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ABSTRACT: The inactivation of factor Va is a complex process which includes bond cleavage (at three
sites) and dissociation of the A2N‚A2C peptides, with intermediate activity in each species. Quantitation
of the functional consequences of each step in the reaction has allowed for understanding of the presentation
of disease in individuals possessing the factor V polymorphism factor VLEIDEN. APC cleavage of membrane-
bound bovine factor Va (Arg306, Arg505, Arg662) leads to the dissociation of fragments of the A2 domain,
residues 307-713 (A2N‚A2C + A2C-peptide), leaving behind the membrane-bound A1‚LC species. Evaluation
of the dissociation process by light scattering yields invariant mass loss estimates as a function of APC
concentration. The rate constant for A2 fragment dissociation varies with [APC], reaching a maximal
value ofk ) 0.028 s-1, the unimolecular rate constant for A2 domain fragment dissociation. The APC
binding site resides in the factor Va light chain (LC) (Kd ) 7 nM), suggesting that the membrane-bound
LC‚A1 product would act to sequester APC. This inhibitory interaction (LC‚A1‚APC) is demonstrated to
exist with either purified factor Va LC or the products of factor Va inactivation. Utilizing these experimental
data and the reported rates of bond cleavage, binding constants, and product activity values for factor Va
partial inactivation products, a model is developed which describes factor Va inactivation and accounts
for the defect in factor VLEIDEN. The model accurately predicts the rates of inactivation of factor Va and
factor VaLEIDEN, and the effect of product inhibition. Modeled reaction progress diagrams and activity
profiles (from either factor Va or factor VaLEIDEN) are coincident with experimentally derived data, providing
a mechanistic and kinetic explanation for all steps in the inactivation of normal factor Va and the pathology
associated with factor VLEIDEN.

The regulation of factor Va activity is a central event in
hemostasis (2, 3). The expression of factor Va cofactor
activity through activation of the procofactor factor V by
thrombin generates one of the necessary components of the
prothrombinase complex (4-7). Factor Va acts as a mem-
brane receptor for factor Xa formed by either the intrinsic
or the extrinsic tenases (8, 9). The net effect of the interaction
is to recruit factor Xa to the membrane surface (10, 11) and
to modulate positively the efficiency of factor Xa. The
combination of these functions increases the rate of pro-
thrombin activation by 5 orders of magnitude (4). Factor Va
activity is regulated by proteolytic inactivation by activated
protein C (APC) (1, 12). APC is formed through a thrombin
feedback loop wherein the specificity of thrombin is modu-
lated from procoagulant to anticoagulant through binding to
its endothelial cell associated cofactor thrombomodulin; once
bound, thrombin/thrombomodulin specifically and rapidly
activates protein C (13-15).

The inactivation of bovine factor Va by APC is a com-
plex proteolytic process involving four cleavages (at
Arg306,505,662,1752/3)3 that yield a factor Va molecule which
possesses no cofactor activity and is comprised of six peptide
chains: 1-306 (A1), 307-505 (A2N), 506-662 (A2C), 663-
713 (A2C-peptide), 1545-1752(3) (LCNH2), 1753(4)-2096
(LCCOOH).

The kinetics of human factor Va inactivation have been
studied by initial rate approximations (16), progress curve
analysis based upon simple kinetic models (17), densitometry
of product formation (17, 18), natural cleavage site mutants
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1 Abbreviations: Va, factor Va; Van, factor Va cleaved at site 505
(Va5), 306 (Va3), or 662 (Va6); HC, heavy chain (factor Va); HCn,
heavy chain cleaved at site 505 (HC5), 306 (HC3), or 662 (HC6); LC,
light chain (factor Va); PC, protein C; APC, activated protein C; APCi,
active site inhibited activated protein C (DFP); LUV, large unilamellar
vesicle(s); SUV, small unilamellar vesicle(s); PCl, L-R-phosphatidyl-
choline; PSl, L-R-phosphatidyl-L-serine; DOPC, 1,2-dioleoyl-sn-3-
glycerophosphocoline; DOPS, 1,2-dioleoyl-sn-3-glycerophospho[L-
serine]; DAPA, dansylarginineN-(3-ethyl-1,5-pentanediyl)amide; cps,
counts per second;θ, fractional saturation of factor Va (% bound);θ′,
fractional saturation of lipid headgroups (% occupied);V, partial specific
volume;S, Svedberg constant;D, diffusion coefficient (cm2/s); LS, lipid
site for Va binding; [Ls]t, molar concentration of total “sites” for Va
binding; [Lt], molar concentration of lipid headgroups;Kd, binding
constant;i, number of sites per phospholipid for Va binding (1/n); n,
stoichiometry in terms of the number of lipids bound per Va (1/i).

2 In the human system, the equivalent bond cleavage sites are Arg506,
Arg306, and Arg679 (1).

3 Numbering as for the bovine system.
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(19, 20), and recombinant mutants (16). These approaches
have led to a family of kinetic constants for individual bond
cleavage rates that are in general agreement.

The bovine factor Va molecule is composed of two peptide
chains: the heavy chain (1-713) (HC) and the light chain
(1546-2183) (LC) (21, 22). Association of the HC and LC
is metal ion dependent (23) and is characterized by aKd of
5.9 nM (24). The binding interaction between intact factor
Va and APC is mediated through the lipid binding LC
component of the factor Va molecule and is characterized
by a Kd of 7 nM (25, 26). During the inactivation of factor
Va which requires the presence of a lipid surface, cleavage
occurs in the order 505f306f662 (12). Cleavage at Arg306

is lipid dependent (12, 18), while cleavage at Arg505 is
potentiated by a lipid surface (12, 18). Upon cleavage at
Arg306, the entire A2 domain of the Arg505-cleaved HC (A1-
A2) dissociates from the factor Va molecule as an associated
fragment (A2N‚A2C) (Arg505 is between theR- andâ-loops
of the HC A2 domain) (27). This dissociation event (cleaved
A2) generates an inactive factor Va product composed of
A1‚LC + A2N‚A2C. The bovine LC is also cleaved by APC
(Arg1752/3); however, this cleavage is irrelevant with respect
to cofactor activity (12, 28). The LC-mediated binding of
APC to factor Va presents an additional complexity in that
both the reactant and product are predicted to interact equally
with the enzyme (25), thus presenting the possibility that a
product inhibition mechanism exists and will significantly
influence the reaction. As a consequence of these complex
interactions, all of which are defined by individual rate
processes and equilibrium distributions, the inactivation of
factor Va is a complicated problem with respect to both
kinetic evaluation of rate constants and deconvolution of
mechanistic pathways. To assist in establishing the relevant
steps and interactions which define the kinetics of factor Va
inactivation, we constructed a mathematical model (29-32)
of factor Va inactivation. The set of kinetic parameters
necessary to describe this model is not completely defined
for either the human or the bovine system. However,
complementary information is available in part for each case,
allowing construction of a composite collection of rate
constants and binding measurements, which we have as-
sumed to apply equally well to either system. The develop-
ment of this model system allows predictions to be made
based upon a firm kinetic foundation and assists in directing
research efforts to better understand factor Va inactivation.

The importance of the proper regulation of the activity of
factor Va by APC has been explicitly demonstrated through
the severe pathology associated with factor VLEIDEN (33, 34).
Factor VLEIDEN is present in 2-4% of the general caucasian
population and is a significant risk factor in predicting
thrombotic disease and accounts for a significant fraction of
the familial thrombosis previously classified as idiopathic
(35-37). Factor VLEIDEN arises from a genetic mutation
predicting an amino acid change, Arg506fGln506, within the
factor Va HC (35). The elimination of the Arg506 cleavage
site has been demonstrated to delay the inactivation of factor
VLEIDEN, fitting well with the thrombotic pathology observed
in these individuals (17, 38). However, there has been
significant debate as to the mechanism of normal factor Va
inactivation (and thus factor VLEIDEN by extension) regarding
the cleavage ordering, and kinetic mechanism. Modeling the
inactivation of factor VaLEIDEN demonstrates that the observed

APC resistance is due to the kinetic consequences of the
elimination of the Arg506 cleavage site in a random cleavage
reaction and not a function of eliminating the requisite first
step of an ordered or sequential reaction.

METHODS

Reagents.L-R-Phosphatidyl-L-serine (bovine brain) (PSl),
L-R-phosphatidylcholine (egg yolk) (PCl), Tris-base, and
Hepes were purchased from Sigma (St. Louis, MO). Syn-
thetic phospholipids, 1,2-dioleoyl-sn-3-glycerophosphocho-
line (DOPC) and 1,2-dioleoyl-sn-3-glycerophospho[L-serine]
(DOPS), were purchase from Avanti Polar Lipids (Alabaster,
AL). Sodium chloride and calcium chloride were purchased
from J. T. Baker (NJ). CHELEX resin was purchased from
BioRad (Hercules, CA). Sepharose CL-4b resin was pur-
chased from Pharmacia (Piscataway, NJ). Dansylarginine-
N-(3-ethyl-1,5-pentanediyl)amide (DAPA) and bovine APC
were the gifts of Haematologic Technologies (Essex Junction,
VT). Bovine factor Va was isolated as previously described
(39, 40). Four separate preparations of factor Va were utilized
in this work; each preparation was initiated from a pooled
plasma (50l) derived from five cows. TheMr 72 000 and
74 000 LC’s of factor Va were separated and purified as
previously described (28, 41). Active site inhibited APC
(APCI) was prepared by mixing APC (3µM) with diisoprop-
yl fluorophosphate (1 mM) (DFP) and incubating at 37°C
for 30 min. The residual APCI activity was assessed in both
end point and kinetic analyses using an S-2236 (200µM),
American Diagnostica (Greenwich, CT), chromogenic assay
for APC at 10-400 nM. The absence of any measurable
rate of hydrolysis was taken to indicate the complete
inhibition of APC; plates utilized for these kinetic assays
were allowed to incubate in the dark for 3 h and were
inspected visually for color change to further confirm the
absence of proteolytic activity.

