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Activation of coagulation factor X (fX) by activated factors IX (fIXa) and
VIII (fVIIIa) requires the assembly of the enzyme–cofactor–substrate fIXa–
fVIIIa–fX complex on negatively charged phospholipid membranes. Using
ﬂow cytometry, we explored formation of the intermediate membranebound binary complexes of fIXa, fVIIIa, and fX. Studies of the coordinate
binding of coagulation factors to 0.8-lm phospholipid vesicles (25 ⁄ 75 phosphatidylserine ⁄ phosphatidylcholine) showed that fVIII (fVIIIa), fIXa,
and fX bind to 32 700 ± 5000 (33 200 ± 14 100), 20 000 ± 4500, and
30 500 ± 1300 binding sites per vesicle with apparent Kd values of
76 ± 23 (71 ± 5), 1510 ± 430, and 223 ± 79 nm, respectively. FVIII at
10 nm induced the appearance of additional high-afﬁnity sites for fIXa
(1810 ± 370, 20 ± 5 nm) and fX (12 630 ± 690, 14 ± 4 nm), whereas fX
at 100 nm induced high-afﬁnity sites for fIXa (541 ± 67, 23 ± 5 nm). The
effects of fVIII and fVIIIa on the binding of fIXa or fX were similar. The
apparent Michaelis constant of the fX activation by fIXa was a linear function of the fVIIIa concentration with a slope of 1.00 ± 0.12 and an intrinsic Km value of 8.0 ± 1.5 nm, in agreement with the hypothesis that the
reaction rate is limited by the fVIIIa–fX complex formation. In addition,
direct correlation was observed between the fX activation rate and formation of the fVIIIa–fX complex. Titration of fX, fVIIIa, phospholipid concentration and phosphatidylserine content suggested that at high fVIIIa
concentration the reaction rate is regulated by the concentration of free fX
rather than of membrane-bound fX. The obtained results reveal formation
of high-afﬁnity fVIIIa–fX complexes on phospholipid membranes and suggest their role in regulating fX activation by anchoring and delivering fX
to the enzymatic complex.
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The intrinsic factor X (fX)-activating complex is composed of the enzyme (factor IXa; fIXa), the substrate
(fX), and the cofactor (factor VIIIa; fVIIIa) assembled
on a negatively charged phospholipid surface [1,2].
FIXa is a two-chain vitamin K-dependent serine protease which activates fX by cleaving a single Arg194–
Ile195 peptide bond in the fX molecule [3]. Heterotrimeric (A1 ⁄ A2 ⁄ A3–C1–C2) fVIIIa [4] is a cofactor that
ampliﬁes the rate of this reaction by several orders of
magnitude [1,5]. The exact mechanisms of the fX-activating complex assembly and of the fVIIIa cofactor
action in the intrinsic tenase remain insufﬁciently
understood [2].
Numerous studies have reported rates [6–8], equilibrium-binding parameters [9–11], and mechanisms
[12,13] for the individual binding of fIXa, fVIIIa, and
fX to phospholipid membranes. Interaction of fIXa
and fVIIIa within the fX-activating complex and formation of the fIXa–fVIIIa complex have been also
investigated by several groups [5,14–16], which identiﬁed interaction sites, association parameters, and
contributions of different fVIIIa domains in the stimulation of the fIXa activity. However, formation and
function of the fIXa–fX and fVIIIa–fX complexes is
less studied. The fVIIIa–fX binding has been investigated in a solid-phase binding assay [17]; interaction
with the afﬁnity of 1–3 lm was observed between the
serine protease domain of fX and COOH-terminal
region of the A1 domain of fVIIIa [17,18]. However,
the interaction of fVIIIa and fX on phospholipid membranes and its role in activation of fX have not been
studied. It remains unclear whether this interaction is
essential for the activation of fX [2] or for the formation of the intermediate fVIII(a)–fX complex in the
course of assembly of the fX-activating complex
[19,20] or, probably, for the fVIII activation by
fXa [21].
Previously, we approached the problem of the
assembly of the fX-activating complex using mathematical modeling [19]. We hypothesized that the
fX-activating complex is assembled via formation of
two intermediate binary complexes, fIXa–fVIIIa and
fVIIIa–fX. The goal of this study was to experimentally explore the roles of the binary complexes formed
by fIXa, fVIIIa, and fX in the assembly and functioning of the fX-activating complex. We have shown that
all three possible binary complexes, i.e. fIXa–fVIIIa,
fIXa–fX, and fVIIIa–fX, are formed in the course of
fX activation, formation of fIXa–fVIIIa and fVIIIa–fX
being most signiﬁcant. We obtained experimental evidence that formation of the cofactor–substrate fVIIIa–
fX complex regulates the rate of fX activation. This
study suggests an additional function for fVIIIa in
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providing high-afﬁnity binding sites for fX on the
membrane surface and in delivering the substrate to
the fX-activating complex.

