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ABSTRACT: Tissue Factor (TF) is the mammalian plasma membrane cofactor responsible for initiation of
blood coagulation. Binding of blood coagulation factor VIIa to TF activates the serine proteinase zymogens
factors IX and X by limited proteolysis leading to the formation of a thrombin and fibrin meshwork that
stabilizes the thrombus. TF on the plasma membrane of cells resides mostly in a cryptic configuration,
which rapidly transforms into an active configuration in response to certain stimuli. The extracellular part
of TF consists of two fibronectin type III domains. The disulfide bond in the membrane proximal domain
(Cys186-Cys209) is atypical for domains of this type in that it links adjacent strands in the sameâ
sheet, what we have called an allosteric bond. Ablation of the allosteric disulfide by mutating both cysteine
residues severely impairs procoagulant activity. The thiol-alkylating agentsN-ethylmaleimide and methyl
methanethiolsulfonate block TF activation by ionomycin, while the thiol-oxidizing agent HgCl2 and dithiol
cross-linkers promote activation. TF activation could not be explained by exposure of phosphatidylserine
on the outer leaflet of the plasma membrane. Cryptic TF contained unpaired cysteine thiols that were
depleted upon activation, and de-encryption was associated with a change in the conformation of the
membrane-proximal domain. These findings imply that the Cys186-Cys209 disulfide bond is reduced in
the cryptic form of TF and that activation involves formation of the disulfide. It is likely that formation
of this disulfide bond changes the conformation of the domain that facilitates productive binding of factors
IX and X.

Tissure Factor (TF)1 is a 45kD glycoprotein with structural
homology to the class II cytokine receptor family. It consists
of extracellular (residues 1-219), transmembrane (residues
220-242) and cytoplasmic (residues 243-263) domains. It
is constitutively expressed at biological boundaries such as
skin, organ surfaces, vascular adventitia, and epithelial-
mesenchymal surfaces (1). TF is not typically expressed in
vascular endothelial cells and monocytes, but expression and
surface localization can be induced in these cells by
cytokines. Binding of factor VIIa to TF switches on the VIIa
active site, which is reflected as an increase in the catalytic
rate constant. The rate of factors IX and X activation
increases by about 4 orders of magnitude, which is due to
both the enhanced catalytic constant and the membrane
binding of the substrates (2).

From studies of TF on different cell types, it is clear that
two populations of the cofactor exist on the cell surface: a
minor population of active TF that binds factor VIIa and
cleaves both a peptidyl substrate and factor X and a major
population of cryptic TF that also binds factor VIIa and
cleaves a peptidyl substrate but not factor X (3-5). A
characteristic feature of cryptic TF is the slow rate of binding
of factor VII/VIIa. Equilibrium binding of VII/VIIa to active
TF is established within 1 min, while binding to cryptic TF
takes 1-2 h to reach equilibrium. Cryptic TF is activated
upon exposure of the cell to a calcium ionophore or by
physical disruption of the cell without increasing TF message
or protein expression. Notably, de-encryption of TF involves
the extracellular part of the protein as a mutant TF lacking
the cytoplasmic domain is activated the same as the full-
length protein (6).

A clue to the molecular trigger for TF activation came
from studies of a type of disulfide bond that we have called
the allosteric disulfide (7). Many allosteric disulfides link
cysteines in adjacent strands in the same antiparallelâ sheet
and are often found straddling aâ hairpin structure. The
bonds have a high potential energy, which arises from the
torsional energy of the linkage as well as the deformation
energy in the sheet itself (8, 9). The botulinum neurotoxins
(9, 10), the immune receptor CD4 (11, 12), and the HIV
envelope glycoprotein gp120 (9, 13, 14) are examples of
proteins that are controlled by allosteric disulfides. One of
the two TF disulfides has the features of an allosteric bond.
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The extracellular part of TF consists of two fibronectin
type III (Ig-like) domains, or a single class II cytokine-
binding module. The backbone of fibronectin type III
domains are defined by two antiparallelâ sheets, each
containing sevenâ strands, arranged in a sandwich-like
structure. Oneâ sheet contains strands A, B, and E, and the
other sheet has strands C, C′, F, and G. The disulfide bond
in the membrane proximal domain of TF is the potential
allosteric bond. Cys186 in the F strand links with Cys209
in the adjacent G strand of theâ-sheet. The disulfide bond
in the N-terminal domain is a conventional disulfide bond,
linking Cys49 in the C′ strand and Cys57 in the E strand.

The Cys186-Cys209 TF disulfide is exposed to solvent
in the crystal structure (15, 16), which in itself is most
unusual for a fibronectin type III disulfide. Importantly,
ablation of the allosteric bond by mutating both cysteines to
serines severely impairs procoagulant activity (17). Mutating
both cysteines to alanines similarly impairs procoagulant
activity (unpublished observations). We hypothesized that
this disulfide bond mutant was, in fact, a mimic of the cryptic
form of TF. Here, we provide evidence that the allosteric
bond is reduced in the cryptic form of TF and that activation
involves formation of the disulfide.

EXPERIMENTAL PROCEDURES

Cell Culture. Human myeloid (M2) leukemia HL-60 cells
(ATCC, Bethesda, MD) were cultured in Iscove’s modified
Dulbecco’s medium with 20% fetal bovine serum and 600
µg mL-1 gentamicin. Baby hamster kidney (BHK) cells
stably transfected with human TF (18) were cultured in
Dulbecco’s modified Eagles medium with 10% fetal bovine
serum, 2 mM glutamine, 100 units mL-1 penicillin, and 100
units mL-1 streptomycin with positive selection using 1µM
methotrexate. Human HaCaT keratinocytes were cultured in
Dulbecco’s modified Eagles medium with 10% fetal bovine
serum and 2 mM glutamine. Human umbilical vein endot-
helial cells were maintained and transduced as described (19).