DOPC/DOPS Preparation for Light Scattering Measure-
ments.DOPC/DOPS vesicles were prepared and manipulated
at room temperature from 1,2-dioleoyl-sn-3-glycerophos-
phocoline (DOPC) and 1,2-dioleoyl-sn-3-glycerophospho-
[L-serine] (DOPS) by sonication (42) in CHELEX-treated
HBS (150 mM NaCl, 20 mM HEPES, pH 7.4) followed by
ultracentrifugation at 25°C (42) and gel filtration of the top
3/4 volume from the centrifuge using a Sepharose CL-4b
column (300 mm× 22 mm) (43, 44). The lipid vesicle
elution profile was monitored by UV absorbance at 240 nm,
phosphorus assay (45), and light scattering analyses. Frac-
tions from the portion of the chromatogram exhibiting a
stable (phosphorus concentration/light scattering) ratio were
pooled, and the lipid concentration was quantified by
phosphorus assay as described previously (45). The pooled
vesicles were stored at room temperature (approximately 22
°C) and used within 36 h of preparation for light scattering
analyses.

Further characterization of the DOPC/DOPS vesicles with
respect to molecular weight and homogeneity was ac-
complished using analytical ultracentrifugation in a Beckman
XL-I (Palo Alto, CA) analytical ultracentrifuge configured
with an An50-ti rotor using aluminum-bodied cells housing
a double-sector EPON centerpiece and sapphire windows.
For molecular weight estimation, the DOPC/DOPS vesicles
were spun at 50 000 rpm using a solution volume of 350µL
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and blanked against the same buffer used to gel-filter the
DOPC/DOPS vesicles. UV absorbance (240 nM) scans were
taken at 5 min intervals over the entire cell length. The
software “Svedberg ver 5.01” (©1992-1998 John S. Philo;
Amgen, Inc., Thousand Oaks, CA) was used to fit bothS/D
(MW) and S andD independently using a modified Fuji-
MacCosham function. This fit was carried out simultaneously
over 10 UV data sets, containing the meniscus and entire
boundary, spaced equally in time. A partial specific volume,
Vj, of 0.9885 cm3/g was used for the DOPC/DOPS vesicles
(43, 44). Vesicle homogeneity was further assessed using
sedimentation velocity experiments analyzed using the time
derivative method according to the software package DC_DT
version 3.10s (©1988-1996 Walter F. Stafford; Harvard
University, Cambridge, MA) (46). Theg(s*) plots (using∆s
values of 0.1 s) obtained from the interference optical scans
of the entire cell (assembled as described above) at 10 s
intervals were compared at different points in the run
(meniscus depletion, middle, and end) and then further
compared at 24 and 48 h after the vesicles were made.g(s*)
data sets obtained from separate preparations were normal-
ized and graphically compared by fitting (Igor Pro version
3.1, Wavemetrics; Lake Oswego, OR) each data set to a
Gaussian function and utilizing the centroid of each function
to describe thes value for each preparation. The reduced
data are presented as a single value with standard deviation
and are derived from four data sets.

Electron microscopic analysis of the purified DOPC/DOPS
vesicles was made to provide a visual assessment of the
vesicle size range and homogenity and to confirm the absence
of multilamellar structures. The vesicles were visualized
using a negative staining protocol based on modification of
the commonly used osmium tetroxide staining procedure
(43). Vesicles were visualized at 20000× and 50000×
magnification on a JEOL-T300 scanning electron microscope
(housed in the Cell Imaging Facility, University of Vermont,
College of Medicine).

Factor Va ActiVity Assessment in a Prothrombinase Assay.
Factor Va cofactor activity was assessed in a microtiter plate
DAPA assay (47). A sample containing factor Va (2µL)
was added (2 nM final concentration) to a mixture (total
solution volume, 200µL) containing prothrombin (1.4µM),
factor Xa (20 nM), PCl/PSl vesicles (20µM), and DAPA
(3.0 µM) in a black plastic 96 well microtiter plate (Dynex
Technologies). Upon addition of factor Va with rapid mixing,
the fluorescence emission intensity at 565 nm (280 nm
excitation, high-pass KV550 emission filter) was monitored
as a function of time. Fluorescence measurements were
obtained using a FluoroMax-2 steady-state fluorometer
equipped with a Micro-Max microtiter plate reader with
fiber-optic coupling to the sample chamber (SPEX-ISA,
Edison, NJ). Initial rate values were determined through
linear regression analysis utilizing a software package, “Max-
fit”, written in our laboratory. The software “Max-fit”
evaluates time-based fluorescence data using a reduced chi-
squared error analysis over a moving window of data points
to find a maximum slope. Data sets were acquired in
duplicate from the fluorescence spectrophotometer and
analyzed independently; the reduced cofactor vs activity plots
were then compared and averaged to generate the data sets
shown. In some cases, standard cuvette-based DAPA assays
were performed in a T-format SLM-8000 fluorometer using

the emission monochromator channel for sample signal
collection; the data were analyzed identically with the
omission of averaging (48).

Light Scattering Analysis: Determination of∆ Molecular
Mass.A right angle light scattering analysis technique (49)
was adapted to include kinetic analyses and the determination
of molecular weight averages (Mw) of the factor Va product
remaining on the vesicle surface during inactivation by APC.
Factor Va binds the lipid membrane in part through a
hydrophobic insertion sequence, and thus theKd for mem-
brane binding varies greatly upon altering the phospholipid
headgroup spacing as is found in the different SUV and LUV
populations (49). For this reason, it was imperative to
demonstrate that the vesicles utilized in these experiments
were SUV which were homogeneous by every method of
analysis. The DOPC/DOPS vesicles used were characterized
with respect to particle size and homogeneity (described
above) to confirm that we were using small unilamellar
vesicles (SUV) with no significant contamination of large
unilamellar vesicles (LUV).

Upon addition of factor Va to the vesicles, the change in
scattering intensity was utilized to calculate the∆Mw of the
starting vesicle‚protein complex (50, 51) using the formula
(49):

whereI1 ) intensity due to vesicle alone,I2 ) intensity due
to vesicle‚protein complex,M1 ) calculated mass of vesicle
alone (derived from ultracentrifugation), and the term∂n/∂c
represents the calculated refractive index gradient for the pure
lipid or the vesicle‚protein complex. The value for∂n/∂c was
calculated for each experiment based upon a weight fraction
average according to the formula:

where [Va] and [DOPC/DOPS] represent the weight con-
centration (g/mL) of each species and (∂n/∂c)Va and (∂n/
∂c)DOPC/DOPSrepresent the refractive index gradient reference
values for prothrombin and lipid vesicles, 0.192 and 0.172,
respectively (50). The published value for prothrombin was
used as a surrogate for factor Va in our calculations. In a
typical experiment using 100 nM factor Va and 50µM
DOPC/DOPS, the calculated∂n/∂c value is 0.186.

The M1/M2 ratio calculated from the light scattering data
was utilized to define the average mass change observed per
vesicle‚protein complex. Fractional saturation terms describ-
ing vesicle occupancy (θ′) and protein bound (θ) were
derived using empirically defined binding parameters for
factor Va and lipid vesicles. For each set of experimental
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conditions, the number of factor Va bound per vesicle was
calculated given a stoichiometry of 42 lipid headgroups
occupied per factor Va molecule (n ) 42), and aKd of 2.7
nM (10). The maximum number of accessible phospholipids
was calculated assuming that on average only 67% of the
SUV phospholipid headgroups are surface-exposed to factor
Va (52). The complete derivation is shown below:

expandKd expression into quadratic form ofθ or θ′:

number of sites per lipid) i∴[Ls] ) [L t]* i ) [L t]/n

From the fractional saturation of factor Va and lipid yielded
by these formulas, the number of factor Va molecules bound
per vesicle can be calculated and thus the molecular weight
change (∆Mw) associated with each protein species (from
M1/M2).

Light Scattering: Experimental Determination of Factor
Va Molecular Composition.All experiments were done in
twice-filtered (0.45µm pore size), degassed, dust-free HBS
with 5 mM CaCl2. The scattering signal observed for buffer
alone was subtracted from all experimental observations to
normalize the data to a zero value starting point. Then 100
nM factor Va (dialyzed and centrifuged to remove particulate
matter) was preincubated with 50µM DOPC/DOPS vesicles
in a 4.0 mL quartz cuvette stirred gently with a micro stir
bar. The scattering intensity signal was monitored with time
to establish a stable initial value (2-3 min). Upon the
addition of APC (0-75 nM), the scattering intensity signal
was monitored continuously (0.5 s interval) for up to 30 min.
Corrections for the initial scattering contribution due to the
added APC binding the Va‚lipid surface were made through

successive additions of active site-inhibited APC (APCI, 10-
100 nM) to the vesicle complex with continuous monitoring
of the scattering intensity. The absence of proteolytic activity
in these APCI preparations was demonstrated in the S-2236
chromogenic assay and through the presence of a stable light
scattering signal for the Va‚vesicle‚APCI complex obtained
over 15 min of incubation at 100 nM APCI (indicating no
mass loss, i.e., no cleavage).

The data acquired utilizing active APC were evaluated
according to the mass/scattering intensity relationship and
the resulting molecular weight ratio,M1/M2 (eq 1), used to
estimate the mass change for the vesicle‚protein complex.
Estimates of fractional saturation of factor Va and lipid were
obtained from the quadratic solutions (eq 3), which were
utilized to convert vesicle‚protein mass change to an average
mass change (∆Mw) per factor Va molecule. This calculation
was also utilized to assess lipid occupancy (always<20%),
ensuring the availability of unoccupied lipid surface to bind
APC. These derived mass loss data (from APC addition) as
well as the raw intensity data were fit (Igor Pro version 3.1,
Wavemetrics) to a single-exponential expression to evaluate
the rate of mass change. The goodness of fit was evaluated
through reduced chi-square error analysis, and residual plot
distribution was examined in each case. The dependence of
the mass loss, i.e., dissociation rate, on APC concentration
was determined in a similar fashion from the calculated mass
loss over time plots.

