced 
cleavage at R562 more than cleavage at R336, and did so similarly in all APC mutants. 
Thus, the autolysis loop is likely not modulated by either protein S or FV. 
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Abstract 

Coagulation factor V (FV) promotes inactivation of activated factor VIII (FVIIIa) by 
activated protein C (APC) and protein S. Loss of this APC cofactor activity is proposed 
to be partially responsible for the APC resistance phenotype of factor VLeiden. However, 
FVIIIa loses activity rapidly due to dissociation of the A2 domain, and this may be the 
primary mechanism of FVIIIa inactivation. APC/protein S also readily inactivates 
activated FV (FVa). We therefore hypothesized that FV can function as an 
anticoagulant cofactor for APC/protein S in the inactivation of FVa. FV was titrated 
into FV deficient plasma and APC sensitivity ratio (APCsr, a measure of APC activity) 
was measured in a clotting assay that was not sensitive to FVIII. Our results showed an 
increase in APCsr as FV concentration increased, suggesting an anticoagulant function 
for FV in this assay. FVLeiden showed APC resistance with an APCsr of 1.0. Therefore, 
under our experimental conditions, FV acted as an anticoagulant cofactor for APC in 
the inactivation of FVa. 
 

Introduction 

Coagulation factor V (FV) is a critical protein in blood coagulation that circulates in the 
blood as a 330,000 MW monomer at a concentration of 7 µg/mL (21 nM) [1]. It has a 
regulatory role in both procoagulant and anticoagulant pathways. As a procoagulant, 
activated FV (FVa) is the non-enzymatic cofactor to activated factor X (FXa) in the 
activation of prothrombin to thrombin, and enhances FXa proteolytic activity by several 
orders of magnitude. In the anticoagulant feedback loop, thrombin activates protein C in 
the thrombin-thrombomodulin complex to activated protein C (APC). Subsequently, 
APC inactivates procoagulant FVa and FVIIIa by proteolysis, leaving them unable to 
act as cofactors to FXa and FIXa respectively. Without their respective cofactors FXa 
and FIXa are not significantly proteolytically active. 
 
The known anticoagulant activity of FV consists of a cofactor function of FV for APC 
and protein S in the inactivation of the procoagulant VIIIa [2;3]. A cleavage of FV at 
R506 by APC  is required for this cofactor function [4;5], which was discovered  in the 
analysis of APC resistance in patients with a mutant form of FV known as FVLeiden. In 
this mutant R506 is replaced by a Gln, which renders the 506 position insensitive to 
proteolysis by APC (FVLeiden is hereafter referred to as R506Q-FV). Therefore, R506Q-
FV does not display this anticoagulant activity [4;6;7]. The importance of the FV 
cofactor activity to APC was emphasized by Castoldi et al. [8], who described that the 
APC resistance of R506Q-FV was about 50% due to insensitivity of R506Q-FVa to 
APC proteolysis, and about 50% due to R506Q-FV lacking APC cofactor activity for 
the inactivation of FVIIIa. 
 
Apart from proteolysis by APC, FVIIIa is also inactivated by spontaneous dissociation 
of its A2 domain, which gives FVIIIa an half life of approximately 2 minutes in plasma 
[9]. Because of this rapid loss of the A2 domain, it has been argued that this is the 
primary method by which FVIIIa is inactivated in vivo, suggesting APC-mediated 
inactivation to be of lesser physiological relevance [10;11]. We therefore hypothesized 
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that since R506Q-FV is a known risk factor for thrombosis, FV is also an anticoagulant 
cofactor for APC in the inactivation of FVa.   
 
APC cleaves activated factor V (FVa) at positions R306, R506, and R679, of which the 
cleavage at R506 occurs the fastest, and at R679 the slowest [12]. Cleavage at R306 
causes dissociation of the A2 domain from the FVa molecule resulting in total loss of 
activity in the prothrombinase complex [12;13]. Cleavage at R506 however, results in a 
partially active intermediate [12;14]. To test our hypothesis we investigated FV 
anticoagulant activity in a plasma based clotting assay that is sensitive to FV but 
insensitive to FVIII. FV clearly prolonged clotting time in the presence of APC, 
suggesting that the presence of FV enhanced FVa inactivation. 
 

Materials and methods 

Protein S, human fibrinogen, factor X, prothrombin, and thrombin were from Enzyme 
Research Laboratories (South Bend, IN). APC and plasma-derived FV were from 
Haematologic Technologies (Essex Junction, VT); plasma-derived FV from HT is 
referred to as plasma-derived WT-FV in this paper. Recombinant full length FVIII was 
a gift from Bayer Corporation (Berkeley, CA). Bovine brain phosphatidylserine (PS) 
and bovine brain phosphatidylethanolamine (PE) were from Sigma (St. Louis, MO). 
Bovine liver phosphatidylcholine (PC) was from Avanti Polar Lipids (Alabaster, AL). 
Bovine serum albumin (BSA) was from Calbiochem/EMD Biosciences (La Jolla, CA). 
M662C/D1828C-FVIII was previously characterized [15;16]. Factor V deficient plasma 
was from Affinity Biologicals (Ancaster, ON, Canada). Factor VIII deficient plasma 
and normal pooled human plasma were from George King Biomedical Inc. (Overland 
Park, KS). Platelin LS aPTT reagent was from Trinity Biotech lpc (Bray, Wicklow, 
Ireland). FVIII-specific human IgG monoclonal antibody BO2C11 [17] was a generous 
gift from Dr. Marc Jacquemin (University of Leuven, Leuven, Belgium). The 
chromogenic substrate H-D- cyclohexylglycine -Ala-Arg- paranitroanilide (pefachrome 
TH) was from Centerchem, Inc. (Norwalk, CT). Benzamidine and D-Phe-Pro-Arg 
chloromethyl ketone (PPACK) were from Calbiochem. Phenylmethanesulfonyl fluoride 
(PMSF) was from Sigma.  

 
Phospholipid vesicles – PCPSPE (40 % phosphatidylcholine/20 % 
phosphatidylserine/40 % phosphatidylethanolamine (M/M/M)) phospholipid vesicles 
were prepared as described [18].  

 
Recombinant FV mutant preparations – S2183A B domain-deleted FV was produced as 
described [13]. In this FV variant the segment 812-1491 of the B domain is absent, and 
will be referred to as FV throughout this paper. Site directed mutagenesis was used to 
generate the R506Q mutant of this FV. The cDNAs for these FV variants were inserted 
into the expression vector pED [19], and transfected into modified BHK cells (a kind 
gift from Dr. Rodney Camire, Philadelphia, PA) together with the plasmid pRSVneo for 
selection with geneticin. FV was purified from conditioned medium via precipitation 
with 16 % polyethyleneglycol 6000, followed by binding to an anti-FV light chain 
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monoclonal antibody column (AHV5101-Sepharose, AHV5101 from Haematologic 
Technologies) as described [13;20]. 

 
Dilute prothrombin time clotting assay – All clotting assays were done with a STart 4 
semi-automated hemostasis analyzer from Diagnostica Stago (Parsippany, NJ). Plasma 
was diluted 5 in HBS/0.5% BSA (pH 7.4) and supplemented with 1 mg/mL human 
fibrinogen, and 75 M PCPSPE (40:20:40) phospholipid vesicles. Either FV or FVIII 
was then added to the plasma mix, after which APC or HBS/0.5% BSA was added and 
kept at 37C for 3 minutes. Clotting was initiated by Dade Innovin (Siemens 
Healthcare Diagnostics Inc., Deerfield, IL) diluted in recalcification buffer (HBS/0.5% 
BSA/12.5 mM CaCl2, pH 7.4). The final reaction volume was 150 L and final 
concentrations were as follows: 15 diluted plasma, 25 M PCPSPE phospholipid 
vesicles, 0.33 mg/mL human fibrinogen, 4.5 nM APC, 180 diluted Innovin, and 
approximately 4 mM free Ca2+. Other reagents were at concentrations as indicated in the 
text. 
 
APTT assay – 50 L plasma was mixed with 50 L Platelin LS APTT reagent and 
incubated at 37C for 3 minutes. Clotting was initiated by addition of 50 L 
recalcification buffer (HBS/0.5% BSA/25 mM CaCl2, pH 7.4).  
 

Results 

To investigate a possible FV cofactor effect in FVa inactivation by APC, we designed a 
clotting assay that was sensitive to FV but was insensitive to FVIII (a dilute 
prothrombin time clotting assay). FV was titrated from 0 to 18 nM final concentration 
into this assay using FV deficient plasma, and clotting time was measured in the 
absence or the presence of 4.5 nM APC. We used this assay to monitor APC activity 
using an APC sensitivity ratio (APCsr), which was calculated by dividing clotting time 
in presence of APC by clotting time in absence of APC. An increase in APCsr indicates 
an increase in APC anticoagulant activity, and a ratio of 1.0 indicates no APC 
anticoagulant activity. 
 
Actual clotting times of FV titrations are shown in Figure 1A (WT-FV) and 1C 
(R506Q-FV). In the absence of any FV, clotting times were very long, approximately 
160 seconds without APC and approximately 280 seconds in the presence of APC. But 
at the lowest concentration of FV (0.7 nM), clotting times in the absence of APC 
decreased to a plateau at approximately 35 seconds. 
 
Titrations of WT-FV revealed an increase of clotting time in the presence of APC as FV 
concentration increased (Figure 1A), indicating an increase in APC activity. But, as 
mentioned, clotting times plateaued at 35 seconds in the absence of APC. Therefore the 
APCsr increased as FV concentration increased, increasing from an APCsr of 1.7 when 
no FV was added to 3.3 at 18 nM FV (Figure 1B). These experiments were done with B 
domain-deleted FV [13] in order to enable direct comparison between WT and 
recombinant mutant R506Q-FV, but similar results were obtained using plasma-derived 
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WT-FV (data not shown). Thorelli et al. [21] already confirmed that a similar B 
domain-deleted FV variant was capable of APC cofactor activity during FVIIIa 
inactivation. In addition, since the plasma, and therefore protein S, are diluted in this 
assay we also performed this FV titration in the presence of 40 nM additional protein S.  
Results were essentially the same (data not shown). These data suggest that FV 
functioned as an anticoagulant cofactor to APC during the inactivation of FVa. 
 
