


Table 2.3

Species VMax PP Km Kcat Kcat/Km
nMIla/Min uM Min™ st.m?
f\Vapiasma 9.72+0.6 0.12 + 0.03 1944 + 120 2.7X108
fval’ 9.85 + 0.4 0.16 + 0.02 1970 + 80 21X108
fva™ 9.03+0.2 0.1+0.01 1806 + 40 3.0X108
fva¥! 10.2 + 0.24 0.14 + 0.01 2040 + 48 2.4X108
fvar ™! 2.03 + 0.07 0.15 + 0.02 406 + 14 45X107

Table 2.3 — Empirically derived kinetic values from prothrombin titrations
presented in figure 7. The apparent Viax, Km and Kg values as determined using
Prisma 2.01 Graphing software to analyze the prothrombin titrations presented in figure
7 are shown for all of the prothrombin titrations performed.
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protein. These values were also consistent with the kinetic values well established
throughout the literature. Both the rfVa™ and the rf\Va™' demonstrated similar Kc and
Kmn values when the concentration of the cofactor molecules were increased to produce
similar concentration of fXa associated with the respective mutant cofactor. However

FFMImolecule failed

prothrombinase assembled with saturating concentrations of the rfVVa
to recover the catalytic efficiency displayed by the other molecules used throughout this
study. This deficiency is the result of the decreased K, displayed by prothrombinase

FFMI and can be attributed to the weakened interaction of the

assembled with the rfVa
rfva™™! molecule with fXa. Table 3 shows the kinetic values obtained from figure 7 and
demonstrate that none of the recombinant fVa molecules, when assembled into
prothrombinase, affect the Km of the enzyme as evident by the small variance in the
apparent Km values obtained. However the effect of the K., of the enzyme due to the
weakened fVa/fXa interaction caused by the mutations within the proposed binding site
varied greatly, suggesting that the proper interaction of the A2 domain of fVa with fXa is
a prerequisite for optimal catalytic efficiency of prothrombinase.

The kinetic study provided within figures 6-7 and tables 1-2 enable the calculation
of the thermodynamic cycle presented in figure 8. As figure 8 demonstrates, the
interaction between the two mutated regions demonstrated an additive effect suggesting
that the two mutated regions (i.e., rfva™ and rfvVa™) have a cooperative effect between
each other when the heavy chain of fVa associates with fXa. The overall exchange in free

energy between the two altered sites as determined by equation 4 is 1.21 kcal/mol

demonstrating that the two sites interact with each other when the associating with fXa.
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Figure 2.8

Factor Vawt _ -9-21kealimol oo g FF
+0.92 kcal/mol
-0.08 kcal/mol +1.1kcal/mol
+1.0 kcal/mol

Factor Va Mi » Factor Va FF/MI

AA G . +1.21  kcal/mol

Figure 2.8 — Thermodynamic cycle for prothrombinase assembled with the
various rf\VVa molecules. The AAGnt is the free energy of the interaction between the
$23Ev324 and 3*°EV3* residues and was calculated according to equation 4 as presented
in the materials and methods section.
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To assay the effects of the decreased fVa/fXa interaction on the individual
prothrombin activating cleavages independently of each other, SDS PAGE was employed
on prothrombinase catalyzed activation of the recombinant prothrombin mutants rP2-11

(R™ > A R® > Aand R® > A) and rMzZ-1l (R™ > A, R > Aand R®* > A)

271 320

which are only capable of being cleaved at Arg®’~ and Arg™" respectively. Figure 9
shows the results from reactions using the different prothrombin mutants as substrate for
the enzymes; lipid-bound fXa (panel A), prothrombinase assembled with plasma-derived
fVa (panel B), prothrombinase assembled with rfVa"" (panel C), prothrombinase
assembled with rfVa™ (panel D), prothrombinase assembled with rf\Va™' (panel E) and

prothrombinase assembled with rfva™™!

(panel F). Prothrombinase assembled with
rfvVa"’T (panel C) displayed comparable catalysis of both of the prothrombin mutants
when compared to prothrombinase assembled with plasma-derived fVa. Prothrombinase
assembled with the rfVa™ (panel D) and rfvVa™' (panel E) displayed slower consumption
of both rP2-11 and rMZ-11 approximately 8 and 5 fold respectively as shown in table 4.

While the prothrombinase assembled with rfva™™!

showed the greatest deficiency when
using rP2-11 or rMZ-I1 as substrates. Densitometry scanning of SDS PAGE presented in
figure 9 was performed and the results are presented in table 4 establishing that the fold
decrease in the ability of prothrombinase assembled with rf\Va™ or rfvVa™' respectively to
cleave both substrates rP2-11 and rMZ-I1 are similar. Interestingly the reactions performed

FEMI showed a dissimilar fold

in the presence of prothrombinase assembled with rf\VVa
decrease in its ability to cleave rP2-11 (an 8.8-fold decrease) or rMZ-Il (a 17.6-fold
decrease) suggesting that the interaction of the A2 domain with fXa is more important for

the catalyzed cleavage at Arg>?°.
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Figure 2.9
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Figure 2.9 — Prothrombinase assembled with the various rfVa mutants were assayed
for their ability to cleave the recombinant prothrombin mutants rP2-11 and rMZ-I1
which are only capable of being cleaved at one of the two activating sites as described
in the experimental procedures section. Reactions mixtures were composed of by
0.5nM fXa, 10nM fVa species (when present), 10uM DAPA, 20uM PCPS and 1.4uM
of the respective recombinant prothrombin molecules in a HEPES buffered saline
solution. In all cases lanes 1-9 shows reactions using the rMZ-1I mutant as the
substrate, while lanes 10-18 are reactions which employed the rP2-11 mutant as the
substrate. Panel A shows the results from a fXa catalyzed reactions, panel B shows the
results from a reactions catalyzed by prothrombinase assembled with plasma derived
fVa, panel C shows the reactions catalyzed by prothrombinase assembled with
rfVaWT, Panel D shows the reactions catalyzed by prothrombinase assembled with
rfVa™, panel E shows the reactions catalyzed by prothrombinase assembled with
rfva¥' and panel E shows the reactions catalyzed by prothrombinase assembled with
rfva™™! For all of the reactions lanes 1-9 and 10-18 are aliquots removed from
reactions mixtures and quenched at the following time points after the addition of fXa:
0 min (before the addition of fXa), 0.5 min, 1 min, 2.5 min, 4 min, 6 min, 10 min, 20
min and 30 min. The prothrombin derived fragments are the same as explained in the
figure legend to figure 5.
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Table 2.4

with factor Va™™™!

rMZ-11 rP2-11
(Cleavage (Cleavage
at Arg320) Fold at Arg271) Fold
Enzyme (moles consumed *| decrease | (moles consumed | decrease

sec-1 » mole * sec-1 * mole

factor Xa-1) factor Xa-1)
Factor Xa alone 0.07+£0.11 -- 0.05 £ 0.08 --
Prothrombinase 246+ 2.8 -- 2.72 +0.23 --
with wild type
Prothrombinase 2.8+0.2 8.8 0.33+0.04 8.2
with factor Va™™
Prothrombinase 46+05 5.3 0.52+0.04 5.2
with factor Va“!
Prothrombinase 14+£0.1 17.6 0.31+£0.06 8.8

Table 2.4 - Densitometry scanning of the consumption of recombinant
prothrombin molecules. The SDS PAGE presented within figure 9 were subjected to
densitometry scanning to determine the rate of prothrombin consumption by
prothrombinase assembled in the presence of the various fVa molecules. The fold
decrease of the rate of consumption of the recombinant prothrombin molecules were
measured by comparison to the rate of prothrombin consumption by prothrombinase
assembled with rfva*’".
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2.5 DISCUSSION

Previous studies demonstrated that activated protein C (APC) degrades fVa in a
fashion resulting in the removal of the A2 domain from fVa and a loss of the fVa/fXa
interaction (21,22). Synthetic peptides designed to study this region have shown that
N42R (a synthetic peptide designed with the corresponding sequence from residues 307-
348 of the heavy chain of fVVa) is capable of mimicking the APC degradation of fVa loss
of function by strongly inhibiting prothrombinase activity (23). Further peptide studies
have shown that residues 323-324 and 330-331 in fVa are involved in binding fXa and
are required for the coordinated cleavage of prothrombin by fXa (11-13). All of the above
studies imply the involvement of the A2 domain of fVa in the recognition fXa. The
present study explores these residues involvement in both the assembly and function of
prothrombinase through the generation of recombinant molecules with mutations in these
residues.

The elevated Kg values for prothrombinase assembled with the rfvVa™, rfva*' and
rfva™™' molecules illustrate a decreased interaction between the respective molecules
with fXa and demonstrate the necessity of these residues for the proper interaction of fVa
with fXa. All of the recombinant molecules when assembled into prothrombinase
displayed similar Ky, values indicating that the induced mutations had no detrimental
effect on the ability of the different prothrombinase molecules in recognizing the
substrate prothrombin and showing the selective nature of the damaging effects of the
mutated sites. Both the rfva™™ and rfva™ mutants were able to fully recover their
catalytic efficiency when their respective concentrations were increased to compensate

for their weakened interaction with fXa. This was not the case when the two mutated
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regions were joined together into a single construct, the catalytic efficiency of

prothrombinase assembled with rfva™™!

was not restored when fXa was fully saturated
with the rfva™™'. The loss of multiple binding sites for fXa could have caused a
damaging in fVa’s ability to function as a cofactor molecule for fXa, one that could not
be compensated for by simply increasing the concentration of rfva™™' though the
possibility that the induced mutations altered the conformation of fV in a manner that was
detrimental to function of prothrombinase cannot be excluded as an opposing cause of the
result presented within this study.

Presently this recombinant study demonstrates that decreasing the affinity of f\VVa for
fXa causes a decrease in the ability of prothrombinase to efficiently generate thrombin,
suggesting that the interaction of fVVa with fXa increases the catalytic capability of fXa.
This study shows that residues 323, 324, 330 and 331 of the A2 domain of fVa are
important for the association between fVVa and fXa and that the loss of any of these sites
will result in a weakened interaction between fVa and fXa that can be compensated for
by increasing the concentration of the cofactor molecule, but a loss of all of these

residues result in a cofactor molecule that is incapable of interacting properly with fXa

and consequently incapable of properly functioning as a cofactor.
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CHAPTER I11
A CONTROL SWITCH FOR PROTHROMBINASE

3.1 ABSTRACT

Previous studies have demonstrated that residues 695-698 of the A2 domain of the heavy
chain of fVa are involved in recognition of prothrombin by prothrombinase and that a
synthetic peptide representative of this region strongly inhibits prothrombinase by
substrate depletion. We have shown that a pentapeptide representative of this region
(DYDYQ (D5Q)) strongly inhibits thrombin generation by prothrombinase by
specifically inhibiting the initial prothrombinase catalyzed cleavage of prothrombin at
R* In contrast, the interaction of D5Q with prothrombin accelerates the rate of initial
cleavage at R?"* of prothrombin in reactions catalyzed by lipid-bound fXa, however
thrombin production is inhibited due to a slower rate of the subsequent cleavage at R
of the prethrombin2/fragment 1.2 intermediate. Recombinant prothrombin molecules

only capable of being cleaved at one of the activation sites were used to confirm results

obtained with plasma-derived prothrombin; rMZ-11 (R** > A, R** > A and R®* > A)
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and rP2-11 (R™ > A, R®* > A and R*® > A). Comparison of prothrombinase
inhibition by D5Q with the hirudin derived peptides demonstrated dissimilar inhibitory
patterns. While the hirudin peptides strongly inhibited the prothrombinase catalyzed
activation of prethrombin 1 in the absence and the presence of fragment 1, D5Q
demonstrated little inhibition in these reactions. In contrast the prothrombinase catalyzed
activation of the prethrombin 2/fragment 1.2 intermediate was strongly inhibited in the
presence of D5Q, while the hirudin peptide showed little inhibition in this reaction. In
conclusion, D5Q strongly inhibits thrombin generation by both prothrombinase and lipid-
bound fXa in a manner independent from the hirudin peptides.
3.2INTRODUCTION

The maintenance of blood vessel integrity is dependent on the timely generation

of thrombin in response to vascular injury. Thrombin is generated through two sequential

1 320

activating cleavages occurring at Arg®"* and Arg*° catalyzed by membrane-bound
activated factor X (fXa). Though membrane-bound fXa catalyzes both of the activating
cleavages on the zymogen prothrombin, membrane-bound fXa is inefficient in this
process in the absence of activated factor V (fVa). The association of fXa with fVVa on a
membrane surface in the presence of divalent metal ions results in the formation of the
prothrombinase complex (1). The formation of the prothrombinase complex results in a
reversal of the activating cleavages of prothrombin accompanied by a 300,000 fold
increase in the rate of thrombin formation (2).