Mathematical Model of Factor Va InactiVation. The
inactivation of factor Va by APC was modeled as a series
of associations, dissociations, and cleavage reactions occur-
ring on a membrane surface at saturating lipid concentrations.
From the model, a system of first-order linear differential
equations was constructed describing the rate of appearance
and disappearance of each species assuming elementary
kinetic behavior for each association, dissociation, and
cleavage reaction. Initial values are established at timet )
0 by noting the concentration of factor Va, APC, and all
other species. This system of equations is then an initial value
problem which is intractable to explicit solution, but for
which a series of solutions can be approximated. Using the
Episode differential equation solver optimized for stiff
equation systems and with the analytical Jacobian (The
Scientist, version 2.01, MicroMath Inc., Salt Lake City, UT),
a solution to this system of equations can be approximated
quite rapidly and with relatively high precision and accuracy.
This approach generates time-dependent concentration values
for each species included in the computational model. The
rate constants utilized, although derived from both the bovine
and human systems, are assumed to describe globally the
reaction kinetics for either human or bovine factor Va
inactivation.

The model assumes a diffusion-limited second-order rate
constant (k1) for the associative encounter of Va and APC
(assuming lipid-bound species). This rate constant (Va APC
encounter) is assumed to be analogous to the rate constants
for the rate-limiting independent lipid binding of factor Va
and factor Xa measured for prothrombinase assembly, which
provides an upper limit for the rapid two-dimensional
diffusion encounter rate on the vesicle surface (53). Under
conditions where APC is added to factor Va that is
preequilibrated with the lipid, the rate of association is limited
by the rate of diffusion of APC to the surface-bound factor
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Va. The rate constant (k2) for dissociation of the Va‚APC
Michaelis complex was deduced from the knownKd for the
complex (7 nM) k1/k2) in correspondence to the published
value (53). All possible LC species, A1A2‚LC, A1‚A2‚LC,
and A1‚LC, were considered equivalent in their binding inter-
actions with APC (defined byk1, k2 above). As modeled,
the inactivation of factor Va is allowed to proceed with initial
cleavage at either Arg306 or Arg505. Initial cleavage at Arg662

was not modeled due to both kinetic considerations (k662 ,
k505, k306) and the observation that cleavage at this site alone
(in the human system, Arg679) does not appear to affect
cofactor inactivation (16). As a starting point in our model-
ing, the second-order rate constants (kcat/Km) for cleavage at
Arg306, Arg505, and Arg662 were taken from the literature and
used to derive a first-order cleavage rate constant (k3, k5, k6)
(16, 17, 20) The first-order rate constants were approximated
through assuming that the second-order rates were equivalent
to kcat/KM and thus that the rate constant for each cleavage
reaction (first order) (i.e.,k3, k5, or k6) could be initially
approximated through the following manipulation:KM*
reported second-order rate) kcat.

The first-order rate constant for the dissociation of cleaved
factor Va was derived experimentally using light scattering
analyses as described (k7). In the formula notation used in
this model, “Van” signifies a factor Va molecule cleaved at
Arg505 (Va5), Arg306 (Va3), and Arg662 (Va6). Thus, in the
new notation, the model allows all factor Va species cleaved
at Arg306 to dissociate (i.e., Va3, Va5 3, Va5 3 6, etc.) into the
LC‚A1 complex and the appropriate cleaved A2 domain
fragments. The corollary collisional association second-order
association rate constant (k8) was estimated based on a lower
limit Kd for the cleaved products of 10µM (27) (Kd ) k7/
k8). The dissociation of intact factor Va (A1A2‚LC) into
A1A2 + LC was modeled using empirically defined rate
constants for the forward (k9) and reverse process (k10) (24).
The model does not directly account for surface binding
competition between the reactants or products. However, all
of the rate constants used were derived experimentally using
lipid-mediated reactions or were estimated based upon
presumed lipid-mediated rate processes. Thus, all reac-
tions are modeled as occurring on a lipid surface (30).
The binding constants for the LC and associated com-
plexes with APC are all highly lipid-dependent, and the
model utilizes only those measurements made on a lipid
surface (26); thus this interaction should be robust in the
model.

The fitness of the model was judged principally upon the
correspondence between calculated inactivation profiles and
experimental activity data derived from monitoring the of
inactivation factor Va (200 nM) with APC (10 nM) using
both DAPA and clotting assays. The calculation of theoretical
cofactor activity is discussed below. The correspondence
between experimental and theoretical cofactor activity plots
was initially evaluated using either set of published cleavage
rate constants. Manual iterations were then conducted through
altering either the Arg506 (k5) or the Arg306 (k3) rate constants
to values that produced good correlation between the model
and experimental data. The rate constants thus derived are
illustrated in Table 1 along with the published literature
values.

Calculation of Theoretical Factor Va ActiVity. The inac-
tivation of 200 nM factor Va by 5 nM APC was simulated

using the model system. Theoretical cofactor activity mea-
surements were generated according to the following formula
which was derived to simulate the apparent cofactor activity
expressed by factor Va in a prothrombinase assay using
saturating factor Xa levels. The relative contributions of
factor Va cleavage intermediates to the expressed activity
were taken from published literature values (i.e., Va) 100%
and Va5 ) 60%) (1, 18). The first calculation assumes that
bond cleavage mediates cofactor inactivation and utilizes
activity approximations for intermediate species that cor-
respond to their activities as assessed in a DAPA assay:

In this calculation, cleavage at Arg306 is assumed to inactivate
the cofactor. A simplified version of this (leaving out the
second term) is utilized to calculate the apparent cofactor
activity that would be apparent in a clotting assay, where
cleavage at Arg506 inactivates the cofactor. A second method
of cofactor activity calculation is shown below in which the
inactivation of the cofactor is assumed to occur as a
consequence of dissociation of the cleaved products; thus,
the cleaved associated products are assumed to retain their
respective cofactor activities. The relative cofactor activity
of the Arg306-cleaved associated products is unknown and
was assumed to be equivalent to the Arg505 product, although
this must be considered an upper limit. These two methods
of cofactor activity calculation were utilized to generate
theoretical activity plots:

Table 1: Rate Constants Utilized in the Kinetic Modela

rate
constant

model
rate (s-1)

model rate
(M-1 s-1)

reference
value

derived rate
(M-1 s-1)

k1 1.0× 108 1.0× 108 M-1 s-1 b

k2 0.7 0.7 s-1 c

k3 0.064 (1.7-2.5)× 106 s-1 d 9.1× 106

k5 1.00 (3.0-4.3)× 107 s-1 d 1.42× 108

k6 5.2× 10-4 5.2× 10-4 s-1 e

k7 0.028
k8 2.57× 103 2.57× 103 M-1 s-1 f

k9 1.72× 10-5 1.72× 10-5 s-1 g

k10 2.63× 103 2.63× 103 M-1 s-1 g

a Rate constants listed were either taken from literature values (b-
d) or established by comparative iteration of the model based upon
visual inspection of the predicted progress curves and experimental
data. Columns labeled “model rate” contain the rate constant values
utilized in the modeling experiments. The published values are shown
as reference values in the fourth (reference value) column. The fifth
column (derived rate) illustrates the pseudo-second-order rate constant,
based upon the modeled first-order process, for cleavage at each site.
These values were mathematically derived using the defining relation-
shipkcat/Km whereKm was approximated ask2/k1 andkcat was taken as
eitherk3 or k5. Reference value citations:b(53); c(24). d Range stated
encompasses two independent determinations (16, 17). e(17); f(53);
g(24).

% app act. cleavage-dependent inactivation

≡ [([Va]free + [Va‚APC])

[Va]total
]*100 + [([Va5]free + [Va‚APC])

[Va]total
]*60 (4)

% apparent activity dissociation-dependent inactivation

≡ [([Va]free+ [Va‚APC])

[Va]total ]*100 +

[[Va5]free+ [Va5‚APC] + [Va3]free+ [Va3‚APC] + [Va5 3]free+ [Va3 5‚APC] + [Va3 5 6]free+ [Va3 5 6‚APC]

[Va]total ]*60

(5)
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Calculation of Theoretical Factor VaLEIDEN InactiVation
Profiles.The inactivation of factor VaLEIDEN was simulated
by eliminating the Arg506 cleavage site within the model
(k5 ) 0.0 s-1). The inactivation of 200 nM factor VaLEIDEN

with 10 nM APC was then simulated, and the predicted
activity profiles were calculated as described previously.
These activity predictions were then evaluated by comparison
with the inactivation of normal factor Va and by comparison
to the literature observations regarding the observed mag-
nitude of the inactivation resistance profile as a function of
the cofactor activity assay conditions, i.e., DAPA vs clotting
assay.

EValuation of the Inhibitory Potential of the LC and
Associated Products.200 nM bovine factor Va was treated
with 5 nM APC and the cofactor activity monitored over
time using the DAPA assay. Upon complete inactivation of
factor Va, an additional bolus of factor Va (200 nM) was
added to the reaction mixture and the cofactor activity
monitored over time. The concentration of APC active sites
was monitored throughout the experiment using a peptidyl-
fluorogenic substrate (D-VPR-ANSNHC4H9) assay as de-
scribed previously (12, 18). These successive addition
experiments evaluate the expressed APC activity toward
macromolecular substrates (intact factor Va) in the presence
of reaction products such as the A1‚LC complex. An
additional analysis utilizing purified reaction components was
accomplished using purified bovine LC preparations. In these
experiments, 100µM PC/PS was utilized, and 40 nM bovine
factor Va was treated with 2 nM APC in the presence or
absence of purified LC of either theMr 72 000 or theMr

74 000 species at varying concentrations, 400 nM, 100 nM,
40 nM, and 4 nM. Factor Va and LC were preincubated with
PC/PS at 37°C for 5 min prior to the addition of APC. Upon
addition of APC, the cofactor activity was monitored over
time and compared to the profile obtained in the absence of
exogenously added free LC. The relative cofactor activity
of factor Va was determined using the DAPA assay.

Theoretical EValuation of the Inhibitory Potential of the
LC-Associated Products in the InactiVation of Factor Va.
The correlation between the experimental data demonstrating
product inhibition, using either successive substrate addition
or addition of free LC, and the modeled inhibition mechanism
was evaluated through seeding the model with either free
LC or LC‚A1 at 200 nM and evaluating the inactivation of
factor Va (200 nM) with APC (10 nM).

