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Summary

Tissue factor (TF) is atransmembrane glycoprotein and an essential component of factor VIlaTF
enzymatic complex that triggers activation of the coagulation cascade. Formation of TF-FVlla
complexes on cell surfaces not only trigger the coagulation cascade but also transduce cell
signaling via activation of protease-activated receptors. Tissue factor is expressed constitutively
on cell surfaces of avariety of extravascular cell types, including fibroblasts and pericytesin and
surrounding blood vessel walls and epithelial cells but generally absent on cells that comein
contact with blood directly. However, TF expression could be induced in some blood cells, such
as monocytes and endothelial cells, following an injury or pathological stimuli. Tissue factor is
essential for hemostasis, but aberrant expression of TF leads to thrombosis. Therefore, a proper
regulation of TF activity is critical for the maintenance of hemostatic balance and health in
general. TF-FVIlacoagulant activity at the cell surface isinfluenced not only by TF protein
expression levels but also independently by a variety of mechanisms, including alterationsin
membrane phospholipid composition and cholesterol content, thiol-dependent modifications of TF
allosteric disulfide bond, and other post-translational modifications of TF. In this article, we
critically review key literature on mechanisms by which TF coagulant activity is regulated at the
cell surface in the absence of changesin TF protein levels with specific emphasis on recently
published data and provide the authors' perspective on the subject.
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Introduction

Tissue factor (TF), a plasma membrane anchored glycoprotein, is the primary initiator of
coagulation in both physiological and pathological conditions. TF functions as the allosteric
cofactor for plasma clotting protease factor Vlla (FVI1a) and TF-FVIla complex initiates the
coagulation cascade by activating clotting proteins factors IX and X through limited
proteolysis. Tissue factor is expressed constitutively on cell surfaces of many extravascular
cells, including fibroblasts and pericytesin and surrounding blood vessel walls and epithelial
cells[1,2]. Although cells that come in contact with blood do not typically express TF, some
of them, e.g., monocytes and endothelial cells, do express TF in disease conditions [3,4]. At
present, it is not entirely clear how the coagulant activity of TF on cell surfacesisaltered in
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the absence of changesin TF antigen levels or TF-FVIlacomplex formation. It isaso
unclear whether TF expressed at the cell surface could undergo post-trandlational
modifications and how they affect TF function at the cell surface. In this article, we critically
review existing literature on regulation of TF activity on cell surfaces with specific emphasis
on recently published data and provide the authors' perspective on this subject. Here, we
limit our discussion to how alterations to the cell surface membrane, particularly exposure of
anionic phospholipids to the outer leaflet of plasma membrane, and potential post-
tranglationa modifications of TF could ater TF coagulant activity at the cell surface. For
detailed information on regulation of cell-associated TF by other mechanisms, including
release of TF microparticles from cell surfaces, the readers are referred to recent review
articles on these areas [5-7].

Not all TF present on cell surfaces participates in activating the coagulation

It was reported in 1975 by Maynard et al. that TF on cells existsin alatent form, and the
procoagulant activity of TF onintact cells could be increased by many folds by treating the
cellswith trypsin or other proteases [8]. Restricted formation of the TF-FV1la complex on
cell surfaces could not be the reason for TF latency as numerous studies performed later
showed that TF expressed on avariety of cell typeswas capable of binding to FVII or FVIla
[9-14]. Later, Bach and Rifkin showed that intact bovine fibroblasts, pericytes and kidney
cells manifested significantly less TF activity compared to their disrupted counter parts,
supporting the hypothesis that TF activity on unperturbed cellsis not fully expressed [15].
Correlation of FVIlabinding to the cell surface TF and expression of cell surface TF-FVlla
procoagulant activity in fibroblasts showed a linear relationship between FVIlabinding to
TF and TF-FVIla procoagulant activity at low levels of FVIlabinding but the relationship
became nonstoi chiometric with higher amounts of FVIlabound to TF[14], indicating not all
TF-FVIla complexes formed at the cell surface are capable of activating factor X. Leet al.
[11], using an ovarian carcinomacell line as amodel system, found that TF-FV11a coagulant
activity was fully manifested on intact monolayers after only 1 min of incubation of cells
with FVIlawhereas 30 to 60 min were required for FVIlato bind al available TF siteson
the cell surface. This and other experiments reported in this publication provided clear
evidence for the existence of two different populations of TF on cell surfaces, a minor
population of TF (~ <20%) that can rapidly bind to FVIlaand account for all TF
procoagulant activity on intact cells, and a mgjor population of TF that could bind to FVIla
but the subsequent TF-FV11a complexes formed fail to activate factor X. These two
populations of TF were termed as “functional” and “non-functional” TF, respectively, in the
earlier publication [11] but they are now commonly referred to as “ coagulant active” and
“cryptic” TF. Itisnot entirely clear whether cryptic TF is completely inert in supporting the
coagulation or contains low procoagulant activity. Recent studies from the authors'
laboratories indicate that cryptic TF is close to completely inactive in activating factor X
(less than 5% of the activity that was found with active TF; unpublished data of the authors,
2012). It isimportant to note here that despite any potential differences between the two
forms of TF in their ability to interact with FV11a, both the coagulant active and cryptic TF
form stable high-affinity associations with FVII and FVIlaat 10 nM, a concentration
equivalent to the plasma concentration of FVII (seerev [16,17]). Therefore, it isimportant to
be cautious in comparing TF mutants that exhibit low procoagulant activity because of the
severe defect in FVIlabinding (Kd > 100 nM) with cryptic TF in elucidating mechanisms by
which TF procoagulant activity on cell surfacesis regulated.

