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Background:Much of our understanding of blood coagulation comes from “test tube” experiments that neglect the dynam-
ics of the open vasculature.
Results:Membrane binding is critical in the activation of factor X under flow.
Conclusion: Different shear rates throughout the vasculature regulate factor Xa and thrombin presentation.
Significance:Determining flow’s effects on coagulationwill help us to understand differences between venous and arterial clots.

This study investigates the dynamics of zymogen activation
when both extrinsic tenase and prothrombinase are assembled
on an appropriate membrane. Although the activation of pro-
thrombin by surface-localized prothrombinase is clearlymediated
by flow-induced dilutional effects, we find that when factor X is
activated in isolationby surface-localizedextrinsic tenase, it exhib-
its characteristics of diffusion-mediated activation in which diffu-
sion of substrate to the catalytically active region is rate-limiting.
WhenprothrombinandfactorXareactivatedcoincidentwitheach
other, competition for availablemembranebinding sitesmasks the
diffusion-limitingeffectsof factorXactivation.Toverify the roleof
membrane binding in the activation of factor X by extrinsic tenase
under flow conditions, we demonstrate that bovine lactadherin
competes for both factor X and Xa binding sites, limiting factor X
activation and forcing the release of bound factor Xa from the
membrane at a venous shear rate (100 s�1). Finally, we present
steady-statemodels of prothrombin and factor X activation under
flowshowing that zymogenandenzymemembranebinding events
further regulate the coagulation process in an open system repre-
sentative of the vasculature geometry.

The coagulation process is driven by the assembly of enzyme
complexes on appropriate membranes (1). Tissue factor (TF)3

released or exposed with vascular injury starts a sequence of
membrane-dependent serine protease reactions culminating in
the formation of a platelet-fibrin plug and hemorrhage control.
Exposedmembrane-associated TF forms a complex with circu-
lating factor VIIa (fVIIa) to form the extrinsic tenase complex,
which activates the zymogens fIX and fX to the active enzymes
fIXa and fXa. The activation of fX to fXa is carried out
�100,000-fold more efficiently by the extrinsic tenase complex
than by free fVIIa in solution (2–5). fXa in turn can activate
catalytic amounts of the zymogen prothrombin (fII) to the
active enzyme �-thrombin (fIIa), which activates the procofac-
tor fV to the protein cofactor fVa. fVa and fXa assemble in the
presence of Ca2� on an appropriate phospholipidmembrane to
form the prothrombinase complex that is the primary source of
fIIa with a 300,000-fold greater activity than free fXa in solution
(6). The zymogens fII and fX bind to negatively charged
phospholipids via Ca2� mediated interactions with their �-car-
boxyglutamate residues. It has been proposed that these mem-
brane-localized fII and fXmolecules can “skate” along the phos-
pholipid membrane to come in contact with an appropriate
membrane-isolated enzyme complex to be activated to their
respective enzyme forms (7, 8). Although these reactions have
been studied extensively under non-flow conditions, the influ-
ences of flow, such as would occur in the vasculature, on these
reaction dynamics is less well characterized.
An important difference between closed “test tube” systems,

inwhich substrates are distributed homogenously throughout a
reaction mixture, and open flow systems, in which virgin sub-
strate is continually resupplied, is that in the latter systems, the
delivery of substrates to wall-bound enzyme complexes arises
from the competition between flow transport, or flow convec-
tion, and the substrates’ diffusion. The necessity to deliver sub-
strate to wall-bound catalysts has the potential to introduce
rate-limiting effects due to diffusional processes. Under this
regime, potential substrate in the region of the catalytically
active wall becomes depleted and effectively limits the rate of
product formation. Conversely, if potential substrate is not
depleted, then the major mediator of the enzymatic reaction is
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the flow rate through the catalytically active region. These two
sets of conditions are termed “diffusion-mediated” and “dilu-
tion-mediated” control, respectively (9–12). Conditions favor-
ing diffusion-mediated control include low flow rate, low sub-
strate concentration, large cross-sectional tube dimensions,
and low substrate diffusion coefficients. However, dilution-me-
diated control dominates when diffusion effects are minimized
because the time scale of flow through the catalytically active
region and the catalytic efficiency of the wall-localized enzyme
do not permit sufficient depletion of substrate in the catalyti-
cally active wall region. Given the dynamic range of shear rates
within the healthy vasculature (�50 s�1 in the inferior vena
cava to 1900 s�1 in the arterioles) (13), as well as the disparities
in coagulation proteins’ physiologic concentrations, the inter-
play between diffusion- and dilution-mediated control requires
consideration when interpreting how the coagulation process
will perform in an open system.
Work from several groups has investigated how flow dynam-

ics contribute to clot formation usingwhole blood- andplasma-
based models (14–18). Additional computational modeling
studies have also tried to determine the effects of flow on the
biochemistry of blood coagulation under venous and arterial
flow conditions (19–22). However, empirical flow studies
detailing the dynamics of the individual coagulation reactions
and their interactions with each other under flow conditions
are scarce. To this end, the current study aims to determine the
influence of flow on the activation of fX at both venous and
arterial shear rates, both in isolation and with coincident fII
activation by the prothrombinase complex.
We recently described (23) the activation of fII in an isolated