Membrane-bound fXa activates prothrombin through initial activating cleavage

271

occurring at Arg“'" resulting in the enzymatic inactive intermediate prethrombin 2

(residues 272-579) and fragment 1.2 (residues 1-271). Subsequent cleavage of
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prethrombin 2 at Arg*?°

produces the active enzyme thrombin. The incorporation of fVa
into the prothrombinase complex directs catalysis by fXa in a manner resulting in a
reversal of the order of the activating prothrombin cleavages (3). The prothrombinase

320

complex initial cleavage of prothrombin occurs at Arg”" generating the meizothrombin

intermediate (4). Meizothrombin is an enzymatic intermediate that is quickly consumed

by prothrombinase by cleavage at Arg"™

to generate thrombin. Figure 1 shows the two
pathways to thrombin generation as catalyzed by membrane-bound fXa and the
prothrombinase complex. The molecular details on fVa’s involvement in prothrombinase
are not well understood.

The zymogen factor V (fV) is composed of three homologous A domains, a B
domain and two homologous C domains that are arranged in an Al-A2-B-A3-C1-C2

fashion (5). The zymogen fV is composed of 2196 amino acids and has a relative

molecular weight of 330,000. Proteolytic activation of fV occurs through three sequential

709 1018 1545
, Arg

thrombin catalyzed cleavages occurring after residues Arg and Arg
resulting in an amino-terminally derived heavy chain composed of residues 1-709
associated through Ca?* to the carboxyl-terminally derived light chain composed of
residues 1546-2196 (6,7). The activated cofactor, fVa, is involved in recognition of all of
the components of prothrombinase. It is well established that both the heavy and light
chains of fVa interact with fXa and that the light chain of fVa is involved in interacting
with activated membrane surfaces (8-10). It has also been demonstrated on several

occasions that the carboxyl-terminal region of the heavy chain is involved in substrate

recognition by directly interacting with prothrombin (11-14).
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The carboxyl-terminal region of the heavy chain of fVVa has a highly acidic region
that shares homology with hirudin, a known anticoagulant molecule that inhibits
prothrombin activation by directly interacting with prothrombin (15). We have recently
shown that a synthetic pentapeptide from this region with the sequence DYDYQ
(representative of residues 695-699) strongly inhibits thrombin generation by
prothrombinase (16). This peptide has also been shown to directly inhibit thrombin
mediated activation of fV (17). A recent recombinant study deleted the carboxyl terminal
region of the heavy chain of fV and showed the cofactor had decreased specific activity
in clotting assays (~80%), while activity based assays suggested an increased rate of
thrombin production (~120%) (18).

3.3 EXPERIMENTAL PROCEDURES

Materials, reagents and proteins — L-a-phosphatidylserine (PS) and L-a-
phosphatidylcholine (PC) were purchased from Avanti Polar Lipids (Alabaster, AL) and
prepared as previously described (19) followed by quantification by a phosphorus assay
as previously described (20). The chromogenic substrate Spectrozyme-TH, normal
reference plasma and fll deficient plasma were purchased from America Diagnostica, Inc
(Greenwich, CT). Human a-thrombin, prothrombin, prethrombin 1, prethrombin 2,
fragment 1.2, fragment 1, fragment 2, and the fluorescent thrombin inhibitor
dansylarginine-N-(3-ethyl-1,5-pentanediyl)amide  (Dapa), were purchased from
Hematologic Technologies, Inc. (Essex Junction, VT). The monoclonal antibody ahFV1
coupled to Sepharose, and the two monoclonal antibodies against factor V (against the
heavy and the light chains respectively, aHFVuc#17 and aHFV c#9) were provided by

Dr. Kenneth G. Mann (Department of Biochemistry, University of Vermont, Burlington,
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VT). Human fXa was purchased from Enzyme Research Laboratories (South Bend, IN).
Diisopropyl fluorophosphates (DFP), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(Hepes), Trizma base, Coomassie Blue R-250, Hirudin 54-65 (sulfated hirudin, Hir**®
(SO3)), hirudin 54-65 (Hir***®, non-sulfated hirudin) and factor \VV-deficient plasma were
purchased from Sigma. Polyethylene glycol (Mr 8000) was purchased from J. T. Baker
(Danvers MA). The chemiluminescent reagent ECL™ and heparin-Sepharose were from
Amersham Biosciences. The thromboplastin reagent (recomboplastin) used in the clotting
assays was purchased from Beckman (Fullerton, CA). The pentapeptide DYDYQ (D5Q)
and its sulfated version (D5Q1,2) were custom synthesized by New England Peptide Inc.
(Gardner, MA) and by American Peptide Company (Sunnyvale, CA). Human fV and fVa
were purified and concentrated using methodologies previously described employing the
monoclonal antibody ahFV#1 coupled to sepharose and heparin-sepharose (21-23). The
recombinant prothrombin molecules, rP2-11 and rMZ-11, were prepared and purified as
previously described (24,25).

Procedures for Working with Synthetic Peptides — All peptides were custom made
by New England Peptide and stored in a desiccator at -20°C for future use. Samples
weighing between 3 — 5mg of peptides were diluted in 1ml of water and thoroughly
mixed followed by centrifugation at 14,000RPM for 5 minutes to remove any particles
not in solution. Aliquots of every peptide preparation were frozen for sequence analysis
to confirm the concentration and composition of the peptides, and all peptides solutions
were used within a week or stored at -20°C for future use. The concentration of the
peptides was calculated based on the weight (mg) of peptide divided by the volume of

water (ml) dissolved corrected for the percent peptide concentration provided by New
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England Peptide. All calculated concentrations were confirmed through amino-terminal
sequence analysis of every peptide solution.

Measuring D5Q Inhibition of Prothrombin Activation — Activity assays
measuring the inhibitory potential of D5Q were monitored through cleavage of a
chromogenic substrate specific for thrombin. Incubation of prothrombin with increasing
concentrations of D5Q or an equivalent volume of buffer was performed for 10 minutes
before addition into reaction mixtures. Since D5Q inhibition has been shown to act on the
substrate, reactions were performed in the presence and absence of fVa to assay the
effects the interaction of prothrombin with the peptide has on prothrombinase and fXa
catalyzed reactions independently. In both cases reaction mixtures contained 20uM PCPS
and 10uM DAPA in a HEPES buffer containing 5mM Ca?*. Results are presented as
percent control with respect to the control reactions performed in the absence of D5Q. All
reactions were performed in triplicate and the graphing program Prisma 2.01 was used for
interpreting data and generating graphs of percent inhibition against D5Q concentration.

SDS Page Analysis of D5Q Inhibition on Prothrombin Activation. — The effects

D5Q inhibition has on prothrombin activation was visualized and monitored through SDS
PAGE of both prothrombinase and fXa catalyzed reactions. Titration of prothrombinase
and fXa catalyzed reactions with increasing concentrations of D5Q demonstrated the
concentration dependence of D5Q inhibition and indicated which pathway to
prothrombin activation was used or inhibited. Measurements of prothrombin
consumption were performed through densitometry scanning using U-SCAN-IT software.
In all cases prothrombin was incubated with increasing concentrations of D5Q for 10

minutes at ambient temperature before addition into reaction mixtures containing 20uM
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PCPS, 10uM DAPA and 10nM fVa when present. Aliquots of the reaction mixture
before the addition of fXa were removed and placed in two fold volume of 0.2M acetic
acid for a sample before the reaction was initiated. Reactions were initiated by the
addition of fXa and additional time points were removed along the course of the reaction
and placed into 0.2M acetic acid to stop the reaction. A centrivap was used to concentrate
all samples followed by reconstituted in 0.1M Trizma buffer, 1% BME and 1% SDS at
pH 6.8. SDS PAGE was stained with coomassie blue and densitometry scanning was
performed to measure the rates of prothrombin consumption throughout both series of
titrations. Comparison of the rates obtained from inhibited reactions to control reactions
performed in the absence of D5Q were performed.

D5Q Inhibition With Respect to Individual Prothrombin Cleavages —The effects
of D5Q inhibition on the individual prothrombin activating cleavages were determined
independently of each other using the recombinant prothrombin molecules rMZ-I1 and
rP2-11 which are only capable of being cleaved at R* and R*"* respectively. SDS PAGE
monitored both prothrombinase and fXa catalyzed reactions titrated with D5Q using
either rMZ-11 or rP2-11 as substrate for the reactions. This allowed us to measure the
inhibitory effect of D5Q on both prothrombin activating cleavages independently.
Incubation of the respective prothrombin mutants with D5Q was performed at ambient
temperature for 10 minutes before addition into the reaction mixtures. Aliquots of 5ug
were removed from reaction mixture before and at specific time intervals after the
addition of fXa and placed in two fold volume of 0.2M acetic acid followed by

concentration in a centrivap for preparation of SDS PAGE. Stained gels were subjected to
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densitometry scanning to measure the rate of rMZ-1l or rP2-1I consumption and
compared to the rates of the uninhibited control reactions performed at the same time.
Plasma-Derived Prothrombin Fragments - Since the activation of prothrombin
consists of more than one activating cleavage, the physiological substrates of
prothrombinase include all of the normally occurring prothrombin derivatives. The
prothrombin fragments used throughout this series of experiments were purchased from
HTI and consist of prothrombin (residues 1-579), prethrombin 1 (residues 156-579),
prethrombin 2 (residues 272-579), fragment 1-2 (residues 1-271), fragment 1 (residues 1-
155) and fragment 2 (residues 156-271). All proteins were dialyzed in trizma buffered
saline solution composed of 20mM trizma at pH 7.40 containing 5mM CaCl,. Their
concentrations were determined using the extinction coefficients (¢'*,g0nm) and molecular
weights as follows; prothrombin 13.8 and 72,000, prethrombin 1 17.8 and 50,500,
prethrombin 2 17.3 and 37,000, fragment 1.2 11.2 and 34,500 and thrombin 18.3 and
36,700. Protein aliquots were frozen after dialysis for future use. Reactions using the
substrate prethrombin 1 were performed in the presence and the absence of fragment 1
and reactions using the substrate prethrombin 2 were performed in the presence and
absence of fragment 1, fragment 2 and fragment 1-2. The substrate concentration for all
reactions was at least twice that of their reported Km to ensure maximum velocity of the
uninhibited enzyme and specific reaction conditions are given in the figure legends.
Activity Assays for Determining Thrombin Production — Measurements of the rate
of activation of prothrombin and prothrombin derived fragments were performed in a
discontinuous assay monitored through cleavage of a chromogenic substrate specific for

thrombin (Spectrozyme TH, America Diagnostica). Reactions mixtures were prepared in
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Figure 3.3
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Figure 3.3 — SDS PAGE analysis of prothrombin activation. Reactions performed
in the absence and the presence of DYDYQ were subjected to SDS PAGE analysis to
determine the effect DYDYQ had on the pathway to thrombin generation. Panel A
shows a prothrombinase catalyzed reaction demonstrating the optimal rate of the
reaction with initial cleavage occurring at Arg®?® as evident by the presence of F1.2A.
Panel B shows a prothrombinase catalyzed reaction performed in the presence of
20puM DYDYQ and demonstrates initial cleavage occurring at Arg®’* as evident by the
presence of prethrombin 2. Aliquots from both reaction mixtures were removed at 0,
20, 40, 60, 80, 100, 120, 140, 160, 180, 200, 220, 240, 300, 360, 600, 1200, 1800 and
3600 seconds after the addition of fXa. The prothrombin derived fragments are
labeled: Il, prothrombin (residues 1-579); F1-2A, fragment 1.2 A chain (residues 1-
320); F1-2, fragment 1.2 (residues 1-271); P2, prethrombin 2 (residues 271-579); B, B
chain of thrombin (residues 320-579).
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concentration of D5Q (20uM). In the presence of 20uM D5Q prothrombin consumption
by prothrombinase is greatly delayed with the initial activating cleavage occurring at
Arg?™ as evident by the occurrence of prethrombin 2 and fragment 1.2. The subsequent

cleavage occurring at Arg®?

produces thrombin at a greatly delayed rate. Prothrombin
was still present within the reaction mixture after an hour of incubation.