Mutation of FV at R506 to Gln abolishes APC cofactor activity for FVIIIa inactivation 
since APC cleavage at R506 in FV is required for APC cofactor activity [4]. Unlike 
WT-FV, R506Q-FV did not cause an increase of clotting time at higher FV 
concentrations in the presence of APC (Figure 1C). This resulted in an APCsr of  
 
 
 

 
 
Figure 1. FV titrations in FV-deficient plasma in the dilute prothrombin time 
clotting assay. A & C, clotting time in seconds of WT-FV (A) and R506Q-FV (C) 
titrations in the absence (open symbols) and presence (closed symbols) of APC. B, APC 
sensitivity ratios of WT-FV (triangles) and R506Q-FV (squares). N=5, and the error 
bars represent the SEM. 
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approximately 1 over the whole concentration range of R506Q-FV. Therefore, as was 
the case for FVIIIa inactivation, R506Q-FV did not show cofactor activity for APC in 
the inactivation of FVa. 
 
In order to confirm that procoagulant FVa was present in these clotting assays with FV 
titrations, these assays were also done in the presence of 2 nM WT-FVa. This 
concentration of FVa gave a clotting time of approximately 40 seconds in the absence 
of any added FV. Addition of the lowest concentration of WT or R506Q-FV decreased 
the clotting time by only a few seconds further, and higher concentrations of FV had no 
further effect in the absence of APC (Figure 2). WT-FV, or R506Q-FV, were titrated up 
to 6 nM, and as before an increase of WT-FV caused an increase in clotting time in the 
presence of APC, with the APCsr ranging from 2 to 2.6. Increasing concentrations of 
R506Q-FV had no impact on clotting time, thus generating an APCsr of 1 throughout 
the concentration range. These data demonstrated that FVa was present in the assays in 
Figure 1, and that in the presence of FVa, WT-FV still showed an anticoagulant effect 
when APC was present. 
  
Because FV is a cofactor for APC in the inactivation of FVIIIa, we performed a variety 
of controls to confirm that the dilute prothrombin time clotting assay was not sensitive 
to FVIII, or to FVIIIa inactivation. The FVIII-specific human IgG monoclonal antibody 
 
 
 

 
 
Figure 2. FV titrations in FV deficient plasma in the presence of 2 nM FVa in the 
dilute prothrombin time clotting assay. Clotting time in seconds of WT-FV 
(triangles) and R506Q-FV (squares) titrations in the absence (open symbols) and 
presence (closed symbols) of APC. Inset: APC sensitivity ratios. N=2, and the error bars 
represent the SEM.  
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BO2C11 [17] was used to block FVIII procoagulant activity. Normal plasma was 
incubated with BO2C11 and then assayed in the dilute prothrombin time clotting assay, 
or in a standard APTT assay. In the latter the antibody prolonged clotting time 
approximately 2-fold, whereas BO2C11 had no effect on the dilute prothrombin time 
clotting assay (Figure 3A). The FVIII inhibitory function of BO2C11 was confirmed 
with purified proteins in a factor Xase assay (data not shown).  
 
BO2C11 was then used to block FVIII activity in a repeat of the FV titrations, as done 
in Figure 1. BO2C11 had no effect on the clotting times or on the APCsr (Figure 3B). 
Additionally, FVIII deficient plasma had a normal clotting time in the dilute 
prothrombin time assay (Figure 3C, no APC zero point) and titrating FVIII into FVIII 
deficient plasma had no effect on this clotting time either in the absence or in the 
presence of APC even though APC did prolong the clotting time to >80 seconds (Figure 
3C). This experiment was also done with full length WT-FVIII and in the presence of 
the BO2C11 antibody, neither of which had any effect on clotting time in FVIII 
deficient plasma (data not shown). Controls using normal human plasma in the dilute 
prothrombin time clotting assay and the APTT assay showed that the amount of time 
that BO2C11 was preincubated with the plasma did not itself influence the clotting 
times (data not shown).  
 
However, as shown, this assay was very sensitive to FV and clotting times were greatly 
prolonged in the absence of any FV (Figures 1 and 2). At these greatly prolonged 
clotting times in FV deficient plasma, a small procoagulant effect was observed at 
extremely high FVIII concentrations. Clotting time ranged from 160 seconds when no 
FVIII was added, to 140 seconds at 8 U/mL FVIII (Figure 3D). This effect was more 
pronounced in the presence of APC, with clotting times ranging from 290 seconds when 
no FVIII was added, to 190 seconds at 8 U/mL FVIII. This indicates that this assay is 
somewhat sensitive to FVIII only in the complete absence of FV when clotting times 
are greatly prolonged. From the data presented in Figure 3 we concluded that the dilute 
prothrombin time clotting assay was not sensitive to FVIII under our experimental 
conditions. 
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Figure 3. Control experiments for FVIII sensitivity of the dilute prothrombin time 
clotting assay. A) Pooled normal human plasma was incubated in the absence (open 
bars) or presence (striped bars) of 1 g/mL BO2C11 for 2 hours at 37C and then used 
in the APTT assay and dilute prothrombin time clotting assay. N=4, and error bars 
represent SEM. B) FV deficient plasma was incubated in the absence (triangles) or 
presence (circles) of 20 g/mL BO2C11 for 80 minutes at 37C and then used in FV 
titrations, in absence (open symbols) or presence (closed symbols) of APC. Inset: APC 
sensitivity ratios. Final concentration of BO2C11 was 1.3 g/mL. N=1. C) 
M662C/D1828C-FVIII was titrated in FV deficient plasma and clotting time was 
measured in the absence (open symbols) or presence (closed symbols) of APC. The 
FVIII concentration for each data point represents total FVIII present in the final 
reaction (M662C/D1828C-FVIII added and FVIII present in FV deficient plasma). N=1. 
D) M662C/D1828C-FVIII was titrated in FVIII deficient plasma and clotting time was 
measured in the absence (open symbols) or presence (closed symbols) of APC. The 
FVIII concentration for each data point represents total FVIII present in the final 
reaction, which included exogenously added FVIII plus 0.067 U/mL FVIII present in 
15-fold diluted FV deficient plasma. N=1.  
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Discussion 

In this study we have shown an anticoagulant effect of FV as a cofactor for APC as 
measured in a clotting assay sensitive to FV activity. We have excluded that this assay 
was sensitive to FVIII. An inhibitory monoclonal antibody directed against FVIII 
(BO2C11) did not affect the clotting time in the FV titrations in FV deficient plasma. 
Furthermore, FVIII titrations into FVIII deficient plasma using the same experimental 
settings, did not change clotting time. Only in the absence of FV (FVIII titration into FV 
deficient plasma) a concentration dependent effect of FVIII was observed, but only at 
very high concentrations of FVIII.  
 
Castoldi et al. [8] previously illustrated the importance of FV cofactor activity for APC 
in the inactivation of FVIIIa, using plasma based assays that were sensitive to either 
both FVa and FVIIIa, or FVIIIa alone. Also in this earlier study an anticoagulant effect 
of FV was shown in thrombin generation assays, under conditions where both FVIIIa 
and FVa activity were measured. It was assumed however, that only FVIIIa inactivation 
by APC/protein S was enhanced by FV, and not FVa inactivation. In the present study 
we isolated FVa activity and we observed that FV did enhance FVa inactivation. Thus 
our results complement and extend the study by Castoldi et al., and suggest that the 
anticoagulant effect of FV on FVa inactivation may have also played a role in their 
study.  
 
The effect of FV on FVa inactivation suggests a role for FV as an anticoagulant in 
normal haemostasis. One purpose of this effect of FV on FVa inactivation may be to 
prevent blood from reaching a clotting threshold by enhancing the inactivation of trace 
FVa that is formed while FV concentration is high. Furthermore, FV may help APC 
localize and limit clot formation since, under flow, fresh blood with normal levels of FV 
would flow over the site of active coagulation. 
 
Inactivation of FVIIIa by APC takes place via cleavages at R336 and R562. The latter is 
the slower cleavage and is required for full inactivation of the FVIIIa molecule. Our lab 
has recently shown that FV enhanced cleavage at both R336 and R562 in FVIIIa, but 
FV enhanced cleavage at R562 more than cleavage at R336 (Chapter 2, [22]). It is 
therefore possible that FV as cofactor for APC will show a similar pattern in the 
inactivation of FVa, meaning a greater stimulation of R306 cleavage than R506 
cleavage. In support of this, the APCsr dropped to 1 in the R506Q-FV titrations 
(Figures 1, 2), which suggests that R506Q-FVa was not significantly inactivated by 
APC. This could result from reduced cleavage at R306 in R506Q-FVa when FV 
cofactor function is absent. However, further studies will be required to elucidate which 
cleavage in FVa the FV anticoagulant effect is directed towards. 
 
There are other factors present in plasma that may affect the FV anticoagulant effect 
towards FVa inactivation. Both prothrombin and FXa are known to protect FVa from 
proteolysis by APC [23;24]. Recently these interactions have been characterized in 
more detail [25;26]. FXa inhibits cleavage of R506 by APC, which is partly reversed by 
protein S. Cleavage at R306 however, is stimulated by FXa, which was shown to be 
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additive to the stimulatory effect of protein S for cleavage at this site. Prothrombin 
protects both R306 and R506 from cleavage by APC, and here also protein S partially 
alleviates the protection. Possibly FV further abrogates the protection by FXa and/or 
prothrombin, but further research will be required to determine if these factors play a 
role in the FV cofactor effect of APC-mediated FVa inactivation. 
 