Results
Equilibrium coordinate binding of fVIII, fIXa, and
fX to phospholipid vesicles
To explore interaction between components of the
fX-activating complex on a phospholipid membrane,
we studied the binding of ﬂuorescein-labeled fVIII,
fVIIIa, fIXa–EGR, and fX in various combinations
with each other to synthetic PtdSer ⁄ PtdCho (25 ⁄ 75)
vesicles using ﬂow cytometry. The representative binding curves are shown in Fig. 1 and the mean binding
parameters calculated from three independent experiments are summarized in Table 1. The binding curves
for individual factors were ﬁtted with a standard onesite binding model (rectangular hyperbola equation)
[19]. FVIII bound to 32 700 ± 5000 binding sites per
vesicle with an apparent Kd of 76 ± 23 nm and activated cofactor demonstrated similar binding parameters.
Under the conditions used in this study, the molar
concentration of binding sites (estimated as 50–100 nm
at 5 lm of phospholipid on the basis of reported binding stoichiometries) [10,12] could signiﬁcantly exceed
ligand concentration. Therefore, the obtained Kd values represent apparent constants, which are equal to
the sum of true Kd values and molar concentrations of
binding sites for the respective factor. Thus, apparent
Kd of 76 nm, determined for fVIII, corresponds to true
Kd (in the range of 5–10 nm) reported earlier [8,10].
The apparent afﬁnities of fVIII and fVIIIa are similar
because the method does not allow observation of the
difference in true afﬁnities for fVIIIa and fVIII reported by us earlier [8].
In agreement with previous reports [13], fVIII binding to the phospholipid membrane was not apparently
affected by fIXa–EGR and fX, present either individually or in combination (Fig. 1A, Table 1). In contrast,
fIXa–EGR binding at low concentrations was
increased by both fVIII and fX (Fig. 1B), though maximal binding was decreased. The binding curves for
fIXa–EGR in the presence of fVIII or ⁄ and fX could
not be ﬁtted using a one-site binding model. The additional criteria were nonlinearity of the ﬁtting curves in
double-reciprocal plots and a decrease in chi-square
value upon transition from the one-site model to the
two-site model (data not shown). The fVIII- and
fX-dependent binding of fIXa–EGR was quantitated
by subtracting fIXa–EGR binding in the absence of
fVIII or fX from the total fIXa–EGR binding as
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Fig. 1. Cooperative binding of the components of intrinsic tenase
to phospholipid vesicles. Coagulation factors at indicated concentrations were incubated with phospholipid vesicles (5 lM) and with
other factors at fixed concentrations at 37 C for 15 min, and the
binding was determined by flow cytometry as described in Experimental Procedures. (A) Binding of fVIII either alone (h) or in the
presence of 10 nM fIXa–EGR (s), 100 nM fX (n), both fIXa–EGR
and fX (,), or activated by 1 nM of thrombin (n). (B) Binding of
fIXa–EGR: either alone (h) or in the presence of 10 nM fVIII (s),
100 nM fX (n), or both fVIII and fX (,). (C) Binding of fX: either
alone (h) or in the presence of 10 nM fIXa-EGR (s), 10 nM fVIII (n),
both fIXa–EGR and fVIII (,), 10 nM fVIIIa (m), or both fIXa–EGR and
fVIIIa (.). The insets show the specific binding of fIXa–EGR (B) and
fX (C) in the presence of other factors, obtained by subtraction of
the fIXa-EGR or fX binding alone from the total binding. Solid lines
show nonlinear least-squares fit of the experimental data to the
rectangular hyperbola equation.

described in Experimental Procedures (see inset in
Fig. 1B) and was ﬁtted with a one-site model. We
found that fVIII and fX induced the appearance of
additional 1810 ± 370 and 541 ± 67 high-afﬁnity sites
for fIXa, respectively, and a combination of fVIII and
fX induced the appearance of 4410 ± 580 sites
(Table 1). The binding of fX was not affected by
fIXa–EGR, whereas fVIII and fVIIIa enhanced it dramatically, increasing both the apparent afﬁnity and the
maximal binding (Fig. 1C). Subtraction analysis demonstrated that fVIII (fVIIIa) at 10 nm induced the
376

appearance of additional 12 630 ± 690 (11 700 ±
3300) high-afﬁnity binding sites for fX, with a Kd value
of 14 ± 4 nm (16.0 ± 0.4 nm).
To further characterize the interaction between the
factors on a phospholipid surface, we carried out parallel titrations of fVIII, fVIIIa, fIXa–EGR, and fX.
In Fig. 2, the binding of increasing concentrations of
fIXa–EGR and fX is plotted as a function of the binding of fVIII (Fig. 2A, D), fVIIIa (Fig. 2B) and fX
(Fig. 2C) to vesicles. The concentrations of bound factors were determined in parallel experiments, based on
the conclusion of the previous experiment (Fig. 1) that
the binding of fVIII(a) is unaffected by fIXa–EGR
and fX, and the binding of fX is unaffected by fIXa.
A dose-dependent increase in the binding of fIXa–
EGR and fX accompanying an increase in the bound
fVIII (Fig. 2A and D, respectively) and fVIIIa
(Fig. 2B) levels indicated formation of the fIXa–
fVIII(a) and fX–fVIII(a) complexes on the phospholipid membrane. A positive effect of fX on fIXa–EGR
binding was also observed at low concentrations of
fIXa–EGR and fX (Fig. 2C). At higher concentrations,
there was inhibition suggesting a competitive displacement of fIXa–EGR from the phospholipid surface by
fX. Thus, the equilibrium binding studies revealed the
formation of fIXa–fVIII and fX–fVIII binary complexes on the phospholipid surface.
Effect of fVIII on the kinetics of the fX binding
to phospholipid vesicles
The intriguing result of the equilibrium binding experiments that fVIII and fVIIIa bind fX with the afﬁnity
as high as that of the fVIII(fVIIIa)–fIXa interaction
suggests that the fVIII(a)–fX complex is actively
formed during the assembly of intrinsic tenase. To test
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Table 1. Parameters for the binding of intrinsic tenase components to phospholipid vesicles. Binding parameters shown are the means
(± SE) for three separate experiments. Phospholipid concentration was 5 lM. Other experimental conditions are described in the legend to
Fig. 1.
Binding ligand

