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ARTICLE INFO ABSTRACT

Keywords: Protein disulfide isomerase (PDI), an oxidoreductase, possesses two vicinal cysteines in the -Cys-Gly-His-Cys-

PDI motif that either form a disulfide bridge (S-S) or exist in a sulfhydryl form (-SH), forming oxidized or reduced

Ef"l‘i‘ PDI, respectively. PDI has been proven to be critical for platelet aggregation, thrombosis, and hemostasis, and
l();littiatel;[ione PDI inhibition is being evaluated as a novel antithrombotic strategy. The redox states of functional PDI during the
Redox regulation of platelet aggregation, however, remain to be elucidated. Endoplasmic reticulum (ER) oxidoreductin-

la (Erola) and PDI constitute the pivotal oxidative folding pathway in the ER and play an important role in ER
redox homeostasis. Whether Erola and PDI constitute an extracellular electron transport pathway to mediate
platelet aggregation is an open question. Here, we found that oxidized but not reduced PDI promotes platelet
aggregation. On the platelet surface, Erola constitutively oxidizes PDI and further regulates platelet aggregation
in a glutathione-dependent manner. The Erola/PDI system oxidizes reduced glutathione (GSH) and establishes a
reduction potential optimal for platelet aggregation. Therefore, platelet aggregation is mediated by the Erola-
PDI-GSH electron transport system on the platelet surface. We further showed that targeting the functional
interplay between PDI and Erola by small molecule inhibitors may be a novel strategy for antithrombotic
therapy.

1. Introduction

Protein disulfide isomerase (PDI) is an endoplasmic reticulum (ER)-
resident oxidoreductase that catalyzes the formation of correct disulfide
bonds during protein folding. Approximately three decades ago, PDI was
shown to be critical for platelet aggregation [1,2] and subsequently to
have a major role in thrombosis and hemostasis [3-6]. To date, several
kinds of selective PDI inhibitors have been developed [7,8], and inhi-
bition of PDI is being evaluated clinically as a novel antithrombotic
strategy [9,10]. Nevertheless, the molecular and biochemical mecha-
nisms of PDI in the regulation of platelet aggregation are far from clear.

PDI is composed of four thioredoxin domains arranged as a, b, b> and
a’. In addition, there is a linker “x” between the b’ and a’ domains and an
acidic C-terminal tail. The b’ domain cooperates with the a and a’

domains to functionally interact with platelets [11], while the a’ domain
is important for both platelet function and coagulation [6]. The two
vicinal cysteines in the -Cys-Gly-His-Cys-motif in the a and a’ domains
can exist in either a disulfide bridge (S-S) or a sulfhydryl form (-SH),
forming oxidized or reduced PDI, respectively. The redox state of PDI
determines either the oxidation, reduction, or isomerization reactions it
catalyzes under different physiological and pathological processes
[12-14]. However, the redox state of PDI in the regulation of platelet
aggregation has never been reported. In addition, the mechanism by
which only the a’ domain of PDI is required for thrombosis [6] is not
clear.

PDI and ER oxidoreductin-1a (Erola) constitute the pivotal oxidative
folding pathway in the ER. Erola binds to the b’xa’ fragment and
preferentially oxidizes the a’ domain of PDI by utilizing oxygen [15-17].
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The oxidase activity of Erola is feedback regulated via the formation or
reduction of two regulatory disulfides [18,19] by PDI. The regulatory
disulfides of inactive Erola can be reduced by reduced PDI to achieve
the active form, and vice versa [20,21]. Erola was also found on the
platelet surface and shown to contribute to redox-controlled remodeling
of alIbp3 [22]. Therefore, it would be very interesting to study whether
Erola and PDI constitute an extracellular electron transport pathway,
similar to that in the ER, and mediate platelet aggregation.

In this study, for the first time to our knowledge, we found that
oxidized PDI potentiates platelet aggregation, but reduced PDI has a
limited effect. Erola oxidizes PDI on the platelet surface, which regu-
lates platelet aggregation in a reduced glutathione (GSH)-dependent
manner. The Erola/PDI system establishes an optimal GSH/GSSG
reduction potential for platelet aggregation. Finally, PDI inhibitors tar-
geting the b’ domain can efficiently disrupt the Erola/PDI electron
transport system, revealing a novel mechanism by which these in-
hibitors prevent platelet aggregation. Thus, we proposed that targeting
the functional interplay between PDI and Erola may be a new strategy
for antithrombotic therapy.

2. Materials and methods
2.1. Materials

N-ethylmaleimide (NEM), methoxy polyethylene glycol 5000 mal-
eimide (mPEG-5K), biotin-maleimide, 5,5'-dithiol-bis (2-nitrobenzoic
acid) (DTNB), glutathione reductase (GR), rutin, bepristat 2a, strepta-
vidin agarose and thrombin were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Collagen was from Chrono-log (Havertown, PA, USA).
The LSARLAF peptide was synthesized by GenScript (Piscataway NJ,
USA). Fibrinogen-FITC was prepared by a FluoReporter FITC protein
labeling kit (Invitrogen) according to the manufacturer’s instructions.
Nicotinamide adenine dinucleotide phosphate (NADPH) was purchased
from Roche. A HiTrap desalting column and Superdex 75 100/300 GL
column were obtained from GE Healthcare. Mouse monoclonal anti-
Erola (2G4) was purchased from Millipore. The Erola inhibitor was
obtained from Calbiochem. Mouse monoclonal anti-PDI (RL90) and
rabbit monoclonal anti-Erola were obtained from Abcam.