In conclusion, we have observed an anticoagulant effect of FV in a clotting assay that 
was sensitive to only FVa inactivation by APC. Therefore we propose that FV acts as an 
anticoagulant cofactor for APC in the inactivation of both FVa and FVIIIa. 
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Abstract 

The anticoagulant function of factor V (FV) is important in the regulation of factor 
VIIIa activity. After cleavage at R506 by activated protein C (APC), FV becomes a 
cofactor for the APC/protein S complex in the inactivation of FVIIIa. We recently 
determined that FV also enhances the function of APC/protein S in the inactivation of 
FVa (Chapter 4, [1]). Here we have fluorescently labeled FVa and monitored cleavages 
following incubation with APC/protein S in the absence and presence of FV, on SDS 
PAGE gels. The fluorescent label on FVa allowed us to distinguish between fragments 
derived from FVa and FV. Quantification of the FVa-derived fragments suggested that 
FV indeed enhanced FVa proteolysis by APC/protein S. However, the differences were 
small, and more experiments employing other approaches may be required to further 
study the FV anticoagulant effect on FVa inactivation by the APC/protein S complex. 
 

Introduction 

Coagulation factor V (FV) is a substrate for two major serine proteases in the 
coagulation reaction, thrombin and activated protein C (APC). When proteolyzed by 
thrombin, FV becomes activated (FVa) and serves as a procoagulant cofactor for 
activated factor X (FXa). FXa activates prothrombin to thrombin, and FVa enhances 
this reaction by several orders of magnitude. Subsequently, FVa is inactivated via 
proteolysis by APC. Because FXa is very sensitive to the available levels of FVa, the 
regulation of FV activation and inactivation is of great importance to the entire 
coagulation reaction. The second substrate for APC is activated factor VIII (FVIIIa). 
Similar to FV, FVIII is activated by thrombin to FVIIIa, and then serves as a 
procoagulant cofactor for FIXa in the activation of FX. 
 
APC inactivates FVa by specific cleavages at R306, R506, and R679. Cleavage at R506 
is the fastest, but does not fully inactivate FVa. Cleavage at R306 is significantly slower 
than the R506 cleavage, and results in dissociation of the A2 domain which completely 
inactivates FVa [2]. The R679 cleavage occurs slowest and has thus far not proved 
significant for FVa inactivation [3-5]. 
 
The procofactor FV is also proteolyzed by APC. After cleavage at R506, FV becomes 
an anticoagulant cofactor for APC, and works in concert with the other cofactor for 
APC, protein S, to stimulate the inactivation of FVIIIa [6]. The function of FV in the 
inactivation of FVIIIa has been subject of intense study over the past two decades, since 
the discovery of APC resistance [7]. APC resistance is caused by a mutation in the FV 
gene that results in the replacement of R506 by a Gln, and loss of the APC cleavage site 
at this position. Therefore the activated procoagulant R506Q-FVa is inactivated slower. 
But also the procofactor R506Q-FV cannot function as an anticoagulant cofactor to 
APC, because cleavage at position 506 is required for this function. Loss of both of 
these functions gives rise to a more procoagulant state, reduced clotting times, and 
translates to an increased chance of venous thrombosis for individuals who carry this 
mutation [8-10]. 
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Recently we demonstrated that FV may also stimulate FVa inactivation by APC/protein 
S in a plasma-based clotting assay (Chapter 4, [1]). Studying this mechanism in a 
purified system however, is technically difficult. For example, FVa inactivation by APC 
could be monitored with a prothrombinase assay, where the FV that is added as a 
cofactor for APC may be activated to FVa by the thrombin that is formed, thereby 
stimulating the thrombin production. Also analysis by Western blotting is not feasible, 
as antibodies directed against FVa, will also recognize FV. 
 
In this brief report we present an approach in which we fluorescently labeled 
recombinant FVa, and were able to monitor FVa cleavages on SDS PAGE gels with a 
fluorescence scanner, without interference from unlabeled FV. Our results showed that 
FV indeed stimulated FVa cleavage by APC in the presence of protein S. The observed 
stimulus however, seemed too small to fully explain the results that we previously 
obtained with clotting assays. 
 

Materials and Methods 

APC was from Haematologic Technologies (Essex Junction, VT). Protein S and 
prothrombin were from Enzyme Research Laboratories (South Bend, IN). 5-
dimethylaminonaphthalene-1-sulfonyl-(1,5, dansyl-) Glu-Gly-Arg factor Xa (DEGR-
FXa; active site blocked) was from Haematologic Technologies. Bovine brain 
phosphatidyl serine (PS) was from Sigma (St. Louis, MO). Bovine liver phosphatidyl 
choline (PC) was from Avanti Polar Lipids (Alabaster, AL). Bovine serum albumin 
(BSA) was from Calbiochem/EMD Biosciences (La Jolla, CA). Alexa Fluor 488 
succinimidyl ester was from Invitrogen. The chromogenic substrate H-D-
cyclohexylglycine-Ala-Arg-paranitroanilide (pefachrome TH) was from Centerchem 
Inc. (Norwalk, CT). Benzamidine and D-Phe-Pro-Arg chloromethyl ketone (PPACK) 
were from Calbiochem.  
 
Phospholipid vesicles – PCPS (80% phosphatidylcholine/20% phosphatidylserine 
(M/M)) phospholipid vesicles were prepared as described [11].  
 
Recombinant FV mutant preparations – The mutants of FV were made in the 
background of the previously characterized S2183A B domain-deleted FV mutant in 
which the segment 812-1491 is absent [5]. This mutant will be referred to as FV 
throughout this paper. Site directed mutagenesis to generate the mutants 
H609C/E1691C (disulfide crosslinked FV, hereafter referred to as A2-SS-A3-FV) was 
previously described [5]. The cDNAs for these FV mutants were inserted into the 
expression vector pED [12], and transfected into modified BHK cells (a kind gift from 
Dr. Rodney Camire, Philadelphia, PA) together with the plasmid pRSVneo for selection 
with geneticin. FV was purified from conditioned medium via precipitation with 16 % 
polyethyleneglycol 6000, followed by binding to an anti-FV light chain monoclonal 
antibody column (AHV5101-Sepharose, AHV5101 from Hematologic Technologies) as 
described [3;5]. 
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A2-SS-A3-FV activation by thrombin – A2-SS-A3-FV was activated with 1.6 U/mL (14 
nM) thrombin at 37C for 30 minutes, after which thrombin was inactivated by adding 
100 nM PPACK. The sample was loaded onto a 1 mL Resource S ion-exchange column 
from Pharmacia (General Electronics Healthcare). The column was washed with buffer 
A (25 mM Hepes, 50 mM NH4Cl, 5 mM CaCl2, 1 mM benzamidine, pH 7.5) and eluted 
with a gradient ranging from 50 to 1000 mM NH4Cl. Fractions with FVa activity were 
pooled and concentrated. The buffer was switched to HBS with 5 mM CaCl2 and pH 
7.8, which was required for the labeling procedure with Alexa Fluor 488 succinimidyl 
ester. 
 
Alexa Fluor 488 labeling – 3 M A2-SS-A3-FVa was incubated with 90 M of Alexa 
Fluor 488 dye at room temperature (RT) protected from light for 1 hour, followed by 
dialysis against HBS with 5 mM CaCl2, 0.05% sodium azide (NaN3) pH 7.4 at 4C, 
twice for 2 hours and once overnight. Alexa Fluor 488-labeled A2-SS-A3-FVa 
(hereafter referred to as 488-A2-SS-A3-FVa) was stored in aliquots at 200 nM with 
0.1% BSA at -80C. To produce a fluorescent molecular weight standard, 200 µL of 
Benchmark Protein Ladder (Invitrogen) was dialyzed against 50 mM Hepes, 50 mM 
NaCl, pH 7.7, and then added to 100 g of lyophilized Alexa Fluor 488 succinimidyl 
ester. After 2 hours it was dialyzed against 0.6 L HBS pH7.4 with 0.05% NaN3. This 
stock proved highly labeled with the fluorescent dye and only 2.5 µL of a 100 dilution 
was loaded per lane (lane 1 in Figures 1A and B). 
  
Fluorescence gel assays – Proteolysis of 488-A2-SS-A3-FVa was done in 150 mM 
NaCl, 50 mM Hepes, 0.1 mM MnCl2, 5 mM CaCl2, 0.1% BSA, pH 7.4 in the presence 
of 25 M PCPS phospholipid vesicles. 2 nM 488-A2-SS-A3-FVa was incubated at RT 
with 0.2 nM APC and 100 nM protein S, with or without 10 nM FV. 10 L samples 
were taken and immediately mixed with hot LDS sample buffer (Invitrogen) mix to stop 
the reaction (final concentrations were 1 LDS sample buffer, 1 mg/mL dithiothreitol 
(Sigma), 10 mM EDTA) and heated at 80C for 15 minutes. 1.5 mg/mL iodoacetamide 
(Sigma) final concentration was added to prevent reoxidation. The samples were run for 
90 minutes at 140 V on a NuPAGE 10% Bis-Tris SDS-PAGE gel (Invitrogen) in MOPS 
running buffer. The gels were rinsed thoroughly with nano pure water, and placed 
directly onto the glass plate of a Typhoon Trio laser scanner (General Electronics 
Healthcare, Sunnyvale, CA). Scans were performed with a 488 nm (blue) laser using a 
520 band pass 40 filter, and a pixel size of 100 m. The resulting digital picture was 
analyzed using the ImageQuant TL (v2005) software from Amersham Biosciences. 
Background was subtracted using the rolling ball method. The fluorescence value of 
each band was presented as the percentage of the total heavy chain fluorescence 
(fluorescence value of the heavy chain plus the heavy chain derived fragments) in each 
lane. 
 
