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Abstract

Objective: Protein disulfide isomerase A1 (PDI) was reported to support Nox1 NADPH oxidase
(Nox1) activation mediated by growth factors in vascular smooth muscle cells. Our aim was to
investigate the molecular mechanism by which PDI activates Nox1 and the functional implications
of PDI in Nox1-activation in vascular disease.

Approach and Results: Using recombinant proteins, we identified a redox interaction between
PDI and the cytosolic subunit p47phox in vitro. Mass spectrometry of crosslinked peptides
confirmed redox-dependent disulfide bonds between cysteines of p47phox and PDI, and an
intramolecular bond between Cys 196 and 378 in p47phox. PDI catalytic Cys 400 and p47phox
Cys 196 were essential for the activation of Nox1 by PDI in vascular smooth muscle cells.
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Transfection of PDI resulted in the rapid oxidation of a redox-sensitive protein linked to p47phox
whereas PDI mutant did not promote this effect. Mutation of p47phox Cys 196, or the redox active
cysteines of PDI, prevented Nox1 NADPH oxidase complex assembly and vascular smooth
muscle cell migration. Proximity ligation assay confirmed the interaction of PDI and p47phox in
murine carotid arteries after wire injury. Moreover, in human atheroma plaques, a positive
correlation between the expression of PDI and p47phox occurred only in PDI family members
with the a’ redox active site.

Conclusions: PDI redox cysteines facilitate Nox1 complex assembly, thus identifying a new
mechanism through which PDI regulates NADPH oxidase activity in vascular disease
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Introduction

Reactive oxygen species (ROS) are essential mediators of cell physiologic signaling and
have been implicated in the pathogenesis of cardiovascular disease. Although several
cellular sources of ROS have been identified, the primary source of ROS in vascular cells are
the NADPH oxidases (Nox). The isoform Nox1 constitutes a catalytic core at the cell
membrane with p22phox and is constitutively activated in vascular cells by the canonical
system consisting of the Nox organizing subunit 1 (NoxO1) and Nox activating subunit 1
(NoxA1) L. In contrast, pA7phox and p67phox, homologous to NoxO1 and NoxA1
respectively, allow for inducible activation of Nox1. Protein kinase C dependent
phosphorylation of p47phox produces a conformational change allowing its binding to
p22phox and to p67phox, thus activating the enzyme complex 2: 3.

Protein disulfide isomerase (PDI), belongs to the thioredoxin superfamily of dithiol-disulfide
oxidoreductases and catalyzes thiol isomerase, oxidase and reductase activities 4 °. Our
group has described an interplay between PDI and Nox1, placing the isomerase as a
regulator of Nox1 activity and expression. PDI regulates Nox1 activation and promotes
redox-dependent processes such as PDGF-induced vascular smooth muscle cell (VSMC)
migration and TNF a-dependent angiogenesis 6-8. The overexpression of PDI in VSMC
increased Nox1 activation and expression in response to angiotensin 11 2. Increased PDI
levels were observed in resistance arteries during the development of hypertension and
correlated with Nox1 expression and ROS generationl9. However, the molecular mechanism
through which PDI increases Nox1 signaling remains unknown.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gimenez et al.

Page 3

In this study, we identify the molecular mechanism by which PDI activates Nox1. Our data
indicate that PDI interacts with p47phox, forming crosslinked disulfides between redox
cysteines, facilitating p47phox phosphorylation and Nox1 activation. These findings identify
a novel regulatory mechanism by which PDI regulates NADPH oxidase activity in the
vascular system.

Material and Methods

The data that support the findings of this study are available from the corresponding author
upon request. Please see the Major Resources Table in the Supplemental Material for
additional information.

Mouse models:

Non-human

Cell culture:

Plasmids:

All procedures were approved by the Institutional Animal Care and Use Committee and
complied with the standards stated in the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. Male and female mice were used for isolation of VSMC
from aortae and male mice were used for carotid injury experiments. Animals were bred at
the local facility under standard conditions with 12/12 hour dark/light cycle with free access
to standard chow diet and water.

Wire-mediated vascular injury of the left common carotid artery was performed in C57BI/6
male mice as described 1. Briefly, the mice were anesthetized with buprenorphine /
Isoflurane and a curved spring wire was inserted into the left common carotid artery. The
wire was rotated and passed along the common carotid artery. At postoperative day 14, both
carotid arteries were excised and used for Duolink analyses.

primate model:

Aortae from Cynomolgus monkeys collected from a prior study 12 and stored at ~80C were
analyzed. The original collection of these tissues was approved by the University of lowa
Institutional Animal Care and Use Committee and animal characteristics previously
described 12,

Cultured cells included VSMC isolated from aortae C57BL/6 of Nox1 null mice (Nox1 -/y)
13 COS cells with stable expression of p22phox 14, rabbit aortic VSMC from a previously
established selection-immortalized line 6, and HEK-293 cells. When indicated, cells were
treated with DPI (10 uM), TNF-a (10 ng/mL), thrombin (2 U/mL), angiotensin 11 (100 nM),
PEG SOD (50 U/mL), or rutin (100 uM).

Transfection of cells with plasmids described in the Major Resources Table include PDI
mutated in all four redox cysteine residues®, p47phox-roGFP 15, and p47phox mutated at
cysteines C196 and C378 to alanine residues using the QuikChange Site-Directed
Mutagenesis Kit per the manufacturer’s instructions. . For plasmid transfection, COS and
HEK-293 cells were transfected with 1 ug DNA in Opti-MEM medium with Lipofectamine
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2000. After 4 h, the medium was changed to 10% FBS medium overnight. VSMC were
transfected with 5 ug DNA and Lipofectamine 2000 for 48 h, then serum deprivation for 24
h prior to the experiments.

siRNA transfection:

VSMC from male and female mice were incubated with 50nM of siRNA (Invitrogen) and
Hiperfect transfection reagent (Invitrogen) in serum-free DMEM for 4 h. After transfection,
medium was replaced by DMEM containing 10% serum and experiments were conducted
48h later.