Fixed component(s)

Nmax (molecules ⁄ vesicle)

Kd (nM)

fVIII (0–256 nM)

None
fIXa–EGR (10 nM)
fX (100 nM)
fIXa (10 nM), fX (100 nM)
None
None
fVIII (10 nM)a
fX (100 nM)a
fVIII (10 nM), fX (100 nM)a
None
fIXa-EGR (10 nM)
fVIII (10 nM)a
fIXa (10 nM), fVIII (10 nM)a
fVIIIa (10 nM)a
fIXa (10 nM), fVIIIa (10 nM)a

32 700
39 700
39 800
41 600
33 200
20 000
1810
541
4410
30 500
34 500
12 630
22 040
11 700
21 000

76
77
73
68
71
1500
20
23
48
223
203
14
22
16.0
32

fVIIIa (0–256 nM)
fIXa–EGR (0–4096 nM)

fX (0–512 nM)

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

5000
11 000
8800
9800
14 100
4500
370
67
580
1300
2900
690
800
3300
2900

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

23
8
16
14
5
430
5
5
10
79
73
4
7
0.4
17

a
These parameters describe specific binding and were determined from the curves (see insets in Fig. 1B,C) obtained by subtraction of the
nonspecific binding from the total binding.

whether formation of this complex is kinetically efﬁcient, the fX association with phospholipid vesicles
was studied at increasing fX concentrations in the
absence or presence of 20 nm fVIII (Fig. 3). A nonlinear least square ﬁt of the experimental data to a decaying exponential model (the reaction following a
pseudo-ﬁrst-order kinetics) yielded kinetic association
and dissociation parameters of ka ¼ 0.017 ±
0.007 nm)1Æmin)1 and kDa ¼ 1.50 ± 0.22 min)1 for fX
alone (n ¼ 3). These values are close to those reported
in a recent surface plasmon resonance study of fX
binding to synthetic phospholipids membranes [6],
although an earlier stopped-ﬂow light scattering study
reported two-orders of magnitude greater values for
fXa [7]. In the presence of fVIII, these parameters were
changed to ka ¼ 0.026 ± 0.012 nm)1Æmin)1 and kDa ¼
0.55 ± 0.04 min)1 (n ¼ 3) indicating a 1.5-fold
increase of the association rate and a threefold
decrease of the dissociation rate. The average ratios of
these constants give the Kd value of 118 ± 33 nm in
the absence and 32 ± 14 nm in the presence of fVIII
and agree with the values obtained from the equilibrium binding studies (Table 1). Thus, kinetic binding
studies showed that formation of the fVIII–fX complex
is rapid. Several studies have reported that substrate
delivery to the membrane can be a rate-limiting factor
in reactions catalyzed by intrinsic tenase and prothrombinase [22,23]. Therefore, the increase in fX
afﬁnity was considered an indicator of an important
role of fVIIIa in the delivery of the substrate fX to the
phospholipid surface.

Role of the fVIIIa–fX complex in activation of fX
by intrinsic tenase
We next addressed the role of the binary fVIII(a)–fX
complex in activation of fX. Figure 4 shows the fX
activation at different fX and phospholipid concentrations. In agreement with previous reports [8], the rate
of fX activation initially increased with the increase of
the phospholipid concentration, and then decreased,
reaching the maximal values at phospholipid concentrations in the range of 10–100 lm (Fig. 4A). The Vmax
of the reaction increased linearly at low lipid concentrations, and reached a plateau at 100 lm phospholipid
(Fig. 4B). The KM value linearly increased within
the range of 0.5–1000 lm (Fig. 4C). For subsequent
experiments, a phospholipid concentration of 10 lm
was chosen, assuming that at this point Vmax is close
to its maximal value (the binding of factors is close to
optimal), while inhibitory effects of excess phospholipid surface are not yet observed. We also took into
consideration that the procoagulant activity of activated platelets at physiological concentration is equivalent to that of synthetic phospholipid vesicles at
micromolar concentrations [24].
To determine whether formation of the fVIIIa–fX
complex has an effect on activation of fX, we carried
out parallel studies of fX activation and speciﬁc (i.e.
fVIIIa-dependent) fX binding under identical conditions (Fig. 5A,B) titrating fVIIIa and fX concentrations. Figure 5A shows the rate of fX activation as a
function of fVIIIa concentration. In Fig. 5B, this rate
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Fig. 2. Interaction of components of intrinsic tenase on phospholipid membrane. FIXa–EGR (A–C) and fX (D) at a concentration of 1 (n), 2
(h), 4 (d), 8 (s), 16 (m), 32 (n), 64 (.), 128 (,), 256 (r), or 512 (e) nM were incubated with phospholipid vesicles (5 lM) at 37 C for
15 min in the presence of increasing concentrations of fVIII (A, D), fVIIIa (B), or fX (C), and the binding was determined as described in
Experimental Procedures. The binding of unlabeled factors was estimated in parallel binding experiments with labeled factors. (A) Binding of
fIXa–EGR as a function of bound fVIII, added at a concentration from 0 to 256 nM (B) Binding of fIXa–EGR as a function of bound fVIIIa,
added at a concentration from 0 to 256 nM (C) Binding of fIXa–EGR as a function of bound fX, added at a concentration from 0 to 256 nM
(D) Binding of fX as a function of bound fVIII, added at a concentration from 0 to 256 nM. Solid lines were drawn by B-spline interpolation.

