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ABSTRACT: Tissue factor (TF) is a transmembrane receptor that initiates the thrombogenic cascade by
assembly with the serine protease factor VII or VIIa (VII/VIIa) resulting in formation of the bimolecular
active complex TF‚VIIa. Chemical cross-linking studies identified that a minor population of TF forms
dimers on the surface of cells, possibly influencing TF‚VIIa proteolytic function as a result of dimerization.
We here investigate the effects of dimerization of the extracellular domain of TF on the proteolytic function
of the TF‚VIIa complex. The leucine zipper dimerization domain of the yeast transcriptional factor GCN4
(LZ) was genetically fused at the C-terminus of the extracellular domain of TF separated by a short linker
(TFLLZ). TFLLZ homodimerized with aKd similar to that of the LZ peptide. Tryptophan fluorescence
indicated that the two TF moieties were in close proximity and parallel orientation in TFLLZ. TFLLZ
dimers bound two molecules of VIIa, and VIIa binding did not influence the TF dimer equilibrium.
Dimerization influenced neither amidolytic nor the factor X activation activities of the TF‚VIIa complexes.
Notably, dimer TFLLZ efficiently promoted the autoactivation of VII to VIIa in solution in contrast to
monomeric TFLLZ or TF1-218. Thus, TF dimerization on cells may serve to “prime” the initiation of the
coagulation pathway by generating active TF‚VIIa complexes for the subsequent activation of downstream
macromolecular substrates.

Tissue factor (TF1) is a cell surface transmembrane-
anchored glycoprotein of 263 amino acids that initiates blood
coagulation by acting as the cellular receptor and essential
cofactor for the serine protease zymogen factor VII and its
activated form, factor VIIa (VII/VIIa) (1-3). TF is structur-
ally organized in three domains: an extracellular domain
(residues 1-219), a transmembrane domain (residues 220-
242), and a cytoplasmic domain (residues 243-263). The
extracellular domain is constituted by the tandem association
of two fibronectin type III-like modules (residues 4-209)
and a flexible peptidyl strand (residues 210-220) that tethers
the domain to the transmembrane anchor (4-6). The
extracellular domain of TF binds both the latent protease
VIIa and the zymogen precursor VII. One of the cofactor
roles of TF is to enhance susceptibility to proteolytic
activation of the bound zymogen VII by activating proteases,
such as factor Xa and the TF‚VIIa complex. In the latter

case, the activation reaction is driven by the collision of TF‚
VIIa and TF‚VII complexes by diffusion or directed associa-
tion in phospholipid bilayers (7), suggesting the importance
of proper parallel presentation of the TF-bound zymogen VII
to the proteolytic VIIa in complex with another TF molecule.
The more important recognized function of TF, when in
binary complex with VIIa, is to allosterically induce function
of the associated VIIa protease domain for full catalytic
activity and to contribute to a remote macromolecular
substrate docking exosite created by an extended region of
both cofactor and enzyme (1-3). The TF‚VIIa complex
represents the major in vivo trigger of the coagulation
pathways through limited proteolytic activation of the
macromolecular substrate zymogens factor IX and X (8-
9).

The activation of macromolecular substrates by TF‚VIIa
is highly dependent on localization of the complex in anionic
phospholipid membranes to which the substrate Gla domain
binds, thus facilitating mass transport and proper presentation
of substrates to TF‚VIIa. Similarly, TF‚VIIa’s proteolytic
activity on the cell surface is subject to modulation by stimuli
that influence the phospholipid asymmetry of the cell
membrane, such as complement attack (10) or Ca2+ iono-
phore stimulation (11, 12). However, the plasma membrane
also contains specific, glycosphingolipid-rich microdomains
in which the TF‚VIIa complex has greatly diminished
proteolytic activity. Since TF can traffic between areas of
the membrane that are rich in anionic phospholipid or
glycosphingolipid, regulation of function may result from
the localization of the TF and TF‚VIIa in different cell
surface microdomains (13). A third mechanism was sug-
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gested from study of the hematopoietic HL60 cell line. As
for other cell types (14), cell surface TF in these cells can
chemically be cross-linked, indicating the existence of TF
in very close approximation or in actual dimers on the cell
surface. Enhancement of TF activity on HL60 cells by Ca
ionophore stimulation was associated with diminished TF
cross-linking, suggesting that dimer formation may influence
TF‚VIIa proteolytic function (15). Since the Lys residues in
TF that are the primary target for amino-reactive cross-linkers
(16, 17) are located within the macromolecular substrate
exosite, dimerization is inferred to cause steric hindrance at
this essential exosite.

In this study, we have directly examined the effects of
dimerization of the extracellular domain of TF on binding
and cofactor functions by generating parallel oriented dimers
of the TF extracellular domain in solution. To this end, we
constructed hybrid molecules of TF that formed stable, but
reversible dimers through the leucine zipper dimerization
region of the yeast transcription activator GCN4 (LZ) which
was fused at the C-terminus of the C module of the
extracellular domain of TF (TF1-220). Deduced from the
known structure and the well-established function of the
GCN4 dimerization domain (18), a parallel orientation will
be imposed on the two extracellular domains of TF in the
homodimeric molecule. Furthermore, the generation of a
soluble dimeric molecule of TF permits direct biophysical
analysis of the dimer-monomer transition by various
techniques. The results demonstrate that dimerization of TF
does not influence the proteolytic activity of the assembled
TF‚VIIa dimers toward the macromolecular substrate factor
X. However, compared to monomeric soluble TF, zymogen
VII activation was greatly enhanced in the presence of
dimeric TF, suggesting that the parallel orientation of two
TF molecules provides sufficient proximity of the TF bound
VIIa enzyme and VII substrate for proper interaction even
in the absence of a phospholipid surface.

