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Protein disulfide isomerase (PDI) was discovered over 60 years ago as an enzyme that forms
disulfide bonds in newly synthesized proteins in the endoplasmic reticulum [1]. Twenty-five
years ago PDI was shown to be released from activated platelets [2], opening up a new field
of research on extracellular functions of this enzyme. PDI was subsequently localized to the
platelet surface [3] and shown to mediate platelet aggregation [4,5]. PDI binds to and
regulates activation of the allbp3 integrin, the fibrinogen receptor that supports platelet
aggregation and thrombosis [6-8]. Using inhibitory antibodies and targeted knockout mice,
PDI has been shown to have a role in platelet accumulation and fibrin generation /in vivo [7-
10]. Potential substrates for PDI in coagulation include tissue factor [10,11] and factor XI
[12,13]. PDI also influences platelet-dependent thrombin generation by regulating binding
of coagulation factors to the platelet surface [14].

PDI contains four thioredoxin-like domains arranged in order of a-b-b"-a’, with a 19 amino
acid linker between the b” and a” domains termedx(Fig. 1) [15]. The aand a’ domains
contain the Cys-Gly-His-Cys (CGHC) active sites that catalyze the reversible oxidation and
isomerization of disulfide bonds. The b and b’ domains are non-catalytic domains, with the
b” domain providing the principle substrate binding domain. Targeting PDI is a current
focus for the development of antithrombotic agents and several classes of small-molecular-
weight molecules that selectively inhibit PDI have been recently described. Quercetin-3-
rutinoside, a commonly ingested compound in fruits, vegetables, teas and other food, was
selected from a 5000-compound library by the ability to inhibit PDI [16]. This membrane-
impermeable molecule inhibits PDI activity by reversibly binding to the b’x domain of PDI
[17] and inhibits platelet accumulation and fibrin formation in a laser-induced cremaster
arteriole injury model [16]. A phase 1I/111 study is currently underway evaluating the ability
of isoquercetin to inhibit thrombosis in patients with cancer [18]. More recently, another
reversible class of PDI inhibitors called bepristats were developed and shown to inhibit
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platelet aggregation, and platelet accumulation and fibrin formation at the site of vessel
injury [19]. The target of bepristats is also the hydrophobic pocket of the b” domain of PDI.

In addition to targeting the substrate binding b” domain of PDI, the active sites of PDI are
potential targets for antithrombotic activity. Although there is 36.8% sequence similarity
between the a and a” domains [15], the active sites are not functionally equivalent. Using
reduced RNase as the substrate, the a domain or N-terminal active site has higher catalytic
activity and functions primarily as a disulfide isomerase, whereas the a”’, C-terminal, active
site contributes more to the Km of PDI and functions as a disulfide oxidase [20,21].
Similarly, the active sites have different abilities to rearrange specific disulfide bonds in
bovine pancreatic trypsin inhibitor [22], and the C-terminal active site is a better oxidase in
the Erol-mediated oxidative folding pathway [23]. Although these /in vitro studies indicate
distinct functions for each active site of PDI, until recently nothing was known about the
relative importance of each active site in physiologic reactions, or in thrombosis.

A critical role for the C-terminal active site of PDI in platelet activation and thrombosis was
recently reported [8]. Mice lacking PDI in vessel wall cells and platelets, and transgenic
mice harboring PDI that lacks a functional C-terminal CGHC motif, had defective
thrombosis in several vascular injury models. Decreased platelet accumulation and fibrin
generation in a laser-induced cremaster arteriole injury were rescued by infusion of
recombinant PDI containing only a functional C-terminal CGHC motif. The C-terminal
active site mediated platelet aggregation and a.llb3 activation, as well as ATP secretion and
P-selection expression through a non-allbp3 substrate. The whole body knockout of PDI
was lethal in embryogenesis but the PDI transgene with only a functional N-terminal active
site rescued the lethal phenotype. These studies indicate the C-terminal CGHC active motif
is pivotal for platelet function and thrombosis, whereas the N-terminal CGHC motif is
required for murine survival. These findings suggested that inhibiting the C-terminal active
site of PDI might prove useful for antithrombotic therapy while sparing the function of the
N-terminal active site.