The encrypted TF at the cell surface could be converted to become procoagulantly active TF
in many ways, from destroying plasma membrane integrity by freezing and thawing and
treating with non-ionic detergents to cell activation by Ca2* ionophore treatment or
pathophysiological stimuli, such as LPS, thrombin, cytokines or any apoptotic stimulus.
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These treatments may induce different levels of TF procoagulant activity at the cell surface
and probably underlying mechanisms responsible for increased TF activity may vary, but the
common theme appears to be the loss of phospholipid asymmetry.

Phospholipid asymmetry: its role in regulation of TF activity on cell

surfaces

Membrane phospholipid asymmetry is considered to be a general property of biological
membranes. The outer |eaflet of the plasma membrane is abundant with phosphatidylcholine
(PC) and sphingomyelin (SM) and contains only traces of phosphatidylserine (PS), whereas
the inner leaflet is enriched with PS, phosphatidylethanolamine (PE), phosphoinositide and
phosphatidic acid. PS asymmetry in the cell membrane is maintained with an expenditure of
energy in the form of ATP hydrolysis and involves the concerted action of three classes of
aminophospholipid trans ocases — flippases (catalyzes the inward transport of PS), floppases
(catalyzes the outward flow of PS) and scramblases (catalyzes the bidirectional movement
of lipids) [18]. The inhibition or activation of one or more of these enzymes by responses
elaborated in avariety of diseases, such as infection, hypertension, atherosclerosis and
diabetes or agents that induce Ca2* influx will result in loss of membrane phospholipid
asymmetry, which leads to increased exposure of negatively charged PS to the outer |eaflet
of cell surface membrane [19,20].

It iswell known from TF reconstitution studies with lipids that TF procoagulant activity
requires its association with phospholipids [21,22], and the presence of anionic
phospholipids, such as PS, in the phospholipid mixture greatly accelerates TF procoagul ant
activity [15,23-27]. Studies performed with purified TF reconstituted into liposomes
showed that TF-FVIlarequires high levels of PS (~30% of total phospholipids) for optimal
procoagulant activity [26]. However, when PE isincorporated into liposomes, it
dramatically lowers the PS requirement for optimal proteolytic activation of FX by the TF-
Vllacomplex [26]. In fact, recent studies showed that any phospholipid other than with a
choline head group can augment TF-FVIla coagulant activity supported by low levels of PS
[28]. These studies clearly suggest that phospholipid composition in the cell membrane may
regulate cell surface TF-FVIlacoagulant activity. It is safe to conclude that the limited
availability of PS at outer cell surface membrane due to phospholipid asymmetry is
primarily responsible for restricting TF coagulant activity at the cell surface. In addition, itis
also possible that high SM content on the outer leaflet of cell surface membrane could
further downregulate TF-FV1la coagulant activity at the cell surface as TF reconstituted in
phospholipid vesicles containing SM were found to have alower procoagulant activity
compared to TF reconstituted with PC alone [26] (unpublished data of the authors).

The importance of phospholipid asymmetry in regulating cell surface TF activity is quite
evident since any stimulus or process that can disrupt PS asymmetry and increase the
appearance of PS on the cell surface would invariably increase TF activity at the cell
surface. A number of studies showed that treatment of avariety of cell types with Ca2*
ionophore, an agent that rapidly increases cytosolic Ca2* and disrupts PS asymmetry
through Ca2* influx-mediated inhibition of flippase activity and activation of scramblase,
markedly increases TF activity at the cell surface [15,29-32]. Similarly, sulfhydryl reactive
compounds such as N-ethylmaleimide (NEM), which increases PS efflux by inhibiting
flippase, was also shown to increase TF activity at the cell surface [33]. Biologically
relevant processes, such as cell-activating events, complement activation and apoptosis that
result in PS exposure also led to increased TF activity [34-36]. Treatment of cells with
nonionic detergents or physical disruption of cells such as freezing-thawing and sonication
markedly enhances TF activity [37—39]. More importantly, blocking the activity of PS
exposed at the cell surface by annexin V or lactahedrin inhibited the increase of TF
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procoagulant activity [29,31,32,40-42]. Inhibition of increased anionic phospholipids and
not basal PS levels was shown to be responsible for increased TF activity associated with
decryption [43]. However, few reportsin the literature indicate that TF activity at the cell
surface could be increased independent of PS as annexin V is not fully capable of blocking
the enhanced TF coagulant activity associated with TF decryption [29,31]. However, it is
important to note here that the phospholipid binding property of annexin V is complex [44].
Annexin V binding to PS depends on the microenvironment in which PSislocated and is
influenced by steric hindrance of other membrane associated proteins at the cell surface [45—