is plotted as a function of fVIIIa-dependent binding of
fX (obtained by subtracting the fX binding in the
absence of fVIIIa from that in the presence of fVIIIa
as described in Experimental Procedures), revealing a
correlation between the two parameters. It is noteworthy that fVIIIa in these experiments was in excess over
fIXa (0.1 nm) and high above the reported true Kd of
0.07 nm for this interaction [14]. Therefore, these
results cannot be explained by a mere increase in the
concentration of the fIXa–fVIIIa complex, because
fIXa was saturated by fVIIIa within the range of the
fVIIIa concentrations used. Thus, the revealed correlation between the rate of fX activation and the level of
fVIIIa-dependent binding of fX suggests that formation of the fVIIIa–fX complex is important for the fX
activation.
378

Linear dependence was obtained for KM of the reaction as a function of fVIIIa (Fig. 5C) with the slope of
1.00 ± 0.12 nm of KM per 1 nm of fVIIIa and with
the intrinsic KM value (the intersection of the line with
the ordinate axis) of 8.0 ± 1.5 nm. Because of saturation of fIXa with fVIIIa, existence of a KM dependence
on fVIIIa cannot be explained unless we assume that
the fVIIIa–fX complex is the true substrate in the fX
activation. Existence of this dependence does ﬁt well
with the assumption that formation of the cofactor–
substrate fVIIIa–fX complex on membrane is required
for activation of fX by intrinsic tenase. Indeed, regulation of fX activation by its binding to fVIIIa means
that KM of the reaction is equivalent to the Kd of complex formation. The stoichiometry of 1 : 1 would result
in the following equation:
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rate regulation by the membrane-bound fVIIIa–fX
complex.
Studies of the mechanism of substrate delivery
The most probable role of the fVIIIa–fX complex is
that fVIIIa binds fX and delivers the substrate to the

Fig. 3. Effect of fVIII on the kinetics of fX binding to phospholipid
vesicles. Factor X at a concentration of 32 (n, h), 64 (d, s), or 128
(m, n) nM was incubated with phospholipid vesicles (5 lM) at 37 C
in the absence (filled symbols) or in the presence (open symbols)
of fVIII (20 nM). After addition of fX, aliquots were taken and analyzed in a flow cytometer with 1 min intervals. When saturation of
the binding was achieved, the sample was rapidly diluted 100-fold,
and fX dissociation was monitored. Solid lines represent nonlinear
least squares fit of the data to the decaying exponential model to
obtain association and dissociation rates.

Kd ðapparentÞ ¼ Kd ðintrinsicÞ þ ½fVIIIa
This should yield a slope of 1, and an intrinsic Kd of
8nm is in agreement with this equation and with the
apparent afﬁnity of fVIIIa–fX interaction observed in
the binding studies (Table 1). Figure 5D displays the
rate of fX activation as a function of phospholipid
concentration at different fVIIIa concentrations. The
stimulating effect of phospholipids becomes saturated
at a concentration determined by fVIIIa concentration.
The ﬁtting of these curves with the rectangular hyperbola model shows that the half-maximal phospholipid
concentration is a linear function of fVIIIa (data not
shown), which is also consistent with the model of the

Fig. 4. Kinetics of fX activation by intrinsic tenase complex in the
presence of phospholipid vesicles. (A) Initial rate of fX activation by
fIXa (30 pM) in the presence of fVIIIa (10 nM) is plotted as a function of phospholipid vesicle concentration. FX concentration was
1.5 (n), 3 (h), 5 (d), 10 (s), 30 (m), 50 (n), or 100 (.) nM. Solid
lines were drawn using a fourth-order polynomial approximation of
the experimental data. (B) Maximal rate of fX activation by intrinsic
tenase as a function of phospholipid concentration. Solid line was
drawn using a fourth-order polynomial approximation. (C) Michaelis–Menten constant of fX activation by intrinsic tenase as a function
of phospholipid concentration. Conditions in (B and C) are the same
as in (A). Mean values (± SE) are presented for three experiments.
Solid line was drawn using a linear least squares fit. The insets
show the results in linear scale.
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Fig. 5. Correlation between the fVIIIa–fX complex formation and the rate of fX activation. (A) Kinetics of fX activation by fIXa (100 pM) in the
presence of fVIIIa at indicated concentrations and phospholipid vesicles (0.8 lm, 10 lm). FX was at 0.125 (n), 0.25 (h), 0.5 (d), 1 (s), 2 (m),
4 (n), 8 (.), 16 (,), 32 (r), 64 (e), 128 (b), or 256 (/) nM. Solid lines were drawn by B-spline interpolation. (B) FX activation rate shown in
panel A is plotted vs. concentration of specifically bound fX. The fVIIIa-dependent binding of fX was determined in parallel experiments by
subtracting fVIIIa-independent binding from the total fX binding. FVIIIa was at 0.5 (n), 1 (h), 2 (d), 4 (s), 8 (m), 16 (n), or 32 (.) nM. Solid
lines were drawn using a second-order polynomial approximation. (C) The Michaelis–Menten constant for fX activation by intrinsic tenase
(30 pM fIXa; 10 lM phospholipid vesicles) is plotted as a function of fVIIIa concentration. Mean values (± SE) are presented for four experiments. The inset shows a typical experiment of fX activation at different fVIII concentrations. (D) Kinetics of fX (100 nM) activation by fIXa
(30 pM) in the presence of phospholipids at indicated concentrations and fVIIIa at 1.5 (n), 3.5 (h), 10 (d), 20 (s) nM. Solid lines show nonlinear least-squares fit of the experimental data to the rectangular hyperbola equation.