To determine the concentration dependence of the peptide on the switch in
pathways and the concentration at which meizothrombin formation is completely
inhibited a titration of D5Q on a prothrombinase catalyzed reaction was monitored
through SDS PAGE. Figure 4 shows the effects of increasing concentrations of D5Q on
prothrombinase activation of prothrombin. Panels A — D demonstrate the disappearance
of fragment 1.2A, representative of meizothrombin, corresponding to an increased
production of prethrombin 2 as seen in panels C — F. As the concentration of D5Q is
increased from 2uM to 4.2uM the preferred pathway to thrombin formation by

prothrombinase switches from the meizothrombin intermediate to the prethrombin 2

intermediate, because the initial activating cleavage of prothrombin by prothrombinase

320 271

switches from Arg®” to Arg®" and consequently the rate at which prothrombin is
consumed is greatly inhibited. Densitometry scanning of SDS PAGE presented in figure
4 show the rate decrease of prothrombin consumption in the presence of varied
concentrations of D5Q. A 41-fold decrease in the rate of prothrombin consumption is
observed as the concentration of the peptide is raised to 20uM.

To assay the peptide’s effect of the peptide on both prothrombin activating

cleavages independently of each other, two recombinant prothrombin mutants were

employed which were only capable of one activating cleavage. The prothrombin mutants

69



Figure 3.4

M1 2 3 45 678910111213 141516171819 M 1 2 3 4 5 6 7 8 910 1112 1314 1516171819

BF1.2-A
F1e2
P2
e wewwewewwyw v G —— R—— i o]
0 uM 4.2 uM
M 12 3456 78 91011121314 15 16171819 M1 2 3 4 56 7891011 1213 14 1516171819
RF12-A
« rF1.2
- P2
B - eeweoeee e -w -~ E . wewkEB
0.2 uM 8.5 uM
M1 2 3 45 6 7 8 91011121314 1516 171819 M1 2 3 4 5 6 7 8 9 101112131415 16 171819
=F12-A
EF1e
- -P
- - ew = -—- - ~w “EB
2 uM 16.5 pM

Figure 3.4 — SDS PAGE analysis of DYDYQ titration of prothrombinase
catalyzed reaction. Plasma derived prothrombin was incubated with increasing
concentrations of DYDYQ as indicated in the figure. The time points and the
prothrombin derived fragments are the same as indicated in figure legend 3. The
concentrations of DYDYQ used throughout this experiment were: Panel A,
prothrombinase in the presence of OuM DYDYQ; panel B, prothrombinase in the
presence of 0.2uM DYDYQ; panel C, prothrombinase in the presence of 2uM
DYDYQ; panel D, prothrombinase in the presence of 4.2uM DYDYQ; panel E,
prothrombinase in the presence of 8.5uM DYDYQ; panel F, prothrombinase in the
presence of 16.5uM DYDYQ.
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Table 3.1

Plasma-derived
Peptide Concentration Prothrombin Fold Decrease
moles consumed - s-

uM 1 - mole fXa-1

0 8.2+0.6

0.2 54+0.6 1.5
4.2 3.2+04 2.6

8 0.87 +0.3 9.4
8.5 05+0.2 16.4
16.5 04+0.2 20.5
20 0.2+0.2 41

Table 3.1 — Scanning densitometry. The rates of prothrombin consumption in the
presence of increased DYDYQ concentrations were generated through densitometry of
the gels presented in figures 3 and 4. The fold decrease in the rate of prothrombin
consumption was generated as a ratio of the prothrombinase catalyzed reaction
performed in the absence of DYDYQ to the prothrombinase catalyzed reaction in the
presence of DYDYQ.
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MZ-11 (R™ > A, R*™ > Aand R® > A) and rP2-11 (R™* > A, R®* > Aand R* >
A) were used in prothrombinase catalyzed reactions performed in the presence and
absence of D5Q to assay the peptide’s effect on the individual activating cleavages
independently of each other. Figure 5 presents SDS PAGE analysis of prothrombinase
catalyzed reactions performed on rMZ-I1 (panel A) and rP2-11 (panel B). Panel A shows
the reaction performed in the absence of D5Q in lanes 1 — 9 and the reaction performed in
the presence of D5Q, lanes 10 — 18, demonstrating the inhibition of the initial cleavage at
Arg®®. Panel B shows the prothrombinase catalyzed activation of rP2-11 in the absence
(lanes 1 — 9) and the presence of D5Q (lanes 10 — 18) and demonstrates that D5Q has
little effect on the activating cleavage of prothrombin at Arg?’*. Densitometry scanning of
SDS PAGE presented in figure 5 and SDS PAGE not shown are presented in table 2 and

demonstrate the selective inhibition of D5Q on the activating cleavage at Arg®?°

, when
the reaction is catalyzed by prothrombinase. Although at high D5Q concentrations
inhibition of initial activating cleavage at Arg®’* is observed.

To assay the effect of the interaction of D5Q with prothrombin has on the fXa
catalyzed activation of prothrombin activity assays monitored through the cleavage of a
chromogenic substrate were performed on a D5Q titration. Figure 6 shows the titration of
D5Q on the activity of a fXa catalyzed activation of prothrombin 50% inhibition occurred
at a 12uM D5Q concentration. However concentrations of D5Q as high as 48uM were
incapable of completely inhibiting thrombin formation by fXa. SDS PAGE analysis of
the lipid-bound fXa catalyzed activation of prothrombin demonstrated a greatly

accelerated rate of prothrombin consumption, but showed a delayed generation of

thrombin. Figure 7 demonstrates the rapid consumption of prothrombin with the
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Figure 3.5
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Figure 3.5 — Analysis of prothrombinase catalyzed activation of recombinant
prothrombin molecules in the absence and presence of DYDYQ. Reactions were
performed using the recombinant prothrombin molecules rMZ-11 and rP2-11 which are
only capable of being cleaved at Arg*?® and Arg®’* respectively. Lanes 1-9 and 10-18
are aliquots that were removed before the addition of fXa and 1, 4, 6, 10, 20, 30, 45
and 60 minutes after the addition of fXa. The table was generated through
densitometry scanning and gives the rate of prothrombin consumption in the absence
and the presence of DYDYQ for both of the respective recombinant prothrombin
molecules.

* The rates that are presented are moles consumed - s*- mole fXa™

** NS, not significant consumption.
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Figure 3.6

12 24 48 uMDYDYQ

Figure 3.6 — DYDYQ titration against membrane-bound fXa catalyzed activation
of prothrombin. Prothrombin (1.4uM) was incubated with increased concentrations
of DYDYQ for ten minutes before addition into a reaction mixture containing fXa.
The initial velocity of the reactions were measured and compared to reactions
performed in the absence of DYDYQ. All measurements were performed in triplicate
using different protein and peptide preparations and error bars are representative of
standard deviation.
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Figure 3.7
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Figure 3.7 — SDS PAGE analysis of membrane-bound fXa activation of
prothrombin in the absence and the presence of DYDYQ. Plasma-derived
prothrombin was incubated with DYDYQ or an equivalent volume of buffer for ten
minutes before addition into a reaction mixture containing 2.5nM fXa. Panel A is the
reaction that was performed in the absence of DYDYQ and panel B is the reaction that
was performed in the presence of 24uM DYDYQ. Lanes 1-19 are aliquots that were
removed before the initiation of the reaction and 0.5, 1, 3, 5, 7, 10, 12, 15, 20, 30, 45,
60, 75, 90, 105, 120, 150 and 180 minutes after the reaction was started. The
prothrombin fragments are the same as described in figure 3 with the additional
fragments being: P1, prethrombin 1 (residues 156 — 579) and F1, fragment 1 (residues
1-155).
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accumulation of the prethrombin 2 intermediate, evident of initial activating cleavage
occurring at Arg>™t. However the production of thrombin is greatly delayed as evident by
the delayed appearance of the B-chain of thrombin, meaning the subsequent cleavage of

the prethrombin 2/fragment 1.2 at Arg®®

is strongly inhibited.

To evaluate the effects D5Q has on the individual activating cleavages
independently in a fXa catalyzed reaction the recombinant prothrombin mutants rMZ-II
and rP2-11 were once again employed. Figure 8 shows SDS PAGE analysis of the fXa
catalyzed activation of the recombinant prothrombin molecules in the absence and the
presence of D5Q. Panel A shows the cleavage of the rMZ-Il prothrombin mutant by
lipid-bound fXa and demonstrates that the presence of D5Q (lanes 10-18) has little effect

on the activating cleavage at Arg*?°

when compared to the control reaction performed in
the absence of peptide (lanes 1-9). Panel B shows the consumption of the rP2-1I
prothrombin mutant by lipid-bound fXa (lanes 1-9) and demonstrates a greatly
accelerated rate of the cleavage at Arg®’! in the presence of 20uM D5Q (lanes 10-18).
Densitometry scanning of the SDS PAGE presented in figures 7 and 8 and additional
SDS PAGE of reactions performed in the presence of different D5Q concentrations not
shown are presented in table 3. A D5Q concentration of 48uM accelerated the rate of
plasma derived prothrombin consumption by lipid-bound fXa by 50-fold, while a lower
concentration of D5Q (24uM) accelerated the rate of rP2-11 consumption by lipid-bound
fXa 70-fold. Table 3 also demonstrates that D5Q has little effect on the rate of proteolysis

320

at Arg " as evident by the similar rate of rMZ-11 consumption by lipid-bound fXa in the

absence or presence of D5Q.
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Figure 3.8
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Figure 3.8 — Analysis of the activation of the recombinant prothrombin molecules
by membrane-bound fXa. Membrane-bound fXa was used in SDS PAGE monitored
reactions with the two prothrombin mutants rMZ-11 and rP2-11 as substrates used in the
reactions performed in the presence and absence of DYDYQ. Lanes 1-9 and 10-18 are
aliquots of the reaction mixture that were pulled out before initiation of the reaction
and 5, 15, 30, 60, 90, 120, 150 and 180 minutes after the addition of fXa into the
reaction mixture. The prothrombin derived fragments are the same as explained in

figure legend 3.
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Table 3.2

Peptide
Concentration | Plasma-derived

(uM) Prothrombin rMZ-11 rP2-11
0 0.06 + 0.03* 0.08 +0.022 | 0.014 + 0.005
12 2+0.3 0.3+0.09
20 0.06 + 0.03 0.5+ 0.09
24 3.1+0.2 1+04
48 3+0.7

Table 3.2 — Rates of prothrombin consumption by membrane-bound fXa.
Densitometry scanning of the SDS PAGE shown in figures 7 and 8 were performed to
measure the rates of consumption of prothrombin and recombinant prothrombin
mutants rMZ-11 and rP2-11 in reactions performed in the absence and presence of
increasing concentrations of DYDYQ.

* Rates of prothrombin consumption are measured as moles consumed - s - mole
fXal.
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Since the carboxyl-terminal portion of the heavy chain of fVVa shares homology
with the hirudin derived anti-coagulant peptide molecules, we next investigated the
similarity of inhibition between D5Q and the hirudin derived peptides. It has been
previously determined that the hirudin peptides’ interaction with thrombin enhances the
ability of thrombin to cleave thrombin specific chromogenic substrates. To investigate the
possibility that the interaction of D5Q has a similar effect on thrombin’s ability to cleave
chromogenic substrates, D5Q and the hirudin peptides were incubated in the presence of
thrombin before the addition of the chromogenic substrate S-2338. Figure 9 show that the
interaction of the sulfated and non-sulfated versions of the hirudin peptides increases the
rate of cleavage of S-2338, while the interaction of D5Q with thrombin does not enhance
the observed rate. This indicates that the hirudin peptides ability to inhibit thrombin
formation in activity assays monitored through cleavage of a chromogenic substrate are
misleading, since a dual effect is observed.