RESULTS

Determination of the Mass of Factor Va‚(DOPC/DOPS)
Vesicles.DOPC/DOPS vesicles exhibited a singleg(s*) peak
corresponding to an observedS of 3.2 ( 0.2 S (four
preperations) (Table 3) (46). Whole boundary fitting (using
the software “Svedberg”) tos/D (MW) yielded a molecular
weight estimate of (2.0× 106) ( (1.0× 105), corresponding
to the range found from five different vesicle preparations
and in agreement with similar measurements (Table 3) (43,
52). Scanning electron microscopic analyses confirmed these
results and demonstrated a SUV population with a narrow
size range and no apparent contamination by either LUV or
multilamellar vesicles. Upon addition of the vesicles to the

cuvette containing buffer, the corresponding light scattering
intensity,I1, was 318 000 cps. Upon addition of factor Va,
the resulting intensity,I2, was 970 000 cps. The molecular
weight change per vesicle upon addition of factor Va was
calculated from eq 1 as 946 000 using a (dn/dc)1 value of
0.172 (lipid) and a corrected (weight average) (dn/dc)2 value
of 0.186 for the protein‚vesicle complex (eq 2). The total
change in protein‚vesicle molecular weight was used to
determine the expected mass change for each factor Va
bound using the quadratic solutions derived for protein and
lipid saturation. At 50µM DOPC/DOPS and 100 nM bovine
factor Va (Kd ) 2.7 nM,n ) 42), eq 3 predicts that>99%
of the protein is bound to the surface while 12.5% of the
total exposed lipid surface is occupied, with an average of
5.05 factor Va molecules bound per vesicle. Thus, the
calculated average molecular weight change per Va on the
vesicle surface isMr 187 000 ((13 000), in reasonable
agreement with the expected value ofMr 170 000. The
addition of EDTA (10 mM) to the protein‚vesicle complex
releases the HC of factor Va, leaving the LC bound to the
membrane (26). The calculated molecular weight change due
to release of the HC upon EDTA addition,Mr 105 000(
5000, is in reasonable agreement to the expected loss ofMr

94 000 for the bovine HC (Table 3).

Determination of Mass Loss Due to Factor Va Fragment
Dissociation upon CleaVage by APC.The molecular weight
change per factor Va bound was calculated as detailed above
for the addition of 100 nM bovine factor Va to 50µM
DOPC/DOPS. Upon addition of APC at either 0, 10, 20,
50, or 75 nM, the light scattering intensity was followed at
0.5 s intervals until a stable value was obtained (5-15 min).
Figure 1A shows the uncorrected intensity traces. Upon
addition of 10 nM APC (+), the scattering intensity
decreased from 1.0× 106 cps to a final value of 830 000
cps within 720 s. The few scattered data points contained in
each data set are due to the sensitivity of this technique to
solution contamination by dust particles. However, the low
level of noise generally observed in these data allows the
molecular weight changes to be calculated with confidence.
This low level of noise can only be attained with careful
filtration and the use of highly selected vesicle populations.
The addition of 20 nM APC (×) is accompanied by a
reduction in scattered intensity from an initial value of 1.0
× 106 cps to a plateau of 830 000 cps within 360 s. The
data sets obtained upon addition of both 50 and 75 nM APC
are nearly identical to each other (O, 4), starting at 1.0×
106 cps and reaching stable plateau values of 830 000 cps at
210 and 180 s, respectively. From these data, the corre-
sponding traces of the time-dependent molecular weight loss
from the vesicle surface were generated as described under
Methods (Figure 1B). The displayed data (Figure 1B) were
calculated using base line corrected intensity values and
assuming a (dn/dc)1/(dn/dc)2 ratio of 1.0. Inspection of Figure
1B reveals that treatment of factor Va at each APC
concentration shown leads to a limiting mass loss of 54 000
daltons per factor Va molecule exhibiting the same kinetics
as detailed for the raw intensity data (Figure 1B). The
observed mass loss of 54 000 daltons/molecule corresponds
to the mass loss expected for dissociation of the cleaved A2
fragments, A2N‚A2C + A2C-peptide(53 000 daltons), from the
remainder of the molecule (27).
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Table 2: Differential Equations Derived from Figure 6a

dVa
dt

) [Va‚APC]*k2 - [Va][APC]* k1 + [HC][LC]* k10 - [Va]* k9 (6)

dVa‚APC
dt

) [Va][APC]* k1 - [Va‚APC]*(k2 + k3 + k5) (7)

dHC
dt

) [Va]* k9 - [HC][LC]* k10 (8)

dVa5

dt
) [Va5‚APC]*k2 + [HC5][LC]* k10 - [Va5][APC]* k1 - [Va5]* k9 (9)

dVa5‚APC

dt
) [Va5][APC]* k1 + [Va‚APC]*k5 - [Va5‚APC]*(k2 + k3 + k6) (10)

dHC5

dt
) [Va5]* k9 - [HC5][LC]* k10 (11)

dVa3

dt
) [Va3‚APC]*k2 + [HC3][LC]* k10 + [VaLC‚A1][VaA3]* k8 - [Va3][APC]* k1 - [Va3]*( k7 + k9) (12)

dVa3‚APC

dt
) [Va‚APC]*k3 + [Va3][APC]* k1 + [VaLC‚A1‚APC][VaA3]* k8 - [Va3‚APC]*(k2 + k5 + k6 + k7) (13)

dHC3

dt
) [Va3]* k9 - [HC3][LC]* k10 (14)

dVa53

dt
) [Va53‚APC]*k2 + [HC53][LC]* k10 + [VaLC‚A1][VaA53]* k8 - [Va53][APC]* k1 - [Va53]*( k7 + k9) (15)

dVa53‚APC

dt
) [Va5‚APC]*k3 + [Va3‚APC]*k5 + [Va53][APC]* k1 + [VaLC‚A1‚APC][VaA53]* k8 - [Va53‚APC]*(k2 + k6 + k7) (16)

dHC53

dt
) [Va53]* k9 - [HC53][LC]* k10 (17)

dVa36

dt
) [Va36‚APC]*k2 + [HC36][LC]* k10 + [VaLC‚A1][VaA36]* k8 - [Va36][APC]* k1 - [Va36]*( k7 + k9) (18)

dVa36‚APC

dt
) [Va3][APC]* k1 + [Va3‚APC]*k6 + [VaLC‚A1‚APC][VaA36]* k8 - [Va36‚APC]*(k2 + k5 + k7) (19)

dHC36

dt
) [Va36]* k9 - [HC36][LC]* k10 (20)

dVa56

dt
) [Va56‚APC]*k2 + [HC56][LC]* k10 + [Va56][APC]* k1 - [Va56]* k9 (21)

dVa56‚APC

dt
) [Va5‚APC]*k6 + [Va56][APC]* k1 - [Va56‚APC]*(k2 + k3) (22)

dHC56

dt
) [Va56]* k9 - [HC56][LC]* k10 (23)

dVa536

dt
) [Va536‚APC]*k2 + [HC536][LC]* k10 + [VaLC‚A1][VaA536]* k8 - [Va536]*( k7 + k9) - [Va536][APC]* k1 (24)

dVa536‚APC

dt
) [Va53‚APC]*k6 + [Va36‚APC]*k5 + [Va56‚APC]*k3 + [Va536][APC]* k1 + [VaLC‚A1‚APC][VaA356]* k8 -

[Va536‚APC]*(k2 + k7) (25)

dHC536

dt
) [Va536]* k9 - [HC536][LC]* k10 (26)

dVaLC‚A1

dt
) [Va3 + Va36 + Va35 + Va356]* k7 - [VaLC‚A1]([VaA3] + [VaA35] + [VaA36] + [VaA356])* k8 - [VaLC‚A1][APC]* k1 +

[VaLC‚A1‚APC]*k2 (27)

dVaLC‚A1‚APC

dt
) ([Va3‚APC] + [Va36‚APC] + [Va53‚APC] + [Va536‚APC])*k7 + [VaLC‚A1][APC]‚k1 - [VaLC‚A1‚APC]*k2 - ([VaA3] +

[VaA35] + [VaA36] + [VaA356])* k8[VaLC‚A1‚APC] (28)
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Determination of the Kinetics of Factor Va Dissociation
upon APC CleaVage.Each of the curves shown in Figure 1
were utilized to derive the rates for the dissociation process
as a function of APC concentration. The raw intensity data
were corrected for a small scattering increase found upon
addition of APC to the vesicle surface in the absence of factor
Va. This correction for the measured scattering intensity
increase was confirmed by APCI addition (10, 20, 50, and
75 nM) to Va‚DOPC/DOPS vesicles, yielding four corrected
data sets for subsequent curve fitting (the maximum correc-

tion was 35 000 cps, at 75 nM APCI). Without these
corrections, a slight increase (the absolute value of which is
dependent upon the APC concentration used) in the intensity
data is found in each case immediately following APC
addition which complicates fitting to a single-exponential
expression. Figure 2A shows a representative single-
exponential fit and residual plot obtained from the corrected
curves in Figure 1A at 75 nM APC, where a rate of 0.028
s-1 was found. Figure 2B shows an independent fit and
residual plot obtained using the derived mass change per
factor Va vs time (Figure 1B, 75nM APC); a rate identical
to that in Figure 2A was calculated. Similar treatments were
performed on each of the other data sets shown in Figure
1A,B and the derived rate data plotted as a function of APC
concentration (Figure 3). All of the data are adequately fit
by a single-exponential function, and higher order fitting
(e.g., double exponential) offered no improvement. Initially
the dissociation rate increases linearly with increasing APC
concentration; however, at concentrations greater than 20 nM
APC, the rate begins to plateau and reaches a final value of
0.028 s-1 at APC concentrations above 50 nM. The data
obtained reasonably define a limiting rate that is independent
of APC concentration. This value represents the unimolecular
dissociation rate constant (0.028 s-1) for the loss of the
cleaved A2 domain, A2N‚A2C + A2C-peptide, liberated from
the vesicle surface by cleavage at Arg306 (27). No other
process appears to contribute to the mass loss described by
the light scattering profiles.