2.2. Methods

2.2.1. Protein expression, purification, and redox state determination

The expression and purification of PDI, PDI C1, PDI C1/2 and Erola
were performed as described previously [15]. Reduced or oxidized PDI
was prepared by dithiothreitol (DTT) reduction or K3[Fe(CN)g] oxida-
tion as described [21]. To confirm the redox state of the proteins, 20 pM
reduced or oxidized PDI was mixed with an equal volume of 2 X
nonreducing loading buffer containing 5 mM mPEG-5K and incubated at
25°C for 30 min [21]. The samples were then subjected to SDS-9% PAGE
and Coomassie staining after quenching excess mPEG-5K with 25 mM
DTT.

2.2.2. Insulin reduction assay

Insulin (130 pM) was mixed with 100 mM potassium phosphate
buffer containing 2.5 mM EDTA and 0.5 mM DTT, pH 7.5, in a total
volume of 200 pl. Insulin reduction was initiated by adding 0.5 pM PDI
into the reaction mixture, and the absorption at 650 nm was monitored.
To measure the IC50 of PDI inhibitors, different concentrations of in-
hibitors were preincubated with PDI for 15 min at 37 °C, and the values
were calculated using nonlinear regression analysis.

2.2.3. Platelet preparation and aggregation

Human platelet preparation and aggregation were performed as
described elsewhere [23]. Briefly, human venous blood was drawn into
a one-seventh acid citrate dextrose (ACD, 85 mM sodium citrate, 65 mM
citric acid, 2% dextrose) solution and centrifuged at 230xg for 20 min to

Redox Biology 50 (2022) 102244

obtain platelet-rich plasma (PRP). The PRP was then centrifuged at
600x g for 20 min to obtain platelet pellet. The pellet was resuspended in
Tyrode’s buffer (137 mM NaCl, 2.7 mM KCl, 1 mM MgCl,, 0.36 mM
NaH3PO4, 12 mM NaHCOs, 5.5 mM glucose, 0.35% albumin, pH 7.35),
and the platelet concentration was adjusted to 2 x 108/ml. Platelet
aggregation was performed with a Chrono-log lumi-aggregometer
(Havertown, PA, USA), and 1 mM CaCl, was added to the platelet sus-
pension prior to agonist administration. All studies on human platelets
were performed after approval by the Institutional Review Board of the
Institute of Biophysics, Chinese Academy of Science, with informed
consent, in accordance with the Declaration of Helsinki.

2.2.4. Flow cytometry

Flow cytometry was performed as described elsewhere [11]. Briefly,
100 pl of platelets in Tyrode’s buffer (1 x 10%/ml) was incubated with
EN460 for 15 min and then stimulated with thrombin for 5 min at room
temperature. The platelets were then incubated with anti-human/mouse
P-selectin-PE or fibrinogen-FITC for 10 min. Next, the platelets were
fixed with paraformaldehyde and analyzed by a BD FACSCalibur flow
cytometer. To detect P-selectin expression, EDTA (1 mM), indomethacin
(10 pM) and apyrase (1 U/ml) were added to the platelets to prevent
aggregation.

2.2.5. Platelet adhesion assay

Platelet adhesion was performed as previously described [24]. Mi-
crotiter plates were coated with 20 pg/ml type I collagen or 1 mg/ml
fibrinogen at 4 °C overnight. Platelets preincubated with 0.5 pM un-
treated, oxidized or reduced PDI for 15 min were then allowed to adhere
to the microtiter plates for 1 h at 37 °C. After two washes with
phosphate-buffered saline (PBS), adherent platelets were quantified by
the measurement of platelet acid phosphatase activity using p-NPP
substrate.

2.2.6. Mouse tail bleeding time

EN460 or vehicle control was infused into C57 BL6/J mice to a final
concentration of 50 pM (estimate the blood volume of a mouse is
approximately 1.5 ml) through tail vein injection. The mouse tail was
transected 3 mm from the tip, and the tail was immersed in a 15 ml test
tube containing saline. Bleeding time was determined when the bleeding
stopped for more than 10 s as previously described [25].

2.2.7. Measurement of total glutathione and glutathione disulfide (GSSG)
in plasma

All mouse experiments were approved by the institutional Biomed-
ical Research Ethics Committee of the Institute of Biophysics, Chinese
Academy of Science. Mouse plasma was prepared as described [26].
Then, the levels of total glutathione and GSSG in the samples were
measured by DTNB using an enzymatic recycling assay [26]. Briefly, the
plasma was incubated with or without 2-vinylpyridine for 60 min at
25 °C to block GSH, and 2-vinylpyridine was then quenched by trie-
thanolamine for 10 min at 25 °C. Then, 210 yM NADPH, 200 uM DTNB,
and 0.5 U/ml GR were added to the mixture, and the absorbance at 412
nm was monitored. The slope of the absorbance over time was used to
calculate the concentration of total glutathione or GSSG according to the
GSH or GSSG standard curve, respectively.