EXPERIMENTAL PROCEDURES

TFLLZ, TFLZ, and LZP Design, Refolding, and Purifica-
tion. The cDNA of the leucine zipper domain of the yeast
transcription factor GCN4 was obtained by PCR from yeast
genomic DNA using the primer pair 5′atcggcggcgccgccat-
gaaacaacttgaagacaag and 5′gatcaaagctttcagcgttcgccaactaa.
The 5′ primer incorporated a NarI site encoding for the linker
sequence Gly-Gly-Ala-Ala followed by Met-Lys-Asn-
Leu...., corresponding to the GCN4 dimerization domain
starting at residue 2. The coding sequence for TF1-220 was
amplified with primer 5′ggcggcgccgcctatttctcgaattcccc which
introduces a NarI site at the 3′ end, resulting in an in-frame
fusion protein from residue 220 of TF to the Gly-Gly-
Ala-Ala linker that precedes GCN4, and primer 5′gaagaagg-
gatcctggtgcctcgtggttctggcactacaaatact which includes a Bam-
HI site for cloning in frame with the hexa-His sequence of
pTrcHisC (Invitrogen) followed by a thrombin cleavage site
(Val-Pro-Arg-Gly), as previously described (19). The two
PCR fragments were digested with the respective endo-
nucleases and ligated simultaneously into BamHI/HindIII-
restricted pTrcHisC (19) resulting in the expression construct
for TFLLZ. To splice out the Gly-Gly-Ala-Ala linker
sequence, the GCN4 and TF portions were separately
amplified with oligonucleotides that created an overlap
corresponding to the sequence Phe-Arg-Glu-Ala-Met-

Lys-Asn-Leu, in which Glu corresponds to TF residue 219
and Met to GCN4 residue 2. In the process, Ile220 was
mutated to Ala. By combining the two fragments in a PCR
reaction with the outmost 5′ and 3′ primers, a full-length
clone for the fusion protein TFLZ was obtained and
subcloned into pTrcHisC. The GCN4 domain of TFLLZ was
amplified by PCR using a 3′ primer as described above and
the 5′ primer 5′ataaggatccggtgcctcgtggcgccgccatgaaacaac for
in-frame cloning into the BamHI site of pTrcHisB followed
by sequences that encode for a thrombin cleavage site (Val-
Pro-Arg-Gly) and an Ala-Ala spacer that precedes residue
2 of GCN4 to yield a construct for the GCN4 leucine zipper
peptide LZP.

Recombinant protein was expressed in theEscherichia coli
strain BL21, inclusion bodies were isolated and solubilized
in guanidinium hydrochloride (GuHCl) (19). The protein was
purified on a nickel-chelating column (Ni-NTA from
Qiagen) on which the TF extracellular domain was folded
by the use of a linear gradient from buffer A (6 M GuHCl,
0.5 M NaCl, and 20 mM sodium/potassium phosphate, pH
8.0) to buffer B (0.8 M GuHCl, 0.3 M NaCl, 50 mM Tris-
HCl, 2.5 mM reduced glutathione, and 0.5 mM oxidized
glutathione, pH 8.0) over a period of 8 h. The column was
then washed extensively with 10 mM Tris and 20 mM NaCl,
pH 7.5, and the protein eluted in the same buffer containing
250 mM imidazole. Where indicated, the His tag was
removed by incubation with thrombin (10µg/mg of protein)
at 37°C for 3 h. A final FPLC purification step on Mono Q
yielded homogeneous protein based on SDS PAGE. To
isolate the LZP after binding to nickel-chelating column, the
column was extensively washed with 10 mM Tris and 20
mM NaCl, pH 7.5. The peptide was eluted with 250 mM
imidazole in the same buffer. The thrombin digestion was
performed as indicated above. A final reverse-phase chro-
matographic step in a Pharmacia 15 RPC HR 5/10 column
was performed. The peptide was eluted using a water/
acetonitrile (0-60%) gradient in 30 min. The final peptide
preparation was lyophilized and stored at-80 °C. The purity
and thrombin digestion of LZP were assessed after SDS-
PAGE on 10-20% tricine gels, fixation with 10% TCA and
Coomasie blue staining. Molecular weights for the proteins
are as follows: TFLLZ containing the His tag, 33 515;
without tag, 29 050; TFLZ containing the His tag, 33 217;
without tag, 28 752; and LZP containing the His tag, 8504;
without tag, 4040. The protein concentration was determined
by absorbance at 280 nm using extinction coefficients of
45 090 and 38 120 M-1 cm-1 for TFLLZ and TFLZ with
and without tag, respectively, and 8250 and 1280 M-1 cm-1

for the LZP with and without tag, respectively.
Chemical Cross-Linking and Western Blotting.Chemical

cross-linking was performed with the bifunctional cross-
linkers BS3 and DTSSP (Pierce) at 2-4 mM for 30 min at
room temperature in PBS (10 mM sodium phosphate, 150
mM NaCl, pH 7.5). The reaction was stopped by addition
of Tris to 10 mM. The samples were separated on 8-16%
gradient SDS-PAGE gels under nonreducing conditions
unless indicated otherwise. The gels were silver-stained
(Integrated Separation Systems), and staining intensities were
quantified in a Molecular Dynamics gel scanner. Western
blot analysis was performed as described (13). Briefly, the
samples were transfer after SDS-PAGE onto Immobilon P
(Millipore) using a semidry transblot system. TF was detected
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with polyclonal goat anti-TF and VIIa with mAb F5-13B12.
Bound primary antibodies were detected by appropriate HRP-
conjugated secondary antibodies and visualized using chemi-
luminescence reagents from Amersham and exposure of
X-Omat AR film (Eastman-Kodak).