Comparison between the ObserVed Light Scattering Signal
and Factor Va Cofactor ActiVity. The raw scattering data
obtained upon addition of 10, 20, 50, and 75 nM APC were
normalized to a scale between 100 and 0. In a separate set
of experiments, the inactivation of 100 nM bovine factor
Va on 50µM PCl/PSl vesicles following treatment with 10,

Table 2 (Continued)

dLC
dt

) ([Va] + [Va5] + [Va3] + [Va56] + [Va35] + [Va36] + [Va536])* k9 - ([HC] + [HC5] + [HC3] + [HC53] + [HC36] + [HC56] +

[HC536])*[LC]* k10 - [LC][APC]* k1 + [LC‚APC]*k2 (29)

dLC‚APC
dt

) [LC][APC]* k1 - [LC‚APC]*k2 (30)

dVaA3

dt
) ([Va3] + [Va3‚APC])*k7 - [VaLC‚A1‚APC][VaA3]* k8 - [VaLC‚A1][VaA3]* k8 (31)

dVaA53

dt
) ([Va5 3] + [Va5 3‚APC])*k7 - [VaLC‚A1‚APC][VaA53]* k8 - [VaLC‚A1][VaA53]* k8 (32)

dVaA36

dt
) ([Va3 6] + [Va3 6‚APC])*k7 - [VaLC‚A1‚APC][Va36]* k8 - [VaLC‚A1][VaA36]* k8 (33)

dVaA536

dt
) ([Va5 3 6] + [Va5 3 6‚APC])*k7 - [VaLC‚A1‚APC][VaA536]* k8 - [VaLC‚A1][VaA536]* k8 (34)

dAPC
dt

) ([Va‚APC] + [Va5‚APC] + [Va3‚APC] + [Va5 3‚APC] + [Va3 6‚APC] + [Va5 6‚APC] + [Va5 3 6‚APC] + [LC‚APC] +

[VaLC‚A1‚APC])*k2 - ([Va] + [Va5] + [Va3] + [Va5 3] + [Va5 6] + [Va3 6] + [Va5 3 6] + [VaLC] + [VaLC‚A1])*[APC]* k1 (35)

a The equations are numbered sequentially starting in the text; thus, eq 5 represents the first of 29 (5-34) equations used to generate the
computational model for factor Va inactivation. The text details the derivation, and Figure 6 illustrates the reaction diagram which these equations
describe. Equations 7, 10, 13, 16, 19, 22, and 25 are utilized to describe the HC-LC association/dissociation equilibrium between associated factor
Va species; these equilibria are not shown in the reaction diagram (Figure 6). In addition, eqs 11, 12, 14, 15, 17, 18, 20, 21, 23, 24, and 26, 27 all
involve terms detailing the dissociation/association equilibrium between cleaved associated and cleaved dissociated factor Va species. In Figure 6,
these species are grouped as HCF.

Table 3: Solution Parameters for DOPC/DOPS Vesicles and Their
Protein Complexes Utilized in This Researcha

species g(s*) b calculatedMr
c expectedd

vesicles 3.2( 0.2 (2.0× 106) ( (1.0× 105)e -
Va‚vesicle - 2.94× 106 2.84× 106

Va - 1.87× 105 f 1.69× 105

LC - 8.2× 104 g 7.4× 104

HC - 1.05× 105 g 9.5× 104

VaI‚vesicle - 2.67× 106 2.58× 106

VaI Soln - 5.4× 104 5.3× 104

VaI - 1.15× 105 1.16× 105

a Mass estimates for the species listed were derived based upon the
light scattering equation and rely additionally upon estimates of the
stoichiometry of binding.b Results are presented ((standard deviation)
for duplicate analyses of sedimentation velocity experiments on DOPC/
DOPS using theg(s*) analyses (4 preparations).c The calculatedMr

for each species (aggregate weight for complex species) derived from
the light scattering equation using primary data as discussed under
Methods.d The (published values) accepted molecular weight of each
species, to be used in comparison to the derived light scattering data.
e From analysis of sedimentation data as in Methods.f This value is
determined by calculating the occupancy of each vesicle (number of
protein bound) followed by simple math to calculate the mass per
particle bound.g Addition of EDTA to the vesicle/protein complex leads
to dissociation of the HC; thus, calculation of the remaining particle
mass and derivation (as inf) of the mass bound allow determination of
the mass of both the HC (solution) and LC (vesicle bound).
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20, 50, or 75 nM APC was monitored using the DAPA assay
(10 nM factor Xa). The initial rate of prothrombin activation
obtained at each time point during the inactivation reaction
was calculated and normalized to a percent activity scale.
Figure 4 shows a comparison between the normalized activity
and light scattering intensities obtained at each APC con-
centration over the initial 100 s of inactivation; the symbols
are as follows: 75 nM APC (4), 20 nM APC (×), and 10
nM APC (+). It can be seen that under all APC concentra-
tions utilized the observed cofactor inactivation and the light
scattering signal are similar. Due to the rather large time
interval required for the measurement of activity, it is difficult
to more closely space data points; however, the two
measurements yield equivalent results over a large APC
concentration and activity range (10-75 nM APC, 100-
20% activity).

Determination of the Inhibitory Effect of the Factor Va
LC and LC Complexes.Previous observations regarding the
binding of the free LC and associated complexes to APC
suggested that the evolution of cleaved dissociated LC
products (principally, LC‚A1) would generate a competing
pool of APC binding sites. To evaluate the inhibitory
potential of these LC complexes, the inactivation of 200 nM
bovine factor Va on 50µM PCl/PSl using 5 nM APC was
monitored in a DAPA assay. Figure 5 shows the cofactor
activity (O) obtained following addition of APC. After 30
min incubation, the cofactor activity obtained was<5%, and
a second addition of factor Va (200 nM) was made from a
concentrated stock (<2% volume change) and a second

FIGURE 1: Light scattering analysis of factor Va inactivation. The
inactivation of 100 nM bovine factor Va on 50µM DOPC/DOPS
was analyzed using 10, 20, 50, and 75 nM APC. After equilibration
of factor Va on DOPC/DOPS vesicles, APC was added and the
light scattering signal was monitored at 0.5 s intervals. (A) Upon
addition of 10 nM APC (+), the scattering intensity signal decreased
by 17% in amplitude over a 15 min period. Upon addition of 20
nM APC (×), the scattering intensity signal decreased by 17% in
amplitude over a 7 min period. Upon addition of 50 nM (O) and
75 nM (4) APC, the light scattering intensity signal decreased by
17% in amplitude over a 3.5 min time course. (B) This panel
displays the time-dependent derived mass loss from the DOPC/
DOPS vesicle surface; the data in panel A were utilized to derive
panel B according to the calculations outlined under Methods. Upon
addition of 10 nM APC (+), a total mass ofMr 54 000 was lost
from the vesicle surface over a 15 min period. Upon addition of
20 nM APC (×), a total mass ofMr 54 000 was lost from the vesicle
surface over a 7 min period. Upon addition of 50 nM (O) and 75
nM (4) APC, a total mass ofMr 54 000 was lost from the vesicle
surface over a 3.5 min time course.

FIGURE 2: Analysis of the rate of factor Va dissociation upon APC
cleavage. The raw scattering intensity signal and derived mass
change shown in Figure 1 were fit to a single-exponential expression
to determine the rate of change. (A) This panel illustrates the
goodness of fit obtained upon fitting the raw intensity signal
obtained upon addition of 75 nM (4) APC (Figure 1, panel A).
The raw data are shown as (4); the derived fit is illustrated as a
thick solid line. The upper axis illustrates the residual plot (data-
fitted function) (]) and shows random deviations from the zero
line. The slight negative bias is due to the inherent noise present
in the raw data which is always positive due to dust particle
scattering and slightly influences the fit due to the use of a nonlinear
least-squares fitting algorithm. The fitted rate constant describing
the illustrated function is displayed in the lower left corner. (B)
This panel illustrates the goodness of fit obtained upon fitting the
derived mass loss signal obtained upon the addition of 75 nM (4)
APC (Figure 1, panel B). The mass loss is shown as (4); the derived
fit is illustrated as a thick solid line. The upper axis illustrates the
residual plot (]) and shows random deviations from the zero line.
The slight positive bias is due to the inherent noise in the raw data
which when transformed to mass results in an apparent larger mass
loss signal; as a result of the fitting algorithm (see above), this
weights the fit to a slightly lower value. The same rate constant as
obtained in panel A was found.
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decay curve for cofactor activity generated (b). The con-
centration of APC active sites was monitored using a
peptidyl-fluorescent substrate, D-VPR-ANSNHC4H9, allow-
ing picomolar APC detection (18); these measurements
showed no loss of APC activity during the time course of
the experiments, indicating a constant level of APC activity.
At 4 min, 27% of the cofactor activity remained after the
addition of APC. In contrast, upon a second addition of

substrate (Va), 56% of the activity remained at the 4 min
time point (a 24% difference). Similarly, at 10 min, 10%
activity remained after the addition of APC whereas 34%
remained after the second addition of substrate (a 24%
difference). The significant difference between the two
cofactor activity plots is due to the sequestering of APC into
nonproductive LC complexes (product inhibition) arising as
a consequence of A2N‚A2C + A2C-peptide dissociation, thus
generating
A1‚LC complexes. This was confirmed in experiments using
both purified light chain species (Mr 72 000 and 74 000).
Mixtures of 40 nM bovine factor Va, 100µM PC/PS, and
varying concentrations of either LC component (0, 10, 50,
200, 400 nM) were incubated with 2 nM APC, and the
cofactor activity was monitored over time. In these experi-
ments, a similar level of inhibition was observed at all LC
concentrations over 10 nM, in correspondence to the reported
Kd for the LC APC interaction of 7 nM (26) (data not shown).
Both LC components were equally active in their inhibitory
potential toward APC, suggesting no difference in their
affinity for or ability to bind APC.