2.2.8. GST-pulldown assay

PDI (10 pM) was incubated with 10 pM GST-Erola fusion protein in
PBS for 2 h at 4 °C, and then the GST-Erola protein was pulldown by
glutathione-Sepharose resin at 4 °C for another 1 h. After centrifugation,
the beads were washed three times with PBS, and the bound proteins
were detected by Coomassie staining.

To pulldown platelet PDI, 0.5 pM GST-Erola protein was incubated
with 100 pg of platelet lysates, and the experiment was performed as
described above.
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2.2.9. Oxygen consumption assay

An oxygen consumption assay was performed as previously
described [21]. Briefly, a final concentration of 20 pM PDI and 10 mM
GSH were mixed in a total volume of 0.5 ml of buffer A (100 mM
Tris-HAc, 50 mM NaCl, 2 mM EDTA, pH 8.0), and the reaction was
initiated by the addition of 2 pM Erola into the reaction vessel.

To measure oxygen consumption with platelets, 2 x 10°/ml platelets
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Fig. 1. Oxidized but not reduced PDI potentiates platelet aggregation.
(A) Scheme of oxidized (PDIoxi) and reduced (PDIred) PDI.
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instead of PDI was added to buffer A, and the reaction was initiated by
the addition of 0.5 uM Erola, or by the activation of platelets with 0.5
U/ml thrombin after preincubating the PDI inhibitor with platelets for
15 min at 37 °C.

2.2.10. Redox state determination of platelet surface PDI
Platelets were incubated with 100 pM EN460 for 30 min at 37 °C and
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(B) PDI was oxidized by K3[Fe(CN)g] or reduced by DTT, and the free thiols in untreated PDI (PDIunt), PDIoxi and PDIred were quantitated by mPEG-5K labeling.
(C, D) Human platelets were incubated with PDIunt, PDIoxi, PDIred (0.5 uM) or Tris-buffered saline (TBS) alone for 15 min and then platelet aggregation was induced

by thrombin (C) or collagen (D), respectively.
(E) Scheme of oxidized (PDI Cloxi) and reduced (PDI Clred) PDI C1.

(F) The free thiols in PDI C1 were quantitated by mPEG-5K as in (B). The double active site mutant PDI C1/2 was used to calibrate the number of free thiols in PDI C1.
(G, H) Human platelets were incubated with PDI Cloxi or PDI Clred (0.5 pM) for 15 min and then platelet aggregation was induced by thrombin (G) or collagen (H),

respectively.

Data were shown as mean + SEM, *P < 0.05; **P < 0.01; n.s., not significant (one-way ANOVA). (For interpretation of the references to colour in this figure legend,

the reader is referred to the Web version of this article.)
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then centrifuged at 400xg for 10 min to remove EN460. The platelets
were resuspended in Tyrode’s buffer and labeled with 200 pM
maleimide-biotin for 30 min at room temperature. After quenching
excess maleimide-biotin with 2 mM DTT, the platelets were washed five
times with Tris-buffered saline (TBS) containing 2 mM EDTA. The
platelets were lysed with RIPA buffer, and labeled proteins were pull-
down with streptavidin agarose at 4 °C overnight. The labeled PDI was
detected by Western blot with anti-PDI serum.

2.2.11. Redox state determination of Erola

Erola (0.1 pM) was incubated with 2 x 10%/ml platelets for 15 min
at 37 °C, and then 10 mM NEM was added to block the free thiols in
Erola. The redox state of Erola was detected by Western blot under
nonreducing conditions. In some cases, platelets were activated with
collagen before the addition of 10 mM NEM.

2.2.12. Statistics

Data were expressed as the mean + SEM. Two-tailed Student’s t-test
for 2 groups and one-way ANOVA followed by Tukey’s test for multiple
groups were used. P < 0.05 was considered significant.

3. Results
3.1. Oxidized but not reduced PDI potentiates platelet aggregation

We first compared the roles of PDI preparations under different redox
states in platelet aggregation. The gel-based mPEG-5K modification
assay [21] was used to monitor the redox state of PDI (Fig. 1A). The
emergence of a large amount of 6 ~SH species implied the predominant
reduction of the two active sites in reduced PDI (PDIred) (Fig. 1B, Lane
6); in contrast, most of the oxidized PDI (PDIoxi) was modified by one or
two mPEG-5K molecules in the b’ domain (Fig. 1B, Lane 4), indicating
that both active sites were in oxidized form. In addition, few untreated
PDI (PDIunt) molecules were modified by six mPEG-5K molecules
(Fig. 1B, Lane 2), indicating that untreated PDI is more likely in the
partially oxidized form.

Untreated PDI significantly potentiated platelet aggregation induced
by thrombin (Fig. 1C) and collagen (Fig. 1D), as previously reported [6].
However, only oxidized PDI enhanced platelet aggregation compared to
TBS (Fig. 1C and D), similar to untreated PDI, regardless of whether
thrombin or collagen was used as an agonist. In contrast, reduced PDI
had minimal effect on platelet aggregation than did TBS (Fig. 1C and D).
Oxidized PDI also enhanced platelet aggregation induced by the LSAR-
LAF peptide, which is a direct integrin allbf3 agonist [27], while
reduced PDI did not (Supplementary Fig. 1A). In addition, oxidized PDI
significantly enhanced platelet adhesion to fibrinogen but had no effect
on platelet adhesion to collagen (Supplementary Figs. 1B and C). These
results suggest that oxidized PDI directly regulates allbp3-mediated
platelet function.