Statistical analysis – The data from fluorescently labeled A2-SS-A3-FVa were 
considered to be paired within each experiment  FV, therefore the data were subjected 
to a paired t-test. 
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Results 

To investigate the potential cofactor effect of FV for APC/protein S in the inactivation 
of FVa in a purified system, we labeled A2-SS-A3-FVa [5] with Alexa Fluor 488 
succinimidyl ester, which yielded 3.4 moles of this fluorescent label per mole of A2-SS-
A3-FVa. The label did not affect the cofactor activity of A2-SS-A3-FVa for FXa in 
prothrombin activation, as determined by FVa and FXa titrations [13;14] (data not 
shown). Disulfide crosslinked FVa was used for its enhanced stability; Alexa Fluor 
488 labeled plasma-derived FVa lost a significant amount of activity during labeling 
and re-purification, and was fully functionally inactivated by APC while retaining a 
significant fraction of intact heavy chain. In contrast, with A2-SS-A3-FVa loss of 
activity during the reaction with APC correlated directly with loss of intact heavy chain. 
 
To study the effect of FV on 488-A2-SS-A3-FVa proteolysis by APC/protein S, 2 nM 
488-A2-SS-A3-FVa was reacted with 0.2 nM APC and 100 nM protein S in the 
presence or absence of 10 nM FV. FV stimulated a consistent and statistically 
significant increase in the rate of 488-A2-SS-A3-FVa cleavage by APC/protein S 
(Figure 1). In the absence of protein S, FV did not affect 488-A2-SS-A3-FVa 
proteolysis by APC (data not shown). The heavy chain band of FVa (amino acids 1-
709) was observed at 94 apparent kDa in these gels, and the light chain at 77 apparent 
kDa (Figures 1A and B). The bands resulting from cleavages at R306, R506, and R679 
were observed at 73 kDa (1-506 fragment), 45 kDa (1-306 fragment), and 30 kDa (307-
506 fragment). The 507-709 (26 kDa) and 507-679 (21 kDa) fragments could not be 
identified with full certainty due to several confounding lower molecular weight bands. 
Bands of the appropriate molecular weight did increase in intensity over time however, 
and were therefore considered to be heavy chain derived fragments. Thus, they were 
used in the determination of total heavy chain fluorescence. The importance of cleavage 
at R679 has not yet been fully elucidated, but has been assumed to be of minor 
importance in the inactivation of FVa by APC [3-5]. Therefore we chose to only present 
the data for cleavage products that resulted from cleavages at R306 and R506; these 
were of 30 kDa and higher molecular weight. 
 
The graphs in Figure 1C-F represent the fluorescence intensity of each band expressed 
as the percentage of the total heavy chain fluorescence. The heavy chain fluorescence 
decreased to approximately 45 % in the first 3 minutes due to cleavage at R306 and 
R506 (Figure 1C). The 1-506 band intensity increased fast over the first 2 minutes and 
peaked between 3 and 5 minutes, after which the band intensity decreased due to 
cleavage of the 1-506 fragment at R306 (Figure 1D). The slower cleavage at R306 is 
represented by the 1-306, and 307-506 fragments (Figures 1E and F). Both fragments 
showed a short lag phase in the first minute, after which intensity increased. This 
occurred faster for both fragments when FV was present. A significant difference was 
found in the intensity of the 307-506 band at all time points, except at 0.5 minutes. A 
significant difference was also found at 5 minutes for the heavy chain band, and 9 
minutes for the 1-306 fragment (p-value < 0.05). These data suggested that FV 
stimulated proteolysis of FVa at R306 by APC/protein S. 
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Figure 1. Visualization and quantification of 488-A2-SS-A3-FVa proteolysis by 
APC/protein S, on SDS-PAGE gels. Digital pictures of representative gels of 488-A2-
SS-A3-FVa proteolysis by 0.2 nM APC + 100 nM protein S in the absence (A) and 
presence (B) of 10 nM FV. The graphs show the quantification of the individual FVa 
fragments presented as the percentage of total fluorescence value of the heavy chain. 
For C-F: open symbols represent no FV added, closed symbols represent 10 nM FV 
added. C) heavy chain, D) 1-506 fragment, E) 1-306 fragment, F) 307-506 fragment. 
The data represent the averages of three to five separate experiments. The error bars 
represent SEM. Statistical significance is presented in the graphs as follows: * p ≤ 0.05, 
*** p ≤ 0.001, determined by the paired t-test. 
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We could not draw firm conclusions about FV affecting proteolysis at R506, as the 1-
506 band intensity was influenced both by cleavage of the heavy chain at R506 to 
increase the intensity of this band, and cleavage at R306 in the 1-506 fragment itself, 
decreasing the intensity. But if R506 cleavage was stimulated, we expected to see a 
difference in 1-506 band intensity early in the time course because cleavage at R506 
occurred faster than cleavage at R306. In the first minutes however, the intensity of the 
1-506 fragment did not appear to differ between the two conditions (Figure 1D), 
suggesting that FV did not significantly affect cleavage at R506. 
 
The 1-306 band partially overlaps with a fragment at 48 kDa, which presumably is a 
349-709 fragment of the FV heavy chain. This fragment is the product of cleavage of 
the heavy chain at R348 which is a cleavage site for FXa and plasmin (personal 
communication with Haematologic Technologies), and presumably occurs during FV 
production or purification. The 349-709 fragment obscured part of the shoulder of the 1-
306 band. There are several other, fainter bands in close proximity to the 1-306 
fragment that also confounded ideal quantification of the 1-306 band. Therefore, for 
quantification purposes, the bands were separated at the lowest point of the valley 
between the two peaks in the lane profile. A more pure protein preparation may result in 
a better defined 1-306 fragment. The total fluorescence value of the fragments presented 
in Figures 1C-F decreased over time from 100% at the starting point, to approximately 
89% at 20 minutes of incubation. The remaining 11% of fluorescence was present in the 
lower molecular weight fragments which, as stated above, could not be identified with 
certainty and thus are not presented here. 
 
Both prothrombin and FXa are known to protect FVa from proteolysis by APC [15-17]. 
Recently these interactions have been characterized in more detail [18;19]. FXa inhibits 
cleavage of R506 by APC, which is partly reversed by protein S. Cleavage at R306 
however, is stimulated by FXa, which was shown to be additive to the stimulatory effect 
of protein S for cleavage at this site. Prothrombin protects both R306 and R506 from 
cleavage by APC, and here also protein S partially alleviates the protection. To 
investigate if anticoagulant FV further abrogates the protection by FXa and/or 
prothrombin, experiments similar to those in Figure 1 were performed with the addition 
of active site blocked-FXa (DEGR-FXa) or prothrombin. 488-A2-SS-A3-FVa 
proteolysis by APC was inhibited in the presence of either DEGR-FXa or prothrombin, 
indicating that 488-A2-SS-A3-FVa was indeed protected from APC in this experimental 
setting (results not shown). 
 
The presence of FV had no impact on the protective effect of DEGR-FXa or 
prothrombin. In the presence of DEGR-FXa, which only protects the R506 cleavage site 
in FVa, cleavage at R306 was still stimulated by the presence of FV, to a similar extent 
as seen in the experiments without DEGR-FXa present. In the presence of prothrombin 
however, the FV cofactor effect was not observed, likely due to the protective effect of 
prothrombin at the R306 cleavage site (results not shown). These results suggested that 
FV as cofactor to APC, did not affect the protection of DEGR-FXa or prothrombin on 
488-A2-SS-A3-FVa proteolysis by APC. 
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Discussion 

The effect of FV we observed in our gel assays reached statistical significance, 
indicating that FV indeed enhanced FVa proteolysis in this system. The observed 
difference however, seems too small to explain the prominent cofactor effect observed 
in the clotting assays (Chapter 4, [1]). We therefore propose that other factors present in 
plasma, and not present in our purified system, may be involved in the FV anticoagulant 
effect. 
 
Because FXa and prothrombin are both known to protect FVa from proteolysis by APC, 
these were investigated. As expected, both inhibited 488-A2-SS-A3-FVa proteolysis by 
APC in this system. However, FV as cofactor for APC did not appear to reverse the 
protective effects and the presence of FXa or prothrombin did not cause an increase in 
the apparent FV cofactor effect in this purified system. Therefore, we propose that other 
unidentified factors in plasma influence the anticoagulant FV effect. FXa and 
prothrombin cannot be fully excluded however, because they may be involved only 
when other plasma factors are also present. 
 
Recently it was discovered that low levels of plasma FV correlate with low levels of 
tissue factor pathway inhibitor (TFPI), and it was suggested that FV and TFPI form a 
complex in vivo [20]. TFPI inactivates FXa by binding directly to it, and protein S 
enhances the affinity between TFPI and FXa [21]. Protein S is also required for the FV 
anticoagulant effect. There may be relation between anticoagulant FV, protein S, and 
TFPI, because the current evidence suggests that these proteins may all interact with 
each other. However, these interactions have not been characterized. Furthermore, the 
effect of FV-TFPI complex formation on FV anticoagulant function, or whether FV-
TFPI complex still interacts with FXa or TF/FVIIa, has not yet been investigated. 
 
As discussed in Chapter 1, protein S is absolutely required for the anticoagulant activity 
of FV. Protein S circulates either free, or complexed with C4b-binding protein (C4BP). 
Only free protein S supports FV anticoagulant activity during inactivation of FVIIIa, 
and C4BP-bound protein S does not [22-24]. Therefore C4BP may be seen as an 
indirect inhibitor of anticoagulant FV. It is currently unclear if anticoagulant FV 
competes with C4BP for binding to protein S, either in plasma or in a purified system. If 
this occurs in the setting of a plasma-based clotting assay, this may increase the 
concentration of protein S-FV complexes that are available as cofactors for APC. 
However, this is unlikely to explain the anticoagulant FV effect seen in our clotting 
assays, as addition of extraneous protein S to the plasma did not affect the anticoagulant 
FV effect (Chapter 4, [1]). 
 