A QuantitatiVe Description of Factor Va InactiVation by
APC.The reaction diagram shown in Figure 6 illustrates the
basic scheme for the inactivation of factor Va by APC. The
model consists of a series of linear first-order differential
equations derived from inspection of Figure 6. As an example
illustrating the derivation of the equations (Table 1) from
the reaction diagram (Figure 6), consider the relationship
describing the factor Va‚APC concentration time dependence
during a reaction. The following processes are modeled:

This expression (eq 6, Table 2) is in turn related to the
expression for the concentration of Va‚APC that includes
the rate process for cleavage at Arg505 or Arg306 (eq 7, Table

FIGURE 3: Dissociation rate constant dependence upon APC
concentration. The results obtained from fitting all data sets shown
in Figure 1B are shown plotted vs the concentration of APC used
in the experiment. The hyperbolic plot illustrates a saturation in
rate above 50 nM APC and describes the rate-limiting unimolecular
dissociation rate constant as 0.028 s-1.

FIGURE 4: Comparison between the raw light scattering signal and
the cofactor activity during APC inactivation of factor Va. The
linkage between factor Va inactivation and dissociation was
examined through a direct comparison of the light scattering trace
and simultaneous cofactor activity assessment of factor Va in a
DAPA assay. The light scattering data obtained upon addition of
10, 20, and 75 nM APC were normalized to a scale between 100
and 0 (simple arithmetic). These data were then plotted along with
the cofactor activity data obtained in a DAPA assay (normalized
to percent activity) to allow a direct comparison between the
dissociation state (reflected in the light scattering trace and the
cofactor activity). The cofactor activity at 0 and 1 min is plotted
as 10 nM APC (+), 20 nM APC (×), and 75 nM APC (4). The
normalized light scattering traces are illustrated using the symbols
as shown in Figures 1 and 2.

FIGURE 5: Analysis of the inhibitory potential of the factor Va LC
and its associated complexes. The inactivation of 200 nM bovine
factor Va on 100µM PC/PS using 10 nM APC was monitored
using the DAPA assay with 10 nM factor Xa. The open circles
(O) are representative of the cofactor activity obtained upon addition
of APC to the described reaction mixture and measured at 1, 2, 4,
6, 10, and 20 min. After 30 min of incubation, when the measured
cofactor activity was less than 2% a second addition of factor Va
(200 nM) was made and the cofactor activity analyzed immediately
and at the time points indicated. The measured cofactor activity is
shown as the solid circles (b).

Va + APC98
k1

Va‚APC

Va‚APC98
k2

Va + APC

d[Va]
dt

) [Va‚APC]*k2 - [Va]*[APC]* k1
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2). Most of the equations shown in Table 1 are illustrated in
Figure 6; omitted are those equations describing the dis-
sociation of all factor Va species, e.g., A1A2‚LC into
LC+A1A2, which are described by a simpleKd expression
defined byk9 andk10, the experimentally determined forward
and reverse rate constants (24) (eqs 6, 8, 9, 11, 12, 14, 15,
17, 18, 20, 21, 23, 24, 26, 29 of Table 2). The rate constants
utilized to solve the differential equations are shown in Table
3 as well as two independent sets of experimentally
determined second-order cleavage rate constants (derived
from the human system),k3, k5, andk6 for comparison (16-
18, 20). The first-order cleavage rate constants utilized in
the model were established through iterative analysis of the
correlation between experimentally determined cofactor
inactivation profiles using 200 nM bovine factor Va and 10
nM APC, and modeled cofactor activity data derived
according to the calculation outlined under Methods. The
published estimations of cleavage rate constants are all
derived from simple exponential fitting to initial rate values
from inactivation reactions. Thus, these estimations are
presented as second-order rate constants. Our utilization of
true cleavage rate constants (k3, k5, andk6) within the model
eliminates the possibility of a direct comparison to literature
values for the cleavage rate. However, through transformation
of our first-order cleavage rate constants (kcat) into pseudo-
second-order constants, using the defining relationshipkcat/

Km, we are able to compare (approximately) the values
utilized in the model and the published values. In our
calculation of pseudo-second-order rate values,Km was
approximated byKd using the rate relationshipKd ) k2/k1 )
Km, and the values ofk3, k5, and k6 were utilized as
approximations ofkcat. These predictions of the observed
second-order rate constant are displayed to ease comparison
with the commonly reported second-order rate constantskcat/
Km. In comparing these values, it is important to appropriately
critique the literature estimations of cleavage rate. The
utilization of activity profiles in estimating cleavage rate
constants represents the only accessible experimental path-
way to these values; however, activity measurements are a
poor measure of rate processes for a number of reasons. (1)
The measure of activity overtly influences the assembly of
factor Va; i.e., factor Xa is known to inhibit the inactivation
of factor Va by APC through protecting factor Va either from
cleavage or from dissociation. (2) The measure of activity
is a slow process (minutes) during which ongoing rate
processes such as APC cleavage or fragment dissociation
continue at unknown rates. Due to these considerations, the
published rate constants are likely to be low approximations
of their true value, as illustrated in Table 1.

The model as shown in Figure 6 is most easily interpreted
by following the arrows starting in the lower left-hand corner
of the cubic representation. The association between intact
factor Va and APC (governed byk1) (eq 6) leads to the
formation of the initial enzyme complex (APC‚Va) (eq 7).
Once formed, this complex may either dissociate (k2) or
proceed through a cleavage event occurring at either Arg506

or Arg306 (eqs 6, 7); the partitioning of the reactants down
these two alternate kinetic pathways is dictated strictly by
the individual cleavage rate constants. The cleavage rate
constant at Arg662/679(bovine/human) is much lower (<1%)
than that for cleavage at either Arg306 or Arg506, and has not
been observed to affect cofactor activity. Thus, a contribution
from this pathway in initial cleavage is omitted from the
computational model (note eq 11 is lacking terms including
k6) (12, 16, 18). Although initial cleavage at Arg662 is not
included, secondary cleavages at Arg662 are included due to
their expected influence on the product distribution at
extended reaction times (eqs 10, 13, 16). The absence of
this initial cleavage pathway in our computational model is
not intended to suggest its absence in certain experimental
situations but was used to simplify the mathematics.

After the initial cleavage event (eqs 6, 7, 10, 13) (Table
2), the singly cleaved product complex (Va5‚APC or Va3‚
APC) either is partitioned to a secondary cleavage reaction
or is allowed to dissociate, generating free cleaved factor
Va and APC, through the equilibrium governed byk1, k2.
Cleavage within the singly cleaved species produces the
doubly cleaved product complexes: Va5 3‚APC, Va5 3‚APC,
Va3 6‚APC, and Va5 6‚APC (governed byk3, k5, k6, and eqs
9, 10, 12, 13, 15, 16, 18, 19, 21, 22). The doubly cleaved
complex, as before for the singly cleaved product complex,
may undergo either dissociation or quaternary cleavage,
resulting in the ultimate product, Va5 3 6‚APC (upper right
corner of the cube, Figure 6) (eqs 15, 16, 18, 19, 21, 22).
The dissociation reaction would again generate the free
doubly cleaved factor Va species and free APC; this process
is modeled (see Table 2: eqs 15, 16, 18, 19, 21, 22, 24, 25,
35) but is not illustrated in Figure 6 for either the doubly or

FIGURE 6: Factor Va inactivation: reaction diagram. The inactiva-
tion of factor Va was modeled according to a random cleavage
process. Starting in the lower left corner, once APC binds factor
Va three possible cleavage sites are possible. In the computer model,
initial cleavage at Arg662 is ignored due to the large difference in
rate compared to cleavage at Arg306,505; this pathway is, however,
illustrated for completeness. The cleaved APC Michaelis product
complexes are allowed to dissociate into free APC and the product
according to the equilibrium dictated byk1,k2. Subsequent cleavage
events at the remaining sites, i.e., cleavage at Arg306 in the Va5
(cleaved at Arg505) product, occur according to their unique rate
constants; given infinite time and no dissociation, the reaction will
end up in the upper right corner, yielding totally cleaved Va. The
shaded right face of the cube contains all possible Va species that
have been cleaved at Arg306; each of these products may indepen-
dently undergo dissociation of the A2 domain fragments at ratek7.
For simplicity, the dissociated products have been grouped as APC‚
LC‚A1 + HCF (heavy chain fragments). Once dissociated, the
cleaved APC product complex may dissociate according to the
equilibrium k1,k2. The dissociated LC‚A1 + HCF products are in
an equilibrium with the associated product according tok7, k8. In
all cases, all associated HC‚LC species whether cleaved or intact
are in an equilibrium with the free LC and associated HC species.
This equilibrium has been intentionally left off the diagram for
simplicity since it affects all species on the cube; it is, however,
defined byk9, k10 (Table 2).
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the triply cleaved species to reduce the complexity of the
figure.

The right edge of the cube illustrates the A2 dissociation
processes affecting Arg306-cleaved species, as demonstrated
previously and quantitated in the present study (27). All
complexes in which cleavage at Arg306 has occurred are
represented on the right-hand face of the cube (shaded in
Figure 6). These species have been modeled to dissociate
into APC‚LC‚A1 + HCF (heavy chain fragments) consisting
of A2C, A2N, and A2peptide (eqs 12, 13, 15, 16, 18, 19, 24,
25, 27, 28, 31-34). The dissociation reaction of Arg306-
cleaved species is governed kinetically byk7 (this work) and
k8 and is in correspondence to the prior observation detailing
dissociation upon cleavage in the presence of lipids, i.e.,
Arg306 (27). For simplicity, all of the dissociated species are
represented as APC‚LC‚A1 + HCF; however, each separate
species (derived from the corner of the facing cube)
independently undergoes the two processes shown along the
bottom edge. (1) Dissociation reactions yield free APC and
the LC‚A1 complex and; (2) association between the
appropriate HCF and the LC‚A1 complex will yield the
corresponding associated cleaved factor Va species according
to the association/dissociation equilibrium dictated byk7, k8.

