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Abstract

Rationale—Activation of Nox1 initiates redox-dependent signaling events crucial in the
pathogenesis of vascular disease. Selective targeting of Nox1 is an attractive potential therapy but
requires a better understanding of the molecular modifications controlling its activation.

Objective—To determine the whether posttranslational modifications of Nox1 regulate its
activity in vascular cells.

Methods and Results—We first found evidence that Nox1 is phosphorylated in multiple
models of vascular disease. Next, studies using mass spectroscopy and a pharmacological inhibitor
demonstrated that protein kinase C-betal (PKC-BI) mediates phosphorylation of Nox1 in response
to tumor necrosis factor-a. (TNF-a). sSiRNA-mediated silencing of PKC-BI abolished TNF-a.-
mediated reactive oxygen species (ROS) production and vascular smooth muscle cell (VSMC)
migration. Site-directed mutagenesis and isothermal titration calorimetry indicated that PKC-glI
phosphorylates Nox1 at T429. Moreover, Nox1 T429 phosphorylation facilitated the association of
Nox1 with the NoxA1 activation domain and was necessary for NADPH oxidase complex
assembly, ROS production, and VSMC migration.

Conclusions—We conclude that PKC-B1 phosphorylation of T429 regulates activation of Nox1
NADPH oxidase.
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INTRODUCTION

Nox1 serves as the catalytic core of a multi-subunit NADPH oxidase enzyme complex,
which assembles in response to signaling cascades initiated by mechanical stress, cytokines
and growth factors. Nox1 is a transmembrane protein expressed in multiple tissues including
vascular smooth muscle cells (VSMCs), brain, gastrointestinal epithelium, and prostate
tumor cells.}4 Nox1 plays a critical role in the development of cardiovascular disease,
amyotropic lateral sclerosis, gastrointestinal disease, immunological disorders, and multiple
forms of cancer.>13

Since its discovery in 1999, multiple studies have provided evidence that activation of Nox1
is a multi-step process that requires assembly of a complex of proteins.1* Nox1 associates
with the transmembrane protein p22Ph for stability and membrane localization. The
recruitment of cytosolic proteins to the membrane forms a complex which allows electron
transfer from NADPH to oxygen to form superoxide.1>-17 When activated, the organizer
cytosolic protein p47Pho% or its homolog NoxO1 tethers to p22PhoX 18-21 Recruitment of the
activator p67Pho% or its homolog NoxA1 is mediated via tail-to-tail binding to the organizer
protein.22: 23 Mutation of the “activation domain” of NoxA1 abrogates Nox1-generated
reactive oxygen species (ROS).24 However, the molecular interaction of Nox1 with the
activation domain of NoxALl is not known. Phosphorylation of NoxA1 allows for
dissociation from Nox1 and is one mechanism to terminate enzyme activity.2> Whether post-
translational modifications of Nox1 regulate its activation has not been explored.

The goal this study was to examine molecular mechanisms of Nox1 activation. Our data
reveal that protein kinase C-pl (PKC-BI) phosphorylation of Nox1 at T429 is necessary for
its interaction with NoxA1 activation domain, complex assembly, and generation of
superoxide. Furthermore, mutation of T429 prevents Nox1-mediated VSMC migration.
These findings identify a novel regulatory mechanism by which Nox1 is activated.

METHODS

Phosphorylation of Nox1 and its role in Nox1 activation was assessed in cultured aortic
VSMCs (C57BI6/J mouse, Nox1¥ mouse, A7r5 rat) and in Cos7 cells that stably express
p22PhoX or p22PoX \yith p47PNOX and p67PNOX (CosPhox). For details on animal models, cell
models and transfection protocol, detection of Nox1 phosphorylation, measurement of
reactive oxygen species, construction of Nox1 mutants, detection of NADPH oxidase
complex assembly, isothermal titration calorimetry assays, circular dichroism analysis, and
computational modeling, an expanded methods section is available in the online
Supplemental Material.

RESULTS

Nox1 phosphorylation is increased in multiple models of vascular disease

Phosphorylation is a common mechanism for post-translational regulation of protein activity.
Using an antibody that detects phosphorylation at serine, threonine and tyrosine residues
(anti-STY), we examined whether Nox1 is phosphorylated under conditions known to be
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associated with increased Nox1 activity. Specifically, we immunoprecipitated with anti-
p22PoX and blotted with anti-STY or anti-Nox1 in three models of vascular disease. First,
we detected increased levels of Nox1 phosphorylation in aorta from monkeys fed an
atherogenic diet as compared to normal diet (Figure 1A, Online Figure ). Next, we found
elevated Nox1 phosphorylation in cultured VSMCs derived from the neointima of balloon-
injured rat aorta as compared to medial VSMCs (Figure 1B). Using a murine carotid injury
model known to induce neointimal hyperplasia, Nox1 phosphorylation was significantly
increased as compared to contralateral non-injured arteries (Figure 1C). These results
provide evidence of Nox1 phosphorylation in response to vascular injury.