The current study suggests that FV enhances FVa cleavage by APC/protein S at R306, 
but not at R506. During FVa inactivation by APC/protein S, cleavage at R306 is slower 
than cleavage at R506. The R306 cleavage is required for full inactivation of FVa, 
whereas cleavage at R506 results in a partially active intermediate [4]. In comparison, 
inactivation of FVIIIa by APC/protein S takes place via cleavages at R336 and R562, of 
which cleavage at R562 is slower than cleavage at R336. However, FVIIIa is also 
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inactivated by spontaneous dissociation of its A2 domain. In Chapter 2 we showed that 
the slower cleavage (R562) is required for full inactivation of FVIIIa, FV enhances 
cleavage at both R336 and R562 in FVIIIa, and FV enhances cleavage at R562 more 
than cleavage at R336 [25]. Thus, for both FVa and FVIIIa inactivation by APC/protein 
S, FV appears to enhance the slower cleavage (R306 for FVa and R562 for FVIIIa), 
which is the cleavage for both FVa and FVIIIa that is required for full inactivation. 
 
In conclusion, the data presented here suggest that FVa inactivation by APC and protein 
S is enhanced by the presence of FV. The observed effect however is small, and further 
experiments in a purified system will be required to confirm the significance of these 
results. A possible alternative approach may be the creation of a FV variant in which all 
thrombin and FXa cleavage sites are mutated to prevent activation of FV. This would 
allow the use of a functional assay for FVa activity, such as the prothrombinase assay. 
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Blood circulates in our body through an intricate system of vessels, delivering oxygen 
and nutrients to all tissues, and removing waste products from them. Because of the 
immense importance of blood, the haemostatic system serves two major functions to 
protect it, by keeping it in its fluid state, and by keeping it inside the vessels. If the 
integrity of a vessel is compromised, a ‘leak’ can quickly be sealed by forming a blood 
clot, preventing the blood from leaving the vessel. Two systems control these events. 
One enables the formation of a clot (procoagulant system), and the other prevents the 
formation of a clot (anticoagulant system). The procoagulant and anticoagulant systems 
are carefully balanced under normal physiologic conditions, and are always primed to 
initiate the formation of a clot. The inner lining of the blood vessels, the endothelium, 
has a major role in both systems. When the endothelium is damaged, blood comes in 
contact with the underlying tissue where it is exposed to tissue factor (TF). TF is a 
transmembrane protein that is present on subendothelial cell surfaces and is a receptor 
and cofactor to the serine protease activated factor VII (FVIIa) which initiates the 
coagulation reaction (as described in Chapter 1).  
 
The significance of activated factor V (FVa), which is the procoagulant cofactor for 
FXa, is discussed in Chapter 1. The importance of activated FVIII (FVIIIa), the 
procoagulant cofactor for FIXa, is demonstrated in people with hemophilia A. This 
coagulation disorder can cause excessive bleeding, is X-linked, and affects about 1 in 
5000 males. The factor VIII deficiency is categorized as severe (<1 %), moderate (1 % 
to 5 %), or mild (5 % to 30 %) according to the relative amount of FVIII activity in the 
patient’s plasma [1]. Patients with mild and moderate hemophilia usually only 
experience excessive bleeding after trauma or surgery, whereas patients with severe 
hemophilia may bleed spontaneously or excessively after minor trauma, characterized 
by excessive bruising, and bleeding into joints, muscles, and internal organs. 
 
The current treatments of hemophilia A involves replacement therapy, using 
concentrates of plasma-derived FVIII or recombinant FVIII, both of which are 
successful and safe, but do still have room for improvement. Several approaches are 
taken in the attempt to improve treatment, including increasing FVIII half-life in 
circulation by improving the stability of the molecule, reducing the clearance rate, 
improving biosynthesis of recombinant FVIII, reducing the immunogenicity of FVIII 
concentrates, and improving prophylactic care [2-7]. 
 
On the other side of the haemostatic scale are two anticoagulant mechanisms that 
prevent clot formation when it is not needed, and that prevent excessive clot formation. 
Several serine protease inhibitors (serpins) are in circulation that inactivate the serine 
proteases of the coagulation reaction directly (reviewed in [8]), e.g. antithrombin, 
α1antitrypsin, and protein C inhibitor. Tissue factor pathway inhibitor (TFPI) and α2 
macroglobulin are non-serpin protease inhibitors. The former is a Kunitz type inhibitor 
which binds tightly to FXa, and subsequently forms an inactive quaternary complex 
with FXa, TF, and FVIIa [9;10], and the latter is a direct inhibitor of thrombin [11]. 
 
The other anticoagulant mechanism is the protein C (PC) system. PC is activated by 
thrombin when in complex with thrombomodulin on a cell surface, and subsequently 
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activated protein C (APC) inactivates the procoagulant cofactors FVa and FVIIIa,. 
Patients with PC deficiency suffer from severe symptoms ranging from increased risk of 
venous thromboembolism in heterozygous PC deficiency, to severe thrombotic disease 
in homozygous PC deficiency, observed as purpura fulminans in homozygous PC 
deficient newborns [12;13]. Heterozygous PC deficiency occurs 1:200 to 1:500 in 
healthy individuals, whereas homozygous PC deficiency is rare and is estimated at 
1:500,000 to 1:750,000 [14]. Protein C deficiency is treated with PC concentrates, that 
are either donor-derived virus inactivated PC concentrates, or recombinant PC 
concentrates. However, PC concentrates can increase the risk of severe bleeding 
complications in children [15]. As an alternative treatment, in a few cases liver 
transplantation has been successfully used in children with severe PC deficiency, which 
fully restored PC levels [16-18]. 
 
The currently available treatments for hemophilia A and protein C deficiency are highly 
advanced, but without doubt still have room for improvement [2;15]. To make further 
therapeutic advances, a more thorough understanding of the interactions of the involved 
molecules is required. The studies described in this dissertation were designed to further 
our knowledge of APC in the anticoagulant reactions with FVIIIa and FVa. 
 

FVIII stability 

The proteolytic inactivation of FVIIIa by APC was investigated in Chapter 2. Normally 
FVIIIa is also inactivated due to spontaneous dissociation of the A2 domain. To prevent 
this a disulfide crosslinked mutant of FVIII was used, in which the A2 domain was 
covalently linked to the A3 domain. This FVIII variant retained stable activity after 
activation by thrombin, which allowed us to characterize FVIIIa inactivation due to 
APC-mediated cleavages alone. R336 cleavage was ~5-fold faster than R562 cleavage, 
in the absence of APC cofactors. When protein S and FV were present, R336 cleavage 
was only ~2-fold faster than R562 cleavage. The R336 and R562 cleavages were both 
enhanced by protein S and FV, but R562 was enhanced more. Therefore, both R336 and 
R562 cleavages are relevant in the physiologic inactivation of FVIIIa. 
 
Other studies [19;20] have found higher FVIIIa inactivation rates than we have 
presented in Chapters 2 and 3. Direct comparison of these rates is difficult however, as 
the different research groups used different reagents and reaction conditions to monitor 
the APC-mediated FVIIIa inactivation. The complication of A2 domain dissociation 
was circumvented by using high concentrations of FVIII, which stabilizes FVIIIa 
activity [19;20]. However, cleavage of FVIIIa by APC may still promote A2 domain 
dissociation, which may lead to enhanced FVIIIa inactivation and therefore may 
influence the measurement of the inactivation rate. Furthermore, an important parameter 
is the reaction temperature. FVIIIa inactivation reactions in our studies have all been 
done at room temperature (23°C), which may reduce overall enzymatic activity when 
compared to 37°C. Although this allows for a longer time frame in which to measure 
FVIIIa inactivation, it may also yield lower inactivation rates of FVIIIa. The FVIIIa 
inactivation reaction is dependent on the presence of an anionic phospholipid surface. 
This is provided by phospholipid vesicles that have the negatively charged 
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phosphatidylserine incorporated in them. However, different sources provide different 
trace phospholipids, which may affect FVIIIa inactivation assays. Effects of different 
source phospholipids have been observed in APTT reagents, which showed that both 
FVIII and FIX were sensitive to the source of phospholipids [21;22]. However, the 
overall conclusions across these studies are in agreement with each other: R336 
cleavage by APC occurs faster than cleavage at R562, and the APC cofactors protein S 
and FV stimulate cleavage at R562 more than cleavage at R336. 
 
The disulfide crosslinked FVIII variant has potential as therapeutic in hemophiliacs, due 
to the enhanced stability of the molecule. However, all recombinant FVIII variants are 
potentially immunogenic, or may show unexpected pharmacokinetics. Therefore, it is 
important to fully characterize this FVIII variant in vitro, and also study its behavior in 
more physiological settings. In a recent study by Radtke et al. the behavior of 
M662C/D1828C FVIII was studied in human whole blood [23]. Especially at low 
concentrations M662C/D1828C FVIII was more thrombogenic compared to WT-FVIII 
in these assays, most likely due to increased stability in whole blood. Future in vivo 
experiments will be needed to determine the behavior of this FVIII variant in 
circulation. 
 
Several approaches have been taken to design a FVIII molecule with improved stability. 
Wakabayashi et al. have recently identified several residues on the interface of the A2 
domain that are involved in its spontaneous dissociation. They created a mutant FVIII 
with residues D519 and E665 or E1984 changed to the more hydrophobic Ala or Val, 
resulting in reduced A2 domain dissociation and prolonged activity in a purified system 
and in a plasma milieu [24;25]. 
 