fX-activating complex. There are two possibilities: (a)
fX can initially bind to the membrane and subsequently form a complex with fVIIIa by means of
two-dimensional diffusion on the membrane (bound
substrate model); (b) alternatively, fX can directly bind
to membrane-bound fVIIIa from the solution (free
substrate model). To distinguish between the two models, an approach proposed earlier by van Rijn et al. for
prothrombinase was used [25]. FX activation was studied at different phospholipid concentrations (10–
1000 lm) and at increasing phosphatidylserine (PtdSer)
content (12.5–50%) of vesicles. An excess of phospho380

lipid was used to vary the volume concentration and
the membrane density of the substrate fX. The method
assumes that the predominant pathway of the substrate delivery (bound or free substrate model) does
not change with the increase of phospholipid concentration. A maximal PtdSer content of 50% was chosen
to avoid vesicle aggregation occurring at higher PtdSer
content in the presence of calcium. In order to study
the effect of fVIIIa on the delivery mechanism, the
experiments were performed at two fVIIIa concentrations (1.5 and 12 nm); the ﬁrst concentration is far
below the apparent afﬁnity of fVIIIa and fX, whereas
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the second is high enough to provide a signiﬁcant
number of high-afﬁnity fVIIIa-dependent fX-binding
sites without occupying all sites on phospholipid membrane. The determined kinetic parameters of fX activation were plotted vs. phospholipid concentration
(Fig. 6). Analysis of the study [25] gives the apparent
value of KM:
q½PtdChoPtdSer
KM (apparent) ¼ ½fXfree  þ X free 1
ð1Þ
Kd ½f X  þ 1
where [fXfree] is the concentration of free fX achieved
when [fXtotal] equals KM, q is the maximal amount of
fX that can bind to phospholipid (mol ⁄ mol), [PtdChoPtdSer] is the concentration of phospholipids, and K X
d
is the dissociation constant of fX and phospholipid. In
both models, apparent KM is a linear function of

Regulation of factor X activation by factor VIIIa

[PtdChoPtd Ser]: (a) in the free substrate model, KM is
achieved at the same [fXfree] for all concentrations and
compositions of phospholipids; (b) in the bound-substrate model, KM is achieved at the same surface denq
[25]. However,
sity of fX, i.e. at the same X free
Kd ½f X 1 þ1
these models behave differently, when q and K Xd are
varied because of the variation in PtdSer content. The
line slope equals to the fX surface density achieved at
[fX] ¼ KM. In the bound substrate model, this density
is constant at any PtdSer content. In contrast, in the
free substrate model, [fXfree] is constant. Therefore, the
q
, will be higher for
line slope, which equals X free
Kd ½f X 1 þ1
phospholipid vesicles with more favorable binding
parameters (high q and low K Xd , i.e. high PtdSer content). Further, in the free substrate model, intrinsic KM

Fig. 6. Effect of the fX and phospholipid concentrations and PtdSer content in phospholipid vesicles on activation of fX. Kinetic parameters
for fX activation by fIXa (30 pM) in the presence of fVIIIa and phospholipid vesicles are shown. Mean values (± SE) are presented for two
experiments. PtdSer content in the vesicles was 12.5% (n), 25% (h), 37.5% (d), 50% (s). (A) Maximal rate, 12 nM of fVIIIa. (B) Michaelis
constant, 12 nM of fVIIIa. (C) Maximal rate, 1.5 nM of fVIIIa. (D) Michaelis constant, 1.5 nM of fVIIIa. Solid lines were drawn by B-spline interpolation for maximal rates and by linear least squares fit for Michaelis–Menten constants.

FEBS Journal 273 (2006) 374–387 ª 2005 The Authors Journal compilation ª 2005 FEBS

381

Regulation of factor X activation by factor VIIIa

M. A. Panteleev et al.

(KM at inﬁnitely low [PtdChoPtdSer]) is the real KM
for fX, as no excess phospholipid is present to bind fX
and to reduce the free fX concentration. Therefore,
intrinsic KM should be the same for all lines. In the
bound substrate model, intrinsic KM equals the [fXfree]
concentration required to obtain the fX density on the
membrane, at which half of membrane-bound fX is
involved in the reaction; therefore, intrinsic KM is
expected to increase with the decrease in PtdSer content. Summarizing, the free substrate model should
give a set of lines with different slopes (determined by
PtdSer content) and identical intrinsic KM in the KM
vs. phospholipid concentration plot, whereas the
bound substrate model is expected to yield a set of
parallel lines.
The results of the experiment at 12 nm of fVIIIa indicated that the reaction of fX activation by intrinsic tenase is likely to follow the free substrate model
(Fig. 6A,B). The lines had similar intrinsic KM values
(20 nm) and the slopes of the lines at 12.5 and 50%
PtdSer differed 13-fold, in agreement with the estimations on the basis of q and K Xd reported for fX–phospholipid interaction [11,12]. At 1.5 nm fVIIIa
(Fig. 6C,D), there was little difference in either intrinsic
KM values (10–12 nm) or the slopes (1.7-fold). This
does not correspond exactly to any of the models and
most likely reﬂects a mixed model of fX delivery, e.g. at
low phospholipid concentration, fVIIIa could occupy all
binding sites on phospholipid vesicles, making the freesubstrate mechanism the only possible one, whereas at
high phospholipid concentrations, fX may bind mostly
to phospholipids and not directly to fVIIIa.