Recombinant fusion protein studies:

Recombinant fusion proteins composed of GST linked to p47phox and PDI were isolated
from Escherichia coli, transformed with pGEX-6P2 (GE Healthcare) plasmids containing
cDNA inserts encoding the human proteins of interest. GST tags were cleaved by
PreScission protease (GE Healthcare). To characterize the formation of disulfide bonds
between PDI and p47phox, 10 pg of recombinant proteins were submitted to an in vitro
reaction protocol in incubation buffer with or without arachidonic acid (200uM) at 37°C for
2h. Different conditions were used during incubation: alkylation with N-ethylmaleimide
(NEM, 5 mM), and oxidation and reduction with diamide (0.5 M) and DTT (1 mM)
respectively. Bands were cut from gels and submitted to trypsin digestion, followed by
protein identification in a MALDI-TOF-TOF mass spectrometer (Axima Performance —
Kratos-Shimadzu, Manchester, UK) using Mascot Server.

Proteomic analysis:

Mapping of crosslinked cysteines was performed by incubating p47phox (10 uM) with PDI
wt (10 uM) in 100uL of incubation buffer for 2 h in the presence of arachidonic acid, then 5
mM NEM was added to block free thiols. The complex was resolved by non-reducing 8%
electrophoresis gel and stained by Coomassie blue. PDI, p47phox and the heterodimer
containing the interaction band (~100 kDa) were cut and destained. Disulfide bridges were
mapped according to identified dipeptide precursor ions and fragment spectra analyzed by
Stavrox 3.4.12 using a crosslink database created between PDI and p47phox 16, Three
missing cleavage peptides were tolerated after lysine and 2 after arginine, with a fragment
ion precision of 0.05 Da. Mass error tolerance was set to 5 ppm and fragment ion to 0.05 Da.
Cross linker disulfide (-2.01565) variable modifications: oxidation of methionine of
cysteines with N-ethylmaleimide, N-ethylmaleimide hydrolyzed, di- and trioxidation. Only
crosslink candidates with a false discovery rate of less than 5% were considered for further
evaluation. These analyses were performed at the Functional Proteomics Core Unit Faculty
of Medicine Goethe-University, Frankfurt, Germany.

Proximity ligation assay:

Duolink analysis was performed as described in the manufacturer’s protocol (Duolink 11
Fluorescence, OLink, Upsalla, Sweden). Briefly, mice were perfused with PBS. Dissected
carotid arteries were stored overnight in 4% PFA at 4° C and embedded in paraffin and
sectioned to 4 um thickness. Paraffin slides and also VSMC slides fixed in 4% PFA were
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rehydrated, permeabilized with Triton X-100 (0.05% in PBS) blocked and incubated
overnight with antibodies against mouse anti PDI (RL90, ThermoFisher Scientific,
Dreieinch, Germany) and goat anti p47 phox (#1588, provided by Thomas Leto, NIH,
Washington, USA). After washing, samples were incubated with the respective PLA-probes
for one hour (37°C), washed and ligated for 30min (37°C). After an additional washing,
amplification with polymerase was allowed for 100min (37°C). The nuclei were stained
using DAPI. Images were acquired by confocal microscope (LSM 510, Zeiss).

Gene expression in human atherosclerosis:

Data from human atherosclerotic plague 17 which included 32 paired samples of atheroma
plaque and macroscopically intact tissue was retrieved. The mRNA expression levels were
downloaded from Gene Expression Omnibus (GEO) with the corresponding GEO accession
ID GSE43292. Each platform’s probe ID was mapped to the corresponding gene symbol and
the expression levels were averaged over multiple probes mapped to the same gene symbol.
The correlation between p47 phox was calculated for the following PDI members: AGR2,
AGR3, ERp27, ERp29, ERp44, PAHB, PDIA2, PDIA3, PDIA4, PDIAS, PDIAG, PDIALT,
TMX1, TMX2, TMX3, TMX4, and ERp46. Conversely, the correlation of PDI was
calculated for the NADPH oxidase members (Nox1, Nox2, Nox4, p47phox, p22phox,
p67phox, NoxO1, NoxAl).

Statistical analysis:

All data are expressed as mean + SEM. All data passed both normality and equal variance
test and parametric analysis was applied. For two group comparisons, non-dependent
samples were analyzed by a two-tailed unpaired t-test. For multiple-group comparisons, one-
way or two-way ANOVA followed by Tukey’s post-hoc test was used. Differences are
considered statistically significant at probability values of p<0.05. Pearce correlation
analysis was used to test linear relationship between samples using a p value of 0.01 as cut
off. The analysis was performed using GraphPad Prism Software (La Jolla, CA).

Results

PDI interacts with p47PhoX through redox cysteines.