TF ActiVity Assays. The TF procoagulant activity of intact
HL-60 cells was measured by a one-stage clotting assay using
a ST Art mechanical clot detection coagulometer (Diagnos-
tica Stago, France). HL60 cells were resuspended in fresh
media at 106 cells per milliliter the day before assaying. On
the day of assay, cells were stimulated for 6 h in 1 µM
phorbol myristate acetate (PMA, Sigma, St Louis, MO) to
induce TF expression, then washed 3 times with 10 mM
Hepes, pH 7.4 buffer containing 137 mM NaCl, 5.38 mM
KCl, 5.55 mM glucose, and 12.5 mM CaCl2 (Hepes buffered
saline), and resuspended to 106 cells per milliliter. Aliquots
(200 µL) of the cells were equilibrated at 37°C for 3 min
and then incubated with ionomycin, HgCl2, or the dithiol
cross-linkers bismaleimidohexane (BMH) and bismaleimi-
doethane (BMOE) (Pierce, Rockford, Il) at varying concen-
trations and for different times. On some occasions, the cells
were incubated with annexin V (Alexis, San Diego, CA),
N-ethylmaleimide (NEM) (Sigma, St. Louis, MO), or methyl
methanethiolsulfonate (MMTS) (Sigma, St. Louis, MO) prior
to addition of ionomycin or HgCl2. Clot formation was
initiated by the addition of 100µL of a 1:1 mix of pooled
normal human plasma and PBS. Control reactions with
vehicle only (DMSO) were run in parallel. On some
occasions, the supernatant of HL60 cells post-ionomycin or

HgCl2 treatment was separated by centrifugation at 800g for
5 min, and the clotting times of supernatant was compared
with that of the cellular fraction resuspended in Hepes
buffered saline containing CaCl2. The plasma was pooled
from 20 donors in 3.2% sodium citrate mixed with an equal
volume of sterile PBS (20). On occasion, factor VIIa
(NovoNordisk, Copenhagen, Denmark) was added to the
diluted plasma to a final concentration of 5 or 50 nM.
Clotting times were converted to arbitrary units of TF
procoagulant activity from a standard curve constructed using
recombinant human TF reconstituted into phospholipid
vesicles (Innovin, Dade Behring, Deerfield, IL). Results are
expressed as change in TF activity.

BHK cells were plated into 96 well plates and grown to
70-80% confluence. Media was changed the day before
assay. On the day of assay, cells were washed 3 times in 50
mM Hepes, pH 7.4 buffer containing 0.11 M NaCl, 1 mg
mL-1 PEG 6000, and 5 mM CaCl2. Plates were mixed on a
shaker in the presence of 100 nM factor X (Calbiochem,
San Diego CA) and 100µM chromogenic substrate Spec-
trozyme fXa (American Diagnostica, Greenwich, CT) and
then equilibrated at 37°C for 3 min. Ionomycin or HgCl2

was added 30 s before the addition of 10 nM Factor VIIa
(Novo Nordisk, Copenhagen), and the rate of factor Xa
generation was continuously monitored by detection of
Spectrozyme Xa cleavage at 405 nM absorbance using a
Molecular Devices Thermomax Plus (Palo Alto, CA) mi-
croplate reader. The initial velocities of factor Xa generation
were calculated for each sample.

The parabolic progress curves were fit to eq 1 (21) by
nonlinear least squares regression using GraphPad Software
(San Diego, CA).

[pNA] is the concentration of liberatedp-nitroanaline,t is
time in s,k1 is a constant for hydrolysis of Spectrozyme Xa
by factor Xa, equal tokcat[spectrozyme fXa]/(Km + [spec-
trozyme fXa]), andk2 is the initial rate of factor Xa formation
in M s-1. The kinetic parameters for hydrolysis of Spec-
trozyme fXa by factor Xa were determined from measure-
ments of the initial velocity of amidolysis of the chromogenic
substrate as a function of Spectrozyme fXa concentration at
a fixed concentration of factor Xa (2 nM). The initial velocity
data were fitted to the Michaelis-Menton equation by
nonlinear least squares regression. Thekcat and Km were
calculated to be 548 s-1 and 137µM, respectively. Therefore,
k1 in the system was 233 s-1.

Labeling of Free Thiols in TF. BHK-TF cells, 1 mL of 5
× 106 cells mL-1 in 10 mM Hepes, pH 7.5 buffer containing
137 mM NaCl, 5.38 mM KCl, 5.55 mM glucose, and 12.5
mM CaCl2 (Hepes buffered saline), were incubated with
vehicle DMSO, 10µM ionomycin (Sigma), or 100µM HgCl2
(Sigma, St. Louis, MO) for 30 s or 2 min at room temperature
and then labeled with 100µM 3-(N-maleimidylpropionyl)-
biocytin (MPB) (Molecular Probes, Eugene, OR) for 2 min.
The cells were washed 3 times with Hepes buffered saline,
and residual unreacted MPB was quenched with 200µM
glutathione for 30 min at room temperature on a rotating
wheel. Control samples were incubated with 2 mM sulfos-
uccinimidobiotin (SSB) (Pierce, Rockford, IL), and unreacted
label was quenched with 100 mM glycine. The labeled cells

[pNA] ) k1k2t
2/2 (1)
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were washed 3 times with phosphate buffered saline (PBS)
and then lysed with 25 mM octylglucopyranoside in the
presence of a protease inhibitor cocktail (Roche Diagnostics,
Australia) at room temperature for 5 min, and the lysate was
clarified by centrifugation. The MPB or SSB labeled proteins
were collected on streptavidin coated Dynabeads (Dynal,
Melbourne, Australia) at 4°C on a rotating wheel overnight.
The beads were washed 5 times with 25 mM octylglucopy-
ranoside in the presence of the protease inhibitor cocktail,
and the biotinylated proteins eluted from the beads with
SDS-Laemmli buffer containing 20 mM dithiothreitol. The
samples were boiled for 5 min, and the reduced proteins were
alkylated with 40 mM iodoacetamide. Samples were resolved
on 8-16% SDS-PAGE and transferred to a PVDF mem-
brane. Biotin labeled TF was immuno-blotted with polyclonal
goat anti-human anti-TF antibody (1µg mL-1) and a
horseradish peroxidase-rabbit anti-goat antibody (Dako,
Carpinteria, CA) at a 1:1000 dilution and detected using
chemiluminescence (Pierce, Rockford, Il). Band intensity was
measured using Quantity One v 4.5.2 software (BioRad,
Hercules, CA). Membranes were stripped and then reprobed
with streptavidin peroxidase (Dako, Carpinteria, CA).