Since the a’ domain of PDI has been reported to be responsible for
platelet aggregation and thrombosis [6], we tested the effects of the PDI
C1 mutant (the active site in the a domain to -Ser-Gly-His-Ser-). The
redox states of different PDI Cl preparations were also tested by
mPEG-5K modification. Reduced PDI C1 (PDI Clred) existed exclusively
in 4 —-SH species, and oxidized PDI C1 (PDI Cloxi) was similar to the
double active site mutant PDI C1/2 (Fig. 1F), which was modified by one
or two mPEG-5K molecules in the b’ domain. Oxidized PDI C1 sub-
stantially enhanced thrombin- and collagen-induced aggregation,
whereas reduced PDI C1 did not (Fig. 1G and H), implying that the
oxidized a’ domain is critical for platelet aggregation. Taken together,
these results demonstrate that oxidized but not reduced PDI regulates
platelet aggregation.

3.2. Erola regulates platelet aggregation via its oxidase activity

Erola is responsible for the reoxidation of PDI in the mammalian ER.
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As the Erola protein was detected in platelets by immunoblotting
(Fig. 2A), we elucidated whether Erola is also responsible for the
oxidation of PDI in platelets. Depending on the disruption or formation
of two regulatory disulfide bonds, Cys94-Cys131 and Cys99-Cys104,
purified Erola was present in the active (Ox1) or inactive forms (0x2)
(Fig. 2B) on a nonreducing gel (Fig. 2B, Lane 1). When incubated with
platelets, the inactive form of Erola shifted to the active form (Fig. 2B,
Lane 2). Platelet activation had no further effect on the activation of
Erola since the addition of collagen to platelets did not further alter the
redox states of Erola (Fig. 2B, Lane 3). To further reveal the role of the
oxidase activity of Erola in platelet aggregation, we prepared hyper-
active (C104A/C131A) and inactive (C99A/C104A) Erola [21]
(Fig. 2C). After incubation with platelets, WT Erola and hyperactive
Erola efficiently increased platelet aggregation, while inactive Erola
significantly inhibited aggregation (Fig. 2D and E). EN460, a
well-characterized Erola inhibitor [28], inhibited platelet aggregation
in a dose-dependent manner (Fig. 2F). EN460 did not inhibit the surface
expression of P-selectin (Supplementary Fig. 2A) but significantly
decreased fibrinogen binding (Supplementary Fig. 2B), indicating that
Erola regulates integrin allbf3 activation without affecting a-granule
secretion. Furthermore, when infused into mice, EN460 significantly
prolonged mouse tail bleeding time (Fig. 2G), emphasizing the physio-
logical significance of the inhibition of platelet Erola. Altogether,
endogenous platelet Erola plays a key role in aggregation via its oxidase
activity.

3.3. Erola regulates platelet aggregation through the oxidation of PDI

Erola oxidizes PDI by utilizing oxygen (Fig. 3A), and the conserved
Val101 in Erola plays a critical role in the recognition and oxidation of
the PDI a’ domain [17] (Fig. 3B). We incubated both WT Erola and
reduced PDI with platelets and tested the effect of their functional
interplay on platelet aggregation. Reduced PDI alone did not increase
aggregation; however, platelet aggregation induced by thrombin
(Fig. 3C) or collagen (Fig. 3D) was significantly enhanced upon further
addition of WT Erola but not the V101G mutant, which disrupted the
interaction between Erola and PDI. These results suggest that the effi-
cient oxidation of PDI by Erola plays an important role in the regulation
of platelet aggregation. Next, we incubated EN460 with platelets and
tested whether endogenous platelet Erola also oxidizes PDI on platelets.
The redox state of platelet surface PDI was detected by labeling the free
thiols in PDI with biotin-maleimide and streptavidin agarose pulldown
(Fig. 3E). Only a few PDI molecules were labeled (Fig. 3E, Lane 1);
however, inhibition of Erola by EN460 substantially increased the
biotin-maleimide modification of PDI (Fig. 3E, Lane 2). PDI was reduced
during platelet activation (Fig. 3E, Lane 3); however, platelet activation
did not result in a further reduction in PDI in the presence of EN460
(Fig. 3E, Lanes 2 and 4). As a control, incubation of EN460 with platelets
did not result in a global change in platelet surface thiols (Supplemen-
tary Fig. 3), further validating the specificity of EN460 as an inhibitor of
the Erola-PDI axis. Thus, Erola regulates platelet aggregation through
the oxidation of PDI.

3.4. PDI regulates platelet aggregation in a GSH-dependent manner

GSH is the most abundant redox modulator of the cellular environ-
ment, and has also been found to be important for regulating the redox
environment of platelets in blood [23]. To explore whether GSH could
be a target of PDI in the regulation of platelet aggregation, we prepared
the recombinant protein ChaCl, a y-glutamyl cyclotransferase that
specifically degrades GSH [29], as well as its inactive form E115Q
(Fig. 4A). Active ChaCl degraded more than 90% of GSH after incuba-
tion with plasma (Fig. 4B). Inactive ChaCl did not affect platelet ag-
gregation, whereas active ChaCl markedly impaired platelet
aggregation (Fig. 4C and D), suggesting that GSH plays an important role
in platelet aggregation. Importantly, with GSH depletion, neither
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Fig. 2. Erola regulates platelet aggregation via its oxidase activity.