In 1997 Pipe and Kaufman published a study about a FVIII molecule in which the APC 
cleavage sites (R336 and R562) were mutated and the A2 domain was covalently linked 
to the light chain due to deletion of region 794-1689, which eliminated the R1689 
thrombin cleavage site and prevented spontaneous dissociation of the A2 domain. This 
molecule (IR8) showed improved stability in vitro, but also had reduced binding affinity 
for von Willebrand Factor (vWF), which may diminish the protective effect of vWF 
[26]. However, in vivo studies in mouse models of hemophilia A indicated that IR8 
injection, or IR8 gene therapy, normalized bleeding times of these hemophilic mice 
[27]. 
 

FVIII-APC interaction 

Looking closer at the interaction of APC and FVIIIa has provided important information 
about how these two molecules bind to each other and which surface residues are 
involved. In Chapter 3 the role of the autolysis loop of APC in FVIIIa inactivation was 
investigated, and residues R306, K311 and R314 of APC were shown to be important in 
this reaction. As discussed in that chapter, the autolysis loop is part of a larger positively 
charged basic exosite on the surface of APC, which is involved in binding to, and 
inactivating FVa and FVIIIa. In FVa inactivation the autolysis loop distinguishes 
between the two main inactivation sites at R306 and R506, having a larger impact on 
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the latter [28]. In FVIIIa inactivation however, R336 and R562 cleavage were equally 
affected by mutations in the autolysis loop. Furthermore, the APC cofactors protein S 
and FV acted independently of the autolysis loop. 
 
The investigations of the basic exosite on APC in the interactions with FVa and FVIIIa 
have revealed an extended binding site for each, with only minor differences (Figure 1). 
In the autolysis loop, residues R306, K311, and R314 are all major contributors in both 
FVa and FVIIIa inactivation, and for both K308 is a minor contributor. Residues E307 
and R312 did affect FVa inactivation (minor and major, respectively), but did not 
influence FVIIIa inactivation (Chapter 3, [28]). E309 in the autolysis loop may be a 
special case (in Figure 1 labeled, but left gray). Mutation of this residue did not affect 
FVa inactivation, but it did significantly enhance FVIIIa inactivation. Because K308 
may be cleaved during purification of APC [29], it is possible that the E309A mutation 
enhanced this cleavage (unpublished observation). The model structure of APC (Figure 
1) suggests that cleavage of the autolysis loop may promote access to the active site 
groove [30;31]. However, this is speculation, and further investigation will be required 
to determine the exact function of residue E309.  
 
Common important residues in the 37-loop are K191-K193. These were studied as a 
group in FVIIIa inactivation, and therefore the impact of the individual residues is not 
known [32]. In FVa inactivation however they were investigated separately. K191 and 
K192 were minor contributors, and K193 was a major one. S190, also part of the 37-
loop, had no influence on FVa inactivation, but was not studied in FVIIIa. In the 60-
loop D214 and E215 were minor contributors to FVa inactivation but did not impact 
FVIIIa inactivation, whereas K217 and K218 were minor contributors to FVIIIa and not 
to FVa inactivation. Residue R229 in the 70-loop was important in FVa and in FVIIIa 
inactivation. R230 was also important in FVa inactivation, but was only a minor 
contributor to FVIIIa inactivation. R233 did not have an effect on either FVa or FVIIIa 
inactivation. Straight below the active site is residue R352, which also is a minor 
contributor to FVa and FVIIIa inactivation [33]. Mutation of residue R222 in the 60-
loop had major impact on both FVa and FVIIIa inactivation. But this residue is not 
completely surface exposed in the model structure and therefore the decreased substrate 
inactivation may have been caused by a conformational change of APC, rather than the 
actual change of charge at this position. The same may apply for D227 in the 70-loop, 
although this residue has only been investigated in FVa inactivation [32;34] 
Furthermore, mutation of R222 or D227 resulted in an increase of KM and kcat for the 
small chromogenic substrate Pefachrome PCa, which supports that these mutations may 
cause a conformational change in the APC molecule [34].  
 
As a basic exosite has been identified on the surface of APC, a complementary acidic 
exosite would be expected on the surfaces of FVa and FVIIIa. A similar approach with 
alanine scanning could be taken to systematically investigate individual surface exposed 
residues on these two procoagulant cofactors. In a peptide screening study a binding site 
for APC on FVa has been identified in the section 311-325. A 311-325 peptide inhibited 
both R306 and R506 cleavages by binding directly to APC [35]. These residues lie 
between the R306 and R506 cleavage sites on the surface of the FVa molecule, but have 
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an overall positive charge, with six positive and only two negatively charged residues. 
Further characterization of this binding site has not been published. For FVIIIa, 
Manithody et al. have suggested that APC binding sites exist in both the A1 and A2 
domains of FVIIIa, which may overlap with the FX and FIXa binding sites, respectively 
[36]. A FX binding site was identified in residues 349-372, the acidic C-terminal section 
of the A1 domain [37;38]. Several loops with charged residues that are directly adjacent 
to residue R562 in a 3D model of B domain-deleted FVIII ([39], PDB ID is 3CDZ) 
include 454-458, 516-525, and 556-559 (FIXa binding site [40]). When superimposing 
the B domain-deleted FVIII model on the APC model, the charged residues in these 
suggested loops on FVIIIa would fall in the region of the basic exosite on APC. Also a 
possible binding site on the light chain of FVIIIa was identified (residues 2009-2018) 
[41]. 
 

FV as anticoagulant cofactor activity in FVa inactivation 

The anticoagulant cofactor effect of FV in the APC/protein S mediated inactivation of 
FVIIIa is well established. However, FVa is also inactivated by APC/protein S. It seems 
logical that FVa inactivation by APC/protein S may also be stimulated by anticoagulant 
FV. In Chapter 4 we approached this question with a plasma-based clotting assay that 
was sensitive to FV, but not to FVIII (dilute prothrombin time clotting assay). FV was 
titrated into FV-deficient plasma and the APC sensitivity ratio (APCsr) was measured. 
The APCsr increased as more FV was added to the assay, indicating an increase in the 
anticoagulant function of APC. As this assay was not sensitive to FVIII, we suggested 
that FV stimulated the inactivation of FVa in this experimental setting.  
 
Although the data were convincing, plasma itself is a very complex environment and 
therefore it could not be excluded that other plasma constituents, except for FVIII, could 
have an effect on the clotting time in the assay. To assess the effect of anticoagulant FV 
on the APC-mediated inactivation of FVa directly, it would be required to study this 
reaction in a purified system. However, addressing the question if anticoagulant FV 
enhanced FVa inactivation by APC/protein S is technically very challenging, because of 
difficulties distinguishing FVa from FV. 
 
The approach taken in Chapter 5 was to fluorescently label FVa, and submit this FVa to 
proteolysis by APC/protein S in the absence or presence of FV. The fluorescent FVa 
fragments could be visualized and quantified on an SDS-PAGE gel, using a 
fluorescence scanner. In this system we observed an increase of FVa proteolysis by 
APC/protein S when FV was also present. Although this effect of FV was reproducible, 
the observed difference was small.  
 
It is unlikely that the relatively small enhancement of FVa proteolysis can fully explain 
the pronounced anticoagulant effect of FV observed in the clotting assays. This leaves 
two major possibilities. Either the system with fluorescently labeled FVa was not 
sensitive enough to measure an anticoagulant FV effect on FVa proteolysis, or the FV 
effect observed in the clotting assays was influenced by additional factors, that were not 
present in the purified system with fluorescently labeled FVa. 
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Figure 1. Comparison of binding exosites on the APC serine protease domain. The 
protease domain is shown in the standard orientation with the active site (red) facing 
forward (left) and the same structure turned roughly 90° clockwise along the vertical 
axis (right). A) FVa binding site on APC. B) FVIIIa binding site on APC. Dark green: 
major contributor to inactivation reaction. Light green: minor contributor. Blue: no 
contribution. Gray: not investigated. Importance of individual residues were based on 
Ala substitution, except for K191, K192, and K193 in B; these were studied in FVIIIa 
inactivation as a group with Pro-Gly-Glu substitutions, respectively. For FVa exosite on 
APC data was based on Gale et al. 2000 [28], Rintelen et al. 2001 [33], and Gale et al. 
2002 [34]. For FVIIIa exosite on APC data was based on Chapter 3 and Manithody et 
al. 2003 [32]. APC structure was based on Mather et al. 1996 [42], and obtained from 
the online Protein Data Bank (www.pdsb.org); PDB ID is 1AUT. 
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An alternative system to detect FVa proteolysis products without interference from 
fragments derived from anticoagulant FV, may constitute a FVa molecule with a low 
level of label attached that can be detected via quantitative Western blot methods, using 
antibodies directed at the label rather than antibodies directed at FV. For functional 
inactivation of FVa in a prothrombinase assay setting, a FV variant may be created with 
the thrombin cleavage sites mutated, which would prevent additional FVa production by 
FXa and by the thrombin that is formed in the reaction. Such a FV variant has already 
proven successful as cofactor for APC/protein S in FVIIIa inactivation in a purified 
tenase assay [43]. 
 