TF Immunoprecipitation. HaCaT cells were incubated with
100µM BMH or HgCl2 in Hepes buffered saline for 15 min
at room temperature. The cells were washed, and the TF
immunoprecipitated from 50 mMn-octyl-â-D-glucopyrano-
side lysates used monoclonal antibodies coupled to Dyna-
beads. The samples were Western blotted for TF as described
previously.

Flow Cytometry. A TF9-9C3 monoclonal mouse anti-
human TF antibody was conjugated to an Alexafluor 488
succinimidyl ester (Molecular Probes, Eugene, OR) accord-
ing to the manufacturer’s instructions. FITC conjugated
mouse-anti-human TF antibody recognizing an epitope
within amino acids 181-214 (V1C7) was from America
Diagnostica, Greenwich, CT. PMA stimulated HL60 cells
were washed 3 times in cold Hepes buffered saline containing
12.5 mM CaCl2 and resuspended to 106 cells per milliliter.
Cells were incubated with 10µM ionomycin or 100µM
HgCl2 for 30 s and then fixed in 1% paraformaldehyde. Fixed
cells were washed 3 times in ice cold PBS containing 1%
bovine serum albumin and labeled with 20µg mL-1 9C3 or
V1C7 antibodies, or the antibodies were preincubated with
a 250 molar excess of recombinant soluble TF (1-219) for
30 min on ice. Excess antibody was removed by washing 3
times with PBS, the cells were subjected to flow cytometry
(Becton Dickinson LSR FACS, San Jose, CA), and the data
were analyzed using FCS Express V2 (De Novo Software,
Thornhill, Ontario).

Statistical Analyses. Results are presented as means( SD.
All tests of statistical significance were two-sided, andp
values<0.05 were considered statistically significant.

RESULTS

Thiol-Oxidizing Reagent, HgCl2, ActiVated TF.If the TF
allosteric disulfide was reduced in the cryptic form of the
protein, then thiol-oxidizing agents might be expected to
promote activation. HgCl2 oxidizes dithiols to disulfides and
has been shown to activate TF on the cell surface (22). The
thiolate anion of one of the cysteine residues undertakes a
nucleophilic attack on the mercuric chloride bond, displacing

a chloride anion and forming a sulfur-mercuric chloride
intermediate. The other cysteine thiolate then attacks its
neighboring sulfur-mercury bond, resulting in displacement
of the chloromercuri group and formation of the disulfide.
HgCl2 can also bridge unpaired cysteine thiols forming a
Cys-S-Hg-S-Cys adduct. Either mechanism results in
approximation of the cysteine sulfur atoms.

HgCl2 activated endogenously expressed TF on the surface
of human myeloid leukemia HL-60 cells up to 15-fold
(Figure 1A). Activation by HgCl2 was concentration and time
dependent and maximal at 30 s of HgCl2 exposure. Iono-
mycin, a calcium ionophore, activated TF∼10-fold. HgCl2
had no effect on prothrombin times with relipidated recom-
binant tissue factor (Innovin), thus excluding an effect of
HgCl2 on the coagulation process downstream from TF/VIIa
(Figure 1B). The activating activity of HgCl2 was also not

FIGURE 1: Thiol-oxidizing reagent, HgCl2, activated TF. (A) HL-
60 cells were treated with PMA to induce expression of TF and
then incubated with 10µM ionomycin, vehicle DMSO, or HgCl2
at the indicated concentrations. The procoagulant activity of the
cells was measured at discreet times up to 2 min. The data points
and error bars are the mean( SD of four determinations. (B)
Ionomycin or HgCl2 do not appreciably change TF-mediated
coagulation. Recombinant relipidated TF (0.1% Innovin) was
incubated with 10µM ionomycin or 100µM HgCl2 for 30 s, and
coagulation was initiated by the addition of pooled normal human
plasma. The results are expressed as change in TF coagulant
activity. The data points and error bars are the mean( SD of 20-
24 determinations. (C) HgCl2 activation of HL60 TF is not a result
of enhanced conversion of factor VII to VIIa. PMA-stimulated HL-
60 cells were incubated with 100µM HgCl2, 10 µM ionomycin,
or 5 or 50 nM VIIa for 30 s, and the procoagulant activity of the
cells was measured. The data points and error bars are the mean(
SD of eight to 12 determinations. Thep values (***, p < 0.001)
are the significant difference from HgCl2 activation.
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due to increased conversion of factor VII to VIIa (Figure
1C). Addition of VIIa in concentrations up to 10 times the
level of unactivated VII antigen in pooled normal plasma
(23) did not recapitulate mercury induced TF activation. It
has been reported that calcium ionophores induce micropar-
ticle formation and that the shed microparticles have TF
activity (24, 25). We could not detect TF activity in the
supernatant of HL60 cells activated with either ionomycin
or HgCl2, which indicates that microparticle release was not
a significant factor in de-encryption of TF in our system.

These results supported a direct effect of HgCl2 on de-
encryption of TF on the HL60 surface and are consistent
with the theory that the TF allosteric disulfide was reduced
in the cryptic form and that activation involved formation
of the bond.