We have shown that the redox state of PDI is important for its interaction with p47phox in
neutrophils 8. PDI is structured in a “U” shape, with b - b” domains towards the bottom of
the “U” and b” responsible for hydrophaobic interaction with proteins. The a—a’ domains
contain the redox cysteines located in the thioredoxin domains (CGHC) (Fig 1A). p47phox
has an N-terminal domain PX, followed by two SH3 domains in tandem (which associate
with p22phox), an autoinhibitory domain that prevents complex assembly (AID), and a C-
terminal proline-rich region (PRR) responsible for binding to the activator subunit. To
understand PDI/p47phox interactions, recombinant proteins were subjected to an /n vitro
reaction protocol under different redox conditions. First, PDI and p47phox interacted (~100
kDa, Fig 1B) in the presence of arachidonic acid, which unravels the p47phox auto-
inhibitory domain thereby activating p47phox. The thiol alkylator N-ethylmaleimide (NEM)
prevented the interaction of PDI with p47phox, due to the alkylation of the cysteines and
inhibition of the formation of the disulfide bridges between the two proteins (Fig 1B). The
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band at ~80 kDa represents a p47phox dimer (Supp Figure ). We also identified an
intermolecular disulfide bridge only in conditions of reduced PDI and oxidized p47phox,
consistent with the PDI redox state found in the normal cellular environment. We speculate
that the band immediately below 100 KDa may represent an intermolecular bond between
two denatured PDI proteins (Fig 1C). Mutation of PDI in all four redox cysteines prevented
interaction with p47phox, indicating that PDI/p47phox dimer formation is dependent on
these cysteines (Fig 1D). We also identified higher molecular weight bands, suggestive of
the formation of higher molecular weight complexes between PDI and p47phox, particularly
after the addition of AA (Fig 1D). The reduction of both PDI and p47phox prevented
interaction between these proteins (Fig 1E). All described protein interactions were
confirmed by mass spectrometry (data not shown). These data identify the redox cysteines in
PDI as essential for the interaction between PDI and p47phox.

PDI levels are increased in vascular disease and activation of Nox1 is dependent on PDI
redox cysteines.

We next assessed whether PDI may contribute to Nox1 activation in vascular disease. We
have previously reported that NADPH oxidase activity and Nox1 protein expression are
increased in vessels isolated from monkeys on an atherogenic diet. 1219 We found that PDI
protein was also increased in the aorta from monkeys on an atherogenic diet as compared to
a control diet (Fig 2A). We have also previously shown that Nox1-derived superoxide 2°
regulates the activation of the extracellular signal-regulated kinase (ERK)1/2 and that
phosphorylation of ERK1/2 is increased in atherosclerotic aortae 19. We next analyzed if
PDI regulated the activation of ERK1/2. Angiotensin Il induced ERK1/2 phosphorylation in
VSMC which was abolished after PDI silencing (Fig 2B, Supp Fig I1).

We next tested the importance of the redox-active cysteines of PDI for Nox1 activation.
Superoxide generation was evaluated using L-012-enhanced chemiluminescence. In
previous studies, L-012 was found to be reliable for detecting Nox-derived superoxide
because, unlike other chemiluminescent probes, L-012 was not subject to redox cycling 2.
In contrast Zielonka and co-workers showed that both peroxidase activity and superoxide are
responsible for the overall L-012 luminescent signal intensity 22. Using a heterologous
transfection system, we have measured basal chemiluminescence under various conditions.
Although it is possible that a component of the measured chemiluminescence signal may not
be derived from superoxide, the signal was nearly abolished in VSMC that were deficient in
Nox1 (Nox1-/y) and rescued after transfection with Nox1 (Fig 2C). The co-expression of
Nox1 and PDI markedly increased the levels of ROS even in the absence of an agonist and
this effect was prevented by transfection of PDI mutated in all four redox cysteine residues
(PDI mut). Furthermore, expression of PDI WT, but not PDI mut, in HEK293 cells increased
Nox1-dependent superoxide generation in response to TNF-a and thrombin, and this effect
was abolished by the flavoenzyme inhibitor DPI (Fig 2D). These data indicate that increased
levels of PDI, as observed in non-human primate atherosclerotic aortae, is sufficient to
augment Nox1 activation, and is dependent on PDI reactive cysteines.
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PDI interacts with p47PhoX to activate Nox1

Nox1 requires the recruitment of NADPH oxidase cytosolic subunits to its membrane
location for activation. We next determined whether PDI interacts with the cytosolic subunit
p47phox and if this interaction contributes to Nox1 activation. We first tested the interaction
of endogenous PDI and p47 phox in cultured VSMC. Proximity ligation assay (PLA)
demonstrated that an interaction between p47phox and PDI increased in response to
thrombin (Fig 3A).

Next, the ability of PDI to increase Nox1 activation by PMA was investigated using a redox-
sensitive GFP (roGFP) linked to p47phox (p47-roGFP). PDI transfection resulted in the
rapid oxidation of p47ro-GFP, whereas PDI mut did not promote this effect (Fig 3B). The
stimulation of the cells with PMA increased p47ro-GFP oxidation only in VSMC transfected
with PDI wt but not with PDI mut. After 60 min, cells were treated with hydrogen peroxide
to maximally oxidize, followed by addition of DTT to maximally reduce, the roGFP.
Together, these findings indicate that PDI directly interacts with the p47phox subunit via
redox active cysteines and activates Nox1.

PDI redox regulation of Nox1 requires p47 Phox

We next evaluated the specificity of PDI’s interaction with the NADPH oxidase cytosolic
subunits for activation of Nox1. Thrombin caused Nox1-dependent superoxide production in
COS p22phox cells with each combination of the cytosolic homologs (p67/p47; NoxAl/p47,;
p67/NoxO1; NoxAl/NoxO1) (Fig 3C-F). PDI increased superoxide generation by Nox1
only with p67/p47, and PDI mut attenuated the generation of superoxide. Taken together,
these data suggest that PDI interacts with p47phox in a resting state and recruitment to the
membrane and activation of Nox1 is dependent on PDI redox cysteines. Furthermore, PDI
activation of Nox1 requires p47phox and is potentiated by its combination with p67phox.