To assay the ability of the hirudin peptides on the pathway to thrombin formation
SDS PAGE of prothrombinase catalyzed activation of prothrombin were performed.
Figure 10 shows the results generated when prothrombin was incubated in the absence
and presence of 100uM of the sulfated and non-sulfated versions of the hirudin peptides
(panels B and C). Panel A shows the uninhibited reaction and demonstrates the optimal
rate of thrombin generation by a prothrombinase catalyzed reaction. Panel B shows the
reaction under the same conditions, but in the presence of 100uM hir**(SO3) and
demonstrates approximately 50% inhibition, while panel D shows the same reaction as
monitored through the cleavage of a chromogenic substrate and implies an increased rate

of thrombin generation due to the increased activity of thrombin to cleave S-2238 in the

79



Figure 3.9
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Figure 3.9 — Direct effect of peptides on thrombin’s cleavage of Spectrozyme TH.
Thrombin (50nM) was incubated in the presence of DYDYQ, Hir**%(S03-), and
Hir**®® for ten minutes before addition of the chromogenic substrate, Spectrozyme
TH. After five minutes incubation the optical density of the samples were read at
405nm. All samples were performed in triplicate and error bars are representative of
standard deviation.
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Figure 3.10
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Figure 3.10 — SDS PAGE analysis of Hir**®(S0s-) and Hir>*® inhibition of
prothrombinase catalyzed activation of prothrombin. Panel A is a control reaction
performed in the absence of peptide. Panel B is a reaction performed in the presence
100uM hir**®*(S0s-). Panel C is a reaction that was performed in the presence of
100uM Hir**®, Lanes 1-19 are representative of aliquots removed from the respective
reaction mixtures before the addition of fXa and 20, 40, 60, 80, 100, 120, 140, 160,
180, 200, 220, 240, 300, 360, 600, 1200, 1800 and 3600 seconds after the addition of
fXa. Panel D is a measurement of the initial rates of the reactions shown in panels A-C
that was measured through the cleavage of a chromogenic substrate specific for
thrombin and compared to a thrombin standard for quantification. Error bars are
representative of standard deviation and graph was generated using Prisma Graphing
software.
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Table 3.3

Prothrombin

Consumption Prothrombin Thrombin Thrombin

(moles Consumption [Formation (nMlla[ Activity

consumed - s- (Percent of | Formed - min- (Percent

Prothrombinase| 1 - mole fXa-1) Control) 1. nMfXa-1) Control)

Control (no

peptide) 26.1+1.2 100 1770.2 + 227 100
Hir54-65(S03-) 126 +0.6 48.3 2549.3 + 331 144
Hir54-65 15+1 5.8 135.3 + 80 7.6
DYDYQ 0.07+0.2 0.3 60.3 + 26 3.4

Table 3.3 — Comparison of densitometry scanning and activity based assays. SDS
PAGE from figure 10 were subjected to densitometry scanning to determine the rate of
prothrombin consumption. The rate of thrombin generation was determined through
activity based assays monitoring thrombin generation through cleavage of a
chromogenic substrate specific for thrombin. Comparison of the two methods of
determining thrombin generation demonstrates the misleading nature of monitoring
inhibition by the hirudin peptides using a chromogenic substrate specific for thrombin.
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presence of 100uM hir®*®(SO3). Panel C shows the reaction performed in the presence

of 100uM Hir**®® and demonstrates a greatly inhibited generation of thrombin, however

initial cleavage still occurs at Arg®®

as evident by the generation of fragment 1.2A. Panel
D shows the rate of thrombin generation in the absence and presence of the hirudin
peptides and D5Q as determined by an activity assay monitored through the cleavage of
the chromogenic substrate S-2338, demonstrating the discrepancy of the inhibitory
potential of the hirudin peptides when monitored in this fashion. Densitometry scanning
of the SDS PAGE presented in figure 10 was performed to generate the rates of
prothrombin consumption presented in table 3, establishing the discrepancy between the
two ways of monitoring the inhibitory potential of the respective peptides.

Since the inhibition of the hirudin peptides on the generation of thrombin by
prothrombinase has previously been shown to be optimal in the absence of a membrane
surface, D5Q was next titrated against a fXa/fVa complex generated in the absence of
PCPS. Figure 11 shows a similar inhibition response to D5Q concentration as compared
to a titration of D5Q in the presence of a fully assembled prothrombinase complex
assembled on a PCPS surface. This demonstrates a contrast between the inhibition of
D5Q when compared to the hirudin peptides because the presence of a membrane surface
has little influence on the inhibitory potential of D5Q on the fXa/fVa complex.

As a means of monitoring the effect that Hir’*®*(SO3) and D5Q has on the
pathway to thrombin generation, reactions performed in the absence and presence of the
respective peptides and monitored through SDS PAGE. Figure 12 consists of time
courses of prothrombin activating reactions performed in the absence of a lipid bilayer

catalyzed by fXa (panel A), a fXa/fVa complex (panel B), a fXa/fVa complex in the
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Figure 3.11
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Figure 3.11 - DYDYQ titration of a f\Va/fXa complex in the absence of PCPS. To
assay the dependency of a membrane surface on the inhibitory potential of DYDYQ a
complex of fVa/fXa was titrated with an increasing concentration of DYDYQ.
Prothrombin (500nM) was incubated in the presence of increasing concentrations of
DYDYQ for ten minutes before addition into a reaction mixture containing 10nM fXa,
5nM fVa and 3uM DAPA. Initial rates of thrombin generation were measured and
reactions performed in the presence of DYDYQ were compared to reactions
performed in the absence of peptide as a means of determining the percent inhibition
due to the concentration of DYDYQ present. All reactions were performed in triplicate
and error bars are representative of standard deviation.
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Figure 3.12
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Figure 3.12 — SDS PAGE analysis of fVa/fXa complex in the presence of DYDYQ
and Hir**(SO3). To monitor the effect of the peptides on the pathway to
prothrombin activation in the absence of PCPS SDS PAGE was used to monitor
reactions. Panel A is a control reaction catalyzed by fXa, in the absence of fVVa. Panel
B is a control reaction performed in the presence of a fXa/fVa complex. Panel C is a
reaction catalyzed by a fXa/fVa complex performed in the presence of DYDYQ. Panel
D is a reaction catalyzed by a fXa/fVa complex performed in the presence Hir**
®(S0O3). Lanes 1-19 are aliquots that were removed from the reaction before the
addition of fXaand 0.5, 1, 3, 5, 7, 10, 12, 15, 20, 30, 45, 60, 75, 90, 105, 120, 150 and
180 minutes after the addition of fXa. The prothrombin derived fragments are the
same as identified in figure 3.
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presence of 92uM D5Q (panel C) and a fXa/fVa complex in the presence of 100uM
Hir**®°(SO5). Panel A shows the ability of fXa to activate prothrombin in the absence of
PCPS, thrombin is slowly generated through initial cleavage occurring at Arg** as
evident by the generation of the prethrombin 2 intermediate. Panel B shows a greatly
accelerated generation of thrombin due to the addition of fVVa into the reaction mixture,
however in the absence of the PCPS surface the initial activating prothrombin cleavage
occurs at Arg?>™t. The addition of Hir***(SO5) (panel C) and D5Q (panel D) slows the
generation of thrombin by the fXa/fVa complex at a rate similar to that observed by the
fXa catalyzed reaction (panel A).

Prethrombin 1 is a naturally occurring derivative of prothrombin that is generated
through proteolysis at Arg™> by thrombin or fXa and results in the generation of fragment
1 (prothrombin residues 1 — 155) and prethrombin 1 (prothrombin residues 156 — 579).
Activity assays measuring thrombin generation by prothrombinase in the absence and

presence of Hir**®

(SO3) and D5Q were performed using prethrombin 1 in the absence
and presence of fragment 1. Figure 13 shows the percent activity of these reactions and
demonstrates the inability of D5Q to inhibit prothrombinase catalyzed activation of

prethrombin 1, while Hir>*®

(SO3) inhibited prethrombin 1 activation both in the absence
and presence of fragment 1. The dissimilar inhibition of reactions performed with
prethrombin 1 as a substrate, again suggest dissimilar interaction of the two peptides with
prothrombin.

To monitor the pathways to thrombin production from the prethrombin 1 substrate

in the absence and presence of fragment one and the effects of Hir****(S05) and the D5Q

peptides SDS PAGE was performed. Figure 14 show reactions performed using
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Figure 3.13

Prel alone Prel+F1

100

80

60

40

20

Control DYDY Hir*®(SO;) Control DYDY Hir*® (SOy)

Figure 3.13 — Activity assays measuring prothrombinase catalyzed activation of
prethrombin 1 in the absence and presence of fragment 1. The prothrombinase
catalyzed activation of prethrombin 1 was monitored through the chromogenic
substrate specific for thrombin, Spectrozyme TH. Reactions performed in the presence
of the DYDYQ and Hir**®(SO3") were compared to control reactions performed in the
absence of these peptides to determine the percent inhibition. Panel A shows the
prothrombinase catalyzed activation of prethrombin 1 in the absence and the presence
of DYDYQ and Hir**®*(SO3). Panel B shows the prothrombinase catalyzed activation
of prethrombin 1/fragment 1 in the absence and the presence of DYDYQ and Hir**
%5(S05). All reactions were performed in triplicate and error bars are representative of
standard deviation.
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Figure 3.14
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Figure 3.14 — SDS PAGE analysis of prothrombinase catalyzed activation of
prethrombin 1. Panels A and B are control reactions monitoring the activation of
prethrombin 1 catalyzed by membrane-bound fXa (10nM) in the absence (panel A)
and presence (panel B) of fragment 1. Panels C and D are prothrombinase (1nM fXa
and 15nM fVa) catalyzed activation of prethrombin 1 in the absence (panel C) and
presence (panel D) of fragment 1. Panels E and F are the same conditions as panels C
and D, but in the presence of 92uM DYDYQ. Panels G and H are the same conditions
as panels C and D, but in the presence of 100puM Hir***(SO3). Lanes 1-19 are
aliquots from the various reaction mixtures that were removed before the addition of
fXaand 1, 2, 3,4,5,6,7,8,9, 10, 12, 15, 20, 30, 45, 60, 90 and 120 minutes after the
addition of fXa. The prothrombin derived fragments are the same as identified in
figures 3 and 7 with F2-A being fragment 2 covalently attached to the A chain of
thrombin (residues 156 — 320).
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prethrombin as a substrate in the absence and the presence of fragment 1. Panels A and B
are control reactions catalyzed by fXa and demonstrate the insufficient generation of
thrombin by lipid-bound fXa in the absence of fVa. Panels C and D are prothrombinase
catalyzed reactions and show that in the absence of fragment 1 (panel C) both
prethrombin 1 activating cleavages occur at similar rates. When fragment 1 is added into

320

the reaction mixture (panel D) the initial cleavage occurs at Arg”", as evident by the

occurrence of fragment 2A, with the sequential cleavage at Arg®’*

occurring at an
accelerated rate. Though the consumption of prethrombin 1 by prothrombinase is slower
in the presence of fragment 1, the generation of thrombin is faster when fragment 1 is
present, because the subsequent cleavage is greatly accelerated. Panels E and F are
reactions performed in the presence of 92uM D5Q and demonstrate that D5Q does not
inhibit prothrombinase catalyzed activation of prethrombin 1 in the absence (panel E) or
the presence of fragment 1 (Panel F). Hir***(SOs) inhibited both the prothrombinase
catalyzed activation of prethrombin 1 in the absence (panel G) and presence of fragment
1 (panel H) as indicated by the activity assay presented in figure 13 and the SDS PAGE
presented in figure 14.

Densitometry scanning of the SDS PAGE presented in figure 14 was performed to
determine the relative rates of prethrombin 1 consumption in the absence and presence of
fragment 1 (Table 4) as well as the relative rate of generation of the B-chain of thrombin
(figure 15). Table 4 shows that the rate of prethrombin 1 consumption by prothrombinase

is 16 + 2.9 moles consumed - s*

. mole fXa*, while the rate of consumption of
prethrombin 1 in the presence of fragment 1 is slower, being 11.1 £ 2.5 moles

consumed - s* - mole fXa™. However, when comparing the generation of the B-chain of
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Table 3.4

Prethrombin 1 +
Enzyme/Inhibitor Prethrombin 1 Fragment 1
(moles consumed - s- (moles consumed - s-
1 - mole fXa-1) 1 - mole fXa-1)

fXa alone (Control) 0.8+0.6 05+04
Prothrombinase (control) 16 +2.9 11.1+25
Prothrombinase + DYDYQ 178+ 2.6 11.4 + 0.55
Prothrombinase + Hir54-65(S03-) 52+35 NS*

Table 3.4 — Densitometry scanning of SDS PAGE measuring the consumption of
prethrombin 1. Densitometry scanning was performed on the SDS PAGE shown in
figure 14 and the rate of prethrombin 1 consumption determined.