Circular Dichroism (CD) Spectroscopy.CD was per-
formed in a AVIS 61DS spectropolarimeter at room tem-
perature with a cuvette size of 0.1 mm from 260 to 200 nm
at 0.5 nm intervals and with a bandwidth of 1.5 nm. The
spectra collected are the average of three recordings. The
buffer consisted of 20 mM potassium phosphate and 10 mM
NaCl, pH 7.4, and the protein concentration was 10µM.

Fluorescence Spectroscopy.Fluorescence spectroscopy of
the protein samples (2µM) dissolved in TBS (10 mM Tris,
150 mM NaCl, pH 7.5) buffer was carried out in a SLM/
Aminco AB2 spectrofluorometer. Four (Figure 4) or six
(Figure 5) different spectra were recorded for each sample
with a bandwidth at emission (em) and excitation (ex) of 4
nm. Samples were excited atλex ) 296 nm, and spectra were
recorded fromλem ) 300-400 nm at 0.4 nm (Figure 4) or
0.6 nm (Figure 5) intervals.

Amidolytic ActiVity. The amidolytic activity of VIIa bound
to TF was measured by incubating the indicated concentra-
tion of VIIa at 37°C in TBS, 5 mM CaCl2, and 0.02% BSA
in a 96-well plate with TFLLZ, TFLZ, or TF1-218. Initial rates
of hydrolysis of the chromogenic substrate Spectrozyme FXa
(1.25 mM final concentration) were measured at 405 nm in
a microplate reader (Molecular Devices).

Proteins. Purified human plasma-derived FVII was pur-
chased from Haematologic Technologies. We produced
recombinant FVIIa in Chinese hamster ovary cells. The
protein was purified by sequential monoclonal antibody
affinity and ion exchange chromatography and activated by
autocatalytic conversion, as previously described (20, 21).
Human plasma-derived FX was purified and rendered free
of FVII or FVIIa by affinity chromatography as previously
described (21).

Proteolytic ActiVity. FXa generation was measured at 37
°C in TBS, 5 mM CaCl2, and 0.02% BSA. VIIa was
preincubated with increasing concentrations of TF1-218 or
the respective dimeric TFs, followed by addition of FX to a
final concentration of 1µM. After the reaction was quenched
with 100 mM EDTA, FXa generation was quantified with
the chromogenic substrate Spectrozyme FXa (0.2 mM final
concentration) at 405 nm in a microplate reader.

AutoactiVation of VII.Autoactivation of VII was measured
by incubating 300 nM of TF and, where indicated, a 50-
fold molar excess of LZP with 300 nM VII in TBS buffer,
5 mM CaCl2, and 0.02% BSA at 37°C. Aliquots of 20µL
were taken immediately after the addition of VII and at the
indicated times. The amidolytic activity of generated VIIa
was assayed in a final volume of 200µL as indicated above.

RESULTS

Engineered Soluble TF Dimers.Chemical cross-linking
indicated that cell surface-expressed TF can dimerize (14),
whereas the extracellular domain of TF has been shown to
be monomeric in solution (22). To create a soluble dimeric
TF protein, the leucine zipper dimerization domain of the
yeast transcription factor GCN4 (LZ) was fused to the
C-terminus of the extracellular domain of TF (amino acids

1-220), TFLLZ (Figure 1) replacing the location of the
transmembrane domain. This construct contains a short linker
composed of Gly-Gly-Ala-Ala between the TF and LZ
moieties to provide flexibility that avoids interference of TF
with the dimerization function of the leucine zipper domain.
In another hybrid molecule (TFLZ) (Figure 1), the linker
was omitted to more closely mimic the dimerized state of
TF in the cell membrane where the transmembrane domain
was implicated as the mediator of the dimerized state (14).
To quantitatively modulate the degree of dimerization of TF
hybrid molecules, a peptide corresponding to the leucine
zipper of GCN4 was expressed (LZP) (Figure 1). All of the
proteins contain a His tag for purification purposes. The
presence of additional residues at the N-terminus was
demonstrated to be without effect on any of the analyzed
properties, except the fluorescence measurements (Figure 3).
Thus, experiments were carried out with the proteins
containing the His tag unless otherwise indicated.

Determining the Dimeric Nature of TFLLZ. The reversible
dimerization of TFLLZ, was verified by three independent
methods: chemical cross-linking, measurement ofR-helix
formation of the leucine zipper domain by circular dichroism,
and proximity-dependent effects on the intrinsic protein
fluorescence.