system by the prothrombinase complex under a range of phys-
iologic shear rates as being primarily regulated by flow-induced
dilution and the mechanism of its activation as proceeding
through a two-stepmechanism in which the catalytically active
intermediate meizothrombin may dissociate from one pro-
thrombinase site before being fully activated to fIIa by a second
prothrombinase complex. These results indicated that changes
in the absolute concentration of fIIa generated do not vary with
changes in shear rate and that the kinetics under relevant flow
conditions do not vary from those that are observed in closed
system experiments (23) and are in agreement with previous
studies investigating the activation of fII under flow conditions
(24–26). However, previous studies investigating the activation
of fX by the extrinsic tenase complex under flow conditions
have identified possible effects of diffusion on its activation at
low shear rates, where the concentration of the fX substrate
becomes significantly depleted close to the catalytically active
wall (27). Furthermore, it has also been previously demon-
strated in closed systems that competition between various
protein species for membrane binding sites can dynamically
influence coagulation reactions, including activation of fX by
the extrinsic tenase complex (28–31).
Therefore, although the activations of both fX and fII under

flow have been investigated previously (23–31), the aim of the
present study is to understand how two activation processes
functioningmay influence each other under flow conditions. In
the present study, we demonstrate that competition for avail-
able membrane binding sites (�) between two zymogens (fII

and fX) and fXa capable of membrane binding will alter the
presentations of both enzymes (fIIa and fXa) such that they
deviate from pure diffusion- and dilution-mediated regimes
observed when fX and fII are activated independently of each
other under flow conditions. To further illustrate the impor-
tance of substrate binding to the membrane under flow condi-
tions, we also present a model encompassing steady-state
membrane binding and kinetics.

EXPERIMENTAL PROCEDURES

Materials—Synthetic phospholipid vesicles were prepared
from 75% dioleoylphosphatidylcholine (PC) and 25% dioleoyl-
phosphatidylserine (PS) (PCPS) or from 100% PC from Avanti
Polar Lipids (Alabaster, AL) as described previously (32).
Human fX (hfX), hfV, and hfII were purified as described pre-
viously (33, 34) or obtained as gifts fromHematologic Technol-
ogies (Essex Junction, VT). Human recombinant fVIIa (rfVIIa)
and rTF(1–243) expressed in Escherichia coli were obtained as
gifts from Dr. U. Hedner (Novo Nordisk) and Drs. S. L. Liu and
R. Lundblad (Baxter Healthcare Corp., Durante, CA), respec-
tively. rTF(1–243) was relipidated into PCPS or PC vesicles,
lyophilized, and stored at �80 °C as described previously (35).
Spectrozyme TH, Spectrozyme fXa, and hirudin were pur-
chased fromAmericanDiagnostica (Stamford, CT). Bovine lac-
tadherin (b-Lac) was received as a gift fromHematologic Tech-
nologies. �TF-5 and �TF-8 were received from the antibody
core at the University of Vermont (Colchester, VT). hfIIa was
prepared in house using a procedure modified from that of
Lunblad et al. (36). hfV was activated to hfVa by incubating hfV
(1 �M) with hfIIa (10 nM) in HEPES-buffered saline (HBS; 20
mM HEPES, 150 mM NaCl, pH 7.4) containing 0.1% polyethyl-
ene glycol 8000 (PEG) and 2mMCaCl2 for 20min at 37 °Cwhen
hfIIa was inhibited by the addition of 12 nM hirudin. The con-
centration of hfVa was verified by its activity in hfV-deficient
plasma in a prothrombin time clotting assay using TriniClot PT
Excel S reagent (Trinity Biotech).
Preparation of Flow Chambers—Optically flat borosilicate

glass capillaries (2 mm � 0.2 mm � 5 cm) from Vitrocom
(Mountain Lakes, NJ) were prepared as described previously
with slight modifications (23). Plasma-cleaned capillaries were
filled with a solution containing PCPS or PC vesicles (100 �M)
in the presence of relipidated rTF(1–243) (1 nM) in HBS con-
taining 2 mM CaCl2 and incubated for 1 h at 4 °C to assemble a
supported phospholipid bilayer that incorporates rTF(1–243)
(37, 38). Capillaries were rinsed with three volumes of HBS
containing 2mMCaCl2 via capillary action and stored overnight
in the same buffer. To assemble the extrinsic tenase complex,
capillaries were incubated for 30 min to 1 h at 37 °C with rfVIIa
(5 nM) in HBS containing 0.1% PEG and 2 mM CaCl2. In coin-
cident extrinsic tenase-prothrombinase experiments, hfVa (0.2
nM) was included in the rfVIIa coating solution. Prior to each
experiment, the capillaries were rinsed with �200 �l (10 capil-
lary volumes) of HBS containing 0.1% PEG and 2mMCaCl2 at a
flow rate of 85 �l/min (shear rate �100 s�1).
Flow Experiments—Experiments were conducted at 37 �

3 °C. The flow apparatus is as described previously (23) with the
exception that a second model 22 syringe pump (Harvard
Apparatus, Holliston,MA) and four-way valve (GEHealthcare)
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have been introduced to ease switching between different fluid
mixtures. Reaction mixtures containing normal physiologic
plasma concentrations of hfX (170 nM) with or without hfII (1.4
�M) in HBS containing 0.1% PEG and 2 mM CaCl2 were flowed
into capillaries containing preassembled extrinsic tenase with
or without additional hfVa at shear rates between �50 and
1000� 10% s�1 (flow rates 42.1–842�l/min). The effluent was
collected dropwise into a 96-well plate into HBS containing
0.1% PEG and 20 mM EDTA to stop further Ca2�-dependent
reactions. In coincident experiments, wells were alternately
assayed for hfXa and thrombin; in wells to be assayed for hfXa
activity, 50 nM hirudin was present in the quench solution.
After each experiment, the capillary was rinsed for 5 min at a
shear rate of 250 s�1 (flow rate � 213 �l/min) with HBS con-
taining 0.1% PEG and 2 mM CaCl2 and subsequently stripped
with HBS containing 0.1% PEG, 20 mM EDTA, and 1% Triton
X-100 (120 �l).
Assaying hfXa and Thrombin Activity—hfXa and thrombin

activity were assessed for enzymatic activity against the chro-
mogenic substrates Spectrozyme fXa and Spectrozyme TH
(200�M), respectively. Concentrations of hfXa and thrombin in
the effluent were determined by comparison with a standard
curve. The generation of hfXa and thrombin as a function of
time were fitted to Equation 1 using the Graphpad Prism (ver-
sion 5.02) software package as described previously, in which
[P] is the concentration of product at any given time (T) or
under final steady-state (ss) conditions, T0 is the turning point
of the function, and � characterizes the rate of change upon
approach to the final plateau.

�P	t
� � �P�ss �
�P�ss

	1 � T/T0
�


(Eq. 1)

Bovine Lactadherin Competition forMembrane Binding Sites
under Flow—The extrinsic tenase complex was assembled in
PCPS/rTF(1–243)-coated capillaries as described above. hfX
(170 nM) was flowed over the capillary at a shear rate of 100 s�1

until hfXa levels reached a steady state (�780 s) before b-Lac
(20–200 nM) was added to the flowing solution. The change in
hfXa generation �780 s after the introduction of b-Lac was
determined as a percentage of the steady-state levels of hfXa in
the absence of b-Lac fit to Equation 1.
Measuring rTF(1–243) in Capillaries—rTF(1–243) was

removed from capillaries by detergent extraction with Triton
X-100. Its concentration in the extract was measured using a
fluorescence-linked immunoassay as described previously in
which rTF(1–243) was captured with �TF-5 and probed with
�TF-48 (39, 40).
Closed Test Tube System Analyses of Extrinsic Tenase and

Prothrombinase Kinetics—Closed test tube system kinetics for
the activation of hfX by the extrinsic tenase complex were
determined as follows: PCPS vesicles (100 �M), relipidated
rTF(1–243) (100 pM), and rfVIIa (5 nM) were incubated for 10
min at 37 °C in HBS containing 0.1% PEG and 2 mM CaCl2 to
preassemble the extrinsic tenase complex. hfX (0.1–5 �M) was
used to initiate the reaction fromwhich sampleswere taken and
quenched at 30-s intervals over a 5-min time course into HBS
containing 0.1% PEG and 20 mM EDTA to stop Ca2�-depen-

dent reactions. hfXa concentrations were determined using
Spectrozyme fXa (200 �M) and comparison with a standard
curve. Closed test tube system kinetics for the prothrombinase
complexwere determined by incubating PCPS vesicles (20�M),
hfVa (20 nM), and hfXa (0.2 nM) for 5 min at 37 °C in HBS
containing 0.1% PEG and 2 mM CaCl2 to preassemble the pro-
thrombinase complex. hfII (0.25–5 �M) was added to initiate
the reaction. The reaction was sampled at 15-s intervals over a
2–3-min time course intoHBS containing 0.1%PEG and 20mM

EDTA. hfIIa concentrations were determined using Spec-
trozyme TH (200 �M) and comparison with a standard curve.
Statistical Analyses—Statistical analyses were conducted

using theGraphpad Prism (version 5.02) software package. The
data were analyzed with one-way analysis of variance tests fol-
lowed by Tukey’s test.

THEORY

EstimatingDegrees of Diffusion- andDilution-mediatedCon-
trol in Activation of fII and fXa over Range of Physiologically
Relevant Shear Rates—The degrees of diffusion- and dilution-
mediated control in the activations of fII and fX by wall-local-
ized enzyme complexes can be estimated by applying the theo-
ries of Laidler and co-workers (9–12), which assume that there
is sufficient enzyme on the surface of the capillary to convert as
much substrate as encounters it. The interplay between flow-
mediated dilution (convection) and diffusion-mediated reac-
tion rates can be described by the Peclet number (Pe), which is
the ratio of the rate of convection to the rate of diffusion of a
single species. Bunting and Laidler (12) describe Pe as being
proportional to the following term,

Pe � �DV

vF
� 2/3

� �S� i (Eq. 2)

where D is the diffusion coefficient of the substrate, V is the
volume of the tube, vF is the average linear flow velocity, and [S]i
is the initial substrate concentration. Under conditions where
[So] is much greater than the apparent Km (Case A), the rate of
the reaction to product, [P], is independent of the substrate con-
centration and is proportional to the inverse linear flow rate.

�P� � � 1

vF
� (Eq. 3)

Conversely, when [So]  Km, a diffusion-mediated effect will
be observed (Case B) in which the activation of substrate to
product is limited by the substrate’s ability to diffuse to the
catalytically active wall. Under these conditions, the concentra-
tion of product in the effluent is proportional to the inverse
cubed root of the linear flow rate.

