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NAD(P)H oxidase, the main source of reactive oxygen species in
vascular cells, is known to be regulated by redox processes and thiols.
However, the nature of thiol-dependent regulation has not been estab-
lished. Protein disulfide isomerase (PDI) is a dithiol/disulfide oxi-
doreductase chaperone of the thioredoxin superfamily involved in pro-
tein processing and translocation. We postulated that PDI regulates
NAD(P)H oxidase activity of rabbit aortic smooth muscle cells
(VSMCs). Western blotting confirmed robust PDI expression and shift
to membrane fraction after incubation with angiotensin II (AII, 100
nM, 6 h). In VSMC membrane fraction, PDI antagonism with bacitra-
cin, scrambled RNase, or neutralizing antibody led to 26 —83% inhibi-
tion (p < 0.05) of oxidase activity. AIl incubation led to significant
increase in oxidase activity, accompanied by a 6-fold increase in PDI
refolding isomerase activity. All-induced NAD(P)H oxidase activation
was inhibited by 57-71% with antisense oligonucleotide against PDI
(PDIasODN). Dihydroethidium fluorescence showed decreased
superoxide generation due to PDIasODN. Confocal microscopy
showed co-localization between PDI and the oxidase subunits p22” hox
Nox1, and Nox4. Co-immunoprecipitation assays supported spatial
association between PDI and oxidase subunits p22"h‘”‘, Nox1, and
Nox4 in VSMCs. Moreover, in HEK293 cells transfected with green
fluorescent protein constructs for Nox1, Nox2, and Nox4, each of these
subunits co-immunoprecipitated with PDI. Akt phosphorylation, a
known downstream pathway of AIl-driven oxidase activation, was sig-
nificantly reduced by PDIasODN. These results suggest that PDI
closely associates with NAD(P)H oxidase and acts as a novel redox-
sensitive regulatory protein of such enzyme complex, potentially
affecting subunit traffic/assembling.

Redox-dependent signal transduction, a central aspect of vascular
physiology and pathophysiology, converges on enzyme systems gener-
ating reactive oxygen species, required to act as second messengers of
cell stimulators such as angiotensin II (AII)® (1). Vascular isoforms of
phagocyte NAD(P)H oxidase appear to be the most prominent source of

* This work was supported by Fundagéo de Amparo a Pesquisa do Estado de Sao Paulo,
Financiadora de Estudas e Projetos/Programa de Nucleos de Exceléncia, F. Zerbini,
the A. Einstein Society, and a Georg-Forster Grant from the Alexander von Humboldt
Foundation (to M. J.). The costs of publication of this article were defrayed in part by
the payment of page charges. This article must therefore be hereby marked “adver-
tisement” in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

" Both authors contributed equally to this work.

2To whom correspondence should be addressed. Tel.: 55-(11)-3069-5184; Fax: 55-(11)-
3069-5920; E-mail: expfrancisco@incor.usp.br.

3 The abbreviations used are: All, angiotensin II; DHE, dihydroethidium; PDIasODN, PDI
antisense oligonucleotide; ScbRNase, scrambled RNase; ScrODN, scrambled oligonu-
cleotide; ER, endoplasmic reticulum; VSMC, vascular smooth muscle cell; ODN, oli-
godeoxynucleotide; YFP, yellow fluorescent protein; GFP, green fluorescent protein;
DMPO, 5,5'-dimethylpyrroline-N-oxide; IP, immunoprecipitation.

DECEMBER 9, 2005« VOLUME 280+NUMBER 49

This is an Open Access article under the CC BY license.