ActiVation of TF on HL60 Cells by Ionomycin or HgCl2

Cannot be Explained by Exposure of Phosphatidlyserine on
the Plasma Membrane.The prevailing theory for the
mechanism of de-encryption of TF relates to increased
availability of anionic phospholipid on the cell surface, most
probably phosphatidylserine, which is a cofactor for activa-
tion of factor IX and X by factor VIIa-TF (22, 26). The
contribution of phosphatidylserine exposure to TF activation
triggered by ionomycin and HgCl2 was investigated using
the phosphatidylserine-binding protein, annexin V. Annexin
V blocked the coagulant activity of recombinant relipidated
TF at a concentration of 20 nM (Figure 2A). The IC50 was
∼5 nM, which is the range of the dissociation constant for
annexin V binding to cell surface phosphatidylserine (27,
28). A concentration of 100 nM annexin V had little effect
on ionomycin-mediated TF activation on HL60 cells (Figure
2B, part ii) and actually enhanced by∼3 times the HgCl2-
mediated activation relative to the annexin treated control
(Figure 2C, part ii). Annexin V was not limiting in these
experiments. The stoichiometry for binding of annexin V to
cultured cells is∼7 × 106 sites per cell (27, 28). The
concentration of binding sites on HL60 cells in the experi-
ments shown in Figure 2 was calculated to be∼5 nM, which
indicates that annexin V was in excess of HL60-binding sites
at all concentrations tested.

Dithiol Cross-Linker ActiVated TF. We reasoned that
chemical cross-linking of the cysteine residues of the reduced
disulfide in cryptic TF might simulate formation of the
allosteric disulfide and activate TF. The dithiol cross-linkers,
BMH and BMOE, activated HL60 TF up to 7- and 5-fold,
respectively (Figure 3A). This level of activation was
approximately half of that observed with HgCl2. Activation
of BMH-treated cells with HgCl2 resulted in a level of
activation of TF observed with HgCl2 alone (Figure 3B).
This result suggested that the cross-linkers had access to
about half of the cryptic HL60 TF. It was possible that the
bis-maleimides were activating TF by cross-linking thiols
in adjacent TF molecules. TF dimerization has been proposed
to play a role in de-encryption (20). There was no evidence,
however, for formation of TF dimers following incubation
of HaCaT cells with BMH or HgCl2 (Figure 3C).

ActiVation of TF with Ionomycin or HgCl2 Results in Loss
of Free Thiols in TF.To test the hypothesis that the cryptic
form of TF is defined by a reduced disulfide, or the presence
of free cysteine thiols, we compared the labeling of cryptic
and active TF with the membrane-impermeable biotin-linked
maleimide, 3-(N-maleimidylpropionyl)biocytin (MPB). Ma-

leimides specifically alkylate thiols at neutral pH. The
efficiency of alkylation of cysteine thiols in proteins is
exquisitely dependent on the accessibility of the alkylating
agent to the thiol (29). MPB is a reasonably bulky compound,
so its alkylating efficiency is expected to be severely impaired
if the TF thiols are partly buried. For this reason, labeling

FIGURE 2: Activation of TF on HL60 cells by ionomycin or HgCl2
cannot be explained by exposure of phosphatidylserine on the
plasma membrane. (A) Recombinant relipidated TF (0.1% Innovin)
was incubated with 0-50 nM annexin V, and coagulation was
initiated by the addition of pooled normal human plasma. The
results are expressed as TF coagulant activity. The data points and
error bars are the mean( SD of six determinations. (B) PMA-
stimulated HL-60 cells were incubated with 10µM ionomycin or
vehicle control and 0-200 nM annexin V for 30 s, and the
procoagulant activity of the cells was measured. The results are
expressed as TF coagulant activity (i) or the ratio of ionomycin vs
control (vehicle) activity (ii). The data points and error bars are
the mean( SD of eight determinations. (C) PMA-stimulated HL-
60 cells were incubated with 100µM HgCl2 or vehicle control and
0-300 nM annexin V for 30 s, and the procoagulant activity of
the cells was measured. The results are expressed as TF coagulant
activity (i) or the ratio of HgCl2 vs control (vehicle) activity (ii).
The data points and error bars are the mean( SD of eight to 12
determinations.
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studies with MPB are semiquantitative at best. We have not
attempted to estimate stoichiometry of MPB labeling because
we were not able to ascertain the efficiency of labeling of
TF thiols.

We were unable to detect incorporation of MPB into HL60
TF (data not shown). This was perhaps due to the low levels
of TF expressed by these cells. Baby hamster kidney (BHK)

cells stably transfected with human TF (18) express at least
1 order of magnitude higher levels of TF on the cell surface
(data not shown). A major portion of TF expressed on the
surface of BHK-TF cells is constitutively active, so the fold
change in activity upon stimulation with ionomycin or HgCl2

is less than that observed with HL60 cells, where the
endogenously expressed TF is mostly cryptic. TF activity
of the BHK-TF cells was measured from the initial rate of
factor X activation because these cells grow as an adherent
monolayer. Ionomycin activation of these cells has been
reported to result in a 1.5-10-fold increase in TF activity
(6).

We observed a 1.8( 0.1- and 2.1( 0.2-fold increase in
TF activity with ionomycin or HgCl2 treatment, respectively
(Figure 4A). Cryptic TF contained free thiols, and ionomycin
or HgCl2 activation resulted in depletion of free thiols to 28
( 27 and 0% of cryptic TF, respectively, in three separate
experiments (Figure 4B). As HgCl2 modified thiols, it
blocked reaction of MPB with all cell surface proteins. To
test whether TF contains free thiols when expressed in
endothelial cells, the protein was introduced into human
umbilical vein endothelial cells by adenoviral transduction.
The endothelial cell TF contained free thiols, which were
lost upon treatment with HgCl2 (Figure 4C). These results
provided further support for the hypothesis that the redox
state of the TF allosteric disulfide was controlling de-
encryption of TF.