�P� � � 1

vF
� 1/3

(Eq. 4)

The degree of diffusional control can therefore be assessed by a
double-logarithmic plot of linear velocity versus the concentra-
tion of product in the effluent. A slope of �1 would indicate
conditions favoring Case A, whereas a slope of �2/3 would
indicate conditions favoring Case B.
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Steady-state Levels of Membrane-bound Components—The
concentrations of the three substrates and products capable of
membrane binding in our studies (fII, fX, and fXa) can be
described by their dissociation constants (Kd) as follows, where
f and b denote free and bound species, respectively, and �
denotes binding sites.

Kd,fII �
�fII�f ���f

�fII�b
(Eq. 5)

Kd,fX �
�fX�f ���f

�fX�b
(Eq. 6)

Kd,fXa �
�fXa�f ���f

�fXa�b
(Eq. 7)

LiteratureKd values are listed in Table 1. At the steady state, the
concentrations of the relevant species are described as follows,
where t denotes total and i denotes the initial concentrations of
the relevant species.

�fX�f � �fX� i � �fX�b � �fXa�t (Eq. 8)

�fII�f � �fII� i � �fII�b � �fIIa� (Eq. 9)

�fXa�t � �fXa�f � �fXa�b (Eq. 10)

The total number of binding sites was determined by taking the
surface area of the capillary (2.2 cm2) and assuming that a single
phospholipid headgroup occupies an area of 75 Å2 (41). We
assume that the presence of enzyme complexes on the mem-
brane is negligible in calculations of available binding sites (8,
42, 43). Assuming that fII, fX, and fXa occupy binding sites
consisting of 50 phospholipid headgroups, we estimate that
there are �9.7 pmol of available binding sites, [�]i within the
total volume of the capillary. We describe the total concentra-
tion of free binding sites as follows.

���f � ��� i � �fII�b � �fX�b � �fXa�b (Eq. 11)

Although the reactions are occurring in a two-dimensional
space on the surface of the capillary, we treat the vertical com-
ponent of the volume element as the average root mean square
(r.m.s.) diffusion distance of fII, fX, and fXa at 37 °C in the
average time it takes one capillary volume to flow through the

capillary at a given shear rate (Table 2).We validate this approx-
imation of the volume element by comparing the r.m.s. diffu-
sion distances with the distances of greatest thrombin flux,
which we previously reported as a function of shear and are
consistent with the current approximations (23). The average
r.m.s diffusion distance of the three specieswas determined and
treated as the half-height of the capillary (H, 100 �m) to esti-
mate the concentration of relevant species confined to an
appropriately sized region close to the capillary wall. We term
the inverse of this fraction the spatial confinement factor (�).
Under these conditions of spatial confinement, the populations
of bound and free species were calculated using the assumption
that the measured fIIa and fXa levels in the effluent correspond
to unbound species.
Modeling Kinetics of fII and fX Activation under Laminar

Flow Conditions—The kinetics of fII and fX activation were
simulated under two extreme regimes: 1) conditions under
which the zymogen activation is driven by diffusion of sub-
strates from the bulk to the catalytically active wall region,

Vmax �
kcat[E]�S�t

KM � �S�t
� � (Eq. 12)

and 2) conditions under which zymogen activation is domi-
nated by membrane localized events.

Vmax �
kcat[E]b�S�b

Km � �S�b
�

1

Fm
(Eq. 13)

Km and kcat are the relevant kinetic constants, [E] is the effective
concentration of membrane-localized enzyme in the confined
volume at a given shear rate, [S]t is the total concentration of
free and bound substrate in the vicinity of the phospholipid
membrane at a given shear rate, [E]b and [S]b are the concen-
trations of membrane-localized enzyme and substrate in a unit
volume of 100 Å above the capillary wall (approximately the
height of the extrinsic tenase and prothrombinase active site
from an appropriate membrane), and Fm is the membrane con-
finement factor (here equal to a 10,000-fold increase in concen-
tration from that in the total capillary volume). Similar kinetic
schemes have been employed previously to describe the activa-
tion of fII by prothrombinase on phospholipid vesicles (7, 44).
The concentrations of fIIa and fXa were determined by multi-
plyingVmax by the average time it takes one capillary volume to
pass through at a given shear rate.

RESULTS

Surface Densities of Enzyme Complexes—The results of the
TF immunoassay (n � 19), showed that the surface density of
rTF(1–243) to be 2.2 � 0.5 fmol cm�2 (�26 molecules/�m2)
for the capillaries used in both the isolated extrinsic tenase

TABLE 1
Dissociation constants (Kd) and diffusion coefficients (D37,w) of rele-
vant species

Species Kd D37,w

nM s cm�2 � 107

fII 230 (54) 7.67 (55)
fX 250 (54) 8.59 (56)
fXa 114 (8) 11.5 (57)