basal as well as agonist-induced reactive oxygen species in the vessel
(1-4). Yet, mechanisms that control activity of this multisubunit
enzyme complex are incompletely understood. Most studies (reviewed
in Refs. 3 and 4) have focused on issues related to subunit structure,
undermining other aspects. We have previously shown that specific
thiol oxidants/alkylators inhibit vascular NAD(P)H oxidase activity in a
way that does not correlate with their induced decrease in intracellular
glutathione levels (5). Moreover, recent evidence further suggests that
oxidase activity is redox-regulated (4, 6, 7). These data point to the
existence of yet unidentified redox-sensitive domains such as reactive
thiol groups within the oxidase complex milieu. Accordingly, although
thiols are key redox-signaling effectors, kinetics of spontaneous thiol-
disulfide exchange, based solely on cell redox status, may be too slow to
account for efficient target enzyme regulation (8 -10). In turn, thiol
oxidoreductases catalyze thiol reactions up to 10* times faster and may
therefore have an important signaling role, as shown, e.g. for the reduc-
tase thioredoxin (8, 11). Our hypothesis is that thiol oxidoreductases act
as regulators of vascular NAD(P)H oxidase. We focused into the thiore-
doxin superfamily enzyme protein disulfide isomerase (PDI), given its
abundance, multiple biological effects, versatile redox behavior, and
known interaction with other proteins (10, 12, 13). PDI is mainly located
at endoplasmic reticulum (ER) lumen, where it assists in redox protein
folding, which involves both oxidation and multiple intramolecular
thiol-disulfide exchanges, i.e. isomerase, activities. Such properties stem
from its structural configuration, which consists of five modules
ordered as a-b-b'-a’'-c, in which a is a thioredoxin domain bearing the
redox-active WCGHCK motif, b a thioredoxin structural fold without
the redox motif, possibly related to peptide recognition (12, 13), and c a
putative Ca®"-binding C-terminal domain (12, 14). Redox-active cys-
teines at the @ domain exist as reduced dithiols or intramolecular or
mixed disulfides. Several PDI analogues have been described, indicating
that PDI is part of a larger protein family variably displaying thiol oxi-
doreductase, chaperone, and isomerase properties (8 —10,13). Despite
bearing the C-terminal ER retention sequence KDEL, PDI displays
active intracellular traffic to the cell surface, where it likely acts as a
reductase due to the high local reducing potential (10, 12, 13). This
property led to further exploration of other cellular PDI effects. PDI-
induced modification of membrane protein cysteines (15) may have
roles such as cell surface recognition in cell-to-cell contact (16), shed-
ding of L-selectin (17), chemokine receptor-dependent HIV cell inter-
nalization (18), binding and export of proteins such as thyroglobulin
(19), and integrin-dependent platelet adhesion (20). In particular, PDI is
a major catalyst of trans-nitrosation reactions mediating nitric oxide
internalization from extracellular S-nitrosothiols (21, 22). In the present
study, we addressed the hypothesis that PDI interacts functionally and
spatially with vascular smooth muscle cell (VSMC) NAD(P)H oxidase
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and that such interaction affects redox-dependent consequences of AIl
exposure.

MATERIALS AND METHODS

Cell Culture and Membrane Fraction Preparation—Rabbit aortic
smooth muscle cells (VSMCs) from a previously established selection-
immortalized line (23) were grown in Ham’s F-12 medium. Membrane
homogenates were prepared as described previously (24), and protein
concentration was assessed by Bradford method. NADPH oxidase
activity was assessed as described before (24).

Antisense Oligonucleotides—Confluent (~80%) VSMCs were trans-
fected with PDI antisense (PDIasODN) or a scrambled control
(ScrODN) oligonucleotide as described (21). Antisense (5'-GGAGC-
GAGACTCCGAACAACACGGTA-3') and ScrODNs (5'-GATG-
GCACAAGCCTCAGAGCGACGG-3") were from Sequitur, Inc.
VSMCs were incubated with 20 nMm ODN in SuperFect™ (reagent (Qia-
gen, 1:50, v/v) in fetal bovine serum-containing culture medium. Trans-
fection dynamics was monitored with a fluorescein isothiocyanate-la-
beled ODN. After a 4-h incubation, cells were gently washed and
maintained in F-12 medium.

Fusion Nox-GFP Constructs—Determination of a putative direct PDI
interaction with Nox1 or Nox4 is complicated by their low expression
levels and by lack of good specific antibodies. To ameliorate these prob-
lems, we used plasmid constructs coding for fusion proteins of Nox
subunits with yellow fluorescent protein (YFP), a variant of green fluo-
rescent protein, transiently transfected into HEK 293 cells (American
Type Culture Collection). This strategy allows direct observation of
tagged proteins and their detection through anti-GFP antibody (from
Roche Applied Science). Details of this procedure and several validation
experiments were described previously (25). Briefly, plasmids coding for
full-length Nox1, Nox4, or Nox2 were tagged with YFP at the C-termi-
nal end and transfected into HEK293 cells (10 ug of plasmid DNA for
10-cm culture dishes at ~90% confluence) using Lipofectamine™™ 2000
according to the manufacturer’s instructions (Invitrogen). Experiments
were performed 24 h after transfection.