*NS, not significant consumption. The concentration of prethrombin 1 varied from
15uM at time 0 to ~12uM following 2 hr incubation with prothrombinase in the
presence of Hir***(S0s-).
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Figure 3.15
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Figure 3.15 — Generation of the B chain of thrombin in the absence and presence
of fragment 1. Densitometry scanning of the prothrombinase catalyzed controls
presented in figure 14 was performed to measure the generation of the B chain of
thrombin. The results are presented as density of B-chain band (arbitrary units * 10°)
verses time (minute) for the prothrombinase catalyzed activation of prethrombin 1 in
the absence and the presence of fragment 1.
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thrombin as shown in figure 15, it is demonstrated that prethrombin 1 is activated
approximately 3-fold faster in the presence of fragment 1, with reversal of the initial

cleavage occurring at Arg®®

as evident by the generation of fragment 2A.

We next looked at the activation of prethrombin 2 (prothrombin residues 271 —
579) in the absence and presence of fragment 1.2 (prothrombin residues 1 — 270) and
fragments derived from fragment 1:2 and the inhibitory potential of the peptides Hir>*
%5(S05) and D5Q on this substrate. Results from activity assays employing prethrombin 2
(panel A), prethrombin 2 in the presence of fragment 1.2 (panel B), prethrombin 2 in the
presence of fragment 1 (panel C), prethrombin 2 in the presence of fragment 2 (panel D),
and prethrombin 2 in the presence of both fragment 1 and fragment 2 (panel E) as
substrates in a prothrombinase catalyzed reactions are presented in figure 16. Once again
we observed a dissimilar inhibition pattern between the Hir>*®(SO5) and D5Q peptides.
D5Q only inhibited the prothrombinase catalyzed reactions employing prethrombin 2 in
the presence of fragment 1.2, Fragment 1 or fragment 1 in addition to fragment 2 (panels
B, C and D respectively) as substrates demonstrating the necessity of the presence of
fragment 1 for D5Q inhibition in the activation of prethrombin 2. While Hir***(S03)
displayed inhibition in reactions using the substrates prethrombin 2, prethrombin 2 in the
presence of fragment 1, prethrombin 2 in the presence of fragment 2 and prethrombin 2 in
the presence of both fragment 1 and fragment 2 (panels A, C, D and E respectively).

SDS PAGE was employed to visualize the prothrombinase catalyzed activation of
prethrombin 2 in the presence of fragment 1.2 and prethrombin 2 in the presence of both
fragment 1 and fragment 2 separately. Figure 17 shows these reactions performed in the

absence and in the presence of both the Hir>*®(SO3") and D5Q peptides. Panels A-C
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Figure 3.16
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Figure 3.16 — Prethrombin 2 activity assays. Panel A shows the activity of a
prothrombinase catalyzed activation of prethrombin 2 in the absence and presence of
DYDYQ and Hir*®*(SO5"). Panel B shows the activity of a prothrombinase catalyzed
activation of prethrombin 2/fragment 1-2 in the absence and the presence of DYDYQ
and Hir’*®(S0O3). Panel C shows the activity of a prothrombinase catalyzed activation
of prethrombin 2/fragment 1/fragment 2 in the absence and the presence of Hir**
%5(S05). Panel D shows the activity of a prothrombinase catalyzed activation of
prethrombin 2/fragment 1 in the absence and presence of DYDYQ and Hir**%(S0y).
Panel E shows the activity of a prothrombinase catalyzed activation of prethrombin
2/fragment 2 in the absence and presence of DYDYQ and Hir**®(SO3). All reactions
were performed in triplicate and error bars are representative of standard deviation.
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Figure 3.17
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Figure 3.17 — SDS PAGE analysis of prethrombin 2 activation in the presence of
fragment 1.2. Fragment 1.2 was used before and after cleavage by fXa (to produce
fragment 1 and fragment 2 non-covalently attached) in reactions monitoring the
prothrombinase catalyzed activation of prethrombin 2 in the presence and absence of
the respective peptides DYDYQ and Hir*®(SO3). Panels A-C and D-F are
prothrombinase catalyzed activations of prethrombin 2 in the presence of fragment 1.2
and in the presence of fragment 1 and fragment 2 respectively. Panels B and E are
reactions performed in the presence of 76uM DYDYQ and panels C and F are
performed in the presence of 100uM Hir*®*(SO5). Panels A-C had aliquots removed
from the reaction mixture before addition of fXa and 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10,
12, 15, 20, 30, 45, 60 and 90 minutes after the addition of fXa. Panels D-F had
aliquots removed from the reaction mixture before addition of fXa, fragment 1 and
fragment 2 and 20, 40, 60, 80, 100, 120, 140, 160, 180, 200, 220, 240, 300, 360, 600,
1200, 1800 and 3600 seconds after the addition of the fXa, fragment 1 and fragment 2
mixture. The prothrombin derived fragments are the same as identified in figure 3 and
7 with F2 being fragment 2 (residues 156-270).
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show the results of the reaction using prethrombin 2 in the presence of fragment 1.2 as
the substrate. Panel A shows the control reaction performed in the absence of any
inhibitors and demonstrates the optimal rate of prethrombin 2 activation when fragment
1.2 is present. As indicated by the activity assay presented in figure 16 when 76 uM D5Q
is present (panel B) the consumption of prethrombin 2/fragment 1.2 and the generation of
the B-chain of thrombin are delayed, while the presence of 100uM Hir****(SO3) (panel
C) had no effect on either the consumption of prethrombin 2/fragment 1.2 or the
generation of the B-chain of thrombin. Panels D-F demonstrate that 76uM D5Q (panel E)
inhibits prethrombin 2 activation in the presence of cleaved fragment 1.2 (reaction
mixture contained both fragment 1 and fragment 2) at a rate similar to that of
prethrombin 2/fragment 1.2 (panel E), while 100pM Hir**®(SO3) strongly inhibited
thrombin formation from prethrombin 2 in the presence of both fragment 1 and fragment
2 it showed little inhibition in the activation of prethrombin 2/fragment 1.-2. The ability of
the Hir’*®(S05") peptide to inhibit the activation of prethrombin 2 was restored upon
cleavage of fragment 1.2.

To directly assay the nonexclusive interaction of the two peptides we next studied
the prethrombin 2 activation in the presence of fragment 1.2 in an activity based assay.
Since the activation of prethrombin 2/fragment 1-2 by prothrombinase was inhibited by
D5Q, but unaffected by Hir**®(SO5), if both peptides were interacting at the same site
on the prethrombin 2/fragment 1.2 the Hir"**(SO5") would interfere with D5Q ability to
inhibit this reaction. Increasing concentrations of Hir**®*(SO3") were incubated in the

presence of prethrombin 2/fragment 1.2 followed by titration with D5Q. Figure 18 shows
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Figure 3.18
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Figure 3.18 — DYDYQ titration of prethrombin 2 activation in the presence of
fragment 1-2 and Hir’*®(SO3). Prethrombin 2 was incubated in the presence of
fragment 1-2 with increasing concentration of Hir**®(SO3) and then this ternary
complex was titrated with increasing concentrations of DYDYQ. Results were
standardized to a thrombin standard and graphed nMlla - min™ - nMfXa™ verse the
concentration of DYDYQ.
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that the inhibitory potential of D5Q was not affected by the increased concentrations of
the Hir’*®(S0O3) peptide suggesting a nonexclusive interaction of the two peptides.
3.5 DISCUSSION

A recent study stated that the carboxyl-terminal portion of the heavy chain of fVa
was not involved in recognition of prothrombin, however the study clearly showed that
the removal of this portion of fVa resulted in a 50% loss in the specific activity of the
cofactor which is consistent with several previous studies which demonstrated the
involvement of the carboxyl-terminal portion of the heavy chain of fVVa in the recognition
of prothrombin. It has also been suggested that the recognition of prothrombin by fXa is
altered in the presence of fVVa due to a prothrombin binding site present on fVa. We have
previous shown that the pentapeptide D5Q inhibited prothrombinase in a competitive
fashion by substrate depletion. In addition we demonstrated that D5Q did not interfere in
the highly specific fVa/fXa interaction. The present study has explored the mode of
inhibition of D5Q on prothrombinase catalyzed activation of all of the physiological
relevant substrates derived from prothrombin.

The present study demonstrated that the interaction of D5Q with prothrombin
resulted in the specific inhibition of cleavage at Arg**° by prothrombinase. Prethrombin 2
in the presence of fragment 1.2 is the naturally occurring intermediate of a membrane-
bound fXa catalyzed activation of prothrombin (pathway 1 in figure 1) and consequently
is a substrate that would naturally occur as a response to an injury, since fXa is generated
before fVa. Therefore prothrombinase would naturally recognize the prethrombin
2/fragment 1-2 intermediate, since the generation of prothrombinase occurs after the

generation of fXa and consequently after some prothrombin has been converted to the
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prethrombin 2/fragment 1.2 intermediate. Interestingly, D5Q was incapable of inhibiting
other naturally occurring derivatives of prothrombin.
Surprisingly, the interaction of D5Q with prothrombin greatly accelerated the

ability of lipid-bound fXa to cleave the zymogen prothrombin at Arg®"*

to produce the
intermediate prethrombin 2/fragment 1.2. The subsequent activating cleavage at Arg®?
by lipid-bound fXa was greatly inhibited due to the interaction of the intermediate with
D5Q resulting in a greatly decreased generation of thrombin by fXa. The interaction of
D5Q with prothrombin or the prethrombin 2/fragment 1.2 intermediates resulted in a
greatly decreased rate of thrombin generation by both prothrombinase and fXa in the
absence of fVa. However D5Q had little inhibitory effect on the activation of other
prothrombin derived fragments or on the activation of prethrombin 2 in the absence of
fragment 1. The prothrombinase catalyzed activation of the intermediates prethrombin 1
or active-site blocked meizothrombin (data not presented) were unaffected by the
presence of D5Q.

Since the carboxyl-terminal region of the heavy chain of fVVa shares homology
with the hirudin derived peptides, we initially postulated that D5Q probably interacted
with prothrombin in a fashion similar to the interaction of Hir**®(SO3") with prothrombin.

However the present study demonstrates that D5Q and Hir>*®

(SO3) have dissimilar
inhibition patterns and suggests that the interaction of D5Q with prothrombin and the
derivatives of prothrombin occur in a manner independent of the interaction of Hir**
%(S05) with prothrombin or the prothrombin derivatives. Further studies directly

identifying the specific binding site of D5Q on prothrombin and its derivatives need to be

performed to establish this, though presently all experimental data imply a distinct
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binding site for D5Q. Finally it is interesting to note that the ability of Hir**®(S0s) to
inhibit the activation of the naturally occurring derivatives of prothrombin demonstrate
almost an exact opposite inhibition pattern as D5Q. While both Hir**®(SO3") and D5Q

54-65

display strong inhibition on prothrombin, Hir**>(SO3’) does not reverse the cleavage

pattern observed. Hir**®

(SO3) strongly inhibit the activation of prethrombin 1, and
prethrombin 2 in the absence of fragment 1.2, while D5Q had little effect in these
reactions. In contrast D5Q strongly inhibited the prothrombinase catalyzed activation of
prethrombin 2 in the presence of fragment 1-2 while Hir>*®(SO3") showed little ability to
inhibit this reaction.