TFLLZ in solution was chemically cross-linked using the
homobifunctional, aminoreactive cross-linkers DTSSP and
BS3, followed by SDS-PAGE and silver-stain display to
determine the molecular weight of the cross-linked species
(Figure 2). DTSSP contains a reducible internal disulfide
bridge that permits dissociation of cross-linked molecules
by chemical reduction. Figure 2A illustrates a typical cross-
linking experiment with TFLLZ, and by comparison in Figure
2B, a control cross-linking experiment with TF1-218 devoid

FIGURE 1: TF constructs. The hybrid construct TFLLZ was cloned
into the vector pTrc His C, containing a histidine tag for purification
purposes at the N-terminus. A thrombin cleavage site was engi-
neered between the His tag and TF1-220 which leaves an extra
glycine residue after thrombin digestion. A short flexible linker
(Gly-Gly-Ala-Ala) separated the C-terminus of TF1-220 from
the leucine zipper of GCN4 (GCN4-LZ). This linker was removed
in TFLZ and in the process, Ile220 was mutated to Ala. TF1-218 and
GCN4-LZ (LZP) were also cloned into a vector containing a
histidine tag and a thrombin cleavage site.

Characterization of Soluble Dimeric Tissue Factor Biochemistry, Vol. 39, No. 37, 200011469



of a dimerization domain. Approximately 80% of TFLLZ
(Figure 2A) was cross-linked in a dimeric form of∼80 kD
(compare lane 1 with lanes 2 and 3) with both cross-linkers,
whereas TF1-218 remained monomeric (Figure 2B). Intramo-
lecular cross-linking was evident from the faster electro-
phoretic mobility of the monomeric species following the
cross-linking reaction. The amount of TFLLZ dimer cross-

linked was diminished in the presence of an excess of the
LZP peptide (lanes 5 and 6). In the presence of LZP, the
predominant species was a heterodimer of TFLLZ with LZP
(band of∼55 kD), whereas TF1-218 remained monomeric.
The small amount of heterodimers of TF1-218 with LZP is
interpreted as nonspecific cross-linking due to the high
concentration of competing LZP. LZP also appears to
undergo extensive cross-linking, as deduced from the broad-
ening of the approximately 16 kD band (compare lanes 5
and 6 with lane 4), which represents residual SDS resistant
dimers. Under reducing conditions, the intra- and intermo-
lecular cross-linkings by the disulfide containing DTSSP
were largely reversible (lanes 7 and 8). Thus, TFLLZ is a
dimer at the concentrations tested, and the equilibrium can
be shifted to the monomeric form by addition of an excess
of LZP.

LZP is R-helical in its dimeric form but unstructured as a
monomer (23). Since theR-helical content of TF1-218 is
negligible as derived from CD analysis (19, 24), the dimer
formation by TFLLZ can be observed from theR-helical
signal generated by the dimeric LZ domain. The CD
spectrum (Figure 3A) of TFLLZ exhibited two minima at
∼208 and 222 nm, characteristic of highR-helical content,
confirming the dimeric nature of TFLLZ at that concentration.
When the spectrum of the LZP was subtracted from that of
TFLLZ, the resulting spectrum was identical to that of
TF1-218, including the shoulder at 331 nm that was masked
in the spectrum of TFLLZ (Figure 3B). Therefore, the
presence of the LZ domain at the C-terminus of TFLLZ does
not appear to induce structural changes in the TF extracellular
domain as detected by CD.

The following experiment was performed with TF1-218 and
TFLLZ lacking the amino terminal His tag. The emission
fluorescence spectra of tryptophans atλex ) 296 nm are
shown in Figure 4A for TF1-218 and TFLLZ. The LZ lacks
Trp and consequently, the signal recorded for TFLLZ was
the result of two fluorescent tryptophans (residues 14 and
45) of the four present in the TF domain (25). The λmax

determined from Figure 4 were identical for both TF1-218

and TFLLZ, λmax ) 339.2 ( 0.5 and 339.3( 0.5 nm,
respectively. The lack of a change in theλmax indicated a
highly similar overall hydrophobic environment for the

FIGURE 2: Chemical cross-linking of TFLLZ shows that it is
predominantly dimeric. Aliquots (4µM) of TFLLZ (A) or TF1-218
(B) were cross-linked for 30 min at room temperature with 2.5
mM of the bifunctional cross-linkers BS3 (lanes 2 and 5) or DTSSP
(lanes 3, 6, 7 and 8). Samples 4-7 were preincubated with a 10-
fold molar excess of LZP. The reactions were stopped by adding
Tris buffer. The cross-linking species were separated by 8-16%
SDS PAGE under reducing (lanes 7 and 8) or nonreducing (lanes
1-6) conditions and detected by silver staining.

FIGURE 3: Circular dichroism (CD) of TFLLZ and TF. (A) CD spectra of TFLLZ (b), TF1-218 (O), and LZP (∆) were recorded in 20 mM
potassium phosphate and 10 mM NaCl at pH 7.4 and a concentration of 10µM. (B) Subtraction of the LZP spectrum from that of TFLLZ
(1) in comparison to the TF1-218 spectrum.
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tryptophan side chains at positions 14 and 45 in TF1-218 and
in TFLLZ. However, the fluorescence emission intensity of
TFLLZ at theλmax was approximately 40% less than that of
TF1-218, indicating that one or both of the two fluorescent
tryptophans are quenched, by inference from proximity of
the TF domain partner in dimeric TFLLZ. This supports
formation of dimeric TFLLZ in which the TF domains are
parallel and in close proximity.