47,

Despite strong implication that PS regulates TF activity at the cell surface, it isdifficult to
examine the specific contribution of externalized PS in the development of TF activity at the
cell surface as none of the studies quantitatively measured PS content at the cell surface in
relation to TF activity. Annexin V binding to cells and/or the devel opment of
prothrombinase activity were used commonly to evaluate the extent of PS exposure at the
cell surface [30,33,41,45,47-49], but both of these measurements could be influenced by
microenvironment of the membrane and changes other than PS at the cell surface
[45,46,50,51]. More importantly, the concentration of PSin the close vicinity of the TF
molecule and not the same amount of PS equally distributed through out the cell surface
membrane is important for the expression of TF procoagulant activity at the cell surface.
Moreover, based on limited concentrations of PSin cell surface membranes (including PS
levelsin the inner leaflet of the membrane), it is doubtful whether PS concentration could
ever reach to alevel capable of optimally supporting TF-FVIla coagulant activity at the cell
surface. Therefore, other factors that augment the activity of low level of PS could play an
important role in regulating PS-dependent TF-FV11a coagulant activity.

Potential mechanisms by which PS regulates TF-FVIla coagulant activity at
the cell surface

Most of our understanding of how phospholipids regulate TF-FV1la coagulant activity was
derived from studies carried out in purified systems using TF relipidated in a predefined
lipid content, mostly in PC, PS and PE [24,26-28,52-56], and lately by molecular modeling
[28,57]. Findings of these studies have been reviewed recently by Morrissey and colleagues
[58,59] and will not be discussed in detail here unless they are relevant for understanding
how PS could regulate TF-FV1laactivity at the cell surface. Although studiesin artificial
membranes with defined lipid content are useful for understanding the potential effects of
phospholipids on TF activity, they may not accurately reflect the behavior of complex cell
membrane surfaces.

It iswidely accepted that the ability of PS to bind vitamin-K dependent clotting proteinsvia
their y—carboxyglutamic acid-containing domain (Gla domain), which effectively increases
the local concentrations of these proteins on the lipid surface, greatly accelerates the rate of
catalysis of the clotting reactions. Therefore, it is possible that PS exposure at the cell
surface would increase TF-FV1la coagulant activity by increasing FX binding to the cell
surface that could laterally diffuse on the surface to come in contact with membrane
anchored TF-FVIla In this scenario, the major effect of PSin TF-FVIlaactivation of FX
comes largely from a decrease in apparent K, for FX [26,55]. Consistent with such a
possibility, the increased exposure of PS at the cell surface following Ca2*-ionophore
stimulation was shown to lower the apparent K, for FX [15,30]. However, amore
noteworthy finding of these studiesis that the PS effect on V 4 IS more pronounced than
the reduction in apparent K, indicating that the PS effect on TF-FVIlaactivation of FX is
largely independent of FX binding to PS. In agreement with this notion, exposure of PS at
the outer leaflet of cell surface membrane in fibroblasts following NEM treatment was found
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to enhance TF-FVIlaactivation of FX by an increasein V 4 without an accompanying
decrease in the apparent K, [33]. Further, blockade of FX binding to the cell surface with a
10-fold molar excess of competing substrate prothrombin fragment 1 failed to attenuate the
increased TF-FVIlaactivation of FX [33].

Itisnot entirely clear at present how the exposure of PS at the cell surface increases TF
procoagulant activity. In the presence of FVIla concentrations close to the FVI1I
concentration in plasma (i.e., 10 nM), formation of TF-FV1la complexes on cell surfacesis
not limiting since at this concentration almost all TF sites on cell surfaces are occupied with
FVlla(see[16,17]). Furthermore, our recent studies showed that PS had no effect on FVlla
binding to TF embedded in lipid membrane [60]. If so, exposure of PS on the cell surfaceis
likely to enhance TF-FVIlaactivation of FX by transforming the inactive TF-FV1la
complexes to coagulant active TF-FV1la complexes. In this model, adirect interaction
between PS and encrypted TF or TF-FVIlawould result in structural changesin TF or TF-
FVIla complex that would expose the macromolecular substrate binding site to FX and FIX
on TF-FVlla(Fig. 1). It has been suggested that possible electrostatic interactions between
PS polar head groups and Lys!65/Lys166 in TF could change the quaternary structure of TF
by altering the orientation of the extracellular domain relative to the membrane surface,
which may facilitate the precise alignment of the TF-FVla active site to the scissile bonds
of the membrane bound FIX and FX [61,62].

Recent studies of molecular dynamic interaction of sTF and FVIlain solution and on the
surface of PS membranes revealed that isolated FV11a undergoes large structural fluctuations
whereas sTF is structurally stable and upon complex formation sTF restricts the motion of
FVllasignificantly [57]. More importantly, STF was shown to directly interact with PS
through several residues located at the bottom of TF C-terminal domain, including Lys6>
and Lys!85. Although the conformation of STF appears to be relatively unchanged on the
surface of the membrane, its orientation against the membrane appears to change
significantly. Interestingly, some of the TF residues that come in direct contact with PS are
in the region that has been proposed to directly interact with FX [63—65]. Therefore, itis
likely that direct interaction of PS head group with specific residuesin TF exosite may alter
the conformation of these residues. This aong with achange in orientation of TF-FVIla
complex following its interaction with the membrane may be responsible for promoting TF-
FVIlacomplex to interact with substrates FX and FI X, thus transforming cryptic TF-FVIla
complexes into coagulant active TF-FV1la complexes. FVIla(in TF-FVIlacomplex)
binding to the exposed PS on the cell surface viaits Gla domain may also play arolein such
precise alignment of TF-FVIlawith the substrate.