To appropriately model the effect of added LC (product
inhibition), it is necessary to include terms describing the
binding equilibrium between the factor Va HC and LC,
described byk9 andk10 (eqs 6, 8, 9, 11, 12, 14, 15, 17, 18,
20, 21, 23, 24, 26, 29, Table 2). Thus, each free factor Va
species is modeled to distribute between associated (and thus
active) HC‚LC and the dissociated products. These equilibria
are not illustrated in Figure 6; however, they are included
in the model (Table 2). Based upon the previously observed
binding interaction being between the LC and APC (25, 26),
and the observation that binding between APC and the LC
or intact factor Va is indistinguishable (26), it was necessary
to model the binding interaction between APC and all LC-
containing species (e.g., LC‚A1) (eqs 29, 30, 35, Table 2).
Although the model discriminates between the free LC
generated by factor Va dissociation and the LC‚A1 complex
generated through dissociation of the Arg306-cleaved material,
the distribution of these products in terms of their APC
binding ability is identical, and thus each is governed byk1

andk2. The line along the bottom of Figure 6 describes the
interaction between the dissociated free A1‚LC species and
APC (demonstrated in this work) which yields the A1‚LC‚
APC complex. This interaction is also modeled for the LC
generated from factor Va dissociation (see Table 2), but is
not illustrated in Figure 6. It is this interaction, A1‚LC +
APC T A1‚LC‚APC (as well as the small LC contribution
from the association/dissociation equilibrium governed by
k9, k10), which imparts upon the model the product inhibition
properties shown experimentally.

Starting in the lower left position of Figure 6, each edge
of the cube represented will generate one of the possible
mechanistic pathways for the inactivation of factor Va. The
heavy arrows tracing one edge of the cube in Figure 6
identify the predominant kinetic pathway predicted from
computer simulations (results discussed below). Figure 7
illustrates a theoretical (calculated) reaction progress diagram
in terms of substrate utilization and product formation derived
from the model at initial conditions of 200 nM factor Va
and 10 nM APC and assuming lipid-mediated reaction rates.

The following reaction species concentrations (inµM) are
shown during the reaction progress: Va, Va5, Va5 3, Va3,
LC‚A1, APC‚LC‚A1, APC, VaA3 (A2), and VaA5 3 (A2N‚
A2C). The figure is divided into two panels, A and B. Panel
A illustrates the reaction substrates and products at concen-
trations between 0 and 200 nM. Panel B illustrates the
reaction components at concentrations between 0 and 20 nM.
Terms accounting for the terminally cleaved dissociated A2
domain products (Va3,5,6fA2N‚A2C+A2C-peptide) are included
in the model but are not illustrated in either panel due to
their low concentrations (,2 nM). The low level of these
products further demonstrates the lack of influence of Arg662

cleavage. Although cleavage at Arg662 is not allowed as a
primary cleavage and thus cannot influence the early reaction
progress, the lack of its influence at longer time points (i.e.,
10-20 min, when all factor Va is cleaved at least once and

FIGURE 7: Computer simulation of factor Va inactivation: reaction
progress diagram. The computer model was seeded with initial
conditions of 200 nM factor Va and 10 nM APC and the reaction
progress calculated over time in terms of product concentration (for
a complete description of this complicated figure, please refer to
Results). The symbols are as follows: intact factor Va (9); factor
Va5 (506 cleaved Va) (2); factor Va5 3 (506/306 cleaved Va) ([);
LC‚A1 (×); VaA53 (A2N‚A2C) (+); LC‚APC (0); Va3 (306 cleaved
Va) (b); and VaA3 (A2) (*). Panel A illustrates reaction products
at concentrations from 20 to 200 nM; panel B illustrates those
products at concentrations between 2 and 20 nM. (A) This panel
illustrates the major species predicted to occur during factor Va
inactivation; prominent initial cleavage consuming Va and generat-
ing the species Va5 and the accumulation of the free LC‚A1 species
as well as the dissociated VaA53 domain are illustrated. (B) This
panel predominantly illustrates the lack of initial cleavage at Arg306

(Va3), the short lifetime of the cleaved associated species Va5/3,
and the prominent accumulation of the LC‚APC complex (product
inhibition).
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thus available for cleavage at Arg662) illustrates that this
cleavage does not occur on a biologically significant time
scale and is therefore not likely to play a predominant role
in the APC-dependent inactivation of factor Va.

In panel A, factor Va (9) is shown to be rapidly consumed
(within 300 s) predominantly through initial cleavage at
Arg505 producing the intermediate Va5 (2) (Figure 7A).
Cleavage of the intermediate Va5 (2) at Arg306 generates
the species Va5 3 ([) (panel B). The low levels predicted
for this product are due to its rapid consumption through
dissociation of the cleaved A2 domain, A2N‚A2C, generating
the LC‚A1 complex (×) (panel A) and the free A2N‚A2C

species (Va5 3) (+) (panel A). The Va5 3 species may be
further cleaved at Arg662, producing Va5 3 6; however, the rate
of A2N‚A2C dissociation (as determined by light scattering
analyses) far exceeds the best approximation available for
the cleavage rate at Arg662, resulting in dissociation of the
factor Va5 3 species prior to this cleavage event. Thus, the
product (Va5 3 6) is not illustrated and would not appear on
the chart (panel B) given the scale utilized. Approximately
3% of factor Va is processed through initial cleavage at
Arg306 producing Va3 (b) (panel B); as observed for Va5 3,
this product dissociates rapidly into the LC‚A1 complex (×),
panel A, and the intact A2 domain (VaA3*), panel B. Thus,
initial cleavage at Arg306 is predicted to occur at a very low
level, and detection of the resulting products is difficult given
the sensitivity of our current techniques (Western blotting).
This prediction corresponds well with the collection of
published data reporting low levels of the Va3 product during
APC inactivation reactions using catalytic concentrations of
APC (25, 26). In Figure 7 the species LC‚A1 (×) represents
the sum total concentration of all free LC species, nearly all
of which (<98%) is derived from cleaved dissociated
products; however, a minor component is derived from the
association/dissociation equilibrium between the HC and LC.
As the reaction progresses, the large pool of LC‚A1 species
begins to sequester a substantial (>95%) portion of the free
APC into APC‚LC‚A1 complexes (0), panel B. Within 3
min over half of the APC initially available is bound in the
nonproductive APC‚LC‚A1 complex (0), panel B. This
prediction is entirely consistent with our observations
concerning the LC inhibition of APC.

Predicted Factor Va Cofactor ActiVities. The product
concentration profiles shown in Figure 7 were utilized to
calculate theoretical cofactor activity profiles according to
the scheme outlined under Methods (eqs 8, 9). Figure 8
(panel A) depicts the predicted factor Va cofactor activity
during the time course of inactivation of 200 nM factor Va
with 10 nM APC. If the DAPA assay were used at saturating
factor Xa, the cleavage-dependent cofactor inactivation would
be expected to look like the lower profile (eq 8) (b) while
dissociation-dependent cofactor inactivation is predicted by
the upper profile (eq 9) (×). The cofactor activity profile
expected using a clotting assay (2) was derived simply by
assuming that initial cleavage at Arg505 is sufficient to effect
complete cofactor inactivation in this assay. The obvious
difference between the two methods of cofactor activity
assessment (clotting activity vs prothrombinase activity under
saturating factor Xa levels) corresponds well with experi-
mental data detailing this assessment (12).

The predicted cofactor activity obtained during the inac-
tivation of factor VaLEIDEN (200 nM) with APC (10 nM) is

illustrated in Figure 8 (panel C) using notation identical to
that described for panel A (b, cleavage-dependent DAPA
activity; ×, dissociation-dependent DAPA activity;2, clot-
ting activity). Due to the elimination of the Arg506 cleavage
site, the clotting assay activity now reflects the cleavage-
dependent inactivation profile of the DAPA assay since each

FIGURE 8: Simulated factor Va inactivation: product cofactor
activity profile. Panel A: the predicted product cofactor activity
obtained upon the inactivation of 200 nM factor Va with 10 nM
APC as modeled using the kinetic model and calculated according
to Methods is displayed. A simple calculation was made to derive
the expected clotting assay cofactor activity through assuming
cleavage at Arg505 inactivates the cofactor. The expected clotting
activity (2) is compared to the cleavage (b) dependent and
dissociation (×) dependent models of cofactor inactivation. Panel
B: the predicted product cofactor activity obtained upon the
inactivation of 200 nM factor Va with 10 nM APC in the presence
of 200 nM free LC is illustrated using the notation as in panels A
and B. Panel C: the predicted product cofactor activity obtained
upon the inactivation of 200 nM factor VaLEIDEN with 10 nM APC
is shown. All activity calculations and figure notations are as
detailed in panel A.
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assay system now measures Arg306 cleavage only. Compari-
son between panels A and C demonstrates a relatively minor
delay in inactivation (compare DAPA assay activities in each
panel) in correlation with numerous experimental findings
(17, 19, 54, 55). A comparison between the clotting activity
found in panels A and C demonstrates a significant delay in
the inactivation of factor VaLEIDEN due to the assay sensitivity
to cleavage at Arg506 in normal factor Va. These results are
also in concert with numerous experimental determinations
of APC “resistance” ratios in plasma clotting assays and
factor VLEIDEN detection. The difference illustrated between
panels A and C (2) quantitatively demonstrates the mecha-
nistic basis for and assay dependence of the APC resistance
ratio patient screening assay (54, 55).

Further evaluation of the fitness of the model in predicting
cofactor activity profiles was undertaken through evaluation
of the effect of the addition of equimolar free LC to the
simulation of factor Va (200 nM) inactivation by APC (10
nM). Figure 8 (panel B) illustrates the predicted cofactor
activities. The notations used in panels A and C are extended
to panel B. Comparison of panels A and B demonstrates a
significant delay in the factor Va inactivation process in the
presence of excess LC. Furthermore, the delay in both the
clotting and DAPA activity profiles demonstrates a general-
ized inhibition of all cleavage rates (not a specific inhibition
as shown in panel C). Inspection of the reaction product
profiles for this simulation (as in Figure 7 for normal factor
Va) confirmed this assessment and demonstrated that a
significant fraction of the added APC (10 nM) was parti-
tioned into the excess LC pool (depleting the available APC
for cleavage reactions) (data not shown).

The empirical correlation between the predicted cofactor
activity (upper two curves in Figure 8) and the experimentally
determined cofactor activity in the DAPA assay at high factor
Xa concentrations is shown in Figure 9. The dashed and solid
lines correspond to the dissociation- and cleavage-dependent
activities, respectively (detailed in Figure 8). The open circles
(O) are experimentally derived cofactor activity data using
the DAPA assay; 200 nM bovine factor Va and 100µM

PC/PS were treated with 10 nM APC, and the cofactor
activity was monitored over time. The predicted cofactor
inactivation lines fall on top of the experimentally derived
activity measurements, indicating the predictive value of each
model.