Dimer to Monomer Equilibrium of TFLLZ. The fluores-
cence emission spectra of His-tagged TF1-218 and His-tagged
TFLLZ were also recorded under identical conditions (Figure
4B). The His tag contains one Trp residue that is located six
residues amino proximal to residue 1 of the TF domain or
at a maximal distance of 22 Å for an extended polypeptide
chain conformation. Theλmax of His-tagged TF1-218 (341.3
( 0.4 nm) (Figure 4B) was red shifted with respect to that
of TF1-218 (339.2 ( 0.5 nm), indicating a contribution to
the total intrinsic protein fluorescence of the solvent-exposed
Trp in the His tag. To the contrary, the spectrum for His-
tagged TFLLZ (Figure 4B) was blue shifted (336.9( 0.2
nm) with respect to TFLLZ (339.3 ( 0.5 nm), and the
intensity dramatically increased, suggesting a solvent-
protected Trp in the His tag as opposed to the solvent-
exposed one in monomeric TF. This difference in solvent
accessibility of the Trp residue in the His tag between the
monomeric and dimeric forms of TFLLZ was used to
determine the dimerization equilibrium. Theλmax of the
emission spectrum of serial dilutions of His-tagged TFLLZ
was measured and plotted against the protein concentration
(Figure 5). Theλmax of His-tagged TFLLZ remained un-
changed at high concentrations at which the dimer was
predicted to be predominant. As the concentration and
therefore the proportion of the TFLLZ in the dimeric state
decreased, theλmax increased, ultimately reaching a value
comparable to that of monomeric His-tagged TF1-218. On
the other hand, the value ofλmax for the monomeric His-
tagged TF1-218 remained constant for all concentrations
analyzed at 340.4( 0.82 nm (n ) 4). An apparentKd of 64
nM was calculated from Figure 5, which is within the range
of values published for the homodimerization of LZP (23)

alone or as a dimerization domain in hybrid proteins (26,
27). As a control, the fluorescence emission spectra of His-
tagged TF1-218 and TFLLZ were recorded under identical
conditions in the presence and absence of increasing
concentrations of LZP. The resulting spectra showed no
apparent changes for TF1-218, whereas for TFLLZ the
fluorescence properties reverted to those of TF1-218 (data not
shown). Thus, these data confirm that the changes in
fluorescence observed between His-tagged TF1-218 and TFL-
LZ originated from dimer formation through the leucine
zipper domain of TFLLZ.

VIIa Stoichiometry with TF in TFLLZ‚VIIa Complexes.The
stoichiometry of VIIa binding to the dimer TFLLZ was
analyzed in cross-linking experiments. Figure 6 (top) shows
silver-stained SDS-PAGE after BS3 cross-linking of TFL-
LZ incubated with increasing concentrations of VIIa either
in the absence (dimeric TFLLZ, Figure 6A) or in the presence
of LZP (monomeric TFLLZ, Figure 6B). The same samples
were also analyzed by Western blotting for the presence of

FIGURE 4: Emission fluorescence spectra of TFLLZ and TF. The proteins were in 10 mM Tris and 150 mM NaCl at pH 7.4 and a concentration
of 2 µM. Samples were excited atλex ) 296 nm. (A) Spectra of TF1-218 and TFLLZ. (B) Spectra of His-tagged TF1-218 and His-tagged
TFLLZ.

FIGURE 5: Dimer to monomer equilibrium for TFLLZ. The variation
of the λmax of fluorescence emission spectra depending on the
concentration of TFLLZ indicated dimer formation with an apparent
Kd of 64 nM.
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TF (middle) and VIIa (bottom). Dimeric TFLLZ (TFLLZ2)
bound two molecules of VIIa, as indicated by the band of
∼210 kD (TFLLZ2‚VIIa2). This band is predominant at high
VIIa-to-TFLLZ ratios (2:1). Two bands of lesser intensity
can be identified in Figure 6A as containing TFLLZ as well
as VIIa based on the Western blots. The observed molecular
weight (∼160 kD) is consistent with a dimeric TFLLZ with
one molecule of VIIa bound (TFLLZ2‚VIIa). This band is
more abundant at substoichiometric concentrations of VIIa
with respect to TFLLZ, and disappears at higher VIIa
concentrations. The∼100 kD band is attributed to a TFLLZ
monomer cross-linked to one VIIa molecule (TFLLZ‚VIIa).

In the presence of a 5-fold molar excess of the LZP (Figure
6B), there is a significant decrease in the∼210 kD band
(TFLLZ2‚VIIa2) and the appearance of a new prominent band
of ∼120 kD, consistent with a trimer TFLLZ‚LZP‚VIIa in a
1:1:1 stoichiometry. Quantitative reduction of the tetrameric
complex (TFLLZ2‚VIIa2) upon LZP addition parallels the
ratio of monomeric to dimeric TF observed in the absence
of VIIa (Figure 2A). Thus, VIIa appears to have no
significant effect on the competitive inhibition by LZP of
dimer equilibrium of TFLLZ. This interpretation is further
supported by cross-linking experiments that determined the
effective concentration of LZP needed to dissociate 50% of
the TFLLZ dimer. The presence of VIIa did not change the
concentration dependence for LZP to dissociate the dimer
(data not shown). Cross-linking in the presence of macro-
molecular substrate X at a concentration equimolar to TF
also did not change the pattern of cross-linking (data not

shown). This infers that X association with the TF domain
is not of sufficient duration with the dimeric TF‚VIIa
complex in solution to permit chemical cross-linking.