Considering the currently published studies, we may carefully suggest that protein S and 
FV only function as anticoagulant cofactors to APC through interaction of protein S 
with APC. In this interaction protein S binds to APC via its Gla and EGF domains 
[44;45]. This lowers the APC active site closer to the membrane, which seems to 
enhance all cleavages in FVa and FVIIIa to a certain extent, and also increases the APC 
affinity to the membrane, allowing more time for successful interactions with substrate 
[44;46;47]. With the SHBG domain, protein S may interact with anticoagulant FV. 
Intact protein S (with the SHBG domain present and unbound to C4BP) is indispensible 
for FV anticoagulant activity [48-50]. Possibly, the cleavage at R506 in the FV 
molecule opens up a binding site for the SHBG domain of protein S that includes the 
negatively charged C-terminal sequence of the FV B domain. However, to our 
knowledge, no work has been published on the possible effect of anticoagulant FV on 
either APC or protein S affinity for negatively charged phospholipid membranes, or on 
the conformation of the APC/protein S complex, or on direct protein S-anticoagulant 
FV binding interaction. 
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Abstract 
 
Blood delivers oxygen and nutrients to all tissues and removes their waste products, 
through a large and complicated system of vessels. Under normal circumstances, blood 
is separated from the surrounding tissues by a single layer of endothelial cells that form 
the innermost layer of all blood vessels (the endothelium). When the endothelium is 
damaged, for instance by trauma, blood comes in contact with the tissues surrounding 
the endothelium. Subsequently several systems are activated to minimize blood loss as 
much as possible. The blood forms a clot and the vessels contract so that less blood 
flows to the damaged area. 
 
In this dissertation a part of the blood clotting system was studied. By quickly forming a 
clot, a leak in the vessel wall can be sealed. When blood comes in contact with the 
tissue outside of the endothelium, blood platelets are activated, which subsequently 
form an initial clot to plug the leak. This blood platelet clot has to be reinforced with 
fibrin strands that are the product of the coagulation reaction (also known as the ‘blood 
coagulation cascade’). Without the reinforcement of the fibrin strands the blood platelet 
clot will not be strong enough to keep the leak closed. 
 
When the endothelium is disrupted blood is exposed to tissue factor, a cofactor for 
activated factor VII, which is an enzyme that is always present in blood in small 
quantities. This initiates the coagulation reaction and results in the formation of 
thrombin and fibrin strands. Figure 1 in Chapter 1 shows an abbreviated scheme of 
these reactions. Normally, the coagulation reaction is in balance. On one side the 
reaction can be started (procoagulant) and on the other side the reaction can also be 
stopped (anticoagulant). This prevents too much clotting taking place, which unchecked 
can lead to occlusion of the vessel (thrombosis). 
 
The whole coagulation reaction is very sensitive to the activity of the two procoagulant 
cofactors, activated factor V (factor Va) and activated factor VIII (factor VIIIa). The 
enzyme activated protein C (APC) functions as an anticoagulant and inactivates factor 
Va and factor VIIIa by cleaving them (the cleaving of a protein is also called 
proteolysis), which reduces the formation of thrombin and fibrin strands significantly. 
APC has two cofactors that accelerate these anticoagulant reactions, protein S and factor 
V (see Figure 1B in Chapter 1). This means that factor V plays a double role: either it is 
activated to form factor Va and acts as a procoagulant cofactor for factor Xa, or it is not 
activated and acts as an anticoagulant cofactor for APC. 
 
The importance of factor V, factor VIII, protein S and APC is showcased in patients that 
have reduced concentration, or defects of one or more of these clotting factors. This can 
result in excessive bleeding, or excessive blood clotting, either of which can be a life 
threatening situation for the patient. 
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Factor VIIIa inactivation by APC 
The factor VIIIa molecule is very unstable. Immediately after activation factor VIIIa 
quickly loses its activity because part of this molecule, the A2 domain, spontaneously 
dissociates from the rest of the molecule. Apart from this fast auto-inactivation, factor 
VIIIa is also inactivated through proteolysis by APC. Factor VIIIa is cleaved by APC in 
two spots, after amino acid arginine 336 and after amino acid arginine 562. To study the 
inactivation of factor VIIIa by APC, a factor VIIIa variant was created in which the 
spontaneous dissociation of the A2 domain is prevented by linking the A2 and the A3 
domain together with a disulfide bridge (M662C/D1828C factor VIII). With this factor 
VIII variant we were able to measure how quickly factor VIIIa was inactivated by the 
cleavages after arginine 336 and arginine 562, without interference of additional 
inactivation due to spontaneous dissociation of the A2 domain. 
 
Chapter 2 shows that the cleavage after arginine 336 was faster than the cleavage after 
arginine 562. Also, factor VIIIa was not completely inactivated by the cleavage after 
arginine 336. On the other hand, cleavage after arginine 562 did fully inactivate factor 
VIIIa. Both protein S and factor V stimulated factor VIIIa inactivation in these 
experiments, and both stimulated the cleavage after arginine 562 more than the cleavage 
after arginine 336. Protein S was able to do this alone, but for the effect of factor V the 
presence of protein S was also required. 
 
Factor VIIIa interaction with APC 
To cleave factor Va and factor VIIIa, APC will have to get in contact with these 
proteins. On the surface of APC a large area has been identified where factor Va and 
factor VIIIa can bind. Figure 1 in Chapter 6 shows the 3D structure of the protease 
domain of APC, where this area is shown in color. There are several differences in 
which exact amino acids on APC are important for inactivation of factor Va and factor 
VIIIa, but over all it is the same area on the surface of APC that is involved in the 
interaction with both factor Va and factor VIIIa. Most of these important amino acids 
are basic and therefore this area has a net positive charge.  
 
In Chapter 3 the importance of the ‘autolysis loop’ of APC (amino acids 306-314) for 
the inactivation of factor VIIIa was investigated. The autolysis loop also contains a large 
number of basic amino acids. It has been previously shown that several of these basic 
amino acids are important for the inactivation of factor Va. In Chapter 3 we showed 
that the autolysis loop was also important for the inactivation of factor VIIIa. However, 
not every amino acid was equally important for these two substrates. For the 
inactivation of factor VIIIa amino acids arginine 306, lysine 311, and arginine 314 
played a major role, and lysine 308 had a minor role. For the inactivation of factor Va 
these amino acids played the same roles, but also glutamic acid 307 (minor role) and 
arginine 312 (major role) were important. The work from Chapter 3, together with other 
published studies that investigated other loops of the basic area on APC, also showed 
that the anticoagulant cofactors for APC (protein S and factor V) do not affect the 
function of the basic surface area on APC. They probably stimulate the inactivation of 
factor Va and factor VIIIa by binding to APC elsewhere. 
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Factor V as cofactor for APC in the inactivation of factor Va 
Because protein S and factor V are cofactors for APC in the inactivation of factor VIIIa, 
and protein S is also a cofactor for APC in the inactivation of factor Va, it sounds 
logical that factor V may also be able to stimulate the inactivation of factor Va. In 
Chapter 4 the first evidence is presented that this is indeed the case. To investigate this 
we measured the clotting time of human plasma, under specific conditions where the 
clotting time was sensitive to the activity of factor Va, but was not sensitive to the 
activity of factor VIIIa. The clotting time was increased by adding the anticoagulant 
APC to the plasma, which indicated that factor Va was inactivated. 
 
The clotting time of factor V-deficient plasma in this experiment was very long, and a 
titration of factor V in this plasma showed a decrease in clotting time at higher 
concentrations of factor V. However, when APC was added to the plasma the clotting 
time increased as more factor V was present. This meant that when more factor V was 
present, APC was more able to increase the clotting time, which indicated an 
anticoagulant function of factor V. This suggested that the anticoagulant form of factor 
V stimulated the inactivation of the procoagulant factor Va by APC. 
 
Because plasma is a very complex environment, our goal was to also show the 
anticoagulant effect of factor V on the inactivation of factor Va by APC in a purified 
system. This work is presented in Chapter 5. By visualizing the cleavages in factor Va 
by APC we were able to measure if cleaving factor Va by APC actually happened faster 
when factor V was also present. For this factor Va was labeled with a fluorescent 
compound and was then subjected to proteolysis by APC and protein S. After 
electrophoresis of samples the gels could be scanned for fluorescence directly, which 
visualized the fragments of the labeled factor Va. Quantification and analysis of the 
intensity of the factor Va fragments showed a small increase of factor Va proteolysis 
when factor V was present. This effect however, was fairly small and did not fully 
explain the clear anticoagulant effect that was observed in the plasma clotting time 
experiments. Further research will be required to investigate if one or more factors were 
not present in this purified system, that were present in the plasma and that further 
enhanced the anticoagulant function of factor V. 
 
 
 
 
Conclusion 
Defects in the coagulation system can have serious consequences for patients. This 
system is highly complex and is controlled by many different enzymes that under 
normal circumstances balance the procoagulant and anticoagulant reactions. Regulation 
of factor Va and factor VIIIa activity by the anticoagulant enzyme APC plays a pivotal 
role in managing proper formation of blood clots. The research as presented in this 
dissertation provides us with better understanding of the anticoagulant function of APC. 
This new knowledge can be used to improve currently available therapeutics and form a 
basis to design novel intervention strategies in the field of haemostasis.
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Samenvatting 
 
Bloed is van levensbelang. Via een groot en gecompliceerd systeem van vaten brengt 
het bloed zuurstof en voedingsstoffen naar alle weefsels en voert afvalproducten af. 
Onder normale omstandigheden wordt het bloed afgescheiden van de omliggende 
weefsels door een enkele laag endotheelcellen die de binnenste laag van de bloedvaten 
vormen (het endotheel). Zodra het endotheel wordt beschadigd, bijvoorbeeld door 
trauma, komt het bloed in aanraking met het weefsel dat buiten het endotheel ligt. 
Verschillende systemen komen hierdoor in werking om bloedverlies zoveel mogelijk te 
beperken. Hiertoe treedt stolling van het bloed op en worden de vaten vernauwd zodat 
de toevoer van bloed verminderd wordt. 
 