PDI Inhibitors—Known PDI inhibitors used in our study at previously
validated concentrations were bacitracin (500 um), scbRNase (RNase
with scrambled disulfide bonds, 100 ug/ml, from Sigma), a competitive
substrate, or the neutralizing monoclonal PDI antibody RL90 (1:100,
Affinity Bioreagents) (26-28). The thiol reagent dithionitrobenzoic
acid (500 um), which has been reported to inhibit both NADPH oxidase
(5) and PDI (18) activities, was also used. Inhibitors were added to the
assay 15 min prior to measurements.

EPR Experiments—EPR experiments were performed as described (5,
24, 29) using 20 ug of VSMC membrane fraction protein incubated for
10 min at 37 °C with the spin trap 5,5'-dimethylpyrroline-N-oxide
(DMPO, 50 mm) in 1 ml of phosphate-buffered saline with 10 um
DTPA, pH 7.4. Enzyme activity was started by 300 um NAD(P)H in the
absence or presence of PDI inhibitors. Incubation medium was then
transferred to a flat quartz cell, and spectra were cumulatively recorded
(8 scans) at room temperature using a Bruker EMX 300 spectrometer
with conditions: microwave power, 40 milliwatts; modulation ampli-
tude, 1.0 G; time constant, 200 ms; scan rate, 0.1 G/s; gain, 3.2 X 10°.
DMPO-OH spin adduct was quantified assessing the central peak
height as a linear function of a standard (38 uM) concentration of 4-hy-
droxy-2,2,6,6-tetramethyl-1-piperidinyloxy (Tempol).

Superoxide Measurement in Intact VSMCs—Confluent (~80%)
VSMCs grown on glass slides were transfected with PDIasODN or
ScrODN as described above. Control or All-stimulated cells (100 nm for
6 h) were incubated with dihydroethidium (DHE, 5 uM) for 30 min at
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room temperature and imaged by fluorescence microscopy (Axiovert
200, Zeiss), with exposure intensity adjusted relative to baseline VSMCs
(30).

RNuse Refolding Analysis—Disulfide isomerase activity was assessed
in VSMCs membrane fraction through the ability to reconstitute the
RNase activity of scbRNase (31, 32). RNA hydrolysis rate was monitored
spectrophotometrically (GeneQuantPro™") at 260 nm. Bovine liver PDI
(Sigma) was used as positive control.

Confocal Microscopy—Confluent (~70%) VSMCs were grown on
collagen-coated glass slides, transfected or not with PDIasODN or
ScrODNs as described above, and incubated in the absence or presence
of AII (100 nM, 12 h). Forty-eight hours after transfection, cells were
fixed in phosphate-buffered paraformaldehyde solution (4%), washed in
phosphate-buffered saline, blocked for 1 h with 5% bovine serum albu-
min/phosphate-buffered saline, and incubated overnight with antibody
against PDI (1:250, Affinity Bioreagents), p22ph"" (1:100, Santa Cruz
Biotechnology, Santa Cruz, CA), Nox4 (1:100, Santa Cruz Biotechnol-
ogy), or Nox1 (1:100, Santa Cruz Biotechnology). Immunodetection
was performed with Alexa Fluor (1:250, Invitrogen)-, Rhodamine-, or
fluorescein isothiocyanate (1:250, Santa Cruz Biotechnology)-conju-
gated secondary antibodies and co-localization studies were carried out
using a Zeiss laser-scanning confocal microscope LSM 510 META in
multitracking mode.