TABLE 2
r.m.s. diffusion distances of relevant proteins

Shear fII fX fXa Average r.m.s. distance Species confinement factor (�)

s�1 �m �m �m �m �m
50 66.1 70.0 81.0 72.3 1.39
100 46.5 49.2 57.0 50.9 1.98
250 29.3 31.0 35.9 32.1 3.14
1000 14.7 15.5 17.9 16.0 6.28
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studies and coincident studies with prothrombinase. This den-
sity of rTF(1–243) is above the critical TF surface density
required for maximal fibrin and thrombin formation over a
range of shear rates from 100 to 1000 s�1 as identified by Dia-
mond and co-workers (15) and indicates that there is sufficient
enzyme to support the application of the models of Laidler and
co-workers (9–12).We assume this to be the surface density of
extrinsic tenase because rTF(1–243) is the limiting component
of the extrinsic tenase complex. This is approximately the same
amount of surface-bound enzyme present in our studies of iso-
lated bovine prothrombinase under flow (1.7 � 0.9 fmol cm�2)
(23). In the current studies of hfII activation by surface-bound
prothrombinase in coincidencewith hfX activation by extrinsic
tenase, we were unable to measure the density using our previ-
ously established methods (23) due to uncomplexed fXa
remaining bound to the phospholipid membrane after rinsing
with 100 capillary volumes at 100 s�1. Because fVa is the limit-
ing component in prothrombinase assembly, we assume that
the density of prothrombinase is 1.8 fmol cm�2, consistentwith
our previously published work (23).
Activation of hfX and hfII in Closed Systems—The activation

of hfX by extrinsic tenase in a closed systemwas analyzed using
a Michealis-Menten type analysis. The Km and kcat of the reac-
tion at 37 °C were determined to be 1.2 � 0.3 �M and 2 � 0.2
s�1, respectively, which is in good agreement with previously
published values (39). The kinetic constants for the activation
of hfII by prothrombinase in a closed system at 37 °C were
determined to be 0.6 � 0.3 �M and 35 � 5 s�1, respectively and
are also in good agreement with previously published values
(45, 46).
Activation of hfX under Flow—Absolute steady-state levels of

hfXa are shown to decrease with increasing shear rate (Fig. 1);
however, when corrected for average capillary passage time, the
concentration of hfXa produced per unit time increases with

shear rate (Fig. 1, inset). The difference between the generation
of hfXa at the lowest shear rate (50 s�1) and the two highest
shear rates studied (500 and 1000 s�1) per unit time is statisti-
cally significant. Similar observations have been reported pre-
viously by Gemmell et al. (47), which attributed the decrease in
fXa generation at low shear rates to partial diffusional control
due to substrate depletion in the catalytically active wall region.
To verify this finding, we employed the model of Laidler and

co-workers (9, 10) as shown in Fig. 2. A double logarithmic plot
of linear flow rate versus hfXa concentration has a slope of
�0.68 � 0.06, suggesting that the reaction is controlled by dif-
fusion (Equation 4). Our previous results in the bovine pro-
thrombinase systemunder flow (23) indicate that the activation
of bfII is driven by dilution-mediated rather than diffusion-
mediated control. When these data are shown as a double log-
arithmic plot of linear flow rate versus bfIIa concentration (Fig.
2), the slope is observed to be �1.2 � 0.1, suggesting that the
reaction is controlled by dilution-mediated processes (Equa-
tion 3), in agreement with our previous study (23). The activa-
tion of hfX, however, suggests that the effects of diffusional
control cannot be neglected.
Coincident Activation of hfX and hfII with Preassembled

Extrinsic Tenase and fVa under Flow—When hfII and hfXwere
flowed over PCPS-coated glass capillaries containing preas-
sembled extrinsic tenase and hfVa, a decrease in the absolute
concentrations of hfXa and hfIIa in the effluent with increasing
shear ratewas observed (Fig. 3,A andB).WhenhfXa generation
is corrected for average capillary passage time (Fig. 3A, inset),
differences in hfXa generation between shear rates are statisti-
cally significant (p � 0.12). Likewise, a similar trend was
observed with the normalized thrombin generation profiles
(Fig. 3B, inset) in which no statistical significance was also
observed (p� 0.55), consistent with our previous studies of bfII
activation by prothrombinase under flow conditions and a
model of dilution-mediated activation across a physiologically
relevant range of shear rates (23). Thus, in contrast to fX acti-
vation in isolation under flow conditions, the results of these
coincident experiments suggest that fXa generation deviates
from a model of pure diffusion-mediated control.
To further examine this hypothesis, the results of the coinci-

dent activation experiments were plotted as a double logarith-

FIGURE 1. Activation of hfX by extrinsic tenase under flow conditions. hfX
at a physiologic plasma concentration (170 nM) was flowed over PCPS-coated
glass capillaries in which the extrinsic tenase complex was assembled over a
range of physiologically relevant shear rates (50 –1000 s�1). The effluent was
collected dropwise and assayed for hfXa activity. Absolute steady-state levels
of hfXa (n � 4) are reported as well as mean � S.D. (error bars) as a function of
shear rate. Average capillary passage time-normalized levels of hfXa genera-
tion are shown in the inset. Normalized hfXa levels at 50 s�1 are significantly
different from those measured at 500 and 1000 s�1.