Discussion
This study was aimed at elucidating the mechanism of
the fX-activating complex assembly on phospholipid
membranes in the course of activation of fX by intrinsic tenase. Speciﬁcally, two problems were addressed.
The ﬁrst is the order of assembly of the fX-activating
complex. As discussed by Boscovic et al. [30], there
may be seven possible pathways for assembly of a
ternary complex, depending on the intermediate binary
complexes formed. In the course of assembly of intrinsic tenase, fX can bind to the preassembled fIXa–
fVIIIa complex, or fVIIIa can bind fX and deliver it
to fIXa, etc. Formation of the fIXa–fVIIIa complex
has been studied extensively in both kinetic and binding experiments [5,15,16] and the role of cofactor
fVIIIa has been established in modulating the active
site of enzyme fIXa and increasing the number of the
bound enzyme molecules. The interaction of fIXa and
fX has been studied in fX activation experiments in
382

Fig. 7. Possible pathways of the fX delivery to the fX-activating
complex. FX from solution can either directly bind to lipid-bound
fVIIIa (free substrate model) or bind the membrane first, followed
by the formation of the fVIIIa–fX complex (bound substrate model).
Subsequently, fVIIIa delivers the substrate to the enzyme in the
fX-activating complex.

the absence of fVIIIa [1,31,32]. The interaction of
fVIIIa with fX has been studied in a solid phase binding assay [17,18,21] but not in solution or on phospholipid membranes.
Another problem is the role of phospholipid membrane in the delivery of fX to the fX-activating complex. There are two principal mechanisms of substrate
delivery in a membrane-dependent reaction: the substrate can either bind directly from solution to the
enzyme (free substrate model) or bind to the membrane ﬁrst and subsequently interact with the enzyme
by means of two-dimensional diffusion (bound substrate model), as illustrated in Fig. 7. Previous studies
disagree with respect to the mechanisms of substrate
delivery in the homologous complexes of intrinsic
tenase and prothrombinase. That the bound substrate
model explains the apparent increase of the Michaelis–
Menten constant with the increase of phospholipid
concentration suggested that this model works for both
phospholipid-dependent reactions [1,33,34]. However,
in other studies the rates of prothrombinase [25,35]
and intrinsic tenase [31] appeared to be independent of
the substrate surface density on phospholipids, consistent with the free substrate model. The existing mathematical models for both reactions [19,34,36–38] are
based on the bound substrate model. For the activation of fX by fIXa in the absence of fVIIIa, the bound
substrate model was established experimentally [31,39].
In this study, we systematically analyzed the equilibrium binding of all components of the intrinsic fX-activating complex in various combinations to synthetic
phospholipid vesicles by ﬂow cytometry in order to
detect and quantitate formation of binary complexes,
and subsequently analyzed the effect of formation of
these complexes on the rate of fX activation. The binding experiments (Fig. 1) detected formation of all three
possible binary complexes, with a predominance of

FEBS Journal 273 (2006) 374–387 ª 2005 The Authors Journal compilation ª 2005 FEBS