(A) The expression of Erola in human platelets was detected by Western blot.

(B) Upper panel: scheme of active (Ox1) and inactive (Ox2) Erola. Only the inner active site (brown), outer active site (yellow) and regulatory cysteines (green) of
Erola were shown for simplicity; Lower panel: Purified Erola was incubated with platelets in the presence or absence of collagen followed by NEM alkylation. The
redox states of Erola were determined by nonreducing SDS-(9%) PAGE.

(C) Scheme of hyperactive (C104A

/C131A) and inactive (C99A

/C104A) Erola.

(D, E) Human platelets were incubated with WT, hyperactive or inactive Erola (0.5 pM) for 15 min and then platelet aggregation was induced by thrombin (D) or
collagen (E), respectively.

(F) EN460 was incubated with platelets at indicated concentrations for 5

min and the effect of the inhibitor on aggregation was tested.

(G) EN460 or vehicle control was infused into C57 BL6/J mice and then mouse tail bleeding time was determined as described in the method.

Data were shown as mean + SEM, *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant (one-way ANOVA). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

oxidized nor reduced PDI had an effect on platelet aggregation (Fig. 4E
and F). These results indicate that the regulation of platelet aggregation
by PDI strictly depends on the presence of GSH.

3.5. The Erola/PDI system increases the reduction potential of plasma
glutathione to promote platelet aggregation

We further investigated the relationship between the Erola/PDI
system and the GSH/GSSG level in plasma. Plasma glutathione was re-
ported to be present predominantly in the reduced form, with the ratio
of GSH/GSSG being in the range of 13:1 to 3.5:1 [30-32]. By using the
enzymatic GSH recycling assay, we found that the ratio of GSH/GSSG in
plasma was ~7:1 to 8:1 (Fig. 5A, Table 1). Interestingly, oxidized PDI
can oxidize GSH to GSSG, altering the ratio of GSH/GSSG from ~7:1 to
~4:1 and increasing the reduction potential of plasma glutathione from
—148 mV to —139 mV (Fig. 5A, Table 1). Reduced PDI or Erola alone

had little effect on the oxidation of GSH (Fig. 5A, Table 1). When
reduced PDI and Erola were combined, GSH was oxidized, and the ratio
of GSH/GSSG was altered to a similar extent as with oxidized PDI alone
(Fig. 5A, Table 1). This reminded us of a previous finding that a
GSH/GSSG ratio of 5:1 is the optimal redox environment for platelet
aggregation [23]. We then tested the effect of different GSH/GSSG ratios
on platelet aggregation without adding the Erola/PDI system. Among
different combinations of GSH/GSSG with total glutathione at 40 pM,
the ratio of 5:1 (equal to —141 mV) always resulted in the best poten-
tiation on platelet aggregation (Fig. 5B). This reduction potential is very
similar to the reduction potential provided by the Erola/PDI system.
Taken together, these results indicate that the Erola/PDI system is able
to establish an optimal reduction potential for platelet aggregation.



L. Wang et al.

A

C *%
e FRK
I [ 200- ol
Omaf ‘ | =
E N\l T8S < 1501
5| 31 S==—PDira 2 =
A ‘ rola
£ 8 ,\""*\Pol red +Er01a V101G & 100
G| £
5| =2 T PDlred+ErolaWT  ® g
= 5 ‘ 1 X
2| B L
S F R 0
— f TR RN, B &
| 592, %%,
100 | MO
o %
Time (min) %,
Qb Q¢
.
7,
(o
D | | I
| ; i *%
0; fEay P
= TBS 250- s
e £ N PDI ed I
sl 2 N\ PDI red +Er01a V101G _ 200
é‘ _:: ‘ ~Erola WT _§
2| 2 PDIred+ErolaWT ~ §'%7  ns
A RCE o S 100-
= | =
= i X 504
100 51 0 B Bl D
Time (min) $2 2,
Y o et
&8 A
O/ O/
qué
%
¢
E
A
biotin
SH SH Pulldown Input (10%)
| Thrombin - - 4+ 4+ - -+ 4+
EN460 - + -+ -+ -+

Platelet

<|v> Maleimide

A Straptavidin agarose

IB: PDI
0.13 0.83 0.54 0.85
1 2 3 4 5 6 7

——— Wy o —

Redox Biology 50 (2022) 102244

Fig. 3. Erola regulates platelet aggregation through the
reoxidation of PDI.

(A, B) Scheme illustrating that WT Erola oxidized PDI (A)
but the V101G mutant didn’t (B).

(C, D) Human platelets were incubated with reduced PDI
(0.25 pM) alone or in combination with Erola WT (0.25
uM) or V101G mutant (0.25 pM), and then platelet ag-
gregation was induced by thrombin (C) or collagen (D),
respectively.

(E) human platelets were incubated with or without
EN460 (100 pM) for 30 min and then the redox state of
platelet surface PDI was detected by thiol labeling with
maleimide-biotin followed by streptavidin agarose pull-
down and Western blot. The numbers below the bands
indicated the density of each band normalized to the
corresponding input.

Data were shown as mean + SEM, *P < 0.05; **P < 0.01;
**%P < 0.001; n.s., not significant (one-way ANOVA).
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Fig. 4. PDI regulates platelet aggregation in a GSH-dependent manner.

