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Cellular TF-VIIa proteolytic activity is influenced by thiol modifying reagents [1–3]. TF
with a broken allosteric Cys186–Cys209 disulfide bond [4] has low affinity for VIIa and
reduced clotting activity [5], but retains normal activity in binary TF-VIIa complex mediated
protease activated receptor (PAR) 2 signaling [2]. Cell surface protein disulfide isomerase
(PDI) is associated with TF in established cell models of TF-VIIa signaling and modulation
of PDI expression alters cell surface TF coagulant activity [2]. Although the choice of
cellular models influences the degree by which thiol pathways contribute to the regulation of
TF cell surface procoagulant activity [6;7], inhibition of PDI attenuates thrombus formation
[8;9], possibly indicating that PDI acts as an important regulator of TF activities in vivo. We
showed that procoagulant activity of soluble and micro particle-associated TF is enhanced
by bovine liver-derived PDI (bPDI) independent of PDI's reductase and isomerase function
[10]. Recombinant PDI from bacterial expression has no TF enhancing activity that is
comparable to that observed with PDI from natural sources [11;12](confirmed by us).
Kothari et al. [12] showed that proteins known to interact with hydrophobic surfaces
(phospholipase C, annexin V) abolished the rate enhancing effects of both, bPDI and mixed
phospholipid vesicles containing phosphatidylcholine and phosphatidylserine (PC/PS).
Although PS content was not quantified in this study, the authors concluded that
contaminating procoagulant phospholipids are the relevant activator of TF activity in bPDI.
Experiments presented here document distinct differences between bPDI and PC/PS that are
inconsistent with this conclusion.

The rate enhancing effect of bPDI obtained from commercial sources (Sigma) [10] was
reproducibly observed in subsequently purchased batches and confirmed in independent
studies [11;12]. In order to address the presence of potential contaminants in bPDI, we first
used the insolubility of proteins in 80% −20°C acetone to recover bPDI in a centrifugation
step. Comparison of the starting material with the protein redissolved after precipitation
showed no loss of potency in the rate enhancing effect in the soluble TF system. In contrast,
no activity was recovered when 10 μM PC/PS vesicles with similar rate enhancing activity
as bPDI were subjected to the same acetone precipitation procedure (Fig. 1A). To
distinguish between PDI and potential other protein contaminants, two distinct monoclonal
antibodies were employed to deplete the bPDI preparation, followed by evaluation of the
supernatant in the soluble TF-VIIa mediated factor Xa generation assay. Both specific
antibodies completely depleted the rate enhancing effect from the bPDI preparation, but had
no effect on the activity of PC/PS vesicles that were treated similarly (Fig. 1B).

Similar to the soluble TF system, 100 nM bPDI or 10 μM PC/PS enhanced by 2- to 3-fold
the activity of TF+ micro particles obtained from HaCaT keratinocytes. The wasp venom-
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derived peptide mastoparan is a well characterized inhibitor of PDI's hydrophobic pocket
required for chaperone activity [13]. Mastoparan, but not the inactive control peptide
mastoparan 17, dose dependently inhibited the rate enhancing effect of bPDI, but not of PC/
PS vesicles (Fig. 1C). These data provide an independent line of evidence for our previous
conclusion that bPDI specifically modulates TF's procoagulant activity through chaperone
activity. HaCaT keratinocytes are a cell model in which TF activity is regulated by PDI [2].
There was no change in cell surface TF procoagulant activity upon addition of 10 μM PC/
PS, but addition of 100 nM bPDI or N-ethylmaleimide (NEM)-blocked bPDI enhanced Xa
generation by more than 2-fold (Fig. 1D). Depletion of the bPDI preparation with anti-PDI
antibody completely abolished the rate enhancing effect of bPDI. These data demonstrate
that bPDI has specific activities on TF cellular activity that are not reproduced by the
addition of procoagulant phospholipid.

These experiments in purified and cellular systems argue that bPDI's effects on TF
procoagulant activity are distinct from rate enhancing effects of phospholipid. Although we
could not detect PS in organic extracts of the commercial bPDI preparation by mass
spectrometry, we cannot exclude that bPDI has other structurally bound ligands that are
required for its chaperone activity towards the TF initiation complex. Persson [11] further
showed that bPDI's effect on TF procoagulant function is modulated by either mutations in
the VIIa Gla-domain or changes in divalent metal ions that alter the interaction of the VIIa
Gla domain with TF [14]. These data may indicate that PDI not only interacts with TF, as
suggested from mutagenesis [10], but also with the VIIa Gla-domain through potential
contacts with PDI's hydrophobic pocket. The chaperone activity of PDI should be further
considered as a possible mechanism that contributes to the regulation of TF thrombogenic
pathways in vivo [8;9]. In future studies, it is imperative to investigate the functional
properties and posttranslational modifications of cell surface human PDI from natural and
cellular sources.
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Fig. 1. Effects of bPDI and PC/PS on TF procoagulant reactions
A bPDI or PC/PS were subjected to 80% acetone precipitation at −20°C for 30 minutes,
precipitates were recovered by centrifugation for 10 min and redissolved in HBS (10 mM
HEPES, pH 7.4, 150 mM NaCl, 5 mM KCl, 1.5 mM CaCl2). The factor Xa generation assay
was carried out in HBS, 1 mg/ml BSA with 10 nM VIIa, 500 nM substrate X, and 10 nM
soluble TF1–219 with or without 100 nM bPDI or 10 μM PC/PS (70% phosphatidyl choline/
30% phosphatidylserine; w/w). Samples were quenched after 45 minutes for chromogenic
assay. The efficiency of precipitation was confirmed by Western blotting of non-reduced
samples of the starting material and the resuspended acetone precipitate. Note that the dimer
content was not changed by the precipitation step and that no other bands were visible on
this blot. B RL90 or 1D3 monoclonal anti-PDI antibody (Stressgen, Ann Arbor, MI) or
irrelevant IgG control (0.4 μg) were incubated with PDI or PC/PS for 15 minutes followed
by immunoprecipitation with Protein G Dynabeads. Controls and depleted supernatants at
volumes equivalent to the starting material were added to the soluble TF assay described in
A. C TF+ micro particles were recovered from 2 day cultures of adherent HaCaT
keratinocytes by a brief wash in 15% isopropanol in HBS which yielded micro particles with
properties indistinguishable from those released into serum-free culture supernatant. Cell-
free supernatants were subjected to ultracentrifugation and assayed for TF activity under the
conditions described above. Rates of Xa generation were calculated from multiple samples
over a 20 minute time period. The rate enhancing effects of 100 nM bPDI or 10 μM PC/PS
were calculated for the indicated range of mastoparan concentrations or 100 μM inactive
control peptide mastoparan 17 (Sigma). Data are mean ± SD (n = 4–5), * p < 0.05. D TF cell
surface activity of HaCaT monolayers grown for two days was measured in the absence or
presence of 10 μM PC/PS, 100 nM bPDI, 100 nM NEM-blocked bPDI, or 100 nM bPDI
subjected to antibody depletion as indicated. Data are mean ± SD (n = 3–5).
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