M. A. Panteleev et al.

fIXa–fVIII(a) and fVIII(a)–fX. It should be noted that
the true binding afﬁnities of individual components of
intrinsic tenase for the phospholipid membrane differ
by orders of magnitude:  5–10 nm for fVIII [8,10],
 100–200 nm for fX [12],  1000 nm for fIXa [9,40].
In our experiments, the binding of coagulation factors
was not signiﬁcantly affected by the presence of factors
with a lower afﬁnity used at concentrations below their
Kd (i.e. the fVIII binding did not change in the presence of either fIXa or fX, and the fX binding in the
presence of fIXa). In contrast, in the presence of factors with a higher afﬁnity, the binding curves changed
their form and did not follow the one-site binding
equation (e.g. the fIXa and fX binding curves in the
presence of fVIII or fVIIIa). This suggests that these
factors function as anchors for factors with a lower
afﬁnity, providing new high-afﬁnity (10–20 nm) binding sites on the phospholipid surface (fVIII for fIXa or
fX, fX for fIXa).
This conclusion was further conﬁrmed in the parallel
titration binding experiments, which studied the binding of low-afﬁnity factors as a function of the highafﬁnity factor binding (Fig. 2). The slopes of the upper
curves in panels A, B, and D in their initial parts were
close to 1 indicating a 1 : 1 stoichiometry for fIXa–
EGR–fVIII(a) and fX–fVIII(a) complexes. In this part
of the curves, the concentration of low-afﬁnity factor
exceeds the Kd of the binary complex formation, and
all molecules of high-afﬁnity factor are in the complex.
Previously, two fundamental functions have been
ascribed to cofactor fVIIIa in the activation of fX:
enhancement of the catalytic constant of the reaction
and increase of the amount of phospholipid-bound
enzyme fIXa [32]. Based on the obtained data, we
hypothesize that, in addition to these functions, fVIIIa
is also involved in increasing the amount of phospholipid-bound substrate fX. Interestingly, this anchoring
effect did not depend on fVIII activation (Figs 1
and 2), in agreement with a previous study reporting
the equally efﬁcient binding of fX to both fVIII and
fVIIIa [17].
We next demonstrated that formation of the fVIIIa–
fX complex is signiﬁcant for the functioning of the
intrinsic tenase complex. By titrating both fVIIIa and
fX (Fig. 4A,B), we revealed a positive correlation
between the rate of fXa formation and the fX binding
to fVIIIa that suggested a regulatory role of the
fVIIIa–fX complex in the activation of fX. This conclusion was conﬁrmed by the ﬁnding that the apparent
KM of fX activation is dependent on fVIIIa concentration (Fig. 4C). The obtained function was linear, with
a slope of 1.00 ± 0.12 (suggesting a 1 : 1 stoichiometry) and intrinsic KM of 8.0 ± 1.5 nm that is in
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agreement with the apparent afﬁnity of the fVIIIa–fX
complex (Table 1). These results ﬁt with the hypothesis
that the rate of fX activation is regulated by formation
of the fVIIIa–fX complex which, in fact, is the true
substrate in the fX activation. Other explanations seem
less probable: for example, occupation of phospholipids-binding sites with fVIIIa could lead to an increase
of apparent KM [25], but this should be accompanied
by a decrease in Vmax which was not the case in our
experiment (see inset in Fig. 4C). Interestingly, KM
dependence on fVIIIa concentration has been observed
previously [1] but no explanation for the effect has
been proposed. The phospholipid concentration, which
provides the half-maximal rate of fXa generation, was
also a linear function of fVIIIa concentration
(Fig. 5D). This is another argument in favor of the
regulatory role of the fVIIIa–fX complex in the activation of fX.
This role of the fVIIIa–fX complex outlines the
directions for a further reﬁnement of the model of the
intrinsic tenase assembly. First, it should be speciﬁed
whether fIXa binds directly to the preassembled
fVIIIa–fX complex or whether the fX-activating complex is assembled via a quaternary interaction between
the fIXa–fVIIIa and fVIIIa–fX complexes. Second, the
relative quantitative contribution of the direct fX delivery to the preassembled fIXa–fVIIIa complex and the
fVIII-mediated delivery of fX should be assessed, and,
evidently, the effect of fIXa and fVIIIa concentrations
should be considered.
The most plausible mechanism of the regulation
of fX activation by the fVIIIa–fX complex is delivery
of the substrate (fX) to the membrane. The rate of
fX–phospholipid association was higher in the presence
of fVIII (Kd ¼ 32 ± 14 nm) than in its absence (Kd ¼
118 ± 3 nm) suggesting that the direct binding of fX
to membrane-bound fVIII is at least as kinetically
favorable as the indirect pathway (Fig. 3). Otherwise,
a decrease of the rate should be expected in the presence of fVIII due to a decrease of the number of free
binding sites. We performed parallel titrations of fX,
phospholipid concentration, and PtdSer content in vesicles (Fig. 6) to elucidate whether the reaction rate is
determined by the concentration of free or membranebound substrate. As our previous experiments suggested that formation of the fVIIIa–fX complex is a
regulating step in the reaction, this was done at two
fVIIIa concentrations. Analysis of KM values revealed
that, at high fVIIIa concentrations, the reaction is
likely to follow the free substrate model, i.e. fX preferably binds to membrane-bound fVIIIa directly from
solution. At low fVIIIa concentrations, there seems to
be a mixed case.
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An important issue to be discussed in connection
with this experiment is the possible segregation of the
enzyme, the cofactor, or the substrate to different vesicles due to high phospholipid concentrations. Indeed,
quantitation of the vesicles by ﬂow cytometry (data not
shown) suggests that at 1000 lm of phospholipids, the
molar concentration of phospholipid vesicles exceeds
concentration of fIXa molecules by at least an order of
magnitude. However, taking into consideration the
extremely high dissociation constant of fIXa ⁄ phospholipid binding (1000 nm), a four orders of magnitude
lower dissociation constant for fIXa binding to the
membrane-bound fVIII [14], and the low fIXa concentrations used in these experiments (30 pm), it is most
likely that phospholipid-bound fIXa will be present
only in the form of fIXa–fVIIIa complex. Thus, the
enzyme and the cofactor will be present on the same
vesicle. Furthermore, the purpose of increasing phospholipid concentration was to regulate the membrane
density and volume concentration of the substrate, and
the derivation of Eqn (1) does not require all (or even
most) vesicles to contain enzyme molecules [25]. Thus,
the binding of some substrate molecules to vesicles not
containing the enzyme-cofactor complexes does not
affect conclusions of this experiment.
Our ﬁndings offer an explanation for the existing
disagreement on the mechanisms of substrate delivery.
First, the binding of fX to the membrane-bound
fVIIIa, in addition to its binding to the preassembled
fIXa–fVIIIa complex, should be considered. Second,
the mechanism of fX delivery to the membrane seems
to depend on the conditions of the study, in particular,
on fVIIIa concentration.
Our study was performed on synthetic PtdSer ⁄ PtdCho (25 ⁄ 75) vesicles as the most well-characterized
experimental model, and the physiological relevance of
our conclusions requires further veriﬁcation using activated platelets and other physiological procoagulant
surfaces. However, there are indications that the
results of this study can be extrapolated to the physiological conditions. For example, parameters of fVIIIa–
fX interaction on phospholipid membranes, which we
determined (Table 1), are close to those obtained in
the study on the coordinate binding of these proteins
(Kd 30 nm) to activated platelets [41].
In conclusion, the experimental evidence of the present study shows that: (a) the high-afﬁnity fVIIIa–fX
complex is effectively formed on phospholipid membranes in the course of assembly of the fX-activating
complex; and (b) formation of the fVIIIa–fX complex
regulates the rate of fX activation, at least under conditions when fVIIIa is in excess over fIXa. Noteworthy, thrombin generation experiments in reconstituted
384

system demonstrated that maximal rates are achieved
when < 1% of fIX is activated [42], suggesting that
excessive presence of fVIIIa over fIXa may occur
under physiological conditions.