(A) The purity of recombinant ChaC1 and its inactive mutant (E115Q) was detected by SDS-PAGE and Coomassie staining.

(B) The active or inactive ChaCl (3 pM) was incubated with whole blood for 1 h at room temperature, and then the total glutathione concentration was measured
with DTNB method using an enzymatic GSH recycling assay.

(C, D) To evaluate the effect of GSH on platelet aggregation, whole blood was treated with active or inactive ChaC1 (3 pM) and then the platelets were isolated and
stimulated with thrombin (C) or collagen (D), respectively.

(E, F) ChaCl-treated platelets were incubated with untreated, oxidized or reduced PDI (0.5 pM) for 15 min, and then platelet aggregation was induced by thrombin
(E) or collagen (F), respectively.

Data were shown as mean + SEM, **P < 0.01; ***P < 0.001; n.s., not significant (one-way ANOVA).
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Fig. 5. The Erola/PDI system establishes an optimal reduction environment for platelet aggregation.

(A) The plasma was incubated with the indicated protein or protein combination for 15

min, and then the total glutathione (GSoa1) and GSSG concentration of the plasma was measured by DTNB using an enzymatic GSH recycling assay. GSH/GSSG was
calculated as (GSorar - 2 X GSSG)/GSSG.

(B) Platelet aggregation was induced by collagen in the presence of different GSH/GSSG redox buffer.

Data were shown as mean + SEM, *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant (one-way ANOVA).
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Table 1
The Erola/PDI system oxidized GSH and increased the reduction potential of
plasma glutathione.

GStotal GSH GSSG GSH/ E’ (mV)
(uM) (uM) (uM) GSSG
Buffer 23.2+1.8 18.1 + 25+0.1 7.1+0.5 —148 + 2
1.7
PDloy 22,6 +1.6 15.4 + 3.6+04 43+02 138+
0.8 1%
PDI,eq 23.2+14 17.8 + 27+0.1 6.7 £0.1 —-146 + 1
1.1
PDI;eq + 228+ 1.6 15.7 + 3.6 £ 0.4 4.4+0.3 —136 +
Erola 0.9 1%
Erola 23.0+ 1.6 175 + 2.8+ 0.1 6.3 +0.2 —-145+1
1.3

The reduction potential was calculated according to the Nernst equation (E' =
Eo' - RT/nF * In([GSH]?/[GSSG]), where Ey’ = —258 mV, pH 7.3 [52] (n = 3).
**P < 0.01, compared to buffer. Unpaired Student’s t-test.

3.6. Disruption of the Erola/PDI oxidative pathway prevents platelet
aggregation

Next, we tested whether disruption of the Erola/PDI oxidative
pathway could be a novel strategy to prevent platelet aggregation. Rutin
and bepristat 2a have been recently reported as novel PDI inhibitors that
inhibit both PDI oxidoreductase activity and platelet aggregation,
possibly by binding to the b> domain of PDI and blocking aIlbf3 binding
[7,8]. Because the binding of PDI to Erola relies on the b’ domain of PDI
[15,16], we reasoned that rutin and bepristat 2a could be potent
Erola/PDI inhibitors. Both rutin and bepristat 2a inhibited the reduc-
tase activity of PDI using insulin as a model substrate, with IC50 values
of 4.5 uM and 0.7 pM, respectively (Fig. 6A), similar to the effect pre-
viously reported [7,8]. More intriguingly, both rutin and bepristat 2a
decreased Erola-catalyzed oxygen consumption, with IC50 values of
4.9 uM and 9.2 pM, respectively (Fig. 6B). The inhibition of oxygen
consumption by rutin and bepristat 2a was specifically mediated by
targeting PDI because neither inhibited the Erola-catalyzed oxidation of
DTT in the absence of PDI (Fig. 6C). Both rutin and bepristat 2a mark-
edly decreased the amount of PDI that bound to GST-Erola (Fig. 6D,
Lanes 2 and 3). More importantly, rutin also prevented platelet PDI from
interacting with Erola (Fig. 6E, Lane 2), but bepristat 2a did not
(Fig. 6E, Lane 3). We speculated that rutin and bepristat 2a may bind to
different sites on PDI and that these sites may have different effects on
the binding of PDI with Erola, especially in platelets.

The Erola/PDI system oxidized GSH and altered the GSH/GSSG
ratio, but rutin inhibited this alteration when incubated with PDI
(Table 2). While Erola induced oxygen consumption by platelets, rutin
decreased the oxygen consumption induced by Erola (Fig. 6F). Platelet
activation increased oxygen consumption (Fig. 6G); when rutin was
added to the activated platelets, oxygen consumption was decreased to
the level of resting platelets (Fig. 6G). Taken together, these results
suggest that in addition to inhibiting the binding of PDI to its substrate,
such as integrin ollbf3 on platelets, disruption of the interaction be-
tween PDI and its upstream oxidase Erola could be a novel mechanism
by which rutin inhibits platelet aggregation.

4. Discussion

The critical role of PDI in regulating platelet aggregation and
thrombus formation is supported by a growing body of evidence; how-
ever, the redox state of PDI that regulates platelet aggregation remains a
major question. In this study, for the first time to our knowledge, we
unravel that oxidized but not reduced PDI promotes platelet function
mediated by the integrin allbp3. Erola forms an electron transport
system with PDI and constitutively oxidizes PDI on the platelet surface.
The Erola/PDI system oxidizes GSH and provides a reduction potential
(approx. —140 mV in our system) optimal for platelet aggregation. We
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further show that targeting the functional interplay between PDI and
Erola could be a novel strategy for antiplatelet therapy (Fig. 7).