In conclusion, the present study has demonstrated that a synthetic pentapeptide
derived from the carboxyl-terminal portion of the heavy chain of fVa, strongly inhibits
the activation of prothrombin by both prothrombinase and lipid-bound fXa by selectively
inhibiting the activating cleavage that occurs at Arg*?°. While D5Q demonstrated little
ability to inhibit the activation of most prothrombin derived intermediates, it did strongly
inhibit the most commonly generated intermediate, prethrombin 2/fragment 1.2. While
the sequence D5Q occurs within a region of fVVa that shares homology with the well-
established anticoagulant peptide molecule derived from hirudin, the interaction between
prothrombin with D5Q or Hir**®*(SO3) are probably different and result in different

54-65

inhibition pattern when the two molecules (i.e. D5Q and Hir’*™>(SOj3")) are compared.
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CHAPTER IV
THE AMINO-TERMINAL PORTION OF THE LIGHT CHAIN OF FACTOR Va
INTERACTS WITH FACTOR Xa IN THE PROTHROMBINASE COMPLEX

4.1 ABSTRACT

Prothrombinase assembly occurs when activated factor V (fVa) interacts with activated
factor X (fXa) on a phospholipid bilayer in the presence of divalent metal ions. Previous
studies have shown that the A3 domain from the light chain of fVVa contains an interactive
site for fXa which is necessary for proper prothrombinase assembly and function. To
determine which amino acids present within the A3 domain of the light chain of fVa are
involved in recognition of fXa we have used overlapping synthetic peptides
representative of residues 1546-1612 of the A3 domain to screen their ability to inhibit
prothrombinase activity in a fXa dependent manner. The peptide representative of the 13
amino acids spanning residues 1546 through 1558 strongly inhibited prothrombinase
activity demonstrating an 1Cso of 50uM. To investigate the individual amino acids

involved in recognition of fXa overlapping synthetic pentapeptides from this region were
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used in further flourometeric studies. Peptides which included amino acids representative
of residues 1553-1558 of the A3 domain were capable of inhibited prothrombinase
activity. To further investigate the hypothesis that this region is important in
prothrombinase function a recombinant fV mutant was generated deleting residues 1549 -
1558 (fVa®™*A). The fVa®™** mutant demonstrated a greatly decreased specific activity
in clotting based assays. Prothrombinase assembled with fVa®*** showed a 5 fold
increase in the apparent Kd value for the fVVa/fXa interaction and a 50% reduction in the
overall rate of the enzyme. The present study defines a potential fXa interactive site
present within residues 1546-1558 of the A3 domain of fVa.
4.2 INTRODUCTION

The timely repair to vascular injury is dependent on the efficient activation of
thrombin by the enzymatic complex prothrombinase. Prothrombinase is composed of
activated fX, associated with activated fV in the presence of calcium ions on a
phospholipid bilayer (1). The enzymatic component, fXa, is capable of activating the
zymogen prothrombin through two sequential proteolytic cleavages occurring after

residues Arg?* and Arg*®

(2). The inclusion of fVa in the prothrombinase complex
reverses the order of these two activating cleavages and accelerates the generation of
thrombin by five orders of magnitude, thus the formation of the prothrombinase complex
is necessary for the timely activation of prothrombin (3-5).

The assembly of the prothrombinase complex is dependent on the activation of
both clotting factors X and V. Activation of fX occurs through a single proteolytic

cleavage catalyzed by either the intrinsic or the extrinsic Xase complexes (6). The

catalytic activity of fXa is not enhanced by the zymogen fV until it has been converted to
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its active form. The activation of fV is catalyzed by either fXa or thrombin and occurs
through three sequential cleavages occurring after residues 709, 1018 and 1545 (7). The
activation of fVa results in the release of an interconnecting B-domain and a fully
functional cofactor molecule composed of by an amino-terminally derived heavy chain
non-covalently associated to a carboxyl-terminally derived light chain (8). The heavy
chain of the fVa is composed of by residues 1-709 and is involved in the recognition of
both fXa and prothrombin, while the light chain is composed of by residues 1546-2196
and is involved in recognition of both fXa and the membrane surface (8-13).

The A3 domain from the light chain of fVa has been implicated many times in
binding fXa. Activity assays performed in the presence of a monoclonal antibody
recognizing an epitope in this region of the light chain showed a decrease interaction
between fVVa and fXa (8). A decrease in the ability of fVa to interact with fXa was also
demonstrated by mutagenic studies involving site-directed glycosylation of Thr residues
1683 (14). Another study used the enzymes cathepsin G and elastase to activate fV to a
fVa-like species, both resulted in a cofactor molecule with a truncated heavy chain and an
elongated light chain having a 15 and 8 fold decrease affinity for fXa respectively.
Further treatment of these molecules with thrombin restored a normal light chain and

1545 showed

consequently the affinity for fXa (15). Site directed mutagenesis at Arg
similar results demonstrating the necessity of a fully formed light chain as a prerequisite
for an optimal interaction between fVa and fXa (16). Results obtained using an enzyme
from the snake venom of Naja nigricollis nigricollis to activate fV generating a fVa-like

molecule composed of a heavy chain of Mr 100,000kDa and a light chain with a Mr of

80,000kDa displayed a 20 fold increase in the Kd for the fVa/fXa interaction. Further
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cleavage of this molecule with thrombin produced a normal light chain and restored the
affinity of fva for fXa (17). Taken together all of the above experiments show a strong
dependency of the fVVa/fXa association on proper exposure of the A3 domain of the light
chain of fVa.
4.3 EXPERIMENTAL PROCEDURES

Materials, reagents and proteins. L-a-phosphatidylserine (PS) and L-a-
phosphatidylcholine (PC) were purchased from Avanti Polar Lipids (Alabaster, AL) and
prepared as previously described (18) followed by quantification by assaying for
phosphorus. The chromogenic substrate Spectrozyme-TH was purchased from America
Diagnostica, Inc (Greenwich, CT). Human a-thrombin, prothrombin, human fXa and the
fluorescent thrombin inhibitor dansylarginine-N-(3-ethyl-1,5-pentanediyl)amide (Dapa)
were purchased from Hematologic Technologies, Inc. (Essex Junction, VT). The
monoclonal antibody ahFV1 coupled to Sepharose, and the two monoclonal antibodies
against factor V (against the heavy and the light chains respectively, aHFVc#17 and
oaHFV c#9) were provided by Dr. Kenneth G. Mann (Department of Biochemistry,
University of Vermont, Burlington, VT). Diisopropyl fluorophosphates (DFP), O-
phenylenediamine dihydrochloride (OPD), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), Trizma, Coomassie Blue R-250 and factor V-
deficient plasma were purchased from Sigma. Polyethylene glycol (Mr 8000) was
purchased from J. T. Baker (Danvers MA). The secondary anti-mouse and anti-sheep 19G
coupled to peroxidase were purchased from Southern Biotechnology Associates Inc.
(Birmingham, AL). The chemiluminescent reagent ECL" was purchased from Amersham

Biosciences. The thromboplastin reagent (recomboplastin) used in clotting assays was
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purchased from Beckman (Fullerton, CA). The cDNA encoding fV was purchased from
American Type Tissue Collection (ATCC 40515 pMT2-V, Manassas, VA). All
restriction Enzymes were purchased from New England Biolabs (Beverly, MA). Human
fV and fVa were purified and concentrated using methodologies previously described
employing the monoclonal antibody ahFV#1 coupled to sepharose and heparin-sepharose
respectively (19-21).

The recombinant fV light chain mutant used throughout this series of experiments

was generated using mutagenic primers. The fV deletion mutant (rf\V®StA

) was designed
to remove the amino acids represented by the S13A peptide (The deleted amino acids
were  residues  1549-1558) and was  generated using the  primers
S'GCAGCATGGTACCTCCGCAGCAACAATGAAGAAATATCCTGGGATTATTCA
G-3 and S-CTGAATAATCCCAGGATATTTCTTCATTGTTGCTGC-
GGAGGTACCATGCTGC-3'. These mutagenic primers were used in PCR employing
pMT2-fV plasmid as a template and the product was subjected to Dpnl digestion before
transformation into chemically competent bacteria. Colonies were selected and purified
plasmids were screened for the presence of the desired mutation by DNA sequencing.
Purification and Determination of Concentration of rfV Mutants — The
recombinant proteins were generated as previously described (22). Cultured VP-SFM
medium of WT and rfVa®™** concentrated using a vivaflow 50 connected to a masterflex
L/S to a final volume of approximately 10ml followed by washing with a trizma (20mM
trizma base) buffered saline solution with 5mM Ca®* at pH 7.40. Purification was

performed on 1 ml columns of aHFV-1 antibody coupled to sepharose and eluted using

2M NH3Cl at a pH 7.40 and concentration by centrifugation on YM-30 centricons
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followed by three consecutive washes with trizma buffered saline solution in the presence
of 5mM CacCl,. Aliquots of purified protein were stored at -80°C for future use. Protein
concentration were determined using spectrophotemetry and an extension coefficient of
0.96 (¢'"250nm) followed by ELISA (as previously described) to independently confirm
the concentration (22). Protein purity was determined by coomassie and silver staining of
SDS-PAGE.

Activation of Recombinant Molecules — Throughout the present study activation
of all recombinant fV molecules was accomplished by incubation of the purified
molecules with thrombin at a 1/100 (enzyme to substrate) ratio for ten minutes at 37°C.
Addition of 2mM DFP, a specific serine protease inhibitor, stopped the reaction, followed
by a 30 minute incubation on ice. Previous experiments showed that these conditions
assure complete activation of the cofactor with minimal thrombin degradation to the
activated molecule. However in all cases western blots using monospecific antibodies
that recognize the heavy and light chains respectively was performed to assure minimal
degradation of the activated protein.

Determining the Kinetic Parameters Governing Mutant Molecules — Assays
measuring the kinetic parameters consisted of prothrombinase assembled in the presence
of prothrombin and measured the appearance of the product thrombin by the secondary
event of cleavage of a chromogenic substrate. This is a discontinuous assay measuring
the initial velocity of the reaction through monitoring several time points within the first
two minute of the reaction. The determination of the affinity of fva for fXa was
measured directly through titrating a limiting fXa concentration with increasing

concentrations of fVa to determine the apparent Ky value for the fXa/fVVa interaction.

110



Assays were performed in 96 well plates and measured the initial velocities of product
formation from the different concentrations of the titrant (fVa). Time points from each of
the different reactions were stopped by addition into a buffer containing EDTA. Prism
graphing software was used to interpret the data and generate kqy values for the titrations.
In all cases mutants were compared to wild type protein and measurements were done in
triplicate with different protein purifications. The obtained ky values were used to
determine proper ratios of fVa mutants to fXa to ensure similar concentrations of the
assembled prothrombinase complex to be used in the prothrombin titrations. Prothrombin
titrations were performed to determine the apparent km values for prothrombinase
assembled with rfvVa®™*. Prothrombin titrations were performed in 96 well plates and
reactions consisted of a limiting fXa concentration in the presence of saturating fVa
concentrations as determined by kg values obtained from the fVa titrations. Prism
graphing software was used to determine measurements of the initial velocity of the
varied prothrombin concentrations and to generate a secondary graph measuring
maximum velocity and km of the various reactions.

Effects of Mutant Molecules in Prothrombin Activation. — Since prothrombin
activation consists of two ordered sequential cleavages resulting in intermediates with
enzymatic activity, meizothrombin, and without enzymatic activity, prethrombin 2,
deficiency in assays measuring thrombin formation monitored through a chromogenic
substrate may not show the reason for the deficiency. Monitoring prothrombin
consumption using SDS PAGE allows determination of cleavage patterns.

dS13A

Prothrombinase assembled with rfVa were used in prothrombin activating reactions

subjected to SDS-PAGE followed by coomassie blue staining. Aliquots of reaction
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mixtures were placed in 0.2M acetic acid to stop the reaction followed by preparation for
SDS-PAGE as previously described (23).

Clotting Times Measurements — One stage and two stage measurements of time to
clot formation were performed with identical concentrations of all the fVVa molecules
used throughout this study. One-stage clotting assay were performed by the addition of
the procofactor (fV) into fV deficient plasma, while two stage clotting assays were
performed with the activated cofactor (fVVa) being added to fVV-deficient plasma. In both
cases coagulation was initiated by the addition of thromboplastin reagent and the time to
clot formation measured. Recombinant molecules unable to accelerate fibrin clot
formation in fV-deficient plasma to the same degree as wild type fVVa are considered to
be functionally defective. All purified protein preparations were assayed in triplicate in
this manner.

Fluorescence Measurements of Thrombin Generation — Thrombin formation was
analyzed using the fluorescent inhibitor DAPA on a PerkinElmer LS-50B Luminescence
spectrophotometer. Reactions were performed in the presence and absence of the various
peptides by incubating a final concentration of 10nM fXa with the various concentrations
of the different peptides for ten minutes at ambient temperature before addition into
reactions mixture composed of 4nM fVa, 20uM PCPS, 350nM prothrombin in a HEPES
buffered saline solution. Reactions were monitored using an excitation wavelength at
280nm and an emission wavelength of 520nm. All reactions performed in the presence of
peptides were compared to reactions performed in the absence of peptides to measure the

percent inhibition.
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4.4 RESULTS

Since previous studies demonstrated the possibility that the interaction of fXa
with the light chain of fVVa involved the amino-terminal region of the A3 domain (8,14-
17), initial studies were performed using overlapping synthetic decapeptides
representative of the A3 domain sequence to screen their ability to inhibit prothrombinase
activity. Figure 1 shows a schematic of the synthetic peptides used throughout this study
with reference to the sequence they represent and their chosen nomenclature.
Fluoremetric analysis of thrombin generation by prothrombinase in the presence of the
various peptides is presented in figure 2 and shows only two of the screened peptides
significantly inhibited thrombin generation. Both S13A and LCD3, peptides
representative of residues 1546-1558 and 1569-1578 respectively, inhibited thrombin
generation by prothrombinase in a manner similar to the activity of fXa alone, implying a
possible diminished interaction between fXa and fVVa. S13A was the stronger of the two
inhibitory peptides and is representative of the amino-terminal region of the light chain of
fVa, a region conserved through evolution as shown in figure 3. All of the other peptides
from this region had little to no inhibitory effect on the activation of prothrombin by
prothrombinase.