FIGURE 2. Determination of the degree of diffusional control in isolated
activation of hfX and bfII by extrinsic tenase and prothrombinase under
flow conditions. The absolution concentrations of hfXa (F) generated under
flow conditions reported in Fig. 1 and bfIIa (E) generated under flow condi-
tions (23) are shown as a function of the linear flow rate on a double logarith-
mic plot. A linear regression (dotted line) of the bfIIa data has a slope of �1.2 �
0.1, indicative of a dilution-mediated model (Equation 3). A linear regression
of the hfXa data has a slope of �0.68 � 0.06, consistent with a diffusion-
mediated model of activation under flow conditions (Equation 4).
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mic plot of linear flow rate versus product concentration (Fig.
4). The slope of a linear regression fitted to the hfIIa generation
datawere�0.9� 0.1, consistentwith Equation 3 and amodel of
dilution-mediated control. However, the slope of a linear
regression of the hfXa generation data was �0.8 � 0.1, which
was decreased from that observed in the isolated system, sug-
gesting that the activation of hfX in the coincident experiments
deviates from a pure diffusion-mediated model (12). We
hypothesized that this observed difference was the result of
increased competition for membrane binding sites, which
modulates the presentation of reaction product in the effluent.
Role of Binding Site Availability in Activation of hfX under

Flow Conditions—To test the dependence of membrane bind-
ing of fX activation, we utilized two approaches. 1) We con-
structed a membrane with incorporated TF containing no PS,
which eliminates the membrane’s potential to interact with the
�-carboxyglutamate residues of fX.When the hfX (170 nM) was
flowed over capillaries coatedwith a PC bilayer inwhich extrin-
sic tenase was preassembled at a shear rate of 100 s�1, no
detectable hfXa was observed in the effluent (data not shown).
2) In our second approach, we used b-Lac (Kd � 1.8 nM) to
competewith fX and fXa for potential binding sites (48, 49). hfX
(170 nM) was flowed over a PCPS-coated capillary (shear rate�

100 s�1) containing extrinsic tenase and allowed to reach a
steady state of hfXa generation before a solution containing hfX
(170 nM) and b-Lac (25, 50, 100, and 200 nM) was introduced,
and hfXa levels were measured for an additional �780 s. As the
concentration of b-Lac was increased, the percentage of hfXa
activity measured in the effluent after �780 s was observed to
decrease (Fig. 5A), a pattern observed by Shi and Gilbert in test
tube type experiments (49). The decrease in hfXa activity
between 25 and 200 nM b-Lac was found to be statistically
significant.
These data show that b-Lac effectively competes with hfX for

binding sites under flow conditions, thereby inhibiting its acti-
vation. At the highest concentration of b-Lac studied (200 nM),
the hfXa generation profile after the introduction of b-Lac
showed two distinct regions, an increase in free hfXa followed
by a rapid decrease in free hfXa levels (Fig. 5B).We attribute the
initial increase in hfXa levels to be due to the release of bound
hfXa as b-Lac initially competes for membrane binding sites.
The following decrease in free hfXa is the result of b-Lac occu-
pying potential hfX binding sites and inhibiting its efficient
activation.
Binding of fII, fX, and fXa to a PhospholipidMembrane under

Flow—Under steady-state conditions, the levels of bound sub-
strates and products were estimated using the scheme pro-
posed under “Theory.” We treat the activation of fII to fIIa as
occurring in a single step, ignoring the catalytically active inter-
mediate meizothrombin, which is capable of membrane bind-
ing and indistinguishable from �-thrombin in the detection
assay used in these studies. Using this approach and assuming
that measured steady-state levels of fXa and fIIa are represent-
ative of unbound species restricted within a shear-dependent
confined region, we estimate the percentage of occupied bind-
ing sites for three sets of conditions as shown in Table 3: iso-
lated bovine prothrombinase (23), isolated human extrinsic
tenase, and the coincident activation of hfII and hfX by pro-
thrombinase and extrinsic tenase as described herein. In both
the isolated and coincident experiments, fII occupies the great-
est number of binding sites (38.9–72.2%), correspondent with
its higher physiologic concentration and the fact that substrate
depletion does not appear to be limiting to its activation under
flow conditions. In isolated extrinsic tenase experiments, the

FIGURE 3. Coincident activation of hfX and hfII by extrinsic tenase and prothrombinase under flow conditions. hfX and hfII at physiologic plasma
concentrations (170 nM and 1.4 �M, respectively) were flowed over a PCPS-coated glass capillary in which the extrinsic tenase and hfVa had been previously
assembled. The effluent was collected dropwise and assayed for hfXa and hfIIa activity. A, absolute steady-state levels of hfXa (n � 4) are reported as well as
mean � S.D. (error bars) as a function of shear rate. Average capillary passage time-normalized levels of hfXa generation are shown in the inset. No statistically
significant differences were observed. B, absolute steady-state levels of hfIIa (n � 3) are reported as well as mean � S.D. as a function of shear rate. Average
capillary passage time-normalized levels of hfIIa generation are shown in the inset. No statistically significant differences were observed.