Finally, it may be important to note here that at present the discussion on how PS could
modulate TF-FV1la activity at the cell surfaceis limited to the coagulant function and not
the cell signaling function of TF-FVI1la. Although it has been suggested that cryptic and not
the coagulant active TF is capable of inducing cell signaling [66], we are not aware of any
study that actually examined whether and how PS exposure at the cell surface modulates
TF-FVllasignaling function. However, correlation of FVIlabinding to TF and the
subsequent development of TF-FV1la signaling function showed alinear relationship
between the amount of FVI1abound to TF and TF-FVIlasigna quantum, indicating all TF-
FVIla complexes formed on the cell surface are capable of inducing cell signaling [67,68].

Role of thiol pathways in regulating TF activity at cell surfaces

As discussed above, availability of anionic phospholipids at the cell surface, which are
normally sequestered in the inner leaflet of the plasma membrane, playsacritical rolein
regulating TF activity at the cell surface. It has been shown that PS externalization is under
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the control of thiol-dependent inactivation of the PS translocase that moves
aminophospholipids from the outer to the inner leaflet [69]. Thiolation also significantly
lowers the threshold for Ca2* required to activate outward PS transport by the scramblase
and may directly activate a stress response that leads to a surge in Ca2* into the cytosol [69].
Therefore, in principle, thiol pathways may play important rolesin regulation of TF activity
at cell surfaces and such mechanisms could be physiologically operative by regul ated
oxidation of specific protein sulfhydryls or by their conjugation with glutathione. Consistent
with the possibility that thiol pathways may regulate TF activity at the cell surface, treatment
of fibroblasts with sulfhydryl reagents (NEM) increased TF activity at the cell surface, and
this was accompanied by increased PS exposure at the cell surface [33]. Recently, Popescu
et al. [48] showed that inhibition of protein disulfide isomerase (PDI), an oxidoreductase and
aprotein known to be part of athiol-exchange pathway, markedly increased the cell surface
TF procoagulant activity by increasing the exposure of PS at the cell surface. These
investigators showed that PDI regulates PS exposure by affecting the activities of both the
flippase and floppase [48] (Fig. 2).

Recent studies have also suggested that thiol-disulfide exchange reactions could regulate TF
procoagulant activity at the cell surface independent of PS exposure by modification of the
alosteric Cys!®-Cys?% disulfide bond of TF [31,66] (Fig. 2). The rationale for thisis based
on following observations/assumptions - mutagenesis of Cys!86 and Cys?® in the TF C-
terminal module severely impaired factor X activation, afavorable redox potential of
Cys!86.Cys?® disulfide bond and close proximity between reduced Cysl186 and Cys209
thiols, and solvent-exposed Cys186-Cys209 stabilizes TF-terminal fibronectin 111 module that
isthe contact site for FVIla Gla-domain and one of the exosites for docking of
macromolecular substrate [31,66,70]. Although a number of studies, including our own,
clearly documented that mutagenesis of Cys!® and/or Cys?®? in TF severely impaired TF-
dependent FX activation [32,66,71,72], these data should not be construed as evidence that
thiol pathways regulate TF procoagulant activity at the cell surface by switching on and off
the Cys!86-Cys?® disulfide bond in TF at the cell surface. The published studies clearly
showed that mutagenesis of Cys!®6 and/or Cys?%9 severely impaired TF protein synthesis
and/or processing such that only asmall fraction of mutant TF was present at the cell surface
relative to wild-type TF when the cells were transfected similarly with either the disulfide
mutants or wild-type TF [32,66,71]. Furthermore, the affinity of FV1la binding to the mutant
was decreased by 10 to 50-fold compared to wild-type TF [32,71], suggesting that the
Cys!86.Cys?® disulfide bond is required for TF to maintain FV1labinding conformation.
The severe impairment in FV1la binding could explain why TF mutants lacking the Cys186-
Cys?%9 disulfide bond exhibited very low procoagulant activity even at FVIla concentrations
that are sufficient to saturate both active and cryptic TF populations (10 nM of FVIla) but
showed substantially higher, in some cases close to normal coagulant activity, when very
high concentrations of FVI1awere used to overcome the binding impairment (Table 1).
Recently, it had been reported that murine TF disulfide mutants (conserved at position
Cys'® and Cys?13 in murine) are expressed normally on the cell surface and TFC190/213A
mutant exerted marginal procoagulant activity even at high concentrations of FV1la (~15%
of wild-type TF). Interestingly, TFE190A mutant expressed as much 40% of the procoagulant
activity of wild-type TF even at 1 nM concentration of FV1la[73]. It had been suggested
that dimerization of TF as the resultant of the mutation is responsible for this TF mutant
retaining substantial amount of coagulant activity [73], which runs contrary to earlier
observations that indicate TF dimerization either reduces [61] or had no measurable effect
[74] on TF coagulant activity (see later for more discussion on this).