In this issue, Sousa et a/. [24] demonstrate that a 12 amino acid peptide
(VEFYAPWCGHCK) covalently binds to the C-terminal CGHC active motif of PDI and
inhibits platelet aggregation. This PDI-targeted peptide, called CxxC, contains the C-
terminal CGHC active site sequence of PDI and was previously shown by this group to
inhibit PDI in the insulin reductase assay and to strongly inhibit PDI-mediated superoxide
generation by leukocyte Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
[25]. CxxC dose-dependently inhibited ADP and thrombin-induced aggregation, as well as
allbp3 activation. A scrambled control peptide or a peptide with the Cys residues mutated to
Ala did not inhibit. CxxC did not inhibit P-selectin expression, in contrast with a previous
report that found a role for PDI in this process [8]; the cause of these differences is not clear.
An impressive finding came from mass spectrometry analysis where the investigators
demonstrated the CxxC peptide covalently linked to the reduced form of Cys400 in the C-
terminal CGHC motif of PDI through a mixed disulfide bond (Fig. 1). Although the exact
mechanism by which CxxC reacts with Cys400 is not clear, the authors ‘speculate that
Cys397 attacks CxxC, or vise-versa, to form a mixed disulfide that is stabilized at Cys400’.
The apparent stability of the covalent bond between CxxC and Cys400 raises the possibility
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of designing an inhibitor of PDI that reacts similarly. Because the authors didn’t retrieve the
fragment containing Cys53 and Cys56 from the a domain N-terminal active site of PDI in
their mass spectrometry analysis, it is not clear whether the CxxC peptide also reacts with
the N-terminal CGHC motif of PDI. However, the C-terminal active site of PDI has already
been demonstrated to support thrombosis [8] and therefore the strategy to target the C-
terminal active site and, in particular, Cys400 provides a model for development of site-
specific antithrombotic agents.

The active sites of PDI can exist in both dithiol and disulfide forms [15] but little is known
about the redox state of PDI that catalyzes reactions in platelets. The CxxC peptide reacted
with reduced but not oxidized PDI. This suggests CxxC targets the reduced form of the C-

erminal active site on the platelet surface, and that the reduced form of PDI is important in
platelet function. Because the dithiol form of PDI catalyzes isomerization and cleavage of

disulfide bonds [1,15], these reactions are likely to have a role in PDI regulation of platelet
function.

CxxC also decreased 3- A-maleimidyl-propionyl biotin (MPB) labeling of thiols in PDI on
the surface of resting platelets without decreasing the labeling of other surface proteins,
suggesting some specificity of CxxC for PDI. The inhibition of thiol labeling in PDI by
CxxC suggests that PDI has free thiols in the C-terminal active site. The impermeant
reducing agent, TCEP, increased MPB labeling of PDI on the surface of resting platelets by
several fold. Therefore, the majority of platelet surface PDI on resting platelets is in the
oxidized form, as previously reported [26]. Activation of platelets is known to increase thiols
in platelet surface PDI [26,27], possibly through a transmembrane electron transport system
[26,28].

A previously reported inhibitor of PDI, PACMA-31, also interacts with Cys397/Cys400 in
the C-terminal active site of PDI [29]. However, this reagent was recently found to inhibit
ERp57, ERp5 and thioredoxin, and to inhibit both active sites of PDI [19]. In the Sousa
study, the CxxC peptide didn’t enhance inhibition of platelet aggregation by the anti-PDI
antibodies BD34 and RL90, suggesting that CxxC mainly targets PDI. However, whether the
CxxC peptide covalently binds to the CGHC motif in other PDI family members remains to
be elucidated. If CxxC turns out to be specific for PDI it could provide a useful research
tool.

Other members of the PDI family are also potential targets for antithrombotic therapy. ERp5
and ERp57, the closest homologue of PDI in platelets, are important for platelet function
and thrombosis [30-35]. As with PDI, the C-terminal active site of ERp57 supports platelet
aggregation [33], and platelet accumulation and fibrin generation /n vivo [34]. It is not
known whether inhibiting one PDI or several PDIs would provide optimal antithrombotic
therapy, as the efficacy in inhibiting several PDIs will have to be balanced with potential
toxicities. Inhibiting only extracellular PDIs should provide optimal antithrombotic benefit
while minimizing toxicity [16]. Because the N-terminal active site is important in murine
viability [8], targeting only the C-terminal active site may be another way to provide
antithrombotic efficacy while also minimizing toxicity. Further studies of the detailed
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mechanisms by which PDIs support thrombosis should help elucidate optimal

an
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Fig. 1.

Sc%ematic of protein disulfide isomerase (PDI) inhibition strategies. (A) PDI molecule with
a, b, b’,xand a” domains. The hydrophobic pocket in the b0 domain is highlighted in green
with small-molecule inhibitors like quercetin-3-rutinoside and bepristat targeting the
hydrophobic pocket (black balls). (B) CxxC covalently links to reduced Cys400 to inhibit
the activity of the a’ active site and platelet aggregation.
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