In dit proefschrift is een deel van het bloedstollings systeem bestudeerd. Door snel een 
bloedprop te vormen kan een lek in de vaatwand worden gedicht. Wanneer het bloed in 
aanraking komt met het weefsel buiten het endotheel worden bloedplaatjes geactiveerd, 
die vervolgens de eerste prop vormen om het lek te dichten. Deze bloedplaatjes-prop 
moet worden verstevigd door fibrinedraden, die het product zijn van de coagulatie-
reactie (ook wel ‘bloedstollingscascade’ genoemd). Zonder de versterking van de 
fibrinedraden is de bloedplaatjesprop te zwak om het gat dicht te houden. 
 
Na beschadiging van het endotheel wordt het bloed blootgesteld aan tissue factor, de 
cofactor voor geactiveerd factor VII, een enzym dat altijd in kleine hoeveelheden 
aanwezig is in het bloed. Dit zet de coagulatiereactie in gang en resulteert in de vorming 
van trombine en fibrinedraden. In Figuur 1 in Hoofdstuk 1 is een beknopt schema 
weergegeven van deze reacties. De coagulatiereactie is normaliter in evenwicht. Aan de 
ene kant wordt de reactie gestart (procoagulant) en aan de andere kant kan de reactie 
ook worden stopgezet (anticoagulant). Hiermee wordt voorkomen dat er teveel 
bloedstolling plaats vindt, wat anders tot verstopping van het bloedvat kan leiden 
(trombose).  
 
De hele reactie is erg gevoelig voor de activiteit van de twee procoagulante cofactoren, 
geactiveerd factor V (factor Va) en geactiveerd factor VIII (factor VIIIa). Het enzym 
geactiveerd protein C (APC) werkt als een anticoagulant en kan factor Va en factor 
VIIIa inactiveren door ze stuk te knippen (het knippen van een eiwit wordt ook wel 
proteolyse genoemd), wat de vorming van trombine en fibrinedraden sterk vermindert. 
APC heeft twee cofactoren die deze reacties versnellen, protein S en factor V (zie 
Figuur 1B in Hoofdstuk 1). Factor V heeft dus een dubbele functie: of het wordt 
geactiveerd tot factor Va en dient als procoagulante cofactor voor factor Xa, of het 
wordt niet geactiveerd en dient als anticoagulante cofactor voor APC. 
 
Het belang van factor V, factor VIII, protein S en APC wordt duidelijk in patiënten met 
verminderde concentratie, of defecten van één of meerdere van deze stollingsfactoren. 
Dit kan leiden tot ofwel overvloedige bloeding, ofwel tot overvloedige bloedstolling, 
wat de patiënt in levensbedreigende situaties kan brengen. 
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Factor VIIIa inactivatie door APC 
Het factor VIIIa molecuul is erg instabiel. Direct na activatie verliest factor VIIIa snel 
zijn activiteit doordat een deel van dit molecuul, het A2 domein, vanzelf van de rest van 
het molecuul los komt. Naast deze snelle auto-inactivatie, wordt factor VIIIa ook 
geïnactiveerd via proteolyse door APC. Factor VIIIa wordt geknipt door APC op twee 
plaatsen, namelijk na aminozuur arginine 336 en na aminozuur arginine 562. Om de 
inactivatie van factor VIIIa door APC te onderzoeken, is een variant van factor VIII 
gemaakt waarin de automatische dissociatie van het A2 domein word voorkomen door 
een disulfide brug tussen het A2 en het A3 domein te plaatsen (M662C/D1828C factor 
VIII). Met deze factor VIII variant konden we meten hoe snel factor VIIIa geïnactiveerd 
werd door het knippen na arginine 336 en arginine 562, zonder dat de 
inactivatiesnelheid beïnvloed werd door spontane dissociatie van het A2 domein. 
 
In Hoofdstuk 2 is aangetoond dat het knippen na arginine 336 sneller verliep dan het 
knippen na arginine 562. Bovendien werd factor VIIIa niet compleet geïnactiveerd door 
de knip na arginine 336. De knip na arginine 562 daarentegen, inactiveerde factor VIIIa 
wel helemaal. Zowel protein S en factor V stimuleerden de inactivatie van factor VIIIa 
in deze experimenten en beiden stimuleerden het knippen na arginine 562 meer dan het 
knippen na arginine 336. Protein S kon dit alleen af, maar voor het effect van factor V 
was ook de aanwezigheid van protein S nodig. 
 
Factor VIIIa interactie met APC 
Om factor Va en factor VIIIa te knippen moet APC in aanraking komen met deze 
eiwitten. Op APC is een groot raakoppervlak geïdentificeerd waaraan factor Va en 
factor VIIIa binden. Figuur 1 in Hoofdstuk 6 laat de 3D structuur zien van het protease 
domein van APC, waarin dit raakoppervlak is ingekleurd. Voor factor Va en factor 
VIIIa worden een aantal verschillende aminozuren op het oppervlak van APC gebruikt, 
maar over het algemeen is het dezelfde regio op APC die zorgt voor de interactie met 
factor Va en factor VIIIa. De meeste van deze belangrijke aminozuren zijn basisch van 
aard en hebben daarmee een netto positieve lading.  
 
In Hoofdstuk 3 is het belang van de ‘autolysis loop’ van APC (aminozuren 306-314) 
voor de inactivatie van factor VIIIa onderzocht. Ook de autolysis loop heeft een groot 
aantal basische aminozuren. Eerder is al aangetoond dat een aantal van deze aminozuren 
belangrijk zijn voor de inactivatie van factor Va. In Hoofdstuk 3 is aangetoond dat de 
autolysis loop ook belangrijk was voor de inactivatie van factor VIIIa. Echter, niet elk 
aminozuur was van even groot belang voor deze twee substraten. Voor de inactivatie 
van factor VIIIa waren aminozuren arginine 306, lysine 311 en arginine 314 van groot 
belang en speelde lysine 308 een kleinere rol. Voor inactivatie van factor Va speelden 
deze aminozuren dezelfde rol, maar waren glutaminezuur 307 (kleine rol) en arginine 
312 (grote rol) ook van belang. Het werk in Hoofdstuk 3, samen met andere 
gepubliceerde studies waarin andere loops van het basische oppervlak op APC zijn 
onderzocht, toont verder aan dat het effect van de anticoagulante cofactoren van APC 
(protein S en factor V) geen invloed hebben op de functie van het basische 
raakoppervlak op APC. Waarschijnlijk werken zij door ergens anders aan APC te 
binden en zodoende de inactivatie van factor Va en factor VIIIa te versnellen. 
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Factor V als cofactor voor APC in de inactivatie van factor Va 
Aangezien protein S en factor V cofactoren zijn voor APC in de inactivatie van factor 
VIIIa, en protein S ook een cofactor is voor APC in de inactivatie van factor Va, klinkt 
het logisch dat factor V ook de inactivatie van factor Va zou kunnen stimuleren. In 
Hoofdstuk 4 is het eerste bewijs geleverd dat dit inderdaad het geval is. Hiervoor is een 
proefopstelling gebruikt waarmee de stollingstijd van humaan plasma werd gemeten. In 
deze experimenten was de stollingstijd van het plasma afhankelijk van factor Va 
activiteit, maar ongevoelig voor factor VIIIa activiteit. Door het anticoagulante APC 
aan het plasma toe te voegen werd de stollingstijd verlengd, wat duidde op inactivatie 
van factor Va. 
 
De stollingstijd van factor V-deficiënt plasma in deze proefopstelling was erg lang en  
een titratie van factor V in dit plasma liet een verkorte stollingstijd zien bij hogere 
concentraties van factor V. Maar in de aanwezigheid van APC werd de stollingstijd 
steeds langer naarmate meer factor V aanwezig was. Dit betekende dat als er meer 
factor V aanwezig was, APC beter in staat was om de stollingstijd van het plasma te 
verlengen, wat duidde op een anticoagulante werking van factor V. Dit suggereerde dat 
de anticoagulante vorm van factor V de inactivatie van het procoagulante factor Va door 
APC stimuleerde. 
 
Omdat plasma een erg complexe omgeving is, was ons doel om het anticoagulante 
effect van factor V voor de inactivatie van factor Va door APC ook aan te tonen in een 
gepurificeerd systeem. Dit werk is beschreven in Hoofdstuk 5. Door het knippen van 
factor Va door APC te visualiseren konden we meten of het knippen van factor Va door 
APC ook werkelijk sneller gebeurde in de aanwezigheid van factor V. Hiertoe werd 
factor Va gelabeld met een fluorescente stof en vervolgens onderworpen aan proteolyse 
door APC en protein S. Na electrophorese konden de gels direct worden gescand op 
fluorescentie, waardoor de fragmenten van het gelabelde factor Va zichtbaar werden. 
Kwantificering en analyse van de intensiteit van de factor Va fragmenten lieten een 
kleine stimulatie van factor Va proteolyse zien in de aanwezigheid van factor V. Dit 
effect was echter te klein om het duidelijke anticoagulante effect volledig te verklaren 
dat in de plasma stollingstijd experimenten is waargenomen. Verder onderzoek zal 
nodig zijn om uit te wijzen of in dit gepurificeerde systeem één of meerdere factoren 
afwezig waren, die wèl in het plasma systeem aanwezig waren en die de anticoagulante 
functie van factor V verder stimuleerden. 
 
Conclusie 
Defecten in het bloedstollingssysteem kunnen ernstige gevolgen hebben voor patiënten. 
Dit systeem is zeer complex en wordt gereguleerd door een groot aantal enzymen die 
onder normale omstandigheden de procoagulante en anticoagulante reacties in balans 
houden. De regulatie van factor Va en factor VIIIa door het anticoagulante enzym APC 
is belangrijk voor goede bloedstolling. Het onderzoek zoals beschreven in dit 
proefschrift verdiept onze kennis van de anticoagulante functie van APC. Deze nieuwe 
kennis kan worden gebruikt om de bestaande therapiën te verbeteren en om nieuwe 
behandelingsstrategiën binnen de haemostase te ontwikkelen. 
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