In addition to mutagenesis data, several lines of other evidence have been provided to
implicate that thiol pathways play an important role in regulation of TF activity at the cell
surface by targeting the Cys!86-Cys209 disulfide bond, and this evidence has been discussed
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in recent review articles [16,75-77]. In anut shell, the evidence includes - (1) treatment of
myeloid cells with thiol-oxidizing agent, HgCl,, or dithiol cross linkersincreases cell
surface TF activity by many fold [31,78]; (2) Blocking free thiols significantly impaired TF
activation on cells[31,66]; (3) PDI associates with cell surface TF and knockdown of PDI
increases TF procoagulant activity by 2-fold in keratinocytes [66]; (4) inactivation of TF
coagulant activity upon nitrosylation and blockade of thisinhibition by vicinal thiol blocker
[66]; (5) ATP activation of P2X7 receptor increased availability of solvent-accessible
extracellular thiols, increased TF activity at the cell surface and released TF-bearing
microparticles in macrophages [79]; and (6) blocking PDI activity by specific mAb or by the
inhibitor bacitracin inhibited thrombus formation in various murine thrombosis models [ 79—
81]. Despite the above cited evidence, the importance of thiol pathwaysin regulating TF
activity at the cell surface, particularly by targeting Cys!86-Cys209 disulfide bond, appears to
be circumstantial at present as many loopholes exist in the above evidence and data from
other cell model systemsfailed to support the above hypothesis. They include - (1) analysis
of human TF purified from brain or transfected mammalian cells showed that all four
cysteines in the extracellular domain participate in forming two disulfide bonds and no free
sulfhydryl groups exist in the TF protein [82-84]; (2) there was no experimental data
demonstrating that TF on cell surfacesis present in areduced form with respect to Cys186-
Cys209 disulfide bond, and the oxidation with HgCl, or PDI-mediated thiol exchange
reaction reforms the disulfide bridge; (3) Cys!86 and Cys?%® may not be available for PDI
when TF isbound to FVII/FVIla[17] (this does not rule out the possibility that PDI acts on
the Cys!86-Cys2% disulfide bond when TF is not occupied by FVI11 or FVIla); (4) HgCl»
treatment of various cell types was shown to increase PS on the outer leaflet of the plasma
membrane [15,29,32,41,61,85]; (5) no demonstrable association of PDI and TF at the cell
surface and knock-down of PDI has no effect on TF procoagulant activity in cancer cells
[41]; (6) ATP activation of P2X7 receptor increased free thiols but also increased the TF
procoagulant activity on macrophages (there is no information on whether the increased free
thiols come from TF, PDI or some other proteins); (7) datafrom in vivo murine thrombosis
models at best show that PDI contributesto local thrombin generation following the vascular
injury, but they do not show that PDI activates TF by forming the Cys!86-Cys?% disulfide
bond and such change is responsible for thrombus formation.

It has been suggested that differencesin cell types may be responsible for the conflicting
data on potential modifications of allosteric Cys!86-Cys209 disulfide bond by PDI-mediated
thiol exchange reactions and its role in regulating TF procoagulant activity on cell surfaces
[75,78,86]. It was assumed that cancer cells, fibroblasts or certain overexpression systems
constitutively express active TF whereas TF on macrophages and monocytic cell lineswas
largely non-procoagulant on the cell surface, and thus it had been proposed that one should
carefully choose right experimental systems to study TF activation [75,78]. However, there
is no experimental evidence or rationale for the above assumption. Original studies, which
identified that amajority of TF present on the cell surface is coagulant inactive, was
obtained using an ovarian cancer cell model system [11]. Further, our ongoing studies
revealed that high levels of TF procoagulant activity expressed in cancer cells simply reflect
high levels of TF antigen present on these cells and not that these cells express mostly active
TF (unpublished data of Kothari, Pendurthi and Rao, April 2012). Despite the noted
controversy and valid concerns on the validity of PDI-mediated thiol pathways regulating
TF activity on cell surfaces by modifying the Cys!86-Cys209 disulfide bond, one should not
negate the possibility of thiol pathways regulating TF activity on the cell surface by other
mechanisms and the contribution of PDI to thrombus formation in vivo.
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Self-association/disassociation of tissue factor

Chemical cross-linking of TF onintact cells revealed that a small fraction of TF on
unperturbed cells exists as dimers and multimers, suggesting that TF may be self-associated
on cell surfaces[61,87]. Both the cytoplasmic and transmembrane domains appear to be
necessary for optimal self-association of TF [87]. Stimulation of HL60 cellswith Ca2*
ionophore, which markedly increased TF activity at the cell surface, reduced the self-
association of TF [61]. Based on this and other supporting data [61], it was suggested that
TF on the surface of unperturbed cells exists as dimers, and the dimeric form of TF lacks the
procoagulant activity, and calcium influx into cytosol triggers a calmodulin-dependent
process, which results in dissociation of inactive TF dimers to procoagulant TF monomers
[61]. According to this model, the substrate binding site is not readily accessible when TF
become dimerized as the FX/FIX docking site on TF is at the interface of homodimers and
the dissociation of dimeric TF into monomeric form would expose the substrate binding site
on TF[62] (Fig. 3). However, Donate et al. found that the dimerized form of TF hasthe
same factor X-activating efficiency as the monomeric form [74]. The pros and cons of the
hypothesis that self-association and dissociation of TF on cell surfaces could influence the
coagulant activity of TF on the cell surface was discussed in detail in an earlier review [62],
and also summarized in arecent review [16].