Disulfide bridging of PDI and p47Phox,

Because our findings suggested the importance of PDI cysteines for its interaction with
p47phox, we next assessed potential inter- and intramolecular cross-linking of these two
proteins. Disulfide bonds in isolated heterodimers of PDI and p47phox were evaluated using
the cross-linking mass spectroscopy analysis tool StavroX (Fig 4A). P47phox cysteines 98
and 111 cross-linked with PDI cysteines 312 and 343. p47phox C196 was identified as a
candidate for PDI interaction and formed an intermolecular disulfide with C400 located
within the a’ domain of PDI and in the C-terminal domain (Fig 4B). p47phox Cys196 also
formed an intramolecular disulfide bridge with C378 (Fig 4C). Spectra obtained were
consistent with covalent adducts between peptides SESGWWFCQMKAK-
KNVFVEFYAPWCGHCKQLAPIWDK (Supp Fig I11), CSESTK- SESGWWFCQMK
(Supp Fig 1V), and KEECPAVR-SESGWWFCQMK (Supp Fig V), corresponding to the
intermolecular disulfide between Cys 196 of p47phox and Cys 400 of PDI; intramolecular
disulfide between Cys 196 and Cys 378 of p47phox; and intermolecular disulfide between
Cys 312 of PDI and Cys 196 of p47phox. Of note, the C378-C196 p47phox intramolecular
disulfide bond was not seen in the p47phox monomer but only in the PDI/p47phox dimer.
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Cys 196 p47PhoX js necessary for superoxide production and its recruitment to the

membrane.

Based on these findings, we next examined whether C196 of p47phox is necessary for its
interaction with PDI. Similar to the results in Fig 3C, expression of p47phox , p67phox and
Nox1 in COS p22phox cells supported generation of superoxide to thrombin, and this was
augmented by PDI (Fig 5A). However, expression of C196A p47phox did not support Nox1-
dependent superoxide production in response to thrombin (Fig 5A). Interestingly, PDI
overexpression in this system resulted in lower superoxide levels, similar to that observed
with NoxO1 (Fig 3E). The expression of C196A p47phox in HEK-293 cells also attenuated
superoxide production as compared to wt p47phox (Fig 3B). Although wt PDI did not
augment Nox1 activation in this system, both wt and mut PDI interfered with superoxide
production with C196A p47phox. These results indicate that Cys196 is necessary for normal
function of p47phox and is involved in the interaction of p47phox and PDI. Superoxide
levels were measured with lucigenin as an additional technique. The thrombin-stimulated
superoxide production was attenuated upon mutation of the cysteine 196 in p47phox (Supp
Figure VI). Nevertheless, with reconstitution of the Nox1 complex, we observed a
significant increase in the signal (Figure 3C), which was almost totally abolished in VSMC
from Nox1 KO mice and could be inhibited by SOD (Figure 2D), indicating that the
majority of the signal detected was, in fact derived from Nox1 activity. Altogether, these
results confirm our previous observations and indicate that p47C196 mutation decreases
Nox1 activity.

Next, we evaluated the role of p47phox and PDI redox-sensitive cysteines on the recruitment
of p47phox to the membrane. In reconstituted COS p22phox cells, thrombin causes the
translocation of p47phox from the cytosol to the membrane (Fig 5C). Serine
phosphorylation of p47phox is essential for p47phox recruitment to the membrane 23. The
p47phox C196A interferes with its translocation to the membrane, whereas p47phox C378A
is recruited to the membrane. Expression of PDI mut is also sufficient to attenuate
recruitment of p47phox to the membrane (Fig 5C).

PDI is transported from the endoplasmic reticulum (ER) to the cell surface and its retention
there involves interaction with other proteins, such as integrins 2. Recent studies indicate
that PDI levels in the membrane are tightly regulated 25. We next evaluated the effect of
redox-sensitive cysteines of p47phox and PDI on the membrane localization of PDI. COS
p22phox cells were transfected with Nox1, p67phox , p47phox and PDI. The amount of PDI
at the membrane was not altered by the expression of mutant p47phox or mutant PDI (Fig
5D). These data suggest that p47phox Cys196 is critical for its interaction with PDI and
translocation to the membrane in the activation of Nox. However, additional PDI does not
appear to be recruited to the membrane during this process.

Cys 196 p47PhoX is necessary for PDI and Nox1-mediated VSMC migration

We have previously shown that VSMC migration under several stimuli is mediated by Nox1
13,20, 26 and that PDI regulates cellular migration via Nox1 activation /. Therefore, we tested
the requirement of p47phox C196 on VSMC migration. Migration of VSMC to thrombin
was dependent on Nox1 (Fig 6A), while the overexpression of PDI had no effect. However,
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PDI mut attenuated migration. In rabbit VSMC, PDI increased migration in response to
angiotensin Il whereas PDI mut inhibited migration (Fig 6B). Additionally, p47phox
expression increased migration and this effect was abolished in the presence of rutin, a PDI
inhibitor. The mutation of p47phox C196, but not of C378, attenuated VSMC migration.
These results implicate p47phox Cys 196 in PDI and Nox1-dependent migration of VSMC.

Evidence of PDI and p47Ph%X interaction in vivo

We demonstrated the interaction of endogenous p47phox and PDI in cultured cells (Fig 3A),
S0 we next extended these studies to assess the interaction of these proteins in intact arterial
segments. Proximity ligation assay confirmed the interaction of p47phox with PDI in mice
carotid arteries after wire-injury (Figure 6C). Furthermore, this interaction occurred
predominantly in smooth muscle cells (Figure 6D).

We further evidence to support a relationship between PDI and p47phox by assessing
mRNA levels in human vascular tissuel’. There was a positive correlation between the
expression levels of p47phox and of PDI and PDIA4 in human intact (Fig 6F) and atheroma
(Fig 6G) tissue, but a negative correlation was obtained for p47phox and all other PDI
family members. The analysis of the structure of these different PDI family members
revealed that the positive correlation with p47phox only occurred between p47phox and PDI
family members with the a’ redox active site (Fig 6E).