Nox1 is activated by protein kinase C-pl phosphorylation

We next used NetPhosK sequence analysis software to identify putative kinases that
phosphorylate Nox1. Of the top 10 predicted phosphorylation sites, PKC was the predicted
kinase for 7 of those sites (Online Figure Il). Therefore, we examined whether inhibition of
PKC with Calphostin C (CalC) 26 modifies Nox1 phosphorylation following stimulation
with tumor necrosis factor-a (TNF-a), which is a known activator of Nox1.27: 28 Treatment
of cultured A7r5 rat aortic VSMCs with TNF-a increased Nox1 phosphorylation (Figure
2A) similar to levels seen /n vivo (Figure 1). CalC inhibited TNF-a-stimulated Nox1
phosphorylation. Consistent with reports that multiple agonists are capable of Nox1
activation, we observed that, in addition to TNF-a., phosphorylation of VSMC Nox1 occurs
following treatment with PDGF-BB and PMA (Online Figure I11). It also appears that the
timing of phosphorylation may be agonist dependent (Online Figure I1I).

Next, TNF-a caused robust ROS production in WT but not Nox17Y VSMCs (Figure 2B),
confirming that the TNF-a.-dependent generation of ROS is Nox1-dependent.2’: 28 CalC
abrogated Nox1-dependent ROS production in WT VSMCs (Figure 2B). Analysis of VSMC
membrane fractions from WT cells demonstrated that TNF-a pre-treatment primes NADPH
oxidase activity (Figure 2C). This effect was completely abolished by either the flavoenzyme
inhibitor DPI or CalC (Figure 2C). Thus, PKC activity is required for Nox1 generation of
ROS.

Nox1 has been implicated in VSMC migration to multiple agonists. 29-32 Using Nox17Y
VSMCs, we first established that VSMC migration to TNF-a requires Nox1 (Figure 2D).
Similar to the effects of PKC inhibition on ROS production, migration of WT VSMCs was
blocked with CalC (Figure 2D). Taken together, these data demonstrate that PKC is
necessary for TNF-a-mediated redox-dependent migration.

Mass spectrometry identified the interaction of PKC-BI with the Nox1-p22P"°X complex in
response to TNF-a treatment of VSMCs (data not shown). PKC-pI and 11 are splice variants
from the same gene and are both reported to be expressed in mice and humans.33 Western
blotting demonstrated expression of PKC-BI but not PKC-11 in WT VSMCs (Online Figure
IV). Using an siRNA against PKC-B (siPKC-), we achieved significant knockdown of
PKC-BI expression in WT VSMCs (Figure 3A). Silencing PKC- resulted in partial
inhibition of TNF-a-induced Nox1 phosphorylation (Figure 3B) and near complete
abrogation of ROS production (Figure 3C), NADPH oxidase activity (Figure 3D), and
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VSMC migration (Figure 3E). These finding suggest that PKC-BI is the kinase that regulates
Nox1 NADPH oxidase activation.

PKC-BI phosphorylation of T429 is necessary for Nox1 activation

NetPhosK prediction algorithm identified several PKC consensus phosphorylation sites in
Nox1 (Online Figure 11). Based on the NetPhosK score, the conservation of the putative
phosphorylation sites between mouse, rat, and human (Online Figure V), and their location
within intracellular regions (Online Figure V and Figure 4A), we evaluated T89 and T429.
T89 is located in the first intracellular loop between transmembrane domains | and Il,
whereas T429 is in the C-terminal region (Figure 4A).

We first mutated T89 and T429 to alanine to prevent phosphorylation and confirmed that
mutation does not disrupt protein expression. Using Flag-tagged constructs (T89A, T429A,
or WT Nox1), we validated expression by Western blotting and immunofluorescence in
CosPhox cells that express p22PhoX p47PhoX and p67PhoX but lack Nox1,34 and in Nox1™Y
VSMCs, which express p22PhoX p47Phox and NoxA13° (Online Figure VI). However,
functional analysis demonstrated that the C-terminal epitope tag interfered with ROS
production by WT Nox1 (data not shown). Thus, subsequent studies utilized non-tagged
Nox1 mutants.