Monofunctional Thiol Alkylators Inhibited TF ActiVation.
Blocking of the unpaired cysteine residues in cryptic TF by
monofunctional thiol alkylators should prevent activation if
formation of the allosteric disulfide is a key event in de-
encryption. NEM inhibited TF activation by ionomycin or
HgCl2 to 44 ( 0 and 44( 16% of control (Figure 5A,B),
respectively, while MMTS inhibited TF activation by iono-
mycin or HgCl2 to 8.0( 4.6 or 5.8( 0.9% of control (Figure
5D,E). The inhibitory effects of the alkylators were time and
concentration dependent, which is consistent with their
chemical mechanism. The difference in magnitude of block-
ade between the two alkylators is likely due to differences
in the accessibility of the compounds to the unpaired cysteine
thiols in TF.

EVidence for Change in the Structure of the Membrane-
Proximal Domain upon TF ActiVation. Formation of the
Cys186-Cys209 allosteric disulfide with TF activation was
expected to change the conformation of the domain, par-
ticularly in the vicinity of the disulfide bond. A monoclonal
antibody that recognizes an epitope within residues 181-
214 of human TF (30) was used to probe this conformational
change. Two populations of unstimulated HL60 cells were
defined by the antibody, one that bound the antibody and
one that did not (Figure 6). This possibly reflected the pools
of cryptic and active TF in the population. Activation of the
cells with ionomycin or HgCl2 resulted in a greater proportion
(ionomycin) or effectively all cells (HgCl2) binding the
antibody.

DISCUSSION

TF is the cell surface cofactor for factor VIIa that initiates
blood coagulation in mammals and also plays a fundamental
role in blood vessel formation and remodeling (2). Moreover,
inappropriate TF activity leading to thrombus formation is

FIGURE 3: Dithiol cross-linker activated TF. (A) PMA-stimulated
HL-60 cells were incubated with 100µM BMH or BMOE, and
the procoagulant activity of the cells was measured at discreet times
up to 10 min. The data points and error bars are the mean( SD of
four determinations. (B) PMA-stimulated HL-60 cells were incu-
bated with 100µM BMH for 5 min followed by DMSO control
for 30 s, 100µM HgCl2 for 30 s, or 100µM BMH or DMSO control
for 5 min followed by 100µM HgCl2 for 30 s, and the procoagulant
activity of the cells was measured. The data points and error bars
are the mean( SD of eight determinations. (C) Activation of TF
on HaCaT cells by BMH or HgCl2 was not associated with cross-
linking or TF. HaCaT cells were incubated with vehicle DMSO
(lanes 1 and 3), 100µM BMH (lane 2), or 100µM HgCl2 (lane 4)
for 2 min. The TF was immunoprecipitated, resolved on SDS-
PAGE under nonreducing conditions, and Western blotted using a
polyclonal goat anti-human TF antibody. The positions ofMr
markers in kDa are shown at left.
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the precipitating event in myocardial infarction and stroke.
It was recognized soon after TF was discovered some 30
years ago that the cofactor resides in a cryptic configuration
and requires activation to initiate coagulation (31-33). TF
activation, therefore, is one of the more important protein
transitions in mammalian biology and pathology.

We show herein that thiol-alkylating agents block TF
activation by ionomycin and that a thiol-oxidizing agent and
dithiol cross-linkers promote activation. In addition, cryptic
TF contained free thiols that were depleted upon activation,
and de-encryption was associated with a change in the
conformation of the membrane-proximal domain. When
considered together, these observations imply a role for the
Cys186-Cys209 disulfide in de-encryption of TF. More
specifically, the results are consistent with a mechanism in
which the Cys186-Cys209 disulfide is reduced in the cryptic
form of TF and activation involves formation of the bond.

This conclusion is supported by mutagenesis studies.
Residues close to the allosteric bond (Tyr157, Lys159,
Ser163, Gly164, Lys165, Lys166, and Try185) have been
identified as part of the region of TF that interacts with
factors IX and X (34, 35). The allosteric bond is also next
to a Trp158-Lys159-Ser160 motif that mutation studies
have shown to be important for TF activity (36). We suggest
that formation of the Cys186-Cys209 disulfide repositions
the adjacent F and Gâ strands that reorient nearby residues
and enable productive binding of the TF substrates. We have

FIGURE 4: Activation of TF with ionomycin or HgCl2 results in
loss of free thiols in TF. (A) BHK-TF cells were incubated with
DMSO (nil) or 10µM ionomycin for 30 s or 100µM HgCl2 for 2
min, and rate of factor Xa generation of the cells was measured.
The error is the SD of the best fit of the data to eq 1. (B) BHK-TF
cells were incubated with DMSO (nil) or 10µM ionomycin for 30
s or 100µM HgCl2 for 2 min and then labeled with 100µM MPB
for 2 min. The biotin labeled proteins from 5× 106 cells were
collected on streptavidin Dynabeads, resolved on SDS-PAGE, and
Western blotted using a polyclonal goat anti-human TF antibody
or blotted with streptavidin peroxidase. Lane 1 is BHK cells labeled
with MPB, and lane 2 is BHK-TF cells not labeled with MPB.
The positions ofMr markers in kDa are shown at left. (C) TF was
expressed by adenoviral transduction in human umbilical vein
endothelial cells. The cells were incubated with 100µM HgCl2 for
2 min and then labeled with 100µM MPB for 20 min. The TF
was immunoprecipitated, resolved on SDS-PAGE, and Western
blotted using a polyclonal goat anti-human TF antibody or blotted
with streptavidin peroxidase. The positions ofMr markers in kDa
are shown at left.