Immunoprecipitation and Western Analysis—Cells were lysed in
Nonidet lysis buffer containing Tris/HCI (pH 7.4, 20 mm), NaCl (150
mm), Na,P,O- (10 mm), okadaic acid (10 nm), Na;VO, (2 mm), leupep-
tin (2 pg/ml), pepstatin (2 ug/ml), trypsin inhibitor (10 ug/ml), phen-
ylmethylsulfonyl fluoride (44 wg/ml), and Nonidet, P40 (1% v/v), left on
ice for 10 min, and then centrifuged at 10,000g/10 min. Protein concen-
tration was adjusted to 1 ug/ul, and immunoprecipitation (IP) was car-
ried out by using 500 ug of homogenate protein. Following preclearing
with protein A/G-Sepharose (Amersham Biosciences), in the absence
or presence of nonspecific IgG, proteins were precipitated using an
anti-PDIantibody (1.2 ug, for VSMCs, mouse monoclonal from Affinity
Bioreagents RL90; for HEK293 cells, rabbit polyclonal, Stressgen). Pre-
clearings and post-IP supernatants were loaded on separate gels to con-
firm specificity of the bands in the immunoprecipitation and to ascer-
tain identical amounts of protein in the IP. Immunoprecipitates were
heated (95 °C, 10 min), run on SDS-polyacrylamide gels, and then blot-
ted onto nitrocellulose. Proteins were detected with following antibod-
ies: Nox1 (Santa Cruz Biotechnology), Nox4 (rabbit polyclonal antibody
4014, kindly provided by Prof. Dr. J. Pfeilschifter, Klinikum der
J. W. Goethe Universitit, Frankfurt), and p22”h‘”’ (mouse monoclonal
antibody 449, kindly provided by Dr. D. Roos, Sanquin Research at CLB,
Amsterdam University). Blots were revealed by chemiluminescence.

Akt Phosphorylation—VSMCs (~80% confluence) transfected with
PDIasODN or ScrODNSs as described were maintained in fetal bovine
serum-containing medium for 12 h, made quiescent by further incuba-
tion in F-12 medium with 0.1% calf serum for 12 h, and then stimulated
with AII at 37 °C in serum-free F-12 for 2—30 min (33). VSMCs were
trypsin-lysed in 100 mM Tris buffer (pH 7.5) containing protease and
phosphatase inhibitors. The homogenate was resolved by 10% SDS-
PAGE, and Akt phosphorylation was assessed with monoclonal phos-
pho-Akt (Ser-473) or total Akt antibodies (Cell Signaling Technology,
1:1000). Densitometry was performed with Scion Image Program.

Statistical Analysis—Data are mean * S.E. Comparisons among
groups were performed by one-way analysis of variance plus Student-
Newman-Keuls test, at 0.05 significance level.
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FIGURE 1. Western blot analysis of PDI (~55 kDa) in VSMCs homogenates before
and after All incubation (100 nm, 6 h). All incubation had no effect in total cell PDI
expression (lane 2 versus lane 1) while inducing clear increase in the membrane PDI pool
(lane 4 versus lane 3),indicating PDI shift to membrane structures (n = 4;*,p < 0.01 versus
basal condition, results normalized to B-actin expression). Data were also normalized for
relevant Coomassie Blue bands (not shown), with identical results.

RESULTS

PDI Expression in VSMCs—Western blotting analysis showed robust
PDI expression in VSMCs visualized as a 55-kDda band. VSMC incu-
bation with AII (100 nMm, 6 h) did not alter total PDI expression. How-
ever, All led to a significant shift in PDI location toward the membrane
fraction (Fig. 1).

PDI Inhibition in VSMCs Membrane Fraction Decreases NAD(P)H
Oxidase Activity—To assess functional dependence of NAD(P)H oxi-
dase activity on PDI, NADPH-driven superoxide generation was
assessed by EPR spectroscopy in VSMC membrane fraction incubated
after its separation with known PDI inhibitors (Fig. 2). Membrane frac-
tion alone produced no detectable signals. With NADPH, there was
formation of the typical 1:2:2:1 DMPO-OH signal with splitting con-
stants aN = 1.49 mT and aH = 1.49 mT. Adduct yields were inhibited
with (polyethylene glycol) superoxide dismutase by 63%. Superoxide
levels were estimated as 125.0 = 16.8 nmol/mg of protein (34). Impor-
tantly, NADPH oxidase activity was significantly dependent on PDI, as
shown by 51—-83% decrease in adduct signals after homogenate incuba-
tion with bacitracin, a pharmacological antagonist of PDI oxidoreduc-
tase activity (26-28), and neutralizing anti-PDI antibody (Fig. 2),
toward respective superoxide estimates of 21.6 = 17.2 and 61.3 = 19.0
nmol/mg. Control experiments with nonspecific anti-Histone antibody
(1:100) showed no effect (not shown). Identical results were obtained
using NADH as substrate (not shown).