We next examined whether Nox1 phosphorylation at T89 or T429 is required for Nox1
NADPH oxidase activity following TNF-a stimulation. Expression of WT Nox1 in CosPhox
(Figure 4B) or Nox1Y VSMCs (Figure 4C) resulted in the anticipated NADPH-stimulated
superoxide production as measured by lucigenin-enhanced chemiluminescence in
membrane-enriched fractions. Whereas superoxide production in cells expressing T89A
Nox1 was similar to WT levels, expression of T429A Nox1 returned superoxide to control
levels. Next, we determined whether T429 is also required for TNF-a-induced VSMC
migration. As with superoxide production, migration was similar in Nox17Y VSMCs
expressing either WT or T89A Nox1 (Figure 4D). By contrast, no migration was observed in
cells transfected with T429A Nox1. In addition, expression of a phosphomimetic T429D
Nox1 mutant resulted in superoxide production (Figure 4C) and cell migration (Figure 4D),
approaching levels observed with WT Nox1. These data are consistent with a negative
charge at T429 as necessary for Nox1 enzyme activity and VSMC migration following
stimulation with TNF-a.

To directly evaluate whether T429 Nox1 is a bona fide PKC-BI phosphorylation site, we
performed an /n vitro kinase assay using human recombinant PKC-gI and a Nox1 peptide
containing T429 (KLKTQKIYF). We used isothermal titration calorimetry (ITC) to measure
the heat generated by phosphorylation of the peptide. The slow return to baseline that occurs
following the heat of dilution confirms that the Nox1 peptide is a substrate for PKC-glI
(Figure 4E). The reduction in heat produced in subsequent reactions suggests product
inhibition, that is inhibition of PKC-BI by the phosphorylated Nox1 peptide (Figure 4F).
This substantial product inhibition precluded measurement of kinetic parameters.38 In
addition, dot blot analysis of the kinase reaction using p-STY antibody confirms
phosphorylation of the Nox1 peptide within the reaction mixture (Figure 4F). These results
provide direct evidence that PKC-f1 phosphorylates Nox1 at T429.
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In response to various stimuli, the cytosolic subunit p47P"°X or its homolog NoxO1
organizes the translocation and association of NoxA1 with the Nox1/p22Ph°X complex at the
membrane. We first measured agonist-stimulated superoxide production in intact CosPhox
cells expressing p22Ph°X NoxA1 and p47PMoX_ In cells co-expressing WT Nox1, TNF-a,
PDGF-BB, Angll and PMA all increased cellular levels of superoxide (Figure 5A). In the
presence of the T429A Nox1 phospho-mutant, superoxide levels in response to TNF-a,
PDGF-BB, and Angll were markedly attenuated. Measurements of agonist-dependent
cellular superoxide were repeated in CosPhox cells expressing p22P"°*, NoxA1 and NoxO1.
Under these conditions, activation of Nox1 was less than that observed with NoxA1/
p47Phox_expressing cells (Figure 5B), which is consistent with a previous report.16

T429 phosphorylation facilitates the association of NoxAl activation domain with Nox1

Based on our observation that the combination of p47P"°% and NoxA1 with Nox1 are
dependent on phosphorylation of Nox1 T429, we studied the association of these subunits.
This interaction at the membrane involves the association of the NoxAl activation domain
(AD) with the C-terminus of Nox1,18 23. 34 though the mechanism is incompletely defined.
Since the structure of Nox1 has not yet been solved, we used homology modeling to
determine whether the position of T429 within the C-terminal domain might facilitate the
interaction of Nox1 with cytosolic subunits. Using the cytochrome B5 reductase crystal
structure for the FAD domain (PDB ID 2EIX) and the Nox2 crystal structure for the
NADPH domain (PDB ID 3A1F) as templates for our model, we found that T429 resides in
an unstructured loop on the external surface of the Nox1 cytosolic domain (Figure 6A, B).
The position of T429 suggested a potential interaction site with NoxAl. The NoxAl AD is
also in an unstructured loop region as demonstrated by partial crystal structures of NoxAl
that contain the AD.37 Computational docking of the NoxA1 AD peptide with Nox1
consistently demonstrates its occupancy in a long groove near T429 (Figure 6C). Based on
these observations, we hypothesized that phosphorylation of Nox1 at T429 is necessary for
the interaction with NoxAl1 AD.