FIGURE 5: Monofunctional thiol alkylators inhibited TF activation.
(A and B) PMA-stimulated HL-60 cells were preincubated with
100 µM NEM at discrete times up to 10 min before activation of
TF with 10µM ionomycin (A) or 100µM HgCl2 (B) for 30 s. The
procoagulant activity of the cells was measured immediately. The
data points and error bars are the mean( SD of four determinations.
(C and D) PMA-stimulated HL-60 cells were preincubated with
0-100 mM MMTS for 10 min before activation of TF with 10
µM ionomycin (D) or 100µM HgCl2 (E) for 30 s. The procoagulant
activity of the cells was measured immediately. The data points
and error bars are the mean( SD of eight determinations.
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not ruled out a contribution from the N-terminal Cys49-
Cys57 disulfide in de-encryption of TF, although it is unlikely
to be involved as ablation of this bond by mutating both
cysteines to serines does not impair TF coagulant activity
(17).

It has been proposed that de-encryption of TF relates to
increased availability of anionic phospholipid on the cell
surface (22, 26). Physical disruption or exposure of cells to
calcium ionophore (26) or mercury compounds (22) leads
to activation of TF and increased phosphatidyserine on the
outer leaflet of the plasma membrane. Several observations
indicate, however, that other factors are involved in de-
encryption of TF. First, annexin V, which binds to anionic
phospholipid, does not inhibit cleavage of factor X by factor
VIIa-TF on ovarian carcinoma cells either before or after
cell disruption (5). Second, a component to TF activation
by calcium ionophores has been reported to be independent

of phosphatidylserine exposure (6, 26, 37). Third, there is a
disparity between elevation in intracellular calcium levels
induced by HgCl2 and TF activity (22). For example,
incubation of cells with 5µM HgCl2 for 30 min resulted in
high intracellular calcium levels but only a slight increase
in TF activity. Full activation is achieved within 30 s with
50-100µM HgCl2. In addition, we show that a concentration
of 100 nM annexin V, which was predicted to be∼20 times
the number of cell-binding sites in the system, actually
enhanced by∼3 times the HgCl2-mediated activation of TF
on HL60 cells.

There were quantitative differences in the nature of
ionomycin versus HgCl2-mediated TF de-encryption. The rate
of activation by ionomycin was faster than for HgCl2,
annexin V was more effective at blocking activation by
ionomyin than HgCl2, thiol alkylators were more efficient
at blocking activation by ionomycin than HgCl2, and the
extent of the conformational change in TF reported by the
V1C7 antibody was less dramatic for ionomycin than for
HgCl2 activation. One possibility is that the contribution of
phosphatidyserine exposure to de-encryption is different for
the different activators. Another possibility is that the
differences lie in a third component in the de-encryption
process.

Major unanswered questions are what cleaves the allosteric
disulfide initially and what mediates formation of the bond?
One possibility is that an oxidoreductase cleaves the Cys186-
Cys209 bond forming a mixed disulfide between enzyme
and TF. Resolution of the complex results in oxidation of
the dithiol with release of the oxidoreductase and activation
of TF.

A candidate oxidoreductase is protein disulfide isomerase
(PDI). PDI is involved in redox control of mammalian cell-
surface protein dithiols/disulfides (13, 14, 29, 38, 39). The
active sites of oxidoreductases such as PDI contain a reactive
dithiol/disulfide in a CysXXCys motif that has a redox
potential in the range of-120 to -270 mV. The dithiol/
disulfide cycles between reduced and oxidized configurations
in coordination with a dithiol or disulfide in a protein
substrate (40). The outcome can be reduction, formation, or
isomerization of a disulfide in the protein substrate. Reduc-
tion of a disulfide is achieved when one of the active site
thiols attacks the substrate disulfide, cleaving the bond. The
mixed disulfide can then decompose via attack by the other
active site thiol on the intermolecular disulfide, resulting in
a stable disulfide between active site cysteine residues and
release of the reduced substrate (41).

The activation of TF by bis-maleimides and inhibition of
activation by thiol alkylators reported in this study could be
explained by such a mechanism. The bis-maleimides, for
instance, might dissociate PDI from TF by cross-linking the
PDI active site dithiol. Inhibition by thiol alkylators, on the
other hand, could be a result of blocking resolution of the
PDI-TF complex by alkylating the PDI active site cysteine
that is responsible for resolving the mixed disulfide.

Another possible mediator of formation of the Cys186-
Cys209 bond is a nonprotein-oxidizing agent. Activation of
TF by the thiol-oxidizing agent, HgCl2, supports this scenario.
Muller et al. (42) showed that stimulated neutrophils promote
activation of TF on microvesicles and platelets. Neutrophils
make H2O2 and HOCl that can oxidize thiols to disulfides

FIGURE 6: Evidence for change in the structure of the membrane-
proximal domain upon TF activation. HL-60 cells were treated with
PMA to induce expression of TF and then incubated with vehicle
DMSO, 10µM ionomycin, or 100µM HgCl2 for 30 s and fixed
with paraformaldehyde. The fixed cells were incubated with 9C3
or V1C7 antibody (solid histograms) or antibody preincubated with
a 250 molar excess of recombinant soluble TF (lined histograms)
and analyzed by flow cytometry. In two separate experiments,
ionomycin or HgCl2 treatment resulted in a 12.5( 0.7 and 46.5(
0.7% increase, respectively, in the number of cells binding the V1C7
antibody.
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under certain conditions (43, 44). Neither H2O2 nor HOCl,
however, could activate TF in our systems (data not shown).

It appears, therefore, that de-encryption of TF is another
example of a protein controlled by an allosteric disulfide (7).
Other potential allosteric bonds in thrombosis and throm-
bolysis proteins are the Cys680-Cys747 and Cys737-
Cys765 disulfides in the catalytic domain of plasmin(ogen),
the Cys5-Cys9 and Cys21-Cys32 disulfides in the so-
matomedin B domain of vitronectin, the Cys4-Cys17
disulfide in the N-terminalâ finger of GP1bR, the Cys663-
Cys687 disulfide in theâ tail domain of integrinâ3, and the
Cys399-Cys407 disulfide in the fifth EGF-like domain of
thrombomodulin.