Tissue factor glycosylation

It iswell recognized that glycosylation plays an important role in cell surface receptor
functions [88]. TF contains four potential N-linked glycosylation sites, three of them arein
the extracellular domain at Asn'l, Asn1?4, Asn137 and one in the cytoplasmic domain at
Asn?6l, Studies of Paborsky et al. [83] revealed the presence of carbohydrates at al three
glycosylation sites of the extracellular domain. At present, the effect of glycosylation on TF
coagulant activity is not entirely clear as opposing results were obtained in different studies
[83,89-94]. In very early studies, Pitlick et al. [89] found that concanavalin A, a member of
the lectin family of carbohydrate binding proteins that preferentially bind to glucosyl and
mannosy! residues[95], reversibly inhibited TF procoagulant activity. Further supporting
the importance of carbohydrates for TF procoagulant activity on cell surfaces, tunicamycin,
theinhibitor of N-linked glycosyl reaction, was shown to inhibit surface TF procoagul ant
activity in LPS-stimulated murine macrophages [93]. Bonaet al. found that tunicamycin
treatment decreased the TF procoagulant activity on cells by inhibiting the transport of TF to
the cell surface [94]. However, based on similar procoagulant activity of rTF purified from
eukaryotic expression system (human kidney 293 cells) or in E.coli, it had been concluded
that glycosylation is not essential for TF procoagulant activity [83,96]. The observation that
glycosylation site mutants of soluble rTF expressed in yeast exhibit asimilar procoagulant
activity as of rTF produced in E.coli and CHO cells further supported the conclusion that TF
glycosylation does not influence TF procoagulant activity [90].

However, arecent careful and systematic comparison of the activity of TF purified from
placentaand rTF derived from E.coli or insect expression systems revealed that natural
placental TF was more catalytically active than other forms of TF [91]. Furthermore,
deglycosylation of placental TF resulted in a significant decrease in TF coagulant activity
[91]. Mass spectrophotometric analysis revealed that rTF1-243 derived from E.coli
expression system had no carbohydrates attached to the backbone of the protein as expected,
and placental TF was more heavily modified than rTF1-263 from insect cells[91]. Although
all three potential glycosylation sitesin the extracellular domain of both rTF1-263 and
placental TF have carbohydrate attachments, the extent of glycosylation and carbohydrate
composition was different between the two proteins, as well as between each glycosylated
site within the protein [91,97]. Taken together, these data indicate that the presence of
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carbohydrates and the heterogeneity in the carbohydrate composition would significantly
influence TF procoagulant activity.

In contrast to the above data, recent studies examining the role of carbohydrates on TF
function by analyzing the procoagulant activity of wild-type TF and TF mutants lacking one
or more N-linked glycans expressed in CHO or human endothelial cells showed no
significant differencesin cell surface TF activity among them [92]. At present the reason for
the discrepancy between the data obtained in cell systems using TF mutagenesis approach
[92] and analysis of purified placental TF [91] on the importance of glycosylation for TF
procoagulant activity is unknown. It is possible that TF embedded in the cell membrane may
behave differently from that of TF incorporated into liposomes in terms of the requirement
of carbohydrate for its optimal coagulant activity. Alternatively, the carbohydrate
composition of rTF expressed even in mammalian cells could be different from that of
carbohydrates on natural placental TF and these differences could influence the interaction
of TFwith FVIlaand FX differently. In fact, thereis some indirect evidence that
glycosylation of TF from various species may vary and human TF was heterogeneous with
respect to its carbohydrate moiety [98]. If rTF expressed in mammalian cells contain
different carbohydrates from that of natural TF from placenta, then it would not only explain
conflicting data in the literature on the importance of glycosylation to TF function but also
raise an interesting possibility that TF activity could be modulated differentially in various
cell types and diseases, particularly in cancer as altered glycosylation is a prominent and
universal feature of cancer cells[99].

Tissue factor phosphorylation and palmitoylation

Among various posttranslational modifications of proteins, phosphorylation is the most
important modification because protein phosphorylation plays a cardinal rolein regulating
many cellular processes in eukaryotes [100-102]. Protein phosphorylation is carried out by
protein kinases, which transfer phosphate to the hydroxyl groups of the side chains of three
amino acids — serine, threonine and tyrosine. Both the amino acid sequence motif
surrounding the serine/threonine/tyrosine residues and the three-dimensional structure of the
substrate proteins contribute to the phosphorylation specificity [103]. TF protein contains
two phosphorylation sites (Ser233 and Ser258), both of them in the cytoplasmic domain.
Ser253 was shown to be phosphorylated by PK Ca-mediated mechanism [104,105].
Subsequent to the phosphorylation of Ser233, a proline-directed kinase phosphorylates
Ser258 [105-107]. Phosphorylation of Ser258 was shown to be enhanced in vivo when
palmitoylation of TF cytoplasmic domain isinhibited [105]. Studies of Ahamed and Ruf
showed that TF-dependent PAR2 signaling leads to TF phosphorylation [106]. Although a
number of studies reported that TF phosphorylation influences cell signaling, migration and
angiogenesis [108-110], we are not aware of any report that clearly demonstrate that TF
phosphorylation regulates TF procoagulant activity on cell surfaces. Thisis consistent with
the data that the cytoplasmic domain of TF is not required for TF procoagulant activity on
cell surfaces[111] or for its de-encryption [112,113]. Studies demonstrating that various
PK C activators and inhibitors influence TF activity (seerev [6,114]) reflect the importance
of PKC-mediated phosphorylation for TF gene transcription and protein expression rather
than TF phosphorylation per seinfluencing the coagulant activity of TF. However, it had
been reported recently that TF phosphorylation regulates TF incorporation into
microparticles and its release [115].