Since S13A showed the strongest inhibition in the initial screening of this region,
we next designed a series of overlapping pentapeptides from the sequence of S13A.
Figure 4 is a schematic showing the next series of peptides used throughout this study
with their sequence compared to that of S13A and their assigned nomenclature on the
right of their sequence. A follow up fluoremetric study presented in figure 5

demonstrated only the latter three of these five pentapeptides had any inhibitory
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Figure 4.1

1545 SNNGNRRNYYIAAEEISWDYSEFVORETDIEDSDDIPEDTTYKKVVFRKYLDSTFTKRDPRGEYEEH "1
S13A SNNGNRRNYYIAA
LC1 EEISWDYSEF
LC2 DYSEFVQRET
LC3 VQRETDIEDS

LC4
LC5 DIEDSDDIPE

LCo DDIPEDTTYK

LC7 DTTYKKVVFR

LC8 KVVFRKYLDS

LC9 KYLDSTFTKR

LC10 TFTKRDPRGE
DPRGEYEEH

Figure 4.1 — Synthetic peptides generated for screening light chain’s ability to
associate with fXa. Figure 1 shows a schematic of the synthetic peptides used
throughout this study. The corresponding sequence of the light chain of fVva is
presented at the top of the figure along with the corresponding residue numbers. The
nomenclature used throughout the study for these peptides are presented at the left-
side of the schematic, while the actual sequences are shown under the sequence from
the light chain of fVa they represent.
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Figure 4.2
—LC Peptides
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Xa/Va Xa P15H LC1 LC2 LC3 LC4 LC5 LC6 LC7 LC8 LC9 LC10 LC11 LC12

Figure 4.2 — The synthetic peptides abilities to inhibit prothrombinase. The synthetic
peptides introduced in figure 1 were incubated with 10nM fXa before addition into a
reaction mixture composed of 4nM fVa, 20uM PCPS, 10uM Dapa and 350nM
prothrombin. Reactions were monitored through fluorescence as described in the
experimental procedures section. Figure 2 shows the control reactions catalyzed by the
prothrombinase complex and lipid-bound fXa followed by reactions catalyzed by
prothrombinase assembled in the presence of the 100uM of respective peptides.
Reactions performed in the presence of the various peptides were compared to
reactions performed in the absence of peptide as a means of calculating percent
control.
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Figure 4.3

HUMAN SNN GNR RN YY |AA
BOVINE SNT GNR KY YY IAA
MOUSE GHG GHK KF YY |IAA
PORCINE  SNN GNR RN YY IAA

Figure 4.3 — A comparison of the amino-terminal sequence of the light chain of
fVa from different species. The sequence of the region represented by the S13A
peptide from bovine, mouse and porcine is compared to the human sequence and
demonstrates strong homology.
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Figure 4.4

SNNGNRRNYYIAA S13A
SNNGNRR S7R
NYYIAA NGA

NFFIAA N6A (FF)

SNNGN S5N

NGNRR N5R

NRRNY N5Y
RNYYI R5I

YYIAA Y5A

Figure 4.4 — Synthetic peptides used in determining the binding site present
within the light chain of fVa for fXa. Schematic showing the peptides used for the
determination of the binding site present within the light chain of fVa for fXa. S13A is
a synthetic peptide which strongly inhibits thrombin generation in a prothrombinase
catalyzed reaction that is representative of the amino-terminal region of the light chain
of fVa (residues 1546 — 1558). All other peptides used are shorter derivatives of S13A
and are aligned under the sequence for S13A.
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Figure 4.5
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Figure 4.5 — Inhibition study using overlapping pentapeptides representative of
the amino-terminal region of the light chain of fVa. Overlapping pentapeptides
representative of amino acid residues 1546 — 1558 of the light chain of fVa were
synthesized to screen their ability to inhibit thrombin activation by prothrombinase.
Reaction mixtures consisting of 4nM fVa, 700nM DAPA, 10uM PCPS and 350 nM
prothrombin were initiated with 10nM fXa (final concentration in the reaction) that
was incubated for 10 minutes in the presence of 150uM of the respective peptides as
indicated in the figure. Initial velocities were measured throughout the first 30 seconds
of the reaction and compared to a standard reaction performed in the absence of
peptide to determine the percent inhibition. All reactions were performed in triplicate
and error bars are representative of standard deviation.
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ability on thrombin generation by prothrombinase. The three pentapeptides N5Y, R5I1 and
Y5A all showed the ability to inhibit thrombin generation with Y5A being the strongest
inhibitor of the series of overlapping S13A derived peptides. Y5A demonstrated an ICs
of 150uM and shows 100% conservation of the compared sequences presented in figure 3.

Since peptide inhibition of prothrombinase only occurred when amino acids
representative of residues 1553-1558 were used and no inhibition was observed with
peptide sequences representative of amino acids 1546-1552, two additional peptides were
generated from the S13A sequence. As shown in figure 4 the two peptides representative
of amino acids 1546-1552 and 1553-1558 were S7R and N6A respectively. When S7R
and N6A were titrated into a prothrombinase catalyzed activation of prothrombin and
monitored by fluoremeter, N6A displayed a similar inhibition pattern as compared to
S13A. This suggested that the amino acid sequence from 1553-1558 was involved in the
observed inhibition, so this sequence was then altered as a control for the specificity of
this sequence. The charge of the pentapeptide was weakened by the removal of the
charges from two amino acids, two tyrosine residues were conservatively substituted to
phenylalanines as depicted in figure 4. The N6A(FF) peptide lost the inhibitory effect
demonstrated by the unaltered sequence of the N6A peptide as shown in figure 6 (opened
triangles).

Since all of the peptide studies suggested that the amino-terminal region of the
light chain of fVVa was involved in the recognition of fXa, we next studied the possibility
that this region of f\Va was involved in fXa recognition through recombinant methods. A

recombinant molecule deleting the region represented by the S13A peptide was generated
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Figure 4.6
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Figure 4.6 - Titration of S13A, S7R, NG6A(WT) and N6A(FF) in a
prothrombinase catalyzed activation of prothrombin. Increasing concentrations of
the synthetic peptides S13A, S7R, N6A(WT) and N6A(FF) were incubated in the
presence of 10nM fXa for 10 minutes before addition into a reaction mixture
composed of 4nM fVa, 700nM DAPA, 10uM PCPS, and 350nM prothrombin.
Reactions were monitored through the fluorescence properties of DAPA and
compared to standards performed in the absence of peptides to determine the percent
inhibition. All reactions were performed in triplicate and error bars are representative
of standard deviation.
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as described in the material and method section. The recombinant f\Va molecule missing
residues 1546-1558 (rfVa®***) was activated by incubation with thrombin and subjected
to SDS PAGE followed by Western blotting. Figure 7 shows a Western blot using

dS13A

monoclonal antibodies which recognizing the heavy and light chains of rfvVa and

rfva™T. Upon activation both the rfva®** and rfvVa" molecules generated the heavy

and light chains of the active cofactor, however the rfya®™"*

molecule always produced
a fragment present at 220,000kDa that persisted even after extended incubation with
thrombin.

We next studied the ability of prothrombinase assembled with the rfva®™A
molecule to activate prothrombin and monitored the reaction through SDS PAGE as
presented in figure 8. When reactions catalyzed by prothrombinase assembled with the
rfVa®A (panel B) are compared to reactions catalyzed by prothrombinase assembled
with plasma derived fVa (panel A) an approximately 50% reduction in the ability to
activate prothrombin is observed. When the impaired function of prothrombinase

assembled with the rfvva®tA

molecule is directly compared to the inhibition of the S13A
peptide on prothrombinase assembled with fVa (panel C) similar rates are observed.
Densitometry scanning of the SDS PAGE presented in figure 8 was performed to produce
the rates of prothrombin consumption presented in table 1. As shown, the rate of
prothrombin consumption in the presence of saturating concentrations of S13A, 4.5
moles consumed-s™-mole of fXa', was comparable to the rate of prothrombin

dS13A

consumption by prothrombinase assembled with the recombinant fVa molecule, 5.7

moles consumed-s*-mole of fXa™.
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Figure 4.7

rf\/ a.WT rf\/ adSl?:A

A 7?(0,000kDa

G Heavy Chain

@ |_ight Chain

Figure 4.7 — Western blot of recombinant molecules. The monoclonal antibodies
ahfV4 and ahfVs; were used to detect both the heavy and light chains of the
rfva™’" and rfVa®* molecules. The positions of both the heavy and light chains of
fVa are indicated along with a partial activation fragment present in the rfva®"*
sample
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Figure 4.8
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Figure 4.8 — SDS PAGE analysis of prothrombinase catalyzed activation of
prothrombin in the absence and presence of S13A and prothrombinase
assembled with rfva®**, Panels A-C are prothrombinase catalyzed reactions that
were performed under the following conditions: 10nM fVa species (panel A used
rfVa, panel B used rfVa®™"** and panel C used plasma derived fVa in the presence of
100uM S13A), 0.5nM fXa, 10uM DAPA, 20uM PCPS and 1.4uM prothrombin.
Reactions were initiated by the addition of fXa and aliquots were removed for SDS
PAGE before the addition of fXa and 20, 40, 60, 80, 100, 120, 140, 160, 180, 200,
220, 240, 300, 360, 600, 1200, 1800 and 2400 seconds after the addition of fXa.

124



Table 4.1

WT fVa fVa + S13A

12.6 5.7 4.5

Table 4.1 — Densitometry scanning of SDS PAGE presented in figure 8.
Densitometry scans for the three SDS PAGE presented in figure 8 were performed to
determine the rate of prothrombin consumption by prothrombinase assembled with the
rfVa®"** mutant and prothrombinase in the presence of 100uM S13A. Scanning of the
control reaction of prothrombinase assembled with rfiVa™  was also performed as a
control. The rates shown are moles of prothrombin consumed per second per mole of
fXa present in the reaction.
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To explore the possibility that the inhibition pattern observed in figure 8 is due to

a decrease affinity of rfVa®™"** for fXa, a limiting concentration of fXa was titrated

against an increasing concentration of the rfva®"#

mutant. Figure 9 shows the graph
generated when the rfVa molecules were titrated against 15pM fXa. The titrations was
carried out to 20nM rfVa concentrations, however the graph only shows the titrations to
10nM. As shown, both titrations were carried out until increasing the concentration of the
different recombinant cofactor molecules no longer significantly increased the rate of
thrombin production over the previous concentrations implying a maximum rate of
thrombin production had been obtained. The determined apparent Kd values obtained

dS13A

from the fVa titrations are presented in table 2. The rfvVa apparent Kd value of 1.915

is 5.5 times higher than the rfVa"’" apparent Kd value suggesting a greatly weakened

dS13A

interaction between the rf\Va®*3* and fXa when compared to the rfvVa'" affinity for fXa.

