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Abstract

Kinetic analysis of the tissue factor (TF)-factor Vlla (FV1la) binding interaction is helpful in
investigating the structure-function relationships of TF-FVIla. However, a wide variation exists
among the reported binding affinities of FVIla to TF, particularly when comparing Kp values
obtained from functional activity assays versus ligand binding studies. Surface plasmon resonance
(SPR) technique was used frequently to investigate binding kinetics of FVIla to TF in a lipid-free
environment. In the present study we used TF embedded in a phospholipid bilayer for determining
binding kinectis using SPR. The data revealed that FVIla had a much higher binding affinity (>100-
fold) for TF embedded in the phospholiid bilayer than TF in a lipid-free environment, approaching
the Kp values that were noted in the enzymatic activity assays. The present data suggest that SPR
binding studies using TF embedded in phopsholipids is more appropritate for investigating how
FVlla (or FVIla mutants/derivatives) may interact with TF in physiological settings.
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Introduction

Factor Vlla (FV1la) binding to tissue factor (TF) is a critical step in the initiation of blood
coagulation. Kinetic analysis of the TF-FVIla binding interaction is widely used to investigate
the structure-function relationships of TF-FVI1la and to probe the effects of cellular alterations
on TF-FVIla function. However, studies of the TF-FVIla binding interactions are complicated
and a wide-range of dissociation equilibrium constants (10 pM to 90 nM) have been reported
from various studies employing different experimental approaches (see ref [1]). In general, the
measurement of FVIla binding to TF in liposomes, performed by enzymatic activity assays,
have yielded Kp values in the picomolar range, whereas binding studies using cell-model
systems or immobilized TF have yielded Kp values in the nanomolar range. It is not entirely
clear why such a wide variation exists in the reported binding affinities of FVIla to TF.

One of the techniques commonly used to study the binding interactions of FVVIla with TF is
surface plasmon resonance (SPR). SPR measurements on Biacore instruments have been used
to investigate how specific alterations in FVIla or TF affects the kinetics and affinity of their
binding interaction [2—7]. Although these studies have yielded important insights into the
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structure-function relationships between TF and FV1la, it is unclear whether the data obtained
from these studies can be extrapolated to physiological settings as the calculated Kp values by
SPR were much higher (about 100-fold) than those obtained by fluoresence anisotropy or
enzyme activity assays [1;8;9]. In the majority of SPR studies reported to date, soluble TF
(TF1_219) was immobilized on a sensor chip using amine coupling chemistry. Alternatively,
biotinylated FV1la [2] or full-length TF [4] was immbolized on a sensor chip indirectly by
capturing these molecules on either a streptavidin-derivitized surface or immobilized TF mAb,
respectively. The reason for the wide differences in Kp values obtained by SPR measurements
or enzymatic activity are unclear, but could be the result of differences in TF preparations and/
or the avaliablity of phospholipids or the substrate.

Tissue factor is an integral membrane glycoprotein and its activity is modulated by the
surrounding phospholipid surface [10;11]. Although most of the binding energy of the TF-
FVIla complex comes from protein-protein interactions, the composition of the phospholipid
bilayer or other membrane components surrounding TF may significantly influence its
interaction with FV1la either directly or indirectly by providing protein-membrane interactions
between the FVIla Gla domain and anionic phospholipids [12-14]. In the present study we
have measured FV1la binding interactions with TF embedded in a phospholipid bilayer and a
lipid-free environment using SPR. The data demonstrate the influence of the phospholipid
bilayer in FVIla binding to TF.

The SPR studies were performed using a Biacore 3000. To measure FVIla binding to TF in
the lipid bilayer, recombinant TF containing transmembrane spanning domain (TFq_p4g) Was
first relipidated in either phosphatidylcholine (PC) alone or PC/phosphatidylserine (PS)
(80:20) as described previously [15], with the exception that the TF:phospholipid ratio was
1:3000 (0.33 uM TF: 1 mM phospholipid). Control phospholipid vesicles were made in an
identical fashion except that TF was omitted from the reconstitution. A lipophilic L1 chip
(Biacore, Piscataway, NJ) was coated with PC (flow cell 1), TF/PC (flow cell 2), PC/PS (flow
cell 3) and TF/PC/PS (flow cell 4) by injecting each preparation at a flow rate of 5 pl/min for
15 min followed by three 5 pl/min pulses of 10 nM NaOH to remove the unbound or loosely
bound vesicles. Approximately 1900 RUs were immobilized in flow cell 1 and 1700 RUs were
immobilized in all other flow cells. This represents about 35 pg of TF embedded in the lipid
bilayer on flow cells 2 and 4. The chip was equilibrated overnight by passing running buffer
(20 mM HEPES, 150 mM NaCl, 5 mM CaCl,, pH 7.4) over the chip at a flow rate of 5 pl/min.
Kinetic analyses were performed at 37°C by flowing consecutively increasing concentrations
of FVIla (0 nM to 10 nM, in duplicates) in the running buffer containing 0.1% BSA over the
sensor chip for 5 min (association time) followed by a 10 min dissociation period at a flow rate
of 30 pl/min in parallel. Regeneration was performed with a 3-min pulse of 10 mM EDTA in
HEPES buffer (20 mM HEPES, 150 mM NaCl, pH 7.4). FVIlabinding to TF in the lipid bilayer
was determined by deducting the RU values noted in reference flow cells 1 and 3 from the RU
values of flow cells 2 and 4, respectively (i.e., 2-1 and 4-3). Surface plasmon resonance data
were fitted with a 1:1 binding model containing a mass transfer coefficient using
BiaEvaluations software v 4.1 (Biacore).

To measure FVIla binding to soluble TF (sTF), TF1_»19 was immobilized on a CM5 sensor
chip using amine coupling chemistry according to the instructions provided by the
manufacturer. Briefly, the carboxymethyl dextran surface of a CM5 chip was first activated
with a mixture of 1-ethyl-3-(3-dimethylaminopropyl) carbamide (EDC) and N-
hydroxysuccinamide (NHS). Ten pg/ml sTF was then passed over the activated surface of flow
cell 2 at a rate 5 pl/min in acetate buffer (10 mM Na acetate, pH 5.0). Approximately 100 RU
of sTF (i.e., 100 pg) was coupled to the chip. Excess (unreacted) sites were blocked with
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ethanolamine. Flow cell 1 was activated and immediately blocked with ethanolamine as a
reference. Kinetic analysis was performed essentially as described above except FVIla
concentrations passed over the chip were required to be much higher (10 to 500 nM).

Results and Discussion

Although SPR analysis has been used frequently to analyze FV1la binding kinetics to TF, these
analyses were limited to TF in a lipid-free environment. To our knowledge, the present study
was the first to use relipidated TF for the analysis of FVIla binding to TF using SPR. Marked
differences were noted between FVIla binding to TF embedded in phospholipids versus FVIla
binding to TF in a lipid-free environment. As shown in Fig. 1, FVIla bound to TF in a lipid
bilayer much tighter than it bound to sTF. Analysis of FVIla binding to sTF or full-length TF
not inserted into a phospholipid bilayer in earlier SPR studies yielded values of ky, = 0.2 to 4
x 10°M1s71 and ko = 0.5 to 2 x1073 s71 with a calculated Kp of 2 to 25 nM [2-7]. The
dissociation equilibrium binding constant obtained in the present study with sTF (Kp of 11.6
nM; Table 1) is consistent with these reported values. FV1la associates with TF inserted in the
phospholipid bilayer at a rate 5 times faster than that observed for FVI1la binding to sTF. More
importantly, FVIla bound to TF in the lipid bilayer did not dissociate significantly over the
time examined. Increasing the dissociation time to 30 min or longer did not alter the
characteristics of the dissociation curve nor did increasing flow rates (data not shown). Thus,
the TF-FVIla complex on the phospholipid bilayer appears to be very stable. Although
accurately calculating dissociation equilibrium constants, when there is little dissociation, is
prone to some error, the approximately calculated Kp values are helpful for comparative
purposes. The dissociation equilibrium constant obtained by SPR in the present study (45 pM)
is very similar to that obtained by enzymatic assays or fluorescence anisotropy [1;8;16]. The
increased binding affinity of FVIla to TF inserted in a phospholipid bilayer compared to TF
in a lipid-free environment largely reflects the modulatory effect of lipids on the binding
interaction and not on structural differences between sTF and full-length TF. This is supported
by a binding analysis carried out with full-length TF immobilized on non-inhibitor antibody
by SPR that yielded similar dissociation constants as measured with sTF [4]. It is interesting
to note that in this study using SPR, FV1labound to TF embedded in a neutral lipid environment
with a similar affinity to that observed for TF inserted in a phospholipid bilayer containing PS
(Fig. 1 and Table 1). The similar binding kinetics observed with TF embedded in neutral lipids
versus anionic phospholipids suggests that the FVIla Gla domain interaction with anionic
phospholipids contributes minimally to the binding energy of the TF-FVIla complex. While
this observation is in agreement with other published studies using recombinant lipid-anchored
TF [1;9], it is in contrast to studies using native brain-derived TF, where enzymatic activity
studies showed a reduced affinity of FVIla for TF embedded in neutral lipids [8]. The reasons
for this discrepancy are currently unclear but may involve numerous factors, not the least of
which are the presence of homodimers in the brain-derived material [8], as well as the
differences in TF density on the lipid membrane that was used in these various studies. In light
of marked differences in FVI1la binding interaction with TF in phospholipid-free environment
vs. surrounding phospholipids, caution should be exercised in extrapolating the binding data
obtained in phospholipid-free systems to biological systems where TF is embedded in a
phospholipid membrane.

It is more biologically relevant to use cells naturally expressing TF to characterize FVIla
interaction with TF. We and others have used radiolabeled FV1la to investigate interaction of
FVIla with TF on cell surfaces [17-20]. These studies indicated that the Kp for the interaction
of cell-surface TF with FVIlais in the 1to 10 nM range. However, none of these measurements
were true equilibrium measurements as these studies depended on the separation of free FVIla
from cell-bound FVIla, which required multiple washings. This could dissociate a significant
fraction of FVIla bound to cell-surface TF and deviate from true equilibrium measurements,
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and thus introduce an error in determining Kp accurately. This could explain why Kp values
determined from radioligand binding studies were much higher than those obtained from
enzymatic titrations in functional activity assays [16;21]. Furthermore, the existence of TF in
at least two different forms, cryptic and active, on cell surfaces, whose proportions and
properties are ill-defined at present [10;22], makes it impractical to use cell-model systems for
determining true affinity of FVIlato TF. The present methodology where TF is embedded in
a defined phospholipid composition and use of SPR to analyze the binding interactions
overcomes some of the limitations that exist in measuring FVIla-TF binding interactions using
cell and other model systems. Although other methods, such as sedimentation equilibrium and
pressure-dependent fluorescence anisotropy are also capable of measuring interaction of FVIla
with relipidated TF [1], these methods are more complex and time-consuming compared to
SPR analysis. Measurement of FV1la binding interactions with TF in a lipid bilayer using SPR
is more practical and also biologically appropriate than other methods that have been used
currently for measuring this interaction.
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Fig 1. Sensograms of FVIla binding to soluble TF or TF in a lipid bilayer
Varying concentrations of FVIla were passed through flow cells of a CM5 sensor chip coated
with soluble TF (sTF) or an ethanolamine-blocked reference (A) or a lipophilic L1 sensor chip
coated with PC, PC/PS, PC-TF or PC/PS-TF (B and C) at a flow rate of 30 pl/min for 5 min
at 37°C (association time) followed by calcium-containing buffer for 10 min under the same
flow conditions (dissociation time). The sensograms shown in the figure represent FVIla
binding to TF, derived by subtracting the values obtained with reference cells (ethanol amine,
PC or PC/PS coated surfaces) from cells containing soluble TF, PC/TF or PC/PS-TF coated
surfaces, respectively. The data were fitted to a 1:1 binding model containing a mass transfer
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coefficient using Biaevaluations software v 4.1 (Biacore). The concentrations of FVIla used
are specified in the figure.
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Table 1
FVlla binding to TF: Rate constants measured by surface Plasmon resonance

The values represent mean = SEM of 3 to 4 independent experiments.
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Binding site Kon (M~1s71) Koff (571 Kp (M)
sTF 475+1.03x105 | 592+0.72x 103 | 1.16+0.05x 1078
TF/IPC 273094 x 10° | 2.34+043x 10 | 457 +1.09 x 10711
TF/PC/IPS | 258+0.72x 106 | 2.33+1.50x10* | 474+0.93x 1011
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