Effect of Dimerization on Amidolytic and Proteolytic
ActiVity. Both proteolytic and amidolytic activities of VIIa
are greatly enhanced upon association with its cofactor TF
(1-3). Significant changes in the apparentKd for the TF‚
VIIa interaction are expected to produce differences in plots
of the VIIa amidolytic activity versus the VIIa concentration,
measured at a fixed concentration of TF1-218 or dimeric TFL-
LZ. In Figure 7A, one observes superimposable curves for
the amidolytic activity of TF1-218 and of TFLLZ at a
concentration of 300 nM, at which the dimer form is the
predominant species. Further, there was no effect of added
LZP on the amidolytic activity of VIIa at concentrations of
LZP that shifted TFLLZ from the dimeric to the monomeric
state. These results indicate similar affinity of the TF
monomer and dimer for VIIa and indicate a comparable
cofactor effect on allosteric activation of VIIa’s catalytic
activity. Because these experiments were carried out at a
high TFLLZ concentration to ensure predominantly dimeric
TFLLZ, more subtle changes in affinity for VIIa could have
been masked by these conditions. The inset in Figure 7A
indicates that this is unlikely, since the amidolytic activities
of TFLLZ‚VIIa at concentrations of TFLLZ near and below
the Kd of dimerization were essentially the same as the
activity of TF1-218‚VIIa. Under these conditions, addition of
LZP was also without influence on the amidolytic activity
of VIIa in the presence of TFLLZ.

FIGURE 6: Cross-linking of increasing concentrations of VIIa to TFLLZ. TFLLZ at 2 µM was incubated with increasing concentrations of
VIIa (0-4 µM) in PBS buffer containing 5 mM CaCl2 in the absence (A) or presence (B) of 20µM of LZP. The samples were cross-linked
with BS3 as described in Figure 2 and separated by 8-16% SDS PAGE. The gels were either silver stained or transferred to a membrane
for Western blotting with antibodies against TF (anti-TF) or VIIa (anti-VIIa).
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The activity of the TFLLZ‚VIIa complex toward its
macromolecular substrate factor X is illustrated in Figure
7B-D. In the absence of a phospholipid surface, TFLLZ was
about 5-fold more active as a cofactor for VIIa than TF1-218

(Figure 7C). The activity of TFLLZ is similar to the activity
of detergent-solubilized full length TF, which contains
transmembrane and cytoplasmic domains (Figure 7C). One
possible explanation is an enhancement of proteolytic activity
due to dimerization. This effect on the proteolytic activity
would equally be achieved by dimerization through the
transmembrane domain or the leucine zipper motif. However,
when the dimerization equilibrium was altered by addition
of LZP (Figure 7C) or dilution (Figure 7D), the activity of
TFLLZ remained approximately 5-fold higher than that of
TF1-218. These data indicate that addition of the leucine
zipper domain at the C-terminus of the TF extracellular
domain increases proteolytic activity of the complex with
VIIa by a mechanism that is independent of dimer formation,
possibly involving a conformational stabilization of the
C-terminus of TF or nonspecific interactions with the Gla
domain of substrate X.

It has been proposed that TF dimers on cells have
diminished proteolytic activity relative to TF monomers,
hypothetically suggested to result from steric hindrance at
critical sites for macromolecular substrate docking (15). In
TFLLZ, a Gly-Gly-Ala-Ala linker had been introduced
between TF residue 220 and the N-terminus of the LZ to
provide flexibility and separation between the two domains
(Figure 1). This linker might confer TFLLZ with enough
flexibility to avoid the hypothesized inhibitory steric clash.
To explore this possibility, a construct lacking the flexible
linker was prepared and analyzed. In this construct, TFLZ,
residue 219 of TF was directly linked through a single Ala
residue to the GCN4 leucine zipper homodimerization
domain. This construct should more faithfully mimic the
topography of cell surface-expressed TF that is homodimer-
ized through the parallel orientation of its transmembrane
regions (19). TFLZ2‚VIIa2 exhibited an enhancement of
amidolytic and proteolytic activity identical to that of TFL-
LZ‚VIIa, and the biophysical characteristics in respect to
dimer equilibrium also were not influenced by the absence
of the linker sequence. TFLZ also reversibly formed dimers

FIGURE 7: Catalytic activity of VIIa in complex with monomeric and dimeric TF. The amidolytic (A) and proteolytic activity (B-D) of
the different TF forms complexed to VIIa were measured in a buffer containing TBS, 5 mM CaCl2, and 0.02% BSA.(A) Aliquots (300
nM) of TFLLZ (0), TFLLZ + LZP (9), TF1-218 (O), and TF1-218 + LZP (b) incubated with increasing concentrations of VIIa at 37°C and
followed by determination of the initial rate of hydrolysis of the chromogenic substrate Spectrozyme FXa. The inset shows a similar
experiment with a fixed concentration of VIIa (20 nM) and varying TF concentrations. (B) Increasing concentrations of TFLLZ (0), and
TF1-218 (O) incubated with 10 nM VIIa at 37°C. FX was added to a final concentration of 1µM, and the reaction was quenched by
EDTA/TBS buffer for determination of FXa generation by chromogenic assay. (C) Factor X activation by 100 nM of either TFLLZ (hatched
bars), or TF1-218 (empty bars), or full-length TF solubilized by Chaps (full bars) with 300 nM VIIa in the presence of the indicated
concentrations of LZP was measured at 37°C. (D) Relative proteolytic activity (V) of TFLLZ‚VIIa versus TF1-218‚VIIa dependent on the
concentration of TFLLZ or TF1-218.
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as detected by cross-linking and maximally bound two VIIa
molecules per dimeric TFLZ (data not shown). Thus,
flexibility in the linker between TF and LZ is not masking
an inhibitory effect of dimerization on the proteolytic activity
of the TF‚VIIa complex in solution.