The rfVa™* apparent Kd value was used to determine the saturating

dS13A

concentration of rfvVa used in the prothrombin titration presented in figure 10. A

dS13A

concentration of 20nM rfVa was used to ensure that more than 95% of the fXa in

solution was associated with the rfia®3A

molecule for the prothrombin titration. This
allowed the determination of apparent Km and Kcat values for prothrombinase assembled
with the rfVa®™™”, because the concentration of the enzymatic complex formed rather
than the concentration of the constituents of the enzymatic complex were measured.
Figure 10 presents the graphs generated from the prothrombin titration of prothrombinase
assembled with the rfva”/" and the rfVa®"* cofactor molecules respectively. Initial rates

of thrombin formation over the various prothrombin concentrations used in the reactions

were graphed to determine the maximum velocity of the respective enzymes. Table 2
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Figure 4.9
fVVa Titration

40

10.0 12.5

[fVa]

WT and

Figure 4.9 — fVa titration with prothrombinase assembled with rfva
rfVa®™">". The determination of the kg values for the rf\Va®"** was performed through
titrating increasing concentrations of rfVa™*** into a prothrombinase catalyzed
activation of prothrombin. Reaction conditions used were: 0.015nM fXa, 10uM
DAPA, 20uM PCPS and 1.4uM prothrombin. Titrations were performed in triplicate
using different protein preparations and compared to titrations performed using
rfva™’T. Error bars are representative of standard deviation. The empirically derived kq

values are presented in table 2.
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Figure 4.10

Prothrombin Titration
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Figure 4.10 — Prothrombin titrations performed in the presence of fully saturated
prothrombinase assembled with rfvVa™’™ and rfVa®™***. The determination of the
kinetic parameters governing rfVa®™** was dperformed through titrating fully
complexed prothrombinase assembled with rfVa®*** with increasing concentrations
of prothrombin. Reactions conditions for the titrations were: 0.5pM fXa, 10uM
DAPA, 20uM PCPS and 20nM rfVa®™*** for the prothrombinase assembled with
rfVa®™** and 10nM rfvVa"" for the prothrombinase assembled with the wild type
cofactor. Initial velocities were monitored through the chromogenic substrate S-2238
and compared to a thrombin standard for quantification. The empirically derived

kinetic values are presented in table 2.
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Table 4.2

Kd Km Kcat
o (nM) (uM) (min™)
rfVVa
0.3500 0.2681 2002
rf\/ad513A
1.915 0.3724 1136

Table 4.2 — The apparent Kinetic constants as derived from the titrations
presented in figures 9-10. The titrations presented in figures 9 and 10 were analyzed

using Prisma 2.01 Graphing software to generate the kinetic values presented in table
2.
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shows the apparent Km and Kcat values generated from the prothrombin titration
presented in figure 10. The apparent Km value was not significantly altered when

dS13A

prothrombinase was assembled with the rfva as compared to prothrombinase

assembled with rfVa™'", as evident by the respective values; 0.3724uM and 0.2681pM.
However the Kcat of the reaction for the prothrombinase assembled with rfVa®*** was
50% reduced, demonstrating that the weakened interaction of the rfVa®™*/fXa complex
resulted in a defective enzymatic complex which could not be corrected for by increasing

dS13A molecule.

the concentration of the rfva
4.5 DISCUSSION

The present study strongly suggests, through synthetic peptide analysis and
recombinant mutagenesis, that amino acid residues 1546-1558 from the light chain of fVa
are crucial for fXa recognition and thus prothrombinase assembly. The synthetic peptide
S13A, representative of residues 1546-1558 strongly inhibited prothrombinase ability to
generate thrombin. The use of overlapping synthetic peptides from this region
demonstrated that the amino acid sequence representative of residues 1553-1558 were the
main contributors of the inhibition of S13A on prothrombinase. This was confirmed by
the fact that N6A had the same inhibition profile as S13A. Further, when the charged
residues present within this region were exchanged for amino acids lacking charge (i.e.
tyrosine residues exchanged for phenylalanine residues), in essence removal of the charge,
the ability of N6A to inhibit prothrombinase function was lost, suggesting the
involvement of the two tyrosine residues present at positions 1554 and 1555. While all of

the peptide studies generated consistent results, the major weakness of the peptide portion

of the present study is the specificity of peptides and whether the observed inhibition is
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due to the weakened interaction of the highly specific fVa/fXa association as opposed to
a nonspecific inhibition.
To ascertain whether the indicated region from the peptide study was involved in

the fVa mediated assembly of the prothrombinase complex a recombinant study

employing a fV mutant deleting the indicated region was undertaken. The rfVa®>!*4

mutant was directly assayed for its ability to recognize fXa and the measurements of the

dS13A

interaction for the rfva with fXa demonstrated a greatly weakened association

between the two proteins when compared to the rfva’/"/fXa interaction. This strongly

dS13A

suggests that the loss of the ability of the rfvVa molecule to recognize fXa with the

same affinity as rfvVa”" is due to the loss of a major binding site present within the

deleted region. When fXa is fully saturated with the rf\a®=4

mutant a reduced Kcgy IS
observed, this is consistent with a previously observed phenomenon using recombinant
fVa mutants with a diminished ability to recognize fXa (23). As previously shown, the
ability of fVa to optimally promote catalysis through fXa is dependent on the proper
association between several points of contact between the two proteins and the lowered

dS13A

Kcat generated from prothrombinase assembled with the rfVa mutant is consistent

with this previously observed phenomenon (23).
A major concern for the recombinant portion of this study is the accuracy of the

dS13A molecule. If the determined concentration of

determined concentration of the rfVa
the rfva®'®** mutant is elevated over the true concentration, then the determined Kp
would also be elevated and the generated results would be skewed. However, this would

dS13A

not account for the decreased ability of the rf\vVa cofactor to promote the generation

of thrombin when assembled into the prothrombinase complex, since the apparent Kp
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values enabled the determination of the concentration of the cofactor molecule needed to
fully saturate fXa. Another concern with the recombinant portion of this study is a
concern that any recombinant study has being the possibility that the induced mutation

had a detrimental effect on the confirmation of the protein. Though rf\ya®>**#

generated a
light chain upon thrombin incubation comparable to that of the rfvVa', a persistent
activation fragment around 220,000kDa persisted and appeared to be resistant to
thrombin cleavage. However, even though detectable concentrations of the light chain

dS13A

were always generated, the function of the rfva cofactor molecule could not be

restored by increasing the concentration, suggesting that the decreased cofactor activity

dS13A \was due to the loss of an interactive site for fXa.

observed in the rfvVa
Since the characterization of the recombinant deletion molecule displayed an
impaired function resulting from a weakened interaction with fXa, the hypothesis that a

major binding site is present within the deleted portion of rfva®™!*

is greatly
strengthened. Coupled with the fact that both the peptide study and the recombinant study
suggested the same region of the light chain of fVa was involved in the recognition of
fXa also strongly supports the hypothesis. The amino-terminal portion of the light chain
of fVa has an extremely conserved sequence across species with the sequence of the 13
amino acids represented by S13A showing strong conservation. The high degree of
conservation of this region suggests an important function present within this region and
coupled with previous observations of the light chains involvement in the recognition of
fXa, further strengthens the hypothesis that this region is involved in recognition of fXa.

In conclusion, the present study strongly suggests that the amino-terminal portion

of the light chain of fVVa is involved in the association with fXa and that the loss of this
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interactive site results in a decreased ability of prothrombinase to generate thrombin in an
efficient manner. Further, the involvement of amino acid residues 1546-1558 in the
recognition of fXa is a prerequisite for the association of fVa with fXa and consequently

these residues are necessary for proper prothrombinase assembly.
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CHAPTER V
OVERALL CONCLUSIONS

5.1 CONCLUSION

The assembly of prothrombinase is crucial for the function of prothrombinase; the
two events are interconnected and cannot be separated from each other. The contribution
of fVa to the assembly/function of the prothrombinase complex is essential; since it is
involved in recognizing all of the components of prothrombinase. Hence fVa can be
considered the driving force behind prothrombinase complex formation and function. The
interaction of fVVa with all of the components of prothrombinase is the accelerating event
in the activation of prothrombin which results in the rapid generation of thrombin through
formation of the enzymatic intermediate, meizothrombin (1,2). Prothrombinase consists
of an assembly of the two activated clotting factors (i.e., fXa and fVa) in the presence of
divalent metal ions on an activated platelet surface (3). The association between fVVa and
fXa has been shown to involve two distal portions of fVa, involving residues present

within the A2 domain of the heavy chain and A3 domain of the light chain (4).
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Previous studies have demonstrated that the association between fVa and fXa is
partially mediated through the region encompassing residues 307-348 present within the
heavy chain of fVVa (5). Presently we have shown that this interaction between the A2
domain of the heavy chain of fVa and fXa is mediated through four distinct amino acid
residues; Asp®?, Tyr***, Asp®® and Val**'. Recombinant technologies were used to
induce site-specific mutations present within these residues to assay their contribution to
the activity of prothrombinase. The data demonstrated that the removal of either binding
sites present on fVa (i.e., **DY** or **DV**) for fXa resulted in a decreased Kp for the
interaction between the two proteins with little effect on the Ky for prothrombinase
assembled with fVa mutated at either of the two binding sites. When the induced
mutations for both of the discrete binding sites present within the heavy chain of fVa
were combined into the same recombinant protein, a normal Ky value could not be
restored when assembled into prothrombinase. This demonstrates that the optimal
interaction between fVa and fXa is a prerequisite for the catalytic efficiency normally
displayed by prothrombinase (6,7).

It has been demonstrated on several occasions that the interaction of fVa with fXa
involves the light chain of the activated cofactor (8-11). Screening overlapping synthetic
peptides representative of sequences present within the light chain of fVVa for their ability
to inhibit the prothrombinase catalyzed activation of prothrombin demonstrated that the
peptide representative of the first thirteen amino acids present at the beginning of the
light chain of fVa was the strongest inhibitor of prothrombinase. The recombinant follow
up study demonstrated that the removal of this region from the light chain of f\VVa resulted

in a diminished association with fXa and when the deletion protein was assembled into
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prothrombinase, the enzymatic complex displayed a 50% reduction in its ability to
activate prothrombin. Demonstrating again that for prothrombinase to achieve optimal
catalytic efficiency the unhindered interaction between fVVa and fXa is necessary.
Prothrombinase recognizes prothrombin in a fashion different than membrane-
bound fXa. Several studies have demonstrated that the carboxyl-terminal portion of the
heavy chain of fVa is involved in the recognition of prothrombin by prothrombinase (12-
15). We have previously shown that residues **DYDYQ®* from the heavy chain of fVa
are crucial for optimal prothrombinase activity and have also demonstrated that a
synthetic peptide representative of these residues strongly inhibited thrombin generation
by prothrombinase in a manner consistent with substrate depletion (16). Presently we
have explored the ability of lipid-bound fXa and prothrombinase to activate prothrombin
and derivatives of prothrombin in the presence of the pentapeptide D5Q. We have seen
the association of D5Q with prothrombin causes a switch in the pathway to thrombin
generation by prothrombinase and greatly delays thrombin generation by lipid-bound fXa
by inhibiting the activation of the prethrombin 2/fragment 1-2 intermediate (17). In both
cases the interaction of D5Q with prothrombin specifically inhibited the activating

cleavage at Arg*?°

and resulted in a greatly delayed generation of thrombin. Interestingly,
D5Q was incapable of significantly inhibiting the activation of any of the other
prothrombin derived substrates tested throughout this study suggesting the selective
nature of the observed inhibition (18).

The optimal catalytic efficiency of prothrombinase can only be realized when fVa

is properly associated with fXa. This is because the accelerated enzymatic capability of

fXa is dependent on the association with fVVa through residues present in both the heavy
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and light chains of fVa. We have shown that the association between fVVa and fXa involve
residues ***DY***and **DV** from the A2 domain of the heavy chain of fVa and also
involves amino acids present within residues 1546 through 1558 of the A3 domain (6).
While the residues **DY***and ***DV**! and the region from residues 1546 through 1558
are important for proper assembly of prothrombinase, the carboxyl terminal portion of the
heavy chain of fVVa is necessary for prothrombinase to properly recognize prothrombin
(16). It has been demonstrated that a loss of the carboxyl terminal portion of the heavy
chain of fVa results in a cofactor with reduced activity when assembled into
prothrombinase (19). Further, a pentapeptide from this region, DYDYQ, greatly inhibits
the activation of prothrombin by prothrombinase in a fashion consistent with substrate
depletion, suggesting that the sequence DYDY Q®®° directly interacts with the substrate,
prothrombin (16).

Since all of the above mentioned regions are crucial for prothrombinase assembly
and consequently prothrombinase function, they represent possible targets for inhibiting
prothrombinase. Prothrombinase function may be stopped through interrupting its
assembly, since prothrombinase assembly is a prerequisite for its proper function.
Through defining major points of interaction between the components of prothrombinase
novel therapeutic targets are defined that can specifically interfere with the assembly of
prothrombinase. Therefore, inhibitory synthetic peptides derived from amino acid
sequences present within fVa, not only illuminate the molecular functions of
prothrombinase but may represent a backbone on which to design potential therapeutic

agents which will specifically target prothrombinase.
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