REFERENCES

1. McVey, J. H. (2003) Your bleeding heart: lessons from low tissue
factor expression in mice,Trends Pharmacol. Sci. 24, 269-72.

2. Versteeg, H. H., and Ruf, W. (2006) Emerging insights in tissue
factor dependent signaling events,Semin. Thromb. Hemostasis
32, 24-32.

3. Ploplis, V. A., Edgington, T. S., and Fair, D. S. (1987) Initiation
of the extrinsic pathway of coagulation. Association of factor VIIa
with a cell line expressing tissue factor,J. Biol. Chem. 262, 9503-
8.

4. Sakai, T., Lund-Hansen, T., Paborsky, L., Pedersen, A. H., and
Kisiel, W. (1989) Binding of human factors VII and VIIa to a
human bladder carcinoma cell line (J82). Implications for the
initiation of the extrinsic pathway of blood coagulation,J. Biol.
Chem. 264, 9980-8.

5. Le, D. T., Rapaport, S. I., and Rao, L. V. (1992) Relations between
factor VIIa binding and expression of factor VIIa/tissue factor
catalytic activity on cell surfaces,J. Biol. Chem. 267, 15447-54.

6. Wolberg, A. S., Kon, R. H., Monroe, D. M., Ezban, M., Roberts,
H. R., and Hoffman, M. (2000) De-encryption of cellular tissue
factor is independent of its cytoplasmic domain,Biochem. Biophys.
Res. Commun. 272, 332-6.

7. Schmidt, B., Ho, L., and Hogg, P. J. (2006) Allosteric disulfide
bonds,Biochemistry 45, 7429-33.

8. Hogg, P. J. (2003) Disulfide bonds as switches for protein function,
Trends Biochem. Sci. 28, 210-4.

9. Wouters, M. A., Lau, K. K., and Hogg, P. J. (2004) Cross-strand
disulphides in cell entry proteins: poised to act,Bioessays 26,
73-9.

10. Erdal, E., Bartels, F., Binscheck, T., Erdmann, G., Frevert, J.,
Kistner, A., Weller, U., Wever, J., and Bigalke, H. (1995)
Processing of tetanus and botulinum A neurotoxins in isolated
chromaffin cells,Naunyn-Schmiedeberg’s Arch. Pharmacol. 351,
67-78.

11. Matthias, L. J., Yam, P. T., Jiang, X. M., Vandegraaff, N., Li, P.,
Poumbourios, P., Donoghue, N., and Hogg, P. J. (2002) Disulfide
exchange in domain 2 of CD4 is required for entry of HIV-1,
Nat. Immunol. 3, 727-32.

12. Maekawa, A., Schmidt, B., Fazekas de St. Groth, B., Sanejouand,
Y.-H., and Hogg, P. J. (2006) Evidence for a domain-swapped
CD4 dimer as the co-receptor for binding to class II major
histocompatibility complex,J. Immunol, in press.

13. Gallina, A., Hanley, T. M., Mandel, R., Trahey, M., Broder, C.
C., Viglianti, G. A., and Ryser, H. J. (2002) Inhibitors of protein-
disulfide isomerase prevent cleavage of disulfide bonds in receptor-
bound glycoprotein 120 and prevent HIV-1 entry,J. Biol. Chem.
277, 50579-88.

14. Barbouche, R., Miquelis, R., Jones, I. M., and Fenouillet, E. (2003)
Protein-disulfide isomerase-mediated reduction of two disulfide
bonds of HIV envelope glycoprotein 120 occurs post-CXCR4
binding and is required for fusion,J. Biol. Chem. 278, 3131-6.

15. Harlos, K., Martin, D. M., O’Brien, D. P., Jones, E. Y., Stuart, D.
I., Polikarpov, I., Miller, A., Tuddenham, E. G., and Boys, C. W.
(1994) Crystal structure of the extracellular region of human tissue
factor,Nature 370, 662-6.

16. Banner, D. W., D’Arcy, A., Chene, C., Winkler, F. K., Guha, A.,
Konigsberg, W. H., Nemerson, Y., and Kirchhofer, D. (1996) The
crystal structure of the complex of blood coagulation factor VIIa
with soluble tissue factor,Nature 380, 41-6.

17. Rehemtulla, A., Ruf, W., and Edgington, T. S. (1991) The integrity
of the cysteine 186-cysteine 209 bond of the second disulfide
loop of tissue factor is required for binding of factor VII,J. Biol.
Chem. 266, 10294-9.

18. Sorensen, B. B., Freskgard, P. O., Nielsen, L. S., Rao, L. V., Ezban,
M., and Petersen, L. C. (1999) Factor VIIa induced p44/42
mitogen-activated protein kinase activation requires the proteolytic
activity of factor VIIa and is independent of the tissue factor
cytoplasmic domain,J. Biol. Chem. 274, 21349-54.

19. Ahamed, J., and Ruf, W. (2004) Protease-activated receptor
2-dependent phosphorylation of the tissue factor cytoplasmic
domain,J. Biol. Chem. 279, 23038-44.

20. Bach, R. R., and Moldow, C. F. (1997) Mechanism of tissue factor
activation on HL-60 cells,Blood 89, 3270-6.

21. Ranby, M. (1982) Studies on the kinetics of plasminogen activation
by tissue plasminogen activator,Biochim. Biophys. Acta 704, 461-
9.

22. Kaneko, H., Kakkar, V. V., and Scully, M. F. (1994) Mercury
compounds induce a rapid increase in procoagulant activity of
monocyte-like U937 cells,Br. J. Haematol. 87, 87-93.