Cofactor Function of TFLLZ for ActiVation of VII. The
specific proteolytic activation of VII to VIIa by Xa and VIIa
is greatly enhanced when bound to TF in a phospholipid
membrane (7, 28, 29). Kinetic studies support the hypothesis
that the lateral diffusion of TF‚VIIa and TF‚VII complexes
in the phospholipid bilayer determine the encounter fre-
quency and the activation rate of the cofactor-bound zymogen
VII ( 7). Thus, proximity of a TF‚VIIa complex to a substrate
TF‚VII appears to be a major determinant for the efficiency
of this form of VII autoactivation. This proximity may be
recapitulated by the dimeric TFLLZ, in solution. We therefore
determined whether dimerization of TF is an efficient VII
activator in solution. Amidolytic activity was determined as
a measure for activation of VII to VIIa. Activation of VII
bound to equimolar concentrations of dimeric TFLLZ (300
nM) occurred in the absence of externally added VIIa (Figure
8A). Since VII preparations have been observed to convert
to VIIa in the absence of TF, it is impossible to exclude the

presence of trace contaminating VIIa in the VII preparations.
Thus, traces of VIIa may have initiated the observed
conversion of VII to VIIa. However, VII activation did not
take place in the presence of TF1-218, or TFLLZ in the
presence of a 50-fold excess of LZP that dissociates the
dimeric TFLLZ, demonstrating that autoactivation is depend-
ent on dimer formation. VII activation also occurred ef-
ficiently in the presence of TFLZ, which lacks the linker
insert between the extracellular domain of TF and the leucine
zipper (result not shown). The activation of VII was also
monitored by SDS-PAGE (Figure 8B) demonstrating that
at time zero most VII was intact and that after 120 min all
VII is converted to VIIa in the presence of TFLLZ. In
contrast, VII bound to TF1-218 remained as single-chain
zymogen for the duration of the experiment.

The activation of VII with time was linear (Figure 8A),
and the slope did not change significantly when active VIIa
at increasing concentrations was added at the beginning of
the reaction (data not shown). These data indicate that
dissociation events, rather than encounter frequency in
solution, are the major determinant of the activation rate.
Exchange of VII for VIIa in the tetrameric TFLLZ2‚VIIa2

complex or dissociation of the leucine zipper could determine
the reaction rate. The rate constant for the unfolding of
dimeric GCN4 at zero denaturant concentration has been
calculated to be 3.3× 10-3 s-1 (30), yielding at1/2 of 5 min.
A t1/2 of 5 min is clearly within the time frame of the
measured activation rates of VII. TheKoff for binding of VIIa
to soluble TF is 5.6× 10-4 s-1 (31). This t1/2 of 30 min is
slower but could contribute to some degree within the time
frame of the experiments reported here. The dimer dissocia-
tion of tetrameric TFLLZ2‚VIIa2 and TFLLZ2‚VII 2 complexes
and the reassembly into tetrameric TFLLZ‚VII ‚TFLLZ‚VIIa
units thus appears to be the major determinant for the
activation rate of VII by TFLLZ, whereas a minor contribu-
tion to the progress of the reaction is expected from exchange
of zymogen VII due to dissociation of a molecule of VIIa
from the tetrameric TFLLZ2‚VIIa2 complex.

DISCUSSION

The results presented here support the following conclu-
sions: (i) TFLLZ forms a reversible dimer with aKd of
approximately 60 nM. The two TF1-220 moieties in the TFL-
LZ dimer are in a parallel orientation in close proximity,
which represents a model for the relative orientation of
dimeric TF on a cell surface; (ii) the TFLLZ dimer can bind
two VIIa molecules, and binding of VIIa does not appreciably
influence the dimerization equilibrium; (iii) the amidolytic
and proteolytic activities of VIIa bound to TFLLZ are not
influenced by dimerization, and consequently, it appears that
each TFLLZ‚VIIa unit functions independently in the tet-
rameric TFLLZ2‚VIIa2 complex; (iv) dimeric TFLLZ, unlike
monomeric TFLLZ or soluble TF, efficiently supports auto-
activation of VII; (v) flexibility in the linker from TF to the
dimerization domain is not required for Xa generation or
autoactivation of VII, indicating that the membrane-tethering
peptidyl strand of TF (residue 211-219) is of sufficient
flexibility to avoid steric clashes.

Fluorescence properties of TFLLZ demonstrate close
proximity of the two TF domains in the TFLLZ dimer as a
result of the parallel orientation that is mediated by the