Using peptides containing phosphorylated Nox1 at T429 (pNox1) and the NoxAl AD, we
first demonstrated by circular dichroism (CD) that these peptides are unstructured.
Specifically, these peptides lack the characteristic peaks indicative of a-helices and p-sheets
(Figure 7A). The presence of a negative peak below 200 nm and near zero shoulders at
longer wavelengths (210-240 nm) demonstrates unstructured peptides. Furthermore,
analysis of the complex of pNox1:NoxAl peptides suggests subtle structural changes upon
binding without evidence of secondary structure (Figure 7A, inset).

In order to determine whether Nox1AD directly interacts with Nox1 phosphorylated at
T429, we used ITC to compare the affinity of the Nox1AD peptide with either the pNox1
peptide or a corresponding unphosphorylated Nox1 peptide (Figure 7B). NoxALl had no
measurable interaction with the unphosphorylated Nox1 peptide (affinity >100 uM,
stoichiometry N.D.), whereas its affinity for the pNox1 peptide was 1.5+0.3 pM with a
stoichiometry of 0.86+0.06 (Figure 7B, n=3). These results indicate that phosphorylation of
T429 mediates the interaction with the activation domain of NoxAL.
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We next validated this interaction in an intact biological system. We assessed NoxA1
localization to the membrane in cells expressing either WT or T429A Nox1. In CosPhox
cells expressing p22PhoX, p47PhoX and NoxAl, the expression of WT Nox1 resulted in the
anticipated TNF-a-induced recruitment of NoxAl to the membrane (Figure 7C). By
contrast, mutation of T429 to alanine prevented NoxAl membrane translocation following
TNF-a. However, the phosphomimetic Nox1 T429D mutant promoted NoxAl membrane
recruitment under non-stimulated conditions (Online Figure VII). As expected, WT but not
T429A Nox1 caused a recruitment of p47P"°X to the membrane in response to TNF-a
treatment (Online Figure VIII). These data provide additional support for NoxAl binding to
phosphorylated T429 Nox1 in the mechanism of NADPH oxidase activation.

DISCUSSION

Activation of Nox1 NADPH oxidase requires association with cytosolic proteins that
function to organize the complex and activate the enzyme to produce superoxide. In this
study, we identify for the first time that Nox1 activation is regulated by post-translational
modification of the C-terminal region of Nox1. Our data demonstrate that phosphorylation
of Nox1 at T429 by PKC-BI is necessary for TNF-a-mediated redox signaling and
migration. Homology modeling combined with ITC revealed that Nox1 T429
phosphorylation facilitates association with the activation domain of NoxAl. Moreover,
inhibition of T429 phosphorylation prevents recruitment of the cytosolic subunits to the
membrane. Together with the observation that Nox1 is phosphorylated in multiple models of
vascular disease, our findings suggest that strategies to inhibit Nox1 phosphorylation may
mitigate its role in the pathogenesis of vascular disease.

Nox1 NADPH oxidase complex assembly is organized by p47Pho%. The phosphoinositide-
binding (PX) domain of p47P"°% mediates membrane association, the Src homology 3 (SH3)
domains interact with p22PhoX, and the proline rich (PR) domain interacts with the SH3
domain of NoxA1 or p67PoX 38,39 n47phox and NoxA1 associate in the cytosol under basal
conditions. Phosphorylation of p47Ph°X releases binding of an auto-inhibitory

domain, 18 19. 38 gllowing translocation of the p47P"%*/NoxA1 complex to the Nox1/p22Phox
complex, positioning the NoxA1 AD with the C-terminus of Nox1.18:23. 34 NoxO1, a
homolog of p47P"°X |acking the auto-inhibitory domain, appears to colocalize with Nox1 in
resting cells at the membrane via its PX domain.2%: 40 Phosphorylation of each of the
cytosolic subunits has been implicated in regulating complex assembly.20. 41-47

In contrast to the cytosolic subunits, less is known regarding phosphorylation of the catalytic
subunits. Our study provides the first evidence for the phosphorylation of Nox1. The Nox2
C-terminal domain (within residues 321-405 and 466-570) has recently been shown to be
phosphorylated at serine and threonine residues.*8 Similar to Nox1, phosphorylation of
Nox2 was associated with increased ROS production and complex assembly in response to
agents that stimulate PKC. However, there appear to be important differences in
phosphorylation-mediated activation of Nox1 and Nox2. First, despite significant homology
in surrounding residues, the T429 we show to be phosphorylated on Nox1 is not conserved
in Nox2. Second, although the specific residue phosphorylated on Nox2 is not identified, the
investigators propose that Ser333, Thr509, and Ser550 are the most likely phosphorylation
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sites. Interestingly, Ser333 and Thr509, but not Ser550, are conserved between Nox2 and
Nox1. Third, phosphorylation of Nox5 in the FAD domain (T494/S498) has also been
shown to regulates its activity;*? although the mechanism is not clear, it will be distinct from
that of Nox1 and Nox2 since Nox5 does not require complex assembly for activation.