PDI levels were positively correlated to the NADPH oxidase members Nox2, p47phox,
p22phox and p67phox and a negative association with Nox4 (Supp Fig VII). NoxO1 and
NoxAl had a much weaker association with PDI. Collectively, these results highly indicate a
positive correlation of PDI and p47phox in human vascular tissue.

Discussion

We describe a redox dependent interaction between PDI and p47phox and identify p47phox
cysteine 196 as necessary for the activation of Nox1 NADPH oxidase by PDI. The major
novel findings of this study are: 1) PDI protein levels are increased in atherosclerotic aortas
of nonhuman primates; 2) PDI silencing decreases redox signaling in VSMC; 3) PDI forms
a disulfide bond with p47phox that is dependent on the redox status of each protein; 4) PDI
catalytic cysteine 400 and p47phox cysteine 196 are essential for the activation of Nox1 by
PDI; 5) PDI association with p47phox increases serine phosphorylation of p47phox and
contributes to Nox1 activation and VSMC migration and 7) PDI and p47phox interaction is
increased in vascular disease.

An increase in PDI levels in atherosclerosis is consistent with our previous findings of
increased Nox1 expression observed in the same nonhuman primate model of
atherosclerosis®. Nox1 has an important role in the migration and proliferation of
VSMC13: 20 and Nox1 deficiency attenuates intimal size in murine models of
atherosclerosis 27 and wire injury 28. In recent studies from our group, PDI has been
implicated in Nox1-mediated VSMC migration and vascular remodeling, but to our
knowledge, this is the first study to implicate the regulatory subunit p47phox in these PDI
effects.
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PDI interacts with p47phox in neutrophils to support Nox2 activity by acting as a redox-
dependent enzyme complex organizer 18. Using recombinant proteins, we confirmed a
redox-dependent interaction between PDI and p47phox. NADPH oxidase activation is
sensitive to several thiol modifiers, including N-ethylmaleimide, phenylarsine oxide (PAO)
and the fungal metabolite gliotoxin 21 29, For example, photoaffinity labeling of PAO
suggested its interaction with Nox2 30 and gliotoxin appears to inhibit p47phox
phosphorylation by preventing its association with PKC on the membrane 2°. We extend the
observations that thiols affect NADPH oxidase activity 31 and identify PDI as an additional
target by which these thiol modifiers may inhibit complex assembly and Nox activation.

The PDI-p47phox dimer was formed only between reduced PDI and oxidized p47phox.
Additionally, the incubation of arachidonic acid was necessary for the formation of the
dimer, suggesting that p47phox needs to be in an unfolded, open conformation for the
p47phox cysteines to be exposed and interact with the redox cysteines of PDI. Since our
previous data indicated that an oxidizing environment (3:1 GSH/GSSG ratio) increases the
in vitro association between p47phox and PDI 18, it is likely that under oxidizing conditions
the formation of a disulfide bond between the two proteins is favored. Therefore, in this
situation PDI needs to be in a reduced state in order to attack the intramolecular disulfide
bond within p47phox and form a disulfide bond.

Thiol/disulfide oxidoreductases interact with Nox2 regulatory subunits in leukocytes. For
example, p40phox was identified as a thioredoxin-1 (TRX-1) binding protein 32 and we
recently showed that this interaction modifies the redox state of TRX-1 to regulate NFxB
activation in sepsis33. Similarly, we show here the regulation of Nox1 signaling by PDI
through its redox association with p47phox. This interaction was abolished with mutation of
PDI’s catalytic a and a" domains, which are known to destabilize the a~ domain and
indirectly affect occupancy of the b” domain by its substrates 34. Both catalytic domains
contain the CGHC motifs, which enable the protein to exert its disulfide reduction and
oxidation activities. Nevertheless, PDI undergoes oxidation of the active site vicinal thiols
within the a domain but the a” domain remains in the reduced state 3° and this is further
confirmed in other studies that showed differences between the behavior of the a and a’
domains 36, Therefore, we performed an LC-MS to determine the formation of a covalent
and reversible adduct between PDI and p47phox. Our data revealed the participation of
C400 at PDI’s active site a’, as critical for the binding to cysteine 196 of p47phox. In
addition, C312 in the b"domain interacts with C196 in p47phox. C312 is not part of the
redox active domain, but is also susceptible to redox regulation and thus its oxidation can
affect the reducing potential of PDI active cysteines 3> which are essential for interaction
with p47phox 18, Therefore, in addition to changes within the a domain active site, C312
within the b” domain is also sensitive to redox regulation and potentially capable of
modulating PDI activities. This could explain why the PDI/p47phox dimer was not found
when we oxidized PDI. In fact, our data indicates that C312 could be one of the redox
cysteines involved in PDI interaction with p47phox.

Cysteine residues are important for the function of many proteins, including catalytic groups
in redox enzymes. Four cysteines residues are found in p47phox which are located at
positions 98, 111, 196 and 378. PDI contains 6 cysteines located at positions 53, 56, 312,
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343, 397 and 400. Our results indicated Cys 98, 111 and 196 as the site for PDI interaction
with p47phox. Cys196 is the only cysteine located within the N-terminal SH3 domain and
points to an important functional role in the oxidase activation. One of the roles of p47phox
is to facilitate translocation of the cytoplasmic subunit p67phox to the membrane and
correctly position it with respect to p22phox. Translocation and anchoring to the membrane
is achieved through an interaction between the two SH3 domains of p47phox and a
conventional proline rich motif (PxxP) in the cytoplasmic portion of p22phox. p47phox also
associates with p67phox, which is essential for NADPH oxidase activation through its C-
terminal consensus PxxP and the second SH3 domain of p67phox (p67SH3B). PDI binding
to Cys 98,111 and 196 in p47phox could increase the affinity between the carboxi terminal
of p47phox and the SH3 domain of p67phox thus favoring the non-canonical activation of
Nox1. This is further confirmed by the fact that the mutation of C196 in p47phox decreased
Nox1 activation by PDI in a Nox1 reconstituted system.