23. Pinotti, M., Toso, R., Girelli, D., Bindini, D., Ferraresi, P., Papa,
M. L., Corrocher, R., Marchetti, G., and Bernardi, F. (2000)
Modulation of factor VII levels by intron 7 polymorphisms:
population and in vitro studies,Blood 95, 3423-8.

24. Carson, S. D., Perry, G. A., and Pirruccello, S. J. (1994) Fibroblast
tissue factor: calcium and ionophore induce shape changes, release
of membrane vesicles, and redistribution of tissue factor antigen
in addition to increased procoagulant activity,Blood 84, 526-
34.

25. Falati, S., Liu, Q., Gross, P., Merrill-Skoloff, G., Chou, J.,
Vandendries, E., Celi, A., Croce, K., Furie, B. C., and Furie, B.
(2003) Accumulation of tissue factor into developing thrombi in
vivo is dependent upon microparticle P-selectin glycoprotein
ligand 1 and platelet P-selectin,J. Exp. Med. 197, 1585-98.

26. Bach, R., and Rifkin, D. B. (1990) Expression of tissue factor
procoagulant activity: regulation by cytosolic calcium,Proc. Natl.
Acad. Sci. U.S.A. 87, 6995-9.

27. van Heerde, W. L., Poort, S., van’t Veer, C., Reutelingsperger,
C. P., and de Groot, P. G. (1994) Binding of recombinant annexin
V to endothelial cells: effect of annexin V binding on endothelial
cell-mediated thrombin formation,Biochem. J. 302(Pt 1), 305-
12.

28. Rao, L. V., Tait, J. F., and Hoang, A. D. (1992) Binding of annexin
V to a human ovarian carcinoma cell line (OC-2008). Contrasting
effects on cell surface factor VIIa/tissue factor activity and
prothrombinase activity,Thromb. Res. 67, 517-31.

29. Jiang, X. M., Fitzgerald, M., Grant, C. M., and Hogg, P. J. (1999)
Redox control of exofacial protein thiols/disulfides by protein
disulfide isomerase,J. Biol. Chem. 274, 2416-23.

30. Magdolen, V., Albrecht, S., Kotzsch, M., Haller, C., Burgle, M.,
Jacob, U., Grosser, M., Kessler, H., Graeff, H., Muller, M.,
Schmitt, M., and Luther, T. (1998) Immunological and functional
analyses of the extracellular domain of human tissue factor,Biol.
Chem. 379, 157-65.

31. Maynard, J. R., Heckman, C. A., Pitlick, F. A., and Nemerson,
Y. (1975) Association of tissue factor activity with the surface of
cultured cells,J. Clin. InVest. 55, 814-24.

32. Maynard, J. R., Dreyer, B. E., Stemerman, M. B., and Pitlick, F.
A. (1977) Tissue-factor coagulant activity of cultured human
endothelial and smooth muscle cells and fibroblasts,Blood 50,
387-96.

33. Broze, G. J., Jr. (1982) Binding of human factor VII and VIIa to
monocytes,J. Clin. InVest. 70, 526-35.

34. Ronning, H. F., Risoen, U. C., Orning, L., Sletten, K., and
Sakariassen, K. S. (1996) Synthetic peptide analogues of tissue
factor and factor VII that inhibit factor Xa formation by the tissue
factor/factor VIIa complex,Thromb. Res. 84, 73-81.

35. Kirchhofer, D., Lipari, M. T., Moran, P., Eigenbrot, C., and Kelley,
R. F. (2000) The tissue factor region that interacts with substrates
factor IX and factor X,Biochemistry 39, 7380-7.

36. Rehemtulla, A., Ruf, W., Miles, D. J., and Edgington, T. S. (1992)
The third Trp-Lys-Ser (WKS) tripeptide motif in tissue factor is
associated with a function site,Biochem. J. 282, 737-40.

37. Wolberg, A. S., Monroe, D. M., Roberts, H. R., and Hoffman,
M. R. (1999) Tissue factor de-encryption: ionophore treatment
induces changes in tissue factor activity by phosphatidylserine
dependent and independent mechanisms,Blood Coagulation
Fibrinolysis 10, 201-10.

De-encryption of Tissue Factor Biochemistry, Vol. 45, No. 39, 200612027



38. Ramachandran, N., Root, P., Jiang, X. M., Hogg, P. J., and Mutus,
B. (2001) Mechanism of transfer of NO from extracellular
S-nitrosothiols into the cytosol by cell-surface protein disulfide
isomerase,Proc. Natl. Acad. Sci. U.S.A. 98, 9539-44.

39. Matthias, L. J., and Hogg, P. J. (2003) Redox control on the cell
surface: implications for HIV-1 entry,Antioxid. Redox Signaling
5, 133-8.

40. Nakamura, H. (2005) Thioredoxin and its related molecules:
update 2005,Antioxid. Redox Signaling 7, 823-8.

41. Chivers, P. T., and Raines, R. T. (1997) General acid/base catalysis
in the active site ofEscherichia colithioredoxin,Biochemistry
36, 15810-6.

42. Muller, I., Klocke, A., Alex, M., Kotzsch, M., Luther, T.,
Morgenstern, E., Zieseniss, S., Zahler, S., Preissner, K., and

Engelmann, B. (2003) Intravascular tissue factor initiates coagula-
tion via circulating microvesicles and platelets,FASEB J. 17, 476-
8.

43. Denu, J. M., and Tanner, K. G. (1998) Specific and reversible
inactivation of protein tyrosine phosphatases by hydrogen perox-
ide: evidence for a sulfenic acid intermediate and implications
for redox regulation,Biochemistry 37, 5633-42.

44. Hampton, M. B., Kettle, A. J., and Winterbourn, C. C. (1998)
Inside the neutrophil phagosome: oxidants, myeloperoxidase, and
bacterial killing,Blood 92, 3007-17.

BI061271A

12028 Biochemistry, Vol. 45, No. 39, 2006 Chen et al.