Cysresidues located near transmembrane regions are often sites for reversible attachment of
the fatty acid palmitate [116—118]. Palmitoylation has been found to influence awide
spectrum of structural and functional features of proteins, including membrane binding and
targeting [116,117]. Although transmembrane proteins do not require palmitoylation for
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membrane association, palmitoylation does affect the structure and function of integral
membrane proteins by facilitating both protein-protein and protein-lipid interactions, and by
targeting them to cholesterol and sphingolipid-rich microdomains and caveolae [116,117].

Studies of Bach and coworkers demonstrated the acylation of the cysteine in the cytoplasmic
region of TF (Cys?*®) by both palmitic acid and steric acids [82]. They also showed that
deacylation of TF with hydroxylamine resulted in spontaneous generation of disulfide-
linked TF dimers, suggesting that TF dimers, aminor component found in most TF
preparations could be the artifact produced by deacylation of Cys?4 and subsequent
interchain disulfide bond formation. However, this may also reflect the possibility that
Cys?* in aminor fraction of TF was not acylated and thusit is free to form disulfide linkage
with other proteins. The later possibility is consistent with the observation that traces of TF
dimers and multimers are present in living cells [61,87]. There is no evidence at present that
palmitoylation regulates TF activity at the cell surface, at least directly. It is possible that
palmitoylation may regulate TF procoagulant activity indirectly by maintaining TFin a
monomeric form, targeting TF into caveolae/lipid rafts or regulating TF phosphorylation.
These mechanisms have been discussed in detail in other sections of this review. However,
it isimportant to note that the link between the above regulatory processes and TF
palmitoylation is not clearly established.

Caveolae, lipid rafts and cholesterol: Modulation of tissue factor
procoagulant activity

Lipids in membranes do not always mix uniformly and often can cluster to form
microdomains. Interaction of cholesterol with sphingolipids in the plasma membrane form
liquid-ordered phase microdomains that are resistant to detergent solubilization and freely
float in the plasma membrane, which are often referred to aslipid rafts[119,120]. Lipid rafts
in association with caveolin forms flask shaped invaginations in the membrane, caveolae
[121]. Caveolag/lipid rafts are known to play acritical rolein facilitating protein-protein and
protein-lipid interactions, and influence numerous cellular events in membrane traffic and
signal transduction [121-124]. Ultrastructural localization of TF in avariety of cell types
showed that afraction of TF in these cellsis associated with lipid rafts/caveolae [125-128].
It has been suggested that lipid raft/caveol ae-associated TF represents the encrypted form,
which can be activated rapidly by disruption of these structures [125,129,130]. It was shown
in ECV304 cellsthat TF translocates to caveol ae following ternary complex formation with
FVlla, TFPI, FXaand the TF translocated to caveol ae exhibited a lower procoagul ant
activity even in the presence of anti-TFPI antibodies, suggesting that glycosphingolipid-
enriched microdomains may inhibit TF directly [129]. In other cell types, TF may be
associated with caveolae and lipid rafts independent of TFPI [127,128,131]. Dietzen et al.
[130] reported that although TF is not stably associated with lipid raftsin HEK293 cells,
disruption of lipid rafts by treating the cells with methyl 3-cyclodextrin (mBCD), which
removes cholesterol from the membrane, increased TF activity at the cell surface. These
investigators have suggested that lipid rafts are required for the maintenance of cellular TF
in an encrypted state probably by limiting the transhilayer transport of PS. However, similar
experiments in other cell types yielded opposite results. Both in fibroblasts and cancer cells,
disruption of caveolag/lipid rafts by mBCD treatment was shown to decrease TF
procoagulant activity at the cell surface [128,131]. Interestingly, disruption of caveolae by
treating the cells with filipin was found to increase TF procoagulant activity [131] whereas
caveolae disruption by silencing caveloin-1 had no effect on TF procoagulant activity [128].
These variable results indicate that caveolae per se may not regul ate procoagulant activity of
TF at the cell surface, but the methodol ogy used for caveolae disruption might be
influencing the activity of TF independent of its association with caveolae. For example, the
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decrease in TF procoagulant activity where caveolae was disrupted with mBCD treatment
may be the result of reduced cholesterol content in the plasma membrane. Increased TF
procoagulant activity where caveol ae was disrupted with filipin treatment could have been
the result of the increased concentration of cholesterol in membrane patches asfilipin
sequesters the membrane cholesterol by forming complex with it [132]. The observation that
depletion of membrane cholesterol reduces the cell surface TF activity and increasing the
cholesterol concentration in the membrane by loading cells with cholesterol increases the
cell surface TF activity in fibroblasts and cancer cells[128,131] fits with the concept that
membrane cholesterol regulates TF activity. Cholesterol modulation of TF activity on cell
surfaces appears to be independent of PS. FVIlabinding studies suggest that membrane
cholesterol may modulate TF affinity to FVIla[131]. At present whether cholesterol
modulates TF procoagulant activity by direct interaction between cholesterol and TF or asa
critical component necessary to form lipid raftsis not entirely clear.