We identified a disulfide bridge between C196 and C378 in p47phox. Our data indicates that
PDI and p47phox interact through PDI’s Cys 312 and 343 which are located in the substrate
binding site of PDI with Cys 111 and 98 in p47phox which are located in the PX domain.
The interaction of the PX domains of p47phox with phospholipids constitutes an additional
mechanism to orchestrate the association of the regulatory subunits with the membrane 3.
Our data also revealed an intramolecular bond between Cys 196 and 378 located in the
second SH3 domain and in the auto inhibitory region of p47phox, respectively. Since this
intramolecular disulfide bond was not present in p47phox alone, it is reasonable to suggest
that PDI could first interact with p47phox via its PX domain, exposed during the
phosphorylation of p47phox and then attack Cys196-Cys378 disulfide bond in p47phox
allowing further phosphorylation of the protein. A similar mechanism was demonstrated by
Avraki et al 38, These authors suggested a collaborative redox coupling between PDI and
Erol, where PDI induces a conformational change in Erola whereby the redox cysteines at
the a’ domain of PDI interact with Erola Cys 94 and 99, facilitating intramolecular electron
transfer to the active site within Erola. The reduced shuttle dithiols move back to transfer
electrons to the catalytic disulfide, which in turn transfers it to oxygen. In the present study
we show the formation of a disulfide bond between oxidized p47phox and reduced PDI that
increases p47phox translocation and Nox1 dependent superoxide production. We show that
PDI interacts with Cys in p47phox PX and SH3 domains and that during this interaction a
disulfide bridge between Cys 196 and 378 which is located in the C-terminal of p47phox is
formed. Therefore, altogether our disulfide analysis data is indicative that PDI and p47phox
redox interaction could create a regulatory loop in the control of Ser 379 phosphorylation, an
essential event in p47phox activation 23. In fact, mutation of PDI redox cysteines from the a
and a” domains of p47phox of C196 or Cys 196 and 378, decreased p47phox translocation to
the membrane and Nox1 dependent migration, an effect which was not observed when
p47phox C378 alone was mutated. A similar mechanism could be applied to the
intramolecular p47phox disulfide 196-378 which, when reduced by PDI, could enable the
phosphorylation of p47phox and favor activation of Nox1.This is further confirmed by the
fact that PMA increased the oxidation of p47phox ro-GFP in vascular smooth muscle cells
overexpressing PDI.
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Complex assembly is the primary mechanism for NADPH oxidase activation. The critical
step in the activation of p47phox-dependent ROS production is the phosphorylation of
p47phox. Activation of p47phox is mediated by PKC phosphorylation on multiple serine
residues located in the autoinhibitory domain 39. Phosphorylation events are required to
relieve auto-inhibition and allow translocation of p47phox to the membrane, where it binds
to p22phox 2 40, Little is known about the role of p47phox cysteines in the NADPH oxidase
assembly. Cys196 appeared to negatively regulate oxidase activation in a cell-free system
using cytosol from deficient B lymphocytes 4. The mutation of C196 to alanine increased
superoxide production to more than twice that observed with wild type p47phox. On the
other hand, the mutation of C378A did not produce this effect. The authors suggested that
the —SH groups of these cysteines may be interacting in a mechanism dependent of
oxidation to regulate enzyme assembly 41, In fact, Park showed that the phosphorylation of
p47phox produced a substantial decrease in the labeling of Cys 378 by alkylating agents
indicating a conformational change in p47phox C-terminal upon phosphorylation 42. Cys378
is located in the C-terminal region of p47phox vicinal to serine 379 which is phosphorylated
and this promotes an H-bond in the C-terminal tail of p47phox disrupting the interaction
between the AID and the SH3 domains, allowing p47phox interaction with p22phox, and
oxidase activation in both leukocytes and in vascular cells 2343, PDI does have the potential
to behave as a sensor of specific intramolecular redox switches or through intermolecular
complex formation via redox and non-redox dependent mechanisms.

In this context, the existence of a disulfide bond between Cys 196 and 378 in the PDI/
p47phox dimer raises the possibility that these cysteines may be interacting with each other
and participating in a redox switch to control Ser379 phosphorylation, a process that is
facilitated by interaction with PDI. In fact, the effects of PDI on p47phox translocation were
more pronounced after thrombin stimulation, when p47phox is in its most phosphorylated
form. Additionally, the transfection of a redox active PDI increased the PMA inducible
oxidation of roGFP p47phox in vascular cells, suggesting that PDI interaction with p47phox
facilitates p47phox phosphorylation and Nox1 activation in these cells. Consistent with this
interpretation, we found that interaction of PDI and p47phox requires p47phox
phosphorylation in neutrophils and precedes Nox2 activation 18,

Nox1 is constitutively activated by NoxO1, which lacks the autoinhibitory domain found in
p47phox. Despite sharing similar domain arrangements, p47phox and NoxO1 are only 25%
homologous. We are unaware of any data suggesting involvement of NoxO1 cysteines in the
protein’s regulation. NoxO1 contains seven cysteines, among them three are located at the
C-terminal region, and the position of Cys at the N-SH3 domain is different from that of
Cys196 in the p47phox molecule.