Recombinant PDI purified from E. coli was used to potentiate platelet
aggregation and to rescue the impaired aggregation of PDI-knockout
platelets [5,6]. The redox state of the protein, however, was not
checked. PDI purified from bovine liver was found to contain 1.1-1.3
mol of free thiols and 2.2-2.3 mol of GSH-reducible disulfides per mol of
PDI [32], indicating that purified PDI is predominantly in the oxidized
form. The mPEG-5K modification results also suggest that untreated PDI
is mostly in the oxidized state. Thus, this could be why both untreated
and oxidized PDI potentiate platelet aggregation to a similar extent.
Nevertheless, oxidized PDI could be reduced by a plasma membrane
reductive system [33] after being added to platelets. Thus, a side-by-side
comparison of oxidized and reduced PDI is necessary to determine
which redox form of PDI plays a role in platelet aggregation. The find-
ings that oxidized PDI enhances aggregation but reduced PDI has little
effect clearly demonstrate the requirement of oxidized PDI for platelet
aggregation.

The Erola/PDI oxidative folding system plays an important role in
ER redox homeostasis [34]. Erola was shown to be expressed on the
platelet surface and was associated with PDI and olIbp3 in activated
platelets [22]. Here, we provide the following experimental evidence
that Erola-PDI-GSH constitutes an electron transport pathway on
platelet that functions in platelet aggregation: 1) reduced PDI alone had
minimal effect on platelet aggregation but enhanced aggregation in the
presence of Erola; 2) reduced PDI was not able to increase platelet ag-
gregation together with Erola V101G, which cannot oxidize PDIL; 3)
Erola along with reduced PDI oxidized GSH to GSSG, but Erola or PDI
alone had limited effects; 4) Erola increased oxygen consumption when
incubated with platelets; and 5) inhibition of endogenous platelet Erola
resulted in decreased platelet aggregation and prolonged mouse tail
bleeding time. The redox state of PDI secreted from platelets or bound to
the platelet surface is a fundamental question that must be answered.
Our study provides direct evidence that PDI is oxidized by Erola on the
platelet surface. The inhibition of endogenous platelet Erola substan-
tially elevated the amount of reduced PDI on the platelet surface, indi-
cating that platelet surface PDI was oxidized by endogenous platelet
Erola. PDI was not further reduced by platelet activation in the presence
of EN460, indicating that most PDI was reduced when Erola was
inhibited. These results clearly demonstrate that platelet surface PDI is
constitutively oxidized by Erola, independent of platelet activation.

The finding that Erola and PDI constitute an electron transport
pathway on the platelet surface also explains why only the a> domain of
PDI is responsible for platelet aggregation and thrombosis [6], because
Erola prefers to oxidize the a’ domain rather than the a domain of PDI
[15]. Several PDI family members, including ERp5, ERp57, ERp72 and
ERp46, exist on the platelet surface and regulate platelet activation [25,
35-38]. Although they are not efficiently oxidized by Erola in the ER
because they lack the unique b’ domain of PDI, they are potent regu-
lators of Erola activation for possessing the -Cys-Gly-His-Cys-active sites
[21]. However, whether they can activate Erola on the platelet surface
or cooperate with Erola for functional electron transfer is yet unknown.
It will be interesting to elucidate the distinct roles of different PDI family
members in platelet activation in the future.

An optimal redox environment constituted by a GSH/GSSG ratio of
5:1 is important for platelet aggregation [23]. However, the glutathione
in plasma is basically present in the reduced form (GSH) [24]. How this
optimal GSH/GSSG ratio is regulated is not clear. Moreover, the
reduction potential of glutathione is determined by [GSH]%/[GSSG]
[39], so it is critical to know the absolute concentrations of the two
species but not just their ratios. We first showed that plasma GSH was
required for PDI-regulated platelet aggregation. More importantly, the
Erola/PDI electron transport system oxidized plasma GSH and
increased the reduction potential of glutathione from —148 mV
(GSH/GSSG ~ 7:1) to —140 mV (GSH/GSSG =~ 5:1). A reconstituted
glutathione buffer with the ratio of GSH/GSSG ~5:1 (28 pM/6 pM,
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Fig. 6. Rutin disrupts PDI and Erola interaction and inhibits the Erola/PDI oxidative pathway.

(A, B) Dose response and IC50 of rutin and bepristat 2a in insulin reduction assay (A) and in Erola-catalyzed oxygen consumption using PDI/GSH as substrates (B).
(C) Rutin or bepristat 2a was incubated with Erola and the oxygen consumption was monitored by using DTT as a substrate.

(D) Rutin or bepristat 2a was preincubated with PDI for 15

min followed the addition of GST-Erola and a further incubation of 30 min. The interaction of PDI and Erola was analyzed by GST-pulldown and Coomassie staining.
(E) Rutin or bepristat 2a was incubated with platelets followed by the addition of GST-Erola and a further incubation of 30 min. The platelets were lysed and the
interaction of Erola with platelet PDI was tested by GST-pulldown and Western blot.