FIGURE 4. Determination of the degree of diffusional control in the coin-
cident activation of hfX and bfII by extrinsic tenase and prothrombinase
under flow conditions. The absolute concentrations of hfXa (F) generated
under flow conditions reported in Fig. 3A and hfIIa (E) generated under flow
conditions as reported in Fig. 3B are shown as a function of the linear flow rate
on a double logarithmic plot. A linear regression (dotted line) of the bfIIa data
has a slope of �0.9 � 0.1, indicative of a dilution-mediated model (Equation
3). A linear regression of the hfXa data has a slope of �0.8 � 0.1, suggesting
that under these conditions, the activation of hfX deviates from a model of
diffusion-mediated control (Equation 4).
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fraction of binding sites occupied by hfX decreases �100-fold
as the shear rate increases from 50 to 1000 s�1, whereas the
fraction of binding sites occupied by hfXa remains relatively
constant (5.3–8.2%). This suggests that increased hfX binding
at low shear rates may partially account for increased depletion
of free hfX in the diffusion-limited region at lower shear rates
and that the amount of hfX binding in these experiments is not
sufficient to compete hfXa off of the membrane. In the coinci-
dent experiments, the percentage of binding sites occupied by
hfII is at least 10-fold higher than those occupied by hfX and
hfXa across the range of shear rates studied and is in good

agreement with the bound bfII levels predicted in the isolated
prothrombinase system. The fractions of binding sites occu-
pied by hfX in the coincident system are also relatively constant
(1.3–7.1%), whereas the percentage of binding sites occupied by
hfXa is lower than those observed in the isolated system (1.9–
3.8%). These results suggest that the introduction of hfII to the
coincident system outcompetes hfXa for binding sites. The
introduction of hfII to the hfX activation system also appears to
regulate the number of binding sites occupied by hfX, making
its presentation more consistent across the range of shear rates
studied. Furthermore, by outcompeting hfXa for membrane
binding sites, hfII regulates the amount of free hfXa in solution.
Because fXa is a more potent enzyme when associated with an
appropriate membrane, this may be a mechanism to regulate
the activity of fXa under flow conditions (6).
Modeling the Activations of fII and fX under Flow Conditions—

The activations of fII and fXweremodeled using the two kinetic
schemes described under “Theory” (Equations 12 and 13) using
appropriate kinetic constants (Table 4), and substrate concen-
trations (Table 5) and are illustrated in Fig. 6. The activation of
bfII under flow conditions was modeled using our previously
published data (23). Consistent with our previous work show-
ing that the kinetics of bfII activation are independent of shear
and not diffusion-limited, we found that bfIIa presentation was
best modeled as activation of the total substrate within a shear-
defined spatially confined region (Equation 12) and that mod-
eling its activation using a membrane-localized model (Equa-
tion 13) overpredicts the observed levels of bfIIa (Fig. 6A).
However, when free hfXa presentation was modeled using the
bulk substrate model, the levels of hfXa were grossly underpre-
dicted,whereas levels of free hfXaweremore correctlymodeled
using the membrane-localized model (Fig. 6B). This further
suggests that the ability of hfX to bind to the membrane under
flow conditions is critical to its effective activation, consistent
with previous studies (2, 27, 28, 31). When these modeling
schemes were applied to our coincident activation experiments
(Fig. 4, C and D), the observed results were similar to those in
the isolated systems, suggesting that under this set of condi-
tions, the same regimes are still applicable and that at physio-
logic plasma concentration, the ability of hfX to bind to an
appropriate phospholipidmembrane is critical to its activation.

FIGURE 5. Inhibition of extrinsic tenase activity by b-Lac under flow con-
ditions. PCPS-coated capillaries containing preassembled extrinsic tenase
were perfused with a solution containing hfX (170 nM) at a shear rate of 100
s�1 for �780 s to establish an initial steady-state level of hfXa generation after
which the perfusate was switched to one containing hfX (170 nM) and b-Lac
(25–200 nM) for an additional �780 s. A, the percentage of hfXa activity in the
effluent after perfusion with the b-Lac-containing solution is shown relative
to the initial steady-state level of hfXa as a function of b-Lac concentration
(n � 2). B, the average of two experiments with 200 nM b-Lac in the perfusate
is shown. The solid black line shows hfXa generation with the primary perfu-
sate containing only hfX, whereas the dotted line shows hfXa generation after
the introduction of 200 nM b-Lac to the perfusate (as indicated by the arrow).
The thin dotted line shows the fit of Equation 1 to the primary perfusate data.
Error bars, S.D.

TABLE 3
Percentage of binding sites occupied

Shear Isolated prothrombinase, bfII

Isolated extrinsic
tenase Coincident experiments

hfX hfXa Total hfII hfX hfXa Total

s�1 % % % % % % % %
50 10.4 8.2 12.9 69.2 7.1 2.9 79.2
100 72.2 6.1 8.5 14.6 67.1 6.2 3.1 67.4
250 63.3 2.9 7.1 10 60.2 5.9 1.8 67.9
1000 38.9 0.1 5.3 5.4 39.0 1.3 3.8 40.4

TABLE 4
Kinetic constants

Species Km kcat
�M s�1

Bovine prothrombinase (flow, 250 s�1) (23) 0.16 27
Human prothrombinase 0.6 35
Human extrinsic tenase 1.2 2
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Local Steady-state Concentrations of Activated Products—
Using the r.m.s. diffusion distance spatial confinement and dis-
sociative equilibrium scheme outlined under “Theory,” we
determined the amount of spatially confined fIIa and fXa (free
and bound) that could be expected within these regions (Table
6). fIIa and free fXa levels are those determined from experi-
mental results multiplied by the appropriate shear-dependent
spatial confinement factor. Bound fXa levels are those pre-
dicted by our equilibriumdissociationmodel. Using thismodel,
spatially confined fIIa levels are well above the critical concen-

tration of 2 nM required for fibrin plug formation (50). In both
the isolated and coincident models of hfX activation, the con-
centrations of bound hfXa are significantly higher than those of
the free species; however, in the coincident model, the levels of
bound hfXa are more comparable with those of free hfXa
except at the highest shear rate studied (1000 s�1).We attribute
this pattern to competition with hfII for available binding sites,
leading to a decrease in bound hfXa. At 1000 s�1, fewer binding
sites are occupied by hfII (Table 3), leading to a relative increase
in bound hfXa.