Our finding of an interaction between PDI with p47phox suggests a cytosolic pool of PDI. In
support of this conclusion, PDI has been shown to interact with the cytosolic proteins
CuZnSOD #4, p47phox in neutrophils 18 and soluble guanylyl cyclase 4°. Furthermore, there
is considerable evidence that PDI regulates cytoskeletal organization, including direct
interaction with actin and Rho-GTPases /. The existence of a cytosolic PDI pool and the
slow pattern of reaction of PDI with oxidants as compared to peroxiredoxins 46: 47 has led
our group to propose that in the cytosol, PDI qualifies as a redox adaptor or organizer rather
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than a typical mass-effect sensor as previously reviewed 48 49, Similarly, to what we
described with PDI and p47phox, PDI promotes a redox switch that modulates the function
of a polyadenylate-binding protein by changing its redox state or controlling its
phosphorylation 59,

Signaling effects of PDI can be specific and independent of its overall importance in cell
homeostasis. For example, cytosolic PDI is associated with specific signaling effects in
vascular cells. We have observed that silencing of PDI in endothelial cells impairs ERK
signaling by TNFa but not by other signaling pathways such as JNK, p38, NFxB or ICAM
8 We have previously shown that PDI is overexpressed in the development of hypertension,
and that PDI contributes to an increase in ERK signaling in response to angiotensin Il in rat
mesenteric resistance arteries °1. Tanaka et al., have recently shown that PDI is
overexpressed during vascular repair 52. Our findings of a redox interaction between PDI
and p47phox in injured arteries and a positive correlation between the expression of PDI and
p47phox in human atheroma plaques extend these findings and propose PDI as an important
redox activator of Nox1 complex in vascular disease.

In summary, we identify specific cysteine residues of PDI and p47phox necessary for the
direct interaction of these proteins, the assembly of the Nox1 complex and subsequent
activation of Nox1 NADPH oxidase in vascular disease. These observations suggest the
novel role of PDI as a Nox1 complex organizer and potential therapeutic target in vascular
disease.
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NEM N-Ethylmaleimide
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Highlights

. An intermolecular disulfide bond between PDI and p47phox increases the
activation of Nox1 in VSMC.

. PDI catalytic cysteine 400 and p47phox cysteine 196 are essential for the
activation of Nox1 by PDI.

. PDI facilitates p47phox mediated recruitment of Nox1 regulatory subunits to
the plasma membrane.

. PDI is an important redox regulator of Nox1 in vascular disease.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2020 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Gimenez et al.

A

PDI/p47etox

p479'|0a

PDI

p47rhox

NEM

PDI/p47ehox
p479ho:

PDI

pa7Phox

AA

Page 19

C53 C56

C397 C400
\ Y Y v
CGH C312 C343 WCGH

PDI |-I KDEL
1 08
4 115 120 350352 462 465 491
N-term C-term
Cc98 C111 C196 C378
Yy \J
pazono PX AID =PRR=|
1 390
4 121 159 214229 284 292 340 363 368
N-term C-term
1:\
R
é,.a‘ c @ *(6 ‘01' 1-(66 10*‘\
N \
e & PDI+ paoner 5 0 ¢© ﬂ ﬁ
a
150 kDa
- :l 100 PDI/p47ehex 150
pAEE. - 100
- 75 p47pho:( —p-
75
— - -
- — W e - PDI = =3 - - e g
50 50
MR 1 —a - paTex = §.gEEa>
37 -
- - - + - + AA - - - - - + - +
- - - - + +
E d’p‘ dpi
i+
" *@o* al & " & T
& a&“‘" Qh,&" o O O Qb."‘w Ve \““’90\" O
0\ 0\6‘ ?S‘I, 0\ 0\6‘ 0\ o\t“
kDa
. | kDa 150
i , 150 100
- == 100
= — ' 7
[ 75 5
*E- Y e — PDI = (P — »
- 50 p47ehox = ' — — e —
. L3 : 3?
37
= - - - - + + AA = & w a - + +

Figure 1. PDI interacts with p47Ph%% through its redox active sites.
(A) Cysteine positions within domains of PDI and p47phox. (B) Non-reducing

polyacrylamide gel stained with Coomassie blue shows monomers and dimers following
incubation of recombinant wt PDI and p47phox with and without NEM. (C) Combinations
of reduced PDI (PDI-red) and oxidized p47phox (p47phox-oxi), and oxidized PDI and
reduced p47phox were analyzed as in B. (D) PDI mutated at the four redox cysteines (PDI
mut) was reacted with p47phox and resolved in non-reducing (D) and reducing (E)
polyacrylamide gels. AA: arachidonic acid. n=2.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gimenez et al.

Page 20

N A o
PDI o o = = o | 55 pERK s mm == 4
ERK —————=— 2 ERK1/2 s
200 - i
T 150 4
5 4.0 EE
£F i)
x £E 3.0 * =3 100
ESS ]
=2 4%
SEE 40 £
RES =~ 50 4
g5 10
0.0 o 4
N AS Vehicle Angll Vehicle Angll
Scb siRNA PDI siRNA
50 3 Vehicle o 30 =3 Mock
@ & I Thrombin ik X . PDI
T 40 B =3 PDlewe
g :Q_ &0 *
2 30 T s
© ;i
@ 20 M
] 5 1
5 -
= 10 T os
o
0.0 X
Mock Nox1 Nox1MNox1+ Peg- Vehicle DPI TNF-:  TNF-u Thrombin Thrombin
+PDI PDImn Sod +DPI +DPI

F_igurle_ 2. PDlI is increased in atherosclerosis and regulates Nox1 NADPH oxidase-mediated
signaling.