(F, G) Rutin or DMSO was incubated with platelets (2 x 10°/ml) and then Erola was added to platelets (F); or 0.5 U/ml of thrombin was added to activate the
platelets (G). The change of oxygen concentration in the platelet suspension was monitored.
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Table 2
Rutin prevented the Erola/PDI-catalyzed increase of reduction potential of
plasma glutathione.

GStotal GSH GSSG GSH/ E’ (mV)
(uM) (uM) (uv) GSSG
Buffer 26.8 +2.2 23.8 + 3.0+£04 82+1.1 —148 +
2.1 3
DMSO + PDI + 26.8 +2.6 231+ 37+03 52+03 —-140+
Erola 2.3 1*
Rutin + PDI + 27.0 £ 3.0 24.0 + 3.0+£04 78+08 149+
Erola 1.8 2

The reduction potential was calculated as described in Table 1. *P < 0.05,
compared to buffer. Unpaired Student’s t-test.
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Fig. 7. Working model of the Erola/PDI electron transport system on platelet
aggregation.

Platelet Erola oxidizes PDI on platelet surface, maintaining most PDI to be in its
oxidized state and the reduction potential of plasma glutathione to be approx.
—148 mV. Additional Erola and PDI released from platelet or from other
sources further oxidizes GSH to form GSSG, thereby altering the GSH/GSSG
ratio and increases the reduction potential to approx. —140 mV. The increase of
glutathione reduction potential provides an optimal redox environment for
platelet aggregation. Disruption of the interaction between Erola and PDI can
block the disulfides transfer from oxygen to the downstream molecules, and
finally inhibits platelet aggregation.

—141 mV) gave the best potentiation on platelet aggregation among the
conditions we tested, representing an optimal reduction potential for
platelet aggregation. This result is in line with a previous study that
showed that adding a 10 pM/2 pM (—131 mV) or 20 pM/4 pM (—140
mV) GSH/GSSG mixture gave better potentiation than the use of the
same ratio but with higher concentrations (lower reduction potential)
[23]. Taken together, our results suggest that the Erola/PDI electron
transport pathway oxidizes GSH and modulates an optimal reduction
potential for platelet aggregation. In this process, electrons are
sequentially transferred from GSSG to PDI, Erola and finally to oxygen.
Notably, the relatively narrow change in the reduction potential
(approx. 10 mV) that regulates platelet aggregation is particularly sig-
nificant because the regulation of platelet aggregation must be very
sensitive to vascular injury but also tightly regulated to prevent un-
wanted platelet activation and adverse thrombotic events.

The mechanism by which this optimal reduction potential regulates
platelet aggregation is not clear. It has been demonstrated that an
appropriate GSH/GSSG redox buffer (5:1) significantly promoted PDI-
catalyzed reactivation of reduced RNase [32], a process that requires
both oxidation and isomerization of disulfide bonds. The main target of
PDI in platelet aggregation is the integrin olIlbp3 [6,40], and
thiol-disulfide exchange is required for alIbp3 activation [41-44]. Thus,
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the optimal reduction potential of approximately —140 mV could also
enhance both the oxidoreductase and isomerase activities of platelet PDI
to catalyze disulfide rearrangement or disulfide formation in allbf3
[45], allowing it to go from an inactive to a primed or activated state. On
the other hand, it is possible that the specific reduction potential could
alter the intermediates of allbf3, which could make them better sub-
strates for PDI. In addition, ollbp3 displays intrinsic thiol isomerase
activity [46,47], so this optimal reduction potential could also be helpful
for the thiol isomerase activity of alIbp3 and promote allbp3-catalyzed
reactions, such as autocatalyzed intramolecular thiol-disulfide
exchange.

The critical role of the Erola/PDI electron transport system in
platelet aggregation makes it a promising target for antithrombotic
therapy. The unique b’ domain of PDI plays a critical role in the selective
oxidation of PDI by Erola. Thus, the b’ domain could serve as a feasible
target for specific inhibition of the Erola and PDI interaction. Rutin is an
antithrombotic agent that targets the b’ domain of PDI [7,48]. Rutin, in
addition to inhibiting the reductase activity of PDI, also disrupted the
functional interplay between Erola and PDI. Bepristats are another set
of PDI inhibitors that also target the b’ domain and inhibit platelet
activation and thrombosis [8]. Unexpectedly, bepristat 2a did not
disrupt the interaction between platelet PDI and Erola, although it
inhibited the Erola and PDI interaction in the oxygen consumption
assay. Rutin inhibited the reductase activity of PDI in both the insulin
reduction and Di-E-GSSG assays, whereas bepristat 2a only inhibited the
reductase activity of PDI in the insulin reduction assay but increased
PDI’s activity in the Di-E-GSSG assay [8,48], implying that these two
inhibitors may have different binding sites on PDI. In our study, the IC50
of bepristat 2a in the insulin reduction assay was ten times lower than
that in the oxygen consumption assay. Altogether, these results suggest
that rutin more potently inhibits the interaction of PDI with both its
substrate and its oxidase on platelets. Since the Erola/PDI oxidative
folding pathway is also important in cancer progression [17,49], future
drug development targeting the functional interplay between Erola and
PDI could kill two birds with one stone for both anticancer and antith-
rombotic therapy, which is especially important for the clinical treat-
ment of cancer patients with a high risk of thrombosis [50,51].
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