DISCUSSION

Adequate description of the inactivation of factor Va can
be accomplised using a random kinetic cleavage scheme that
accounts for product dissociation and the accumulation of
APC binding LC-associated products. The necessary inclu-
sion of these processes in understanding (modeling) the
inactivation of factor Va results in a complex set of binding
equilibria, proteolytic rates, and product dissociation reac-
tions. Previous analysis of this reaction using simplified
models has led to a semiquantative understanding of the
product dissociation rate, cleavage rates, bond cleavage sites,
and their individual effects on cofactor activity. However,
the use of activity measurements in attempting to understand
the mechanism of factor Va inactivation has produced
controversy because the differing assay conditions employed
produce different estimates of the relative activities of the
various intermediates. The present study shows that adequate
kinetic description also requires the inclusion of product
inhibition terms resulting from the APC/LC binding inter-
action. Our enhanced understanding of these complexities,
in addition to resolving the discord in understanding this
reaction, reduces the utility of simple models of the inactiva-
tion reaction which will yield apparently paradoxical effects
due to the lack of consideration of product inhibition and
product dissociation. In an attempt to clarify the inactivation
reaction, we have examined the relationship between bond
cleavage and measurable changes in the macromolecular
structure of factor Va particularly with respect to product
dissociation and rates of inactivation. These results when
included with peptide bond cleavage rates and product
inhibition have been combined to provide a comprehensive
kinetic model that describes the inactivation reaction in
rigorous quantitative terms.

The use of light scattering to monitor the macromolecular
dissociation of factor Va fragments during inactivation by
APC allows for determination of the molecular weight of
the membrane-bound and dissociated components, and
provides the opportunity to assess changes in factor Va
structure as a consequence of cleavage by APC. The data
allow estimation of both the rate, 0.028 s-1, of dissociation
and the molecular weight (Mr 53 000) of the dissociated
product. Furthermore, these data demonstrate that product
dissociation plays a contributory role in the inactivation of
factor Va, a process homologous to the spontaneous dis-
sociation of the A2 domain of thrombin-activated factor VIIIa
(56). Evaluation of the kinetics of factor Va A2 domain
dissociation upon APC cleavage using light scattering
methodologies establishes the dissociation event as occurring
coincidentally with cleavage at Arg306 as monitored in
prothrombinase activity assays. Thus, there exists a high
probability that the cleaved associated (Va5 3) cofactor retains
a significant level of cofactor activity which is then lost upon
dissociation. This has been experimentally demonstrated (27).
The analysis of the molecular weight change of protein
vesicle complexes utilizing light scattering under dynamic
reaction conditions is a powerful tool and one which should

FIGURE 9: Comparison between the simulated cofactor inactivation
profile and experimental data. The simulated cofactor inactivation
profiles for both cleavage (solid line, shown asb in Figure 8) and
dissociation (dashed line, shown as× in Figure 8) dependent
inactivation of factor Va using 200 nM factor Va, 100µM PC/PS,
and 10 nM APC are displayed. The experimental data obtained
using the same conditions are shown as open circles (O). The
product concentration profiles were used in calculation of the
expected cofactor activities according to Methods and are shown
as both cleavage (solid line) and dissociation (dashed line)
dependent inactivation.

Kinetics of Factor Va Inactivation Biochemistry, Vol. 38, No. 21, 19996931



be broadly applicable to the generalized study of particle-
bound macromolecular association/dissociation reactions (50,
51, 53, 57-59).

The LC of factor Va is necessary and sufficient to provide
tight (nanomolar) binding to APC in the presence of lipids;
the strength of this binding interaction is unaffected by the
presence or absence of the HC (26). Our experimental
observation that either the end products of factor Va
inactivation or the isolated LC (of eitherMr 72 000 or 74 000)
can inhibit the inactivation of factor Va confirms that
proteolyzed LC complexes will bind APC with a similar
affinity to that for free LC or factor Va. Independent of
association state, and arguments about the relative activity
of cleaved/associated and cleaved/dissociated products, APC-
cleaved LC complexes act as APC inhibitors by sequestering
the enzyme, APC, into “dead-end” complexes with product.
This activity exerts a substantial influence over both the rate
and extent of the inactivation reaction and likely accounts
for the significant tailing observed in most factor Va
inactivation profiles.

The factor Va inactivation process, when observed ex-
perimentally, is a predominantly ordered cleavage process,
with the first cleavage at Arg505 followed by cleavage at
Arg306. There has been some question as to the origin of
these observations, i.e., the mechanistic pathway. The
modeled reaction accounts for these observations based upon
a random cleavage process and predicts a small (∼3%)
processing of the HC through initial cleavage at Arg306

(Figure 7). This prediction is dependent upon the ratio of
the cleavage rate constants,k3 andk5, and accounts for the
scattered experimental observations reporting initial cleavage
at Arg306 (17). Depending upon the method of detection, the
observation of products derived from initial cleavage at
Arg306 can be detected, especially in factor Va molecules
resistant to cleavage at the Arg505 site (human Arg506 as in
factor VLEIDEN) (16, 19, 60). The fact that the kinetic model
which allows random cleavage produces substantially a
ordered profile (505f306f662; in the human system,
506f306f679) demonstrates that the experimentally ob-
served cleavage pattern is a function of the individual bond
cleavage rates and not the fundamental availability of sites
for cleavage (1, 12, 19, 55, 60-62). Thus, experimental
conditions that affect individual bond cleavage rates (such
as lipid systems) would be predicted to influence the
observed cleavage order and obtained activity profile.
Utilizing the kinetic model to generate hypothetical factor
Va activity profiles during simulated APC inactivation
reactions and comparison of these profiles to experimentally
derived data (utilizing anionic lipid membranes) produce
modeled cofactor inactivation profiles which nearly overlay
with experimental data and confirm the fitness of the
computational model. This is further demonstrated in the
ability of our computational model to “predict” the known
differences in quantitative activity assessment between
clotting activity assessment and prothrombinase complex
assays.

The importance of factor VLEIDEN as a thrombotic risk
factor has been reiterated numerous times in the literature.
The fact that factor VLEIDEN afflicts 2-4% of the general
population, constitutes the single greatest known risk factor
for thrombotic disease, and accounts for up to 50% of the
afflicted individuals in familial thrombotic cases argues

strongly for the need to understand the mechanistic and
kinetic basis for the observed APC resistance. The presented
data demonstrate that factor VLEIDEN can be rationally
explained solely through the kinetic consequences of elimi-
nation of the Arg506 (Arg505 bovine) cleavage site within a
random model of factor Va inactivation. The demonstrated
correspondence between the modeled and experimental data
in the case of normal and factor VLEIDEN inactivation does
not de novo demonstrate the existence of a random cleavage
mechanism. However, the combination of these results and
the observations made on the effect of exogenous LC
addition together provide firm evidence in support of a
random cleavage mechanism as modeled here.

The present extension of the prior observation that APC
binds equally well to factor Va and free LC (26) leads to
the functional studies shown in this report and establishes
the LC and its associated complexes as important mediators
of the rate and extent of factor Va inactivation. The
correspondence between the predictive model system in
demonstrating LC inhibition of APC and the experimental
data demonstrating extensive inhibition of factor Va inactiva-
tion by both purified LC species and the reaction products
associated with APC cleavage of factor Va (A1‚LC) dem-
onstrates conclusively the importance of this process. The
in vivo circulating half-life of the LC has been measured in
a baboon model where it was found to be removed from
circulation rapidly (63). However, the ultimate cause for the
observed rapid clearance of the LC in this or other in vivo
models is unknown, and the possibility that this species is
sequestered onto the endothelial lining due to its lipid binding
properties suggests that a substantial pool of APC inhibitory
potential (free LC and LC complexes) may exist on the
lumen of the vascular circulation. Experiments designed to
assess the fate and inhibitory potential of this species may
prove to be quite informative with respect to the physiology
of factor Va inactivation.

The correlation between the observed light scattering traces
and the cofactor inactivation profiles suggests that cleaved
associated factor Va species, in particular the kinetically
predominant reaction product Va5 3, maintain cofactor activity
until undergoing spontaneous dissociation (k ) 0.028 s-1).
The ability to experimentally discern this difference in
activity between cleaved and associated products and their
dissociated species is limited due to the measured half-life
(35 s) of the associated cleaved cofactor. In other work we
have demonstrated 20% residual activity in totally cleaved
factor Va (after 3 min of cleavage, i.e., 5 half-lives) under
saturating factor Xa conditions, establishing a lower limit
to the functional activity of this species (27). This interpreta-
tion is somewhat complicated by cleavage rate considerations
and thus the relatively uncertain concentration of the associ-
ated species. However, the high level of sequence homology
and structural domain organization between APC-cleaved
factor Va and thrombin-activated factor VIIIa is in support
of the hypothesis of dissociation-dependent inactivation. The
reported spontaneous inactivation of factor VIIIa following
thrombin activation (Arg372) occurs through dissociation of
the VIIIa A2 domain at a rate of 0.005 s-1 (56), although
this rate is substantially dependent upon solution conditions
(pH among others). Using light scattering analysis, we have
determined the rate of spontaneous dissociation of the APC-
cleaved factor Va A2 domain as 0.028 s-1. The fact that
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cleaved factor Va dissociates approximately 6 times faster
than factor VIIIa at physiologic conditions indicates that
Arg306-cleaved factor Va is much less stable than factor VIIIa.
The observation that dissociation of APC-cleaved factor Va
is largely irreversible at any concentration whereas factor
VIIIa is relatively stable at higher concentrations is probably
a function of the equilibrium constant defining the dissocia-
tion reaction (64). The reported dissociation constant for the
A2 domain of thrombin-activated factor VIIIa is 28-200
nM (64) while the value for factor Va can only be estimated
as greater than 10µM (27). Thus, a measurement of the
activity associated with associated cleaved factor Va5 3 may
be impossible through direct means; however, all the data
and corollary systems suggest that it is likely to be significant
and that inactivation will be mediated principally through
dissociation.
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