(,3\) Exr?ression of PDI in non-human primate aorta (N: Normal, AS: atherosclerotic) n=3,
*p<0.05 vs N. Data normalized to total ERK2 levels. (B) Ang Il-induced ERK 1/2
phosphorylation after PDI silencing in VSMC. Quantification normalized to total ERK 1/2
levels. n = 3, *p<0.05 vs scr. (C) Superoxide levels in HEK-293 cells after transfection with
PDI or PDI mut treated with DPI, n=3, *p<0.05 vs mock. (D) Superoxide levels measured
by L-012 chemiluminescence (RLU) in Nox1-/y VSMC after transfection with Nox1, PDI or
PDI mut and stimulated with thrombin. *p<0.05 vs Mock vehicle, # p<0.05 vs Mock
thrombin, ¢ p<0.05 vs Nox1 vehicle, © p<0.05 vs Nox1/PDI vehicle, + p<0.05 vs PDI
thrombin, n=3.
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Figure 3. PDI increases Nox1 activation through a redox dependent interaction with p47ph°X.
(A) Representative Z-stack images of Duolink analyses of PDI interaction with p47phox in

VSMC stimulated or not with Thrombin (Imaris, Bitplane, \ersion 7.6.5). Positive signals
demonstrating an interaction of the indicated proteins are shown as red dots, DAPI (blue),
n=3. 41 slices were quantified using ImageJ. *p< 0.05 vs Control (B) Representative time
course of p47-roGFP in rabbit VSMC. Cells were dually excited with 405 and 488 laser
lines and the emitted fluorescence at 505-550 nm was captured at 20s sampling intervals.
Representative data of at least 15 cells for each condition. * p< 0.05 vs p47-roGFP. (C-F)
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COS p22 phox cells were transfected with indicated subunits and superoxide levels
measured by L-012 chemiluminescence (RLU). n=6 for each condition, * p< 0.05 vs mock,
# p< 0.05 vs thrombin with no PDI.
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Figure 4. Identification of PDI - p47PN%X disulfide bonds.
(A) Outline of analysis of samples to evaluate the PDI/p47phox complex. (B) Stravox

identified the presence of disulfide bonds and indicated linkages between PDI C312 and
C343 with p47phox C98 and C111; PDI C400 and p47phox C196; (C) PDI C397 with
p47phox C111, and an intramolecular bond between p47phox C196 and C378.
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disulfide bridge

Intermolecular
disulfide bridge

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gimenez et al.

Page 24

A COS Cells B HEK293 Cells
L
. 20 * = Vehicle - 30 = Vehicle
3 B Thrombin - = Thrombin
o 3.0 o 3.0
& p &
T 20 T 20
8 s, 4
S 10 S 10
x 4
= S S W =W =W pol= | M W W -8 W
pdTeber p47C196A paTehos p4aTC196A
PDI - - ++%+ - - - +4+ - - PDI - - ++ - - -- +4+ - -
PDlwt = = = = +4 -~ == 4+ PDlmu - = = = ++ = - == 44+
Membrane Membrane
Kda Kda
paTohen N = ey 47 POl ot bt et i e’ e 55
Na'lKr == =— — — — — 112 Na'lKr == — — — — — 112
{ 150.0 . 150.0
r~ é
21000 Z 1000
i . . L
*
£ 500 £ 500
» £ 3
H 2
= 00 = 0.0
Nox1/p67ehe: MNox1/pB7
p‘?n"ﬂ' + + - - MTDMX + + + -
p4TC196A - -+ p47C196A - - +
p47C3TBA - - - -+ p4aTC378A - - - -+
p4TC196/378A - - - - - * p47C196/378A - - - - -
PDI - + - + o+ * PDI - + - + + o+
PDlwat = =+ PDlnwt = - +

Figure 5. PDI interaction with p47Ph%% requires Cys196 for Nox1 activation.
Superoxide levels in (A) COS p22 phox or (B) HEK-293 cells transfected as indicated and

stimulated with thrombin, n=4. * p< 0.05 vs vehicle, # p< 0.05 vs Nox1, PDI mut stimulated
with thrombin, Nox1/p47C196A, p47C196A/PDI stimulated with thrombin and
p47C196A/PDI mut. § p<0.05 vs vehicle and Nox1 stimulated with thrombin, # p< 0.05 vs
Nox1p47C196A. Western blot of p47phox (C) and PDI (D) in membrane fractions isolated
from COS p22phox lysate transfected with PDI and p47phox or p47phox mutants after
thrombin stimulation n=5. * p <0.05 vs p47phox.
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Figure 6. p47Ph%% interacts with PDI in vivo.
(A) VSMC migration to thrombin is dependent on Nox1 (n=3 * p<0.05 vs 8h, # p<0.05 vs

PDI 24h in WT and + vs mock 24h). (B) Rabbit aortic VSMC were transfected as shown and
48 hours later stimulated with angiotensin 11 for 8 hours. In some experiments, rutin (100
uM), a PDI-inhibitor, was added prior to angiotensin 1l. (n=5, * p<0.05 vs p47phox wt,
#p<0.05 vs mock, + p<0.05 vs PDI, § p<0.05 vs p47phox, p47phox C378A). (C) Interaction
of PDI and p47phox after carotid artery wire-injury, postoperative day 14. Representative
images of Duolink analyses of the interaction of PDI and p47phox and the respective
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controls as indicated. Positive signals demonstrating an interaction of the indicated proteins
are shown as red dots. Co-staining with DAPI (white) to show the nucleus. Auto
fluorescence shows the elastic lamina (red). The scale bars represent 40um. n= 3. (D)
Representative immunofluorescence images of carotid artery wire-injury, postoperative day
14. Staining against endothelial cell marker ERG (brown) and alpha-smooth muscle actin
(a.-SMA, brown) are shown as indicated. Co-staining with DAPI (blue) to show the nucleus.
(E) PDI family of thiol isomerases structures. Pearson correlation analysis of p47phox and
PDI family members using mRNA expression levels from 32 paired samples of
macroscopically intact tissue (F) and atheroma plaque (G) was retrieved from Gene
Expression Omnibus (GEO, GSE43292).
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