FIGURE 6. Models of fIIa and fXa generation. fIIa and fXa generation under steady-state conditions were modeled using the bulk substrate diffusion model
(Equation 12; gray line) and membrane-localized model (Equation 13; black line). Experimental data are shown with a dotted line. A, isolated bovine prothrom-
binase (23); B, isolated extrinsic tenase; C, coincident activation of hfII; D, coincident activation of hfX.

TABLE 5
Calculated steady-state concentrations of free and bound fII and fX
Concentrations are reported within the shear-defined r.m.s. diffusion distance-defined volume element.

Shear

Isolated prothrombinase
(23)

Isolated extrinsic
tenase Coincident experiments

�bfII�f �bfII�b �hfX�f` �hfX�b �hfII�f �hfII�b �hfX�f �hfX�b

s�1 nM nM nM nM nM nM nM nM
50 32.0 71.0 764 472 85.8 48.7
100 597 696 17.7 58.4 654 647 65.7 59.9
250 396 967 8.2 45.1 432 921 45.8 90.0
1000 146 1189 0.2 2.5 161 1193 5.8 40.0

TABLE 6
Steady-state concentrations of free and bound products (fIIa and fXa)
Concentrations are reported within the shear-defined r.m.s. diffusion distance-defined volume element.

Shear
Isolated prothrombinase

(23), �bfIIa�a

Isolated extrinsic
tenase Coincident experiments

�hfXa�f
a �hfXa�b

b �hfIIa�a �hfXa�f
a �hfXa�b

b

s�1 nM nM nM nM nM nM
50 11.4 55.6 164 15.8 19.7
100 107 11.4 82.4 99.3 14.8 29.6
250 36.4 8.9 107.8 46.8 6.5 28.0
1000 65.3 6.3 161.0 45.9 7.8 116.5

a Empirical value.
b Calculated value.
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DISCUSSION

The activation of fX under physiologically relevant flow con-
ditions, as reported previously by Nemerson and co-workers
(27, 51), is subject to diffusion-mediated control. In this study,
we confirm this finding by observing that when a physiologic
concentration of fX (170 nM) is flowed over the capillary at low
shear rates (50–100 s�1), the average flow rate-normalized fXa
levels in the effluent are decreased from those at higher shear
rates, indicating substrate depletion in the catalytically active
wall region. This is in contrast to the isolated prothrombinase
system under flow reported previously, in which no shear
dependence is observed in the normalized levels of bfIIa gener-
ated at steady state, indicating that this system is regulated
purely by dilution-mediated control across a range of physio-
logically relevant shear rates (23). These contrasting findings
support the concept that coagulation throughout the vascula-
ture is subject to regulation by local shear conditions that are
specific to different membrane-localized enzyme complexes
(extrinsic tenase versus prothrombinase). Furthermore, results
from the current study show that when hfX and hfII are acti-
vated coincident with each other by extrinsic tenase and pro-
thrombinase, respectively, hfX activation appears to deviate
from a diffusion-mediated system. This suggests that in more
complex membrane-dependent systems, there is an additional
regulating component of the coagulation process under flow
conditions.
To explain this observation, we developed models of fII and

fX activation under steady-state flow conditions. The results of
these models suggest that whereas the activation of fII can be
modeled using its steady-state concentration in the bulk fluid,
the activation of fX is bestmodeled using themembrane-bound
population of fX. Previous studies have shown that fX binding
to themembrane is the rate-limiting step in its activation under
flow (52) and that furthermore the active enzyme fXa can com-
pete with fX for membrane binding sites, resulting in product
inhibition (31). In this study, we show that at low shear rates, fX
and fXa compete with fII for membrane binding sites under
flow, resulting in a mechanism that mitigates diffusion’s role in
regulating fX activation. Combined, these observations pro-
mote a model in which coagulation factors may compete with
each other under flow conditions to regulate the process of
blood coagulation under flow.
This conclusion is not unexpected because others have pre-

viously noted the importance of the vessel dimension and vessel
wall composition in affecting the efficiency of surface-depen-
dent enzyme complexes (18, 53). TF density has been shown to
have significant thresholding effects under flow conditions in
both empirical (15) and computational models (19, 22) for
fibrin clot formation. Furthermore, shear rates have also been
shown to have similar thresholding effects (18), with fibrin clot
formation impaired at increasing shear rates. A role for the
surface in the coagulation process under flow has also been
suggested previously (18, 53). Runyon et al. (18), in addition to
previous work by Esmon and Owen (53), also note that in ves-
sels with a small volume/surface ratio, the surface-bound inhib-
itor thrombomodulin can regulate clot propagation, whereas in
vessels with a large volume/surface area ratio, clot propagation

is mostly regulated by shear-induced dilution effects. We pro-
pose that under conditions where surface inhibition of clot
propagation is insufficient, competition for membrane binding
sites may regulate the amount of procoagulant enzymes at the
site of thrombus formation and consequently self-limit throm-
bus growth.
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