Concluding remarks

Most of the evidence in the literature point out that exposure of anionic phospholipids, such
as PS, on the outer leaflet of plasma membrane is the key regulator of TF procoagulant
activity at the cell surface. However, arole for PS does not automatically exclude the
involvement of other mechanismsin regulating TF activity on cell surfaces. Recent data that
suggest thiol- and PDI-dependent pathways regulate TF procoagulant activity on cell
surfaces through modification of Cys!86-Cys209 disulfide bond are interesting but direct
evidencefor thisis still lacking. Thereis no real disagreement on that the Cys!86-Cys20°
disulfide bond is critical for TF processing to the cell surface and to the proper conformation
of TFto bind FVlla, and PDI- and thiol-pathways, which influence various cellular
functions and proteins, regulate TF procoagulant activity and contribute to TF-dependent
thrombosis in vivo. However, connecting these two processes and to conclude that PDI-
mediated switching on/off of the Cys!86-Cys?® disulfide bond plays a major regulatory role
in TF-dependent hemostasis and thrombosis requires more robust and convincing evidence.
There is some evidence that other post-translational modifications of TF, particularly
glycosylation, may regulate TF coagulant activity but future studies need to address
potential differences between natural TF and rTF in their carbohydrate composition, and
whether TF relipidated in phospholipid vesicles would behave the same as TF embedded in
the cell membrane to draw meaningful conclusions.
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Figure 1.

A schematic representation of how exposure of phosphatidylserine (PS) to the outer leaflet
of plasma membrane may increase TF coagulant activity at the cell surface. In cells
expressing TF, FVIlabinds TF, but majority of TF-FVIlacomplexes on the cell surface
unable to interact with substrate factor X, therefore they remain coagulant inactive. Upon a
stimulus, PS (depicted in red color circles) from the inner leaflet of the plasma membrane
would translocate to the outer leaflet. TF or TF-FV1la complexes directly interact with PS
head groups and then undergo conformational changes to recognize the substrate factor X.
Factor X binding to PSviaits Gladomain may also play arole for efficient activation of
factor X by TF-FVIlacomplexes on the cell surface.
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Figure2.

Proposed mechanisms of PDI-mediated regulation of TF coagulant activity at the cell
surface. As per one of the proposed models, Cys!®-Cys?%9 disulfide bond of TF is critical
for its coagulant activity and post-translational modifications of this allosteric disuflide bond
such as reduction, S-nitrosylation and glutathionation keep TF in a cryptic state. PDI can
regulate the coagulant activity of TF through formation/breaking or reshuffling of this
disulfide bond by its oxido-reductase or isomerase activity. PDI could aso regulate TF
coagulant activity through S-nitrosylation and/or glutathionation of thiolsin TF. In a second
model, PDI through its oxido-reductase activity modulates PS dynamics at the cell surface.
PDI reductase activity helpsin maintaining alow exposure of PS at the cell surface by
affecting both flippase and floppase activities. Inhibition of PDI at the cell surface increases
PS (shown asred color circles) exposure, which facilitates the conversion of cryptic TF to
the coagulant active form. Both PDI-mediated disulfide bond switch and PDI-induced
changesin the lipid environment may occur simultaneously and their net effect may dictate
TF activity status at the cell surface.
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Figure 3.

Transition of cryptic TF to coagulant active form involves transformation of dimeric TF to
monomeric form. Dimeric TF lacks the coagulant activity asit can only bind to FVIlabut
not to the substrate factor X. A stimulus that is capable of exposing PS (depicted in red color
circles) at the cell surface also leads to transformation of dimeric TF to monomeric form that
is capable of interacting with the substrate (the figure is amodified version of an earlier
depiction by Key and Bach [133]).
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Table 1

Procoagulant activity of TF mutants lacking Cys186-Cys209 disulfide bond in different studies

TF FXa generated, nM/min Ref

FVlla, 10nM  FVlla, 100-250 nM
TEwt 45.0 (1009%)1 30.0 (100%) Rehemtullaet a.[71]
TFciseisica09s 7.5 (17%) 12.0 (40%)
TRwt 1.3 (100%)2 Ahamed et al [66]
TFca00a 0.1 (8%)
TFwt 9.8 (100%)3 9.6 (100%) Kothari et al.[32]
TFcigesicaoes 3.9 (40%) 8.1 (84%)
TEwt 0.45 (100%)% Ruf and Versteeg [86]
TFc200n 0.06 (13%)
TEwt 3.2 (100%)° Kothari et al.[43]
TFco00s 0.9 (13%)
TFwt 5.0 (100%)5 6.0 (100%) Van den Hengel et al.[72]
TFco00n 0.2 (4%) 1.0 (17%)
TFca00s 1.3 (26%) 3.0 (50%)
TFcigssicooes 0.5 (10%) 1.0 (17%)

lFX, 2uM, CHO cdlls;

2concentrations of FX and FVIlawere not clearly specified, HUVEC;

3FX, 1uM, HUVEC;

4FX, 100 nM, HUVEC;

5

FX, 175 nM, HUVEC;

6FX, 100 nM, BHK cells.
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