Experiments were also performed with lucigenin chemiluminescence
technique (24), showing analogous inhibition (ranging from 26 to 69%,
data not shown) of NADPH oxidase activity, both at baseline or after 6-h
incubation with Al by the following PDI inhibitors, added to VSMC
membrane fraction: bacitracin, anti-PDI antibody, ScbRNase, or the
thiol reagent dithionitrobenzoic acid.

Because inhibition of PDI isomerase activity due to such agents is
known to involve PDI thiols (18, 26 —28), and all compounds were effec-
tive when incubated with membrane fraction after its separation, these
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FIGURE 2. Effect of PDI inhibitors on NADPH-driven DMPO-OH radical adduct EPR
spectra in VSMCs membrane fraction. A, membrane fraction preincubated with
DMPO; B, same as in A, plus NADPH; C, same as B, plus 500 units/ml (polyethylene glycol)
superoxide dismutase; D, same as in B, plus 500 um bacitracin; E, same as in B, plus
inhibitory anti-PDI antibody (1:100). Spectra represent 3-8 replicates of 3 independent
experiments. Quantitation yields (arbitrary units versus standard) were as follows:
A, undetectable; B,13.9 = 1.5;C,5.2 = 1.6 (*); D, 2.4 = 1.2 (*); E, 6.9 = 2.0 (*); *, p < 0.05
versus B.

results suggest that PDI co-fractionates with NAD(P)H oxidase and
contributes to sustain its activity via thiol redox mechanisms.

PDI Antisense Decreases NAD(P)H Oxidase Activity and Superoxide
Production in VSMCs—To further assess PDI functional interaction
with NAD(P)H oxidase, we transfected VSMCs with a PDIasODN.
Transfection efficiency was confirmed by average 32% decrease in PDI
protein expression at Western analysis (not shown), diminished PDI
RNase refolding activity (Fig. 4) and lower PDI fluorescent immunode-
tection (Fig. 5). Marked cellular effects due to similar rates of PDI pro-
tein decrease with antisense ODNs were reported previously (15).
PDIasODN did not decrease p227*** expression (Fig. 5).

ScrODN induced no change in NADPH-driven signals assessed in
VSMCs membrane fraction, at baseline and following 6-h incubation
with AIL In contrast, PDIasODN markedly impaired oxidase activity in
the same conditions by an average 71% both at baseline and after AIl
(Fig. 3A). Accordingly, as seen in Fig. 3B, DHE-derived fluorescent sig-
nals were increased by AII in control VSMCs or after ScrODN trans-
fection. Such increase was completely inhibited by (polyethylene glycol)
superoxide dismutase (25 units/ml, not shown). PDIasODN transfec-
tion markedly inhibited All-induced superoxide production in VSMCs.

Increase in PDI Activity Concomitant to All-induced NAD(P)H Oxi-
dase Activation—To assess whether oxidase activation and PDI shift to
membrane fraction induced by AIl were accompanied by concomitant
increase in PDI function, the refolding activity of PDI was measured (31,
32). Incubation of VSMCs with AII (100 nM for 6 h) led to marked 5-fold
increase in membrane fraction-induced refolding rates of ScbRNase
(Fig. 4). PDIasODN but not ScrODN transfection decreased PDI activ-
ity at baseline and particularly after AIL. There was analogous inhibition
with bacitracin (Fig. 4). These data further suggest that thiols are
involved in PDI interaction with NAD(P)H oxidase.

Co-localization between PDI and NAD(P)H Oxidase Subunits—To
assess co-localization between PDI and NAD(P)H oxidase, studies were
performed first with antibodies against p22#"** and PDI. Both at rest and
following AII incubation (12 h), there was co-localization between the
two proteins. At rest, both proteins co-localized at a slightly predomi-
nant perinuclear distribution (Fig. 5, A and B). PDIasODN transfection
did not visibly change p227"**, but decreased PDI signal and their co-
localization at baseline (Fig. 5C) and after AII (Fig. 5D). VSMCs trans-
fected with ScrODN were similar to non-transfected cells (Fig. 5E).
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FIGURE 3. A, inhibitory effects of PDlasODN transfection in baseline or All-stimulated
NAD(P)H oxidase activity measured by lucigenin chemiluminescence (n = 4; *,p < 0.05
versus baseline; #, p < 0.05 versus ScrODN-transfected VSMCs). B, superoxide production
in VSMCs assessed by DHE fluorescence in control VSMCs and after Scr or PDlasODN
transfection, both at baseline (upper panels) and after All (lower panels).
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FIGURE 4. Marked increase in PDI refolding isomerase activity in VSMCs membrane
fraction after exposure to All. Absorbance decay at basal level was 1.00 + 0.13 X 103
units/min~". Baseline and particularly All-stimulated PDI activity were inhibited by bac-
itracin or PDIasODN, but not ScrODN. VSMCs were preincubated with Scr or PDlasODN
(see “Materials and Methods”) and then stimulated with All for 6 h (n = 6; *, p < 0.05
versus respective baseline; #, p < 0.05 versus ScrODN-transfected VSMCs).

Further immunofluorescence studies were performed with analogous
technique to investigate co-localization between PDI and the subunits
Nox1 and Nox4, which, contrarily to Nox2, are the major Nox subunits
expressed in VSMCs (2, 3). Our data (Fig. 6) disclosed a co-localization
pattern with PDIL.

Association between PDI and NAD(P)H Oxidase Subunits—The
above functional and co-localization data suggested that PDI co-frac-
tionates with NAD(P)H oxidase. Such association was further investi-
gated by co-immunoprecipitation experiments. In VSMCs, PDI immu-
noprecipitation yielded co-precipitation of NAD(P)H oxidase subunits
p22”h‘”, Nox1, and Nox 4 (Fig. 7). We further tested such results in
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FIGURE 5. Representative confocal laser scanning microscopy images of VSMCs
incubated in the absence (A, C, and E) or presence (Band D) of 100 nm All for 12 h.PDI
(green fluorescein isothiocyanate staining), p22°"°* (red TRITC staining), and co-localiza-
tion of PDI and p22P"°* proteins (yellow staining, right panels) were developed as
described under “Materials and Methods.” Images were obtained in control VSMCs (A
and B) or after transfection with PDIasODN (C and D) or ScrODN (E). Magnification bar is
20 pm.

HEK293 cells transfected with Nox-yfp coding plasmids. Precipitation
of PDI revealed co-precipitation of all three Nox-yfp constructs, as
observed by a band detected at the expected height by anti-GFP anti-
bodies (Fig. 8). Both patterns of fluorescence co-localization (Fig. 5) and
co-immunoprecipitation (not shown) exhibited no visible difference
after VSMCs incubation with AIL

PDI Affects Akt Phosphorylation—To investigate whether interaction
of PDI with NAD(P)H oxidase affects downstream oxidase signaling
pathways, we determined the effect of PDI inhibition on All-induced
Akt phosphorylation, known to be dependent on NAD(P)H oxidase (2,
33) as well as reactive thiols (35). Indeed, All-mediated Akt phospho-
rylation was reduced by PDIasODN, but not ScrODN (Fig. 9).

DISCUSSION

The present study provides for the first time evidence that PDI, a
dithiol-disulfide oxidoreductase chaperone of the ER, acts as a regulator
of VSMCs NAD(P)H oxidase and associates with its subunits. Our con-
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FIGURE 6. Representative confocal microscopy
images of VSMCs. PDl is represented by the green
staining (Alexa Fluor 488-conjugated secondary
antibody) in the left panels, Nox1 (upper panels) or
Nox4 (lower panels) are depicted as red (Alexa
Fluor 546-conjugated secondary antibody) stain-
ing, and co-localization is shown in the right panels
in yellow. Magnification bar is 10 um.
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FIGURE 7. Co-immunoprecipitation between PDI and Nox subunits in VSMCs.
Extracts from VSMCs were subjected to immunoprecipitation (/P) using anti-PDI anti-
body. Western blotting (WB) analysis was performed using the indicated antibodies in
the IP fraction, whole cell lysate or precleared fraction, which, in this example, was
obtained after sample incubation with beads and nonspecific IgG. Blots are representa-
tive of three or more similar experiments. Asterisks indicate nonspecific staining from
heavy or light chains of IgG used for immunoprecipitation. Arrows indicate signals cor-
responding to Nox4, Nox1, and p22Phox,

clusions are supported by the uniform decrease in oxidase activity or
superoxide production induced by diverse strategies for antagonism of
PDI function or expression. In particular, PDIasODN transfection
markedly inhibited not only NAD(P)H oxidase activation and superox-
ide release due to All, but also phosphorylation of Akt, a known down-
stream pathway of All-induced oxidase activation, thus indicating phys-
iological relevance for PDI-oxidase interaction. All-induced oxidase
activation was associated with a shift of PDI to membrane fraction along
with increase in its isomerase activity. Co-localization and/or co-immu-
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FIGURE 8. Co-immunoprecipitation between PDI and Nox subunits in HEK293 cells
transfected with Nox-yfp constructs and detected through GFP antibody (see text
for details). In the upper panel, Western blotting (WB) analysis with anti-GFP antibody of
total cell extracts shows protein expression. Extracts were subjected to immunoprecipi-
tation (IP) using anti-PDI antibody and revealed with Western blotting analysis using
anti-GFP antibody, shown in the middle panel. Post-IP supernatants (PIP) were loaded
onto separate gels and stained for PDI to document similar amounts of proteins used
during the IP. Precleared controls similar to those of Fig. 7 were performed (not shown).
The immunoprecipitates did not stain for yfp band (visualized with different exposure
times). Blots are representative of three identical experiments. The asterisk indicates
nonspecific staining from heavy chain of IgG used forimmunoprecipitation. Arrows indi-
cate signals of Nox-yfp constructs.

noprecipitation studies in VSMCs or in HEK293 cells transfected with
Nox-GFP constructs supported close association between PDI and at
least oxidase subunits p227*°%, Nox1, and Nox4. Thus, our results open
new perspectives to clarify the intricate functional regulation of
NAD(P)H oxidase.

JOURNAL OF BIOLOGICAL CHEMISTRY 40817



NAD(P)H Oxidase Regulation by Protein Disulfide Isomerase

SCR PDI - AS
All 0 15 30 0 15

30 min

|.. [ - —lpAKT

(S |

12- OSCR
L EWPDI-AS

-
o

AKT phosphorylation AU (10°)
.

0+—== T

15 30
Al (min)

FIGURE 9. Western blotting analysis depicting Akt phosphorylation in VSMCs at
baseline or after incubation with All for the indicated time periods. Homogenate
samples from upper panels were hybridized with anti-phospho-Akt, and those from lower
panels with total Akt antibodies. VSMCs were transfected with ScrODN (lanes 1-3) or
PDIasODN (lanes 3-6). The bar graph depicts densitometric analysis of phospho-Akt
normalized to total Akt signals of three similar experiments, showing the inhibitory
effect of PDIasODN on Akt phosphorylation (¥, p < 0.005 versus controls).

Despite PDI abundance, its impact on overall cellular redox status
does not match the more efficient and less compartmentalized glutathi-
one or NADPH redox pairs (36). Thus, it is unlikely that PDI-oxidase
interaction is mediated by changes in overall cellular redox status. In
fact, our prior work clearly showed that intracellular glutathione oxida-
tion is not sufficient for vascular oxidase inhibition (5). PDI interference
with NADPH availability is also unlikely, because the latter is not a
suitable PDI substrate, and our results were obtained in homogenates
incubated with excess NADPH. Therefore, consistent with our data,
PDI most likely exerts its regulatory effects through association with
oxidase subunit(s) governing its basal or stimulated activity. The precise
nature of such interaction requires further study. The observed associ-
ation of PDI with diverse oxidase subunits indicates either direct bind-
ing to each Nox, binding to a common regulatory subunit (e.g. p22°"°%),
or to a regulatory domain, e.g. kinase/phosphatase.

Our data extend our previous observations that thiols affect
NAD(P)H oxidase activity (5), suggesting in this process a potential
regulatory role for dithiols, preferential PDI substrates. Because PDI
redox is modulated by ambient redox potential, PDI tends to act as a
reductase outside of ER (10, 12, 13, 18). However, exposure to oxidants,
which can occur in specific microenvironments (37), could promote
PDI thiol oxidation, which is preferentially intra- rather than inter-
molecular, converting PDI into a thiol oxidase/isomerase (12). Of note,
although the PDI oxidase activity requires only cysteines from the a or
a' domains, its reductase and in most cases isomerase activity require
the entire multidomain PDI structure (38). With respect to NAD(P)H
oxidase, typical thioredoxin motifs are absent among known VSMC
oxidase subunits, because a detailed search of the NCBI data base
yielded no hits. Still, reactive cysteines have been described for Nox2 as
the dithiol binding site of phenylarsine oxide (39), and for p47” hox (40).

On the other hand, PDI binding to other proteins in general may not
occur via thiol groups (10, 12, 13, 41, 42). This seems to be the case even
for other PDI family proteins, because PDI thiols are oxidized by ERO1p
in the ER (12), but binding to Erp57 does not involve PDI thioredoxin
domain (43). In fact, peptide binding to PDI preferentially occurs close
to its C-terminal domain as a hydrophobic interaction, even though
thiols contribute to subsequent binding stabilization (42). This type of
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interaction is involved in PDI chaperone activity, which does not require
thioredoxin domains (12). Therefore, regarding PDI effects, thiol redox
activity and binding to other proteins, while potentially related, are
likely to be distinct processes.

Overall, such a versatility of PDI molecular interactions and redox
activity underlies multiplicity of known PDI effects (10, 12, 13) and may
account for diverse pathways whereby PDI may affect NAD(P)H oxi-
dase, some of them deserving further discussion. First, as a redox chap-
erone (12), PDI binding to oxidase subunits may help stabilize their
intra- or intermolecular configuration. In addition, the low pK,, of the
exposed N-terminal cysteine of WCGHCK domain (10, 12) renders PDI
a preferential target of hydrogen peroxide-mediated oxidation (44) or
glutathiolation (45). Such a sensitivity may provide PDI with a role as
mediator of redox regulation of NAD(P)H oxidase. Increasing evidence
for this mode of regulation includes the known stimulation of oxidase
activity by exogenous hydrogen peroxide (4, 7), as well as the biphasic
nature of vascular cell NAD(P)H oxidase activation due to AII (46),
growth factors (4), or thrombin (4, 6). In this model, a transient early
agonist-triggered peak of hydrogen peroxide seems essential to sustain
oxidase activation, in connection with increased subunit expression (6).
On the other hand, while exposure to low hydroperoxide concentra-
tions also stimulates oxidase activity in alveolar macrophages, higher
but non-lethal concentrations inhibit the respiratory burst (47). Our
finding that PDI clearly associates with oxidase subunits in unstimu-
lated VSMCs is in line with the reported preassembling of p22#°* and
Nox1/Nox4 in resting cells (3, 4, 25). Of note, although our results
focused on oxidase regulation by PDI, the potentially complex in vivo
hierarchy of such protein interactions leave open the possibility that
NAD(P)H oxidase also regulates some yet undisclosed PDI functions.

Finally, an important context in which PDI may exert its regulatory
effects is protein processing and/or traffic among ER, cell membranes,
and extracellular milieu (48). Indeed, it is known that PDI migrates
distally from the ER enough to affect the redox state of cell-surface (15,
21, 22) or adhesion molecule (20) thiols. Thus, association with PDI
potentially influences cellular traffic or assembling of oxidase subunits
and underscores the secretory pathway as a likely scenario for oxidase
activation. Indeed, it is known that oxidase activation in endothelial (49)
or smooth muscle cells (50) is simultaneous to shift of subunit(s) from
perinuclear region to membranes. The phagocyte oxidase also displays
active subcellular traffic (51), in line with the recent description of JFC,
a 62-kDa subunit that binds to p677"°* and phosphoinositides, involved
in vesicle translocation to plasma membrane (52).

Interestingly, recent work described the novel thioredoxin superfam-
ily PDI-homologue EFP1 and its close association with Duoxs proteins
of the Nox family as partner of enzyme complex assembly at the plasma
membrane (53).

In summary, our data indicate that PDI acts as a novel regulatory
protein of VSMCs NAD(P)H oxidase. Overall, PDI thiol redox proper-
ties and its role in intracellular protein traffic suggest a link with redox-
regulated mechanisms associated with compartmentalization and fine-
tuning of reactive oxygen species production. Further elucidation of
such mechanisms may have considerable implications regarding a novel
model of oxidase regulation and allowing design of more precise thera-
peutic interventions.
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