Nox1 activation is important in mediating multiple cellular pathways involved in the
pathogenesis of vascular disease.1* Our data demonstrate that migration of cultured VSMCs
to TNF-a requires Nox1. Cell migration is also regulated by the PKC family of serine/
threonine kinases that include PKC-BI,%0 suggesting a functional link between Nox1
activation and PKC phosphorylation. Providing direct evidence for PKC-gI phosphorylation
of Nox1, we found that recombinant PKC-f1 phosphorylates a Nox1 peptide containing
T429 in vitro. Moreover, loss of Nox1 phosphorylation at T429 or the knock down of PKC-
Bl is sufficient to inhibit ROS production and cell migration. In contrast, the knock down of
PKC-BI only partially inhibited TNF-a-induced Nox1 phosphorylation, indicative of
phosphorylation of Nox1 by other kinases. In support of this interpretation, Nox1 contains
residues that are homologous with proposed Nox2 phosphorylation sites.48

Our data provide evidence that Nox1 phosphorylation is a general mechanism underlying its
activation in response to multiple agonists. Specifically, we observed increased ROS
production in cells expressing WT but not T492A Nox1 following stimulation with TNF-a,
PDGF-BB or Angll. Agonist-dependent activation of Nox1 resulted in greater superoxide
production in cells co-expressing NoxA1 with p47Ph°X as compared to its homolog NoxO1,
which is consistent with previous reports.1® Whereas PMA induces Nox1 phosphorylation,
the generation of superoxide does not require phosphorylation of T429. We speculate that
this observation is likely results from the different activation mechanisms between the
receptor-dependent agonists and PMA.

Until now, the molecular mechanism whereby Nox1 interacts with the NoxAl AD was not
known. Using ITC, we provide evidence that phosphorylation of Nox1 T429 increases the
association of this region to the NoxAl AD by more than a hundred-fold. Furthermore, the
T429A mutant is not able to sustain association of the p47phox/NoxAl complex with the
Nox1/p22phox complex, whereas expression of the phosphomimetic T429D mutant results
in NoxA1 membrane recruitment under non-stimulated conditions. We propose that
assembly of NoxA1l to Nox1 positions its activation domain within a long groove adjacent to
the T429 of Nox1. Taken together, our data suggest that a negative change associated with
phosphorylation at T429 is the principle mechanism that stabilizes NoxA1 with the
membrane complex.

In conclusion, Nox1 requires phosphorylation at T429 for complex assembly, ROS
generation and VSMC migration. Our data support a mechanism by which PKC-gl
phosphorylation of Nox1 T429 facilitates interaction and stabilization of the NoxAl1 AD
with Nox1. Furthermore, we provide the first computational model of the Nox1 C-terminus
and propose that the NoxALl AD is positioned in a long groove near T429. In combination
with our findings that Nox1 is phosphorylated in atherosclerosis, VSMC dedifferentiation,
and neointimal formation, we identify the phosphorylation of Nox1 as a new target for
effective and directed therapy of vascular disease.
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Nonstandard Abbreviations and Acronyms

AD activation domain

Angll angiotensin 11

Athero atherogenic diet

CalC Calphostin C

CD circular dichroism

ITC isothermal titration calorimetry
Med Cultured medial VSMCs

Neo Cultured neointimal VSMCs
PDGF platelet derived growth factor

PKC-gl protein kinase C-betal
PMA phorbol myristate acetate

pNox1 peptide containing phosphorylated Nox1 at T429

PR proline rich domain

PX phosphoinositide-binding domain
RFU relative fluorescent units

RLU relative light units

ROS reactive oxygen species

SH3 Src homology 3 domain

TNF-a tumor necrosis factor-a

VSMCs vascular smooth muscle cells
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Novelty and Significance

What Is Known?

. The Nox1-containing NADPH oxidase contributes to the pathogenesis
of multiple diseases, including cardiovascular disease.

. Activation of the catalytic subunit Nox1 and subsequent generation of