Experimental procedures
Reagents
The chromogenic fXa-sensitive substrate N-a-((benzyloxy)carbonyl)-d-Arg-Gly-Arg-p-nitroanalide dihydrochloride (S-2765) was purchased from Diapharma (West
Chester, OH). Bovine serum albumin (BSA), phenylalanine–proline–arginine chloromethyl ketone (PPACK) and
human a-thrombin were from Sigma (St. Louis, MO).
Bovine brain PtdSer and phosphatidylcholine (PtdCho)
from egg yolk were from Avanti Polar Lipids (Alabaster,
AL). All other reagents were of analytical quality.

Proteins
Human plasma-derived fVIII was puriﬁed from therapeutic
fVIII concentrate (Antihemophilic Factor, human, American
Red Cross, Rockville, MD) as described previously [26].
Human fIXa and active site-inhibited fIXa–EGR were from
Haematologic Technologies (Essex Junction, VT). Human
fX and fXa were from Enzyme Research Laboratories (South
Bend, IN). For the binding studies, the proteins were labeled
with ﬂuorescein as described previously [27]. All proteins
were stored at )80 C in 5–10 lL aliquots and thawed immediately before use. Adequacy of labeled factors was tested in
control binding experiments with factors labeled at dye ⁄ protein ratios in the range of 0.4–4, which gave identical results.

Preparation of phospholipid vesicles
Vesicles were prepared according to a protocol described
previously [28] by extrusion through either 0.1 or 0.8 lm
pore size polycarbonate membranes using a mini-extruder
device (Avanti Polar Lipids). For binding studies, a lipophilic ﬂuorescent dye 1,1¢-dihexadecyl-3,3,3¢,3¢-tetramethylindocarbocyanine perchlorate [DiIC16(3); Molecular Probes]
in ethanol was added at 0.2 mol%. The vesicles were stored
at +4 C and were used within four days of preparation.
For binding experiments and for fX activation experiments,
0.8 and 0.1 lm vesicles were used, respectively, unless speciﬁed otherwise. Control experiments have shown that kinetic
constants of fX activation by intrinsic tenase are similar for
these two types of vesicles under conditions of this study.

Binding experiments
Binding of labeled factors to phospholipid vesicles was performed according to the method of Gilbert et al. [29] with
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minor modiﬁcations. Brieﬂy, the proteins were incubated
with 0.8 lm phospholipid vesicles in 150 mm NaCl, 2.7 mm
KCl, 1 mm MgCl2, 0.4 mm NaH2PO4, 20 mm Hepes, 5 mm
glucose, 0.5% BSA, pH 7.4 (buffer A) in the presence of
CaCl2 (2.5 mm) at 37 C for 15 min unless speciﬁed otherwise. Calcium was always added to buffer A immediately
before experiments. Control experiments conﬁrmed that this
period was sufﬁcient to achieve equilibrium. When the
fVIIIa binding was studied, fVIII was activated by thrombin (1 nm) for 1 min prior to incubation with vesicles, and
thrombin was inhibited by PPACK at 1 lm. Samples were
diluted 10-fold with buffer A containing 2.5 mm CaCl2,
and immediately acquired for 10 s in a FACSCalibur ﬂow
cytometer (Becton Dickinson, San Jose, CA). Vesicles were
identiﬁed by DiIC16(3) ﬂuorescence measured in a FL2
channel. Bound coagulation factor was determined by
measuring mean ﬂuorescence intensity of FL2-positive
events in a FL1 channel. The ﬂuorescence intensity was
converted to the mean number of molecules per vesicle
using a calibration curve prepared with a Quantum Fluorescent Microbead Standard for ﬂuorescein (Sigma). Control
experiments conﬁrmed that, during the time of sample dilution and analysis, < 5% of the protein dissociated from the
vesicles.

fXa generation experiments
Assays were performed in 96-well ﬂat bottom polystyrene
plates (Falcon, Becton Dickinson, Franklin Lakes, NJ).
Varying ratios of phospholipid, fIXa, and fVIII were incubated in buffer A in the presence of 2.5 mm CaCl2 at
37 C. After activation of fVIII by thrombin (ﬁnal concentration 1 nm) for 1 min, the reaction was initiated by addition of fX. The reaction was stopped after 2 min by
addition of ice-cold EDTA to a ﬁnal concentration of
10 mm. The linearity of fXa production during the ﬁrst
3 min under various conditions was conﬁrmed in separate
experiments (data not shown). Generated fXa was determined from the rate of conversion of a chromogenic substrate S-2765 (ﬁnal concentration 0.3 mm). The rate of
substrate hydrolysis was monitored by absorbance at
405 nm using a Tecan GENios Pro microplate reader
(Tecan U.S., Durham, NC) in a kinetic mode and was converted to fXa concentration using a calibration curve prepared with a fXa standard. Control experiments showed
that contribution of thrombin used for fVIII activation to
the hydrolysis of S-2765 was negligible (data not shown).

Analysis of experimental data
All experiments were performed in triplicate, unless speciﬁed otherwise; representative experiments are shown in the
ﬁgures. The binding and fX activation parameters were
obtained by ﬁtting respective curves from independent
experiments to a rectangular hyperbola equation using a
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nonlinear least squares method implemented in microcal
origin 6.0 (Microcal Software, Inc.). The number of newly
formed additional binding sites (e.g. the sites provided for
fX by fVIIIa) was calculated by subtracting the binding
curve for fX alone from the binding curve for fX in the
presence of fVIIIa. This method does not take into account
potential competition between fX and fVIIIa for the binding sites. To avoid competition effects, only those portions
of the binding curves, where the subtracted fX binding did
not exceed the obtained speciﬁc binding (Fig. 1B inset),
were used. For all ﬁts in this study, the R2 value was above
0.98; for the vast majority of experiments, it was above
0.995.
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