FIGURE 8: Autoactivation of VII by dimeric TFLLZ. (A) Activation
of 300 nM VII measured in the presence of 300 nM of TFLLZ
(b), TFLLZ with a 50-fold excess of LZP (9), or TF1-218 (∆) in
TBS buffer, 5 mM CaCl2, and 0.02% BSA at 37°C. The activation
was quantitated at the indicated times by amidolytic assay. (B)
Reduced SDS PAGE analysis of the activation of VII (300 nM) in
the presence of 300 nM TFLLZ or TF1-218 in TBS buffer, 5 mM
CaCl2, and 0.02% BSA at 37°C. The positions of zymogen VII,
the VIIa heavy (HC) and light chain (LC), TFLLZ, and TF1-218 are
indicated in the margin.
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carboxyl leucine zipper coiled-coil domain (18). First, the
changes in fluorescence of the Trp present in the His tag at
the N-terminus of His-tagged TFLLZ indicate that the Trp
residues from each subunit of the dimeric His-tagged TFL-
LZ are in close proximity. Second, the fluorescence of one
or both of the fluorescent tryptophans (Trp 14 and 45) (25)
in TFLLZ is quenched by the proximity of the other subunit
also suggests that the TF domains are in a parallel orientation
and close proximity. Trp 14, which is buried to a large
degree, contributes approximately 25% to the total intrinsic
protein fluorescence, and Trp 45, which is reasonably
exposed, contributes 75% (25). The fluorescence of the TFL-
LZ dimer is quenched approximately 40% in comparison to
that of TF1-218. Thus, the fluorescence of Trp 14 alone cannot
account for the observed degree of quenching. It is more
likely that Trp 45 is the candidate fluorophore being
quenched in dimeric TFLLZ. Thus, despite the flexibility
provided by the inserted linker and the TF tether region
(amino acids: 211-219), the amino terminal extracellular
domain modules of two TF molecules must be in close
proximity to reduce the solvent accessibility of Trp 45. Since
Trp 45 is located within a prominent hydrophobic cluster of
residues on the protein surface, one may speculate that a
hydrophobic contact is formed between these surface sites
of two adjacent TF molecules. However, soluble TF is
monomeric, and the proposed hydrophobic interaction thus
does not occur in the absence of a carboxyl-terminal
dimerization domain that could be naturally provided by the
transmembrane domain of TF (14). Furthermore, this hy-
drophobic contact also appears to contribute little binding
energy to the dimer formation of TFLLZ, because theKd for
dimerization (60 nM) is well within the range of established
values for leucine zipper domains alone (23).

Trp 45 is largely buried in the interface with the VIIa
protease domain in the crystal structure of the TF‚VIIa
complex (6). The finding that the stoichiometry of VIIa
binding to dimeric TFLLZ was as expected argues that the
hydrophobic patch surrounding Trp 45 does not form a stable
interface between two TF molecules sufficient to interfere
with VIIa binding and function. This notion is further
supported by the finding that the affinity of VIIa for TFLLZ
and soluble TF was similar and that the dimer to monomer
transition of the leucine zipper domain in TFLLZ was not
influenced by assembly with VIIa. Nevertheless, Trp 45 is
located on the same face of the TF extracellular domain that
contributes to association with macromolecular substrates.
The access to this more membrane-proximal region, marked
by the critical residues Lys 165 and Lys 166, thus might
have been restricted in the dimer after binding of VIIa.
However, dimerization did not influence the activation of
X, demonstrating that dimer formation per se is insufficient
to regulate the procoagulant function of TF.

Prior data provided good evidence that the presence of
dimeric TF on the cell surface is closely correlated with TF
procoagulant activity (15). Moreover, Lys residues which
are critical for TF procoagulant function are more protected
from chemical modifications in cells with higher concentra-
tions of dimeric TF. The finding that dimerization per se is
not sufficient to diminish the rate of X activation by the TF‚
VIIa complex argues that cell surface dimerization of TF
does not significantly regulate TF function, but rather reflects
a localization of TF in a plasmalemma microenvironment

that poorly supports activation of substrate zymogens by the
formed TF‚VIIa complexes (13). A cellular trafficking of
TF, together with changes in the membrane phospholipid
asymmetry induced by the cell stimulation, may be respon-
sible for the overall enhancement of TF proteolytic function
upon agonist stimulation of cells.

Previous studies have clearly established that all TF on
the cell membrane can bind VIIa, despite the evidence that
only a subpopulation participates in the activation of factor
X or IX and thereby initiation of the coagulation cascade
(32). However, the nonprocoagulant population of cell
surface TF does enhance the amidolytic function of the bound
VIIa, demonstrating formation of a catalytically active
complex with VIIa on these differing plasmalemma micro-
domains. Considering that nonprocoagulant pools of TF
appear to include the dimeric forms, our finding that dimeric
TFLLZ in solution is uniquely potent in promoting autoac-
tivation of VII in solution may suggest biological roles for
the sequestered TF in these nonprocoagulant loci on the cell
surface membrane. First, the activation of VII to VIIa without
concomitant downstream activation of the coagulation path-
ways may result in a “priming” of the pathway by increasing
the concentration of active TF‚VIIa complexes that remain
on the cell surface awaiting only translocation to a substrate-
rich anionic plasmalemma locus. An appropriate stimulus
that enhances proteolytic activity may result in a rapid
relocation of these complexes to substrate-rich loci with
resultant explosive triggering of coagulation as observed in
sepsis and other forms of intravascular thrombogenesis.
Second, sequestration of TF in a nonprocoagulant environ-
ment may serve for nonhemostatic functions. A number of
reports have provided evidence that the TF‚VIIa complex
on cells may activate an as yet unidentified protease activated
receptor (PAR) (33-36). The cellular consequences of TF‚
VIIa signaling range from MAP kinase activation to Ca2+

fluxes and gene induction. Sequestering these processes into
a specific microdomain of the cell membrane may be
necessary to allow for encounter with the signaling receptors
and to separate this pathway from the activation of the
procoagulant substrate and the associated feedback inhibition
by TF pathway inhibitor (TFPI). Dimeric TF may thus
represent the cellular pool of TF that achieves the activation
of circulating zymogen VII, as well as elicits direct protease-
dependent signaling in cells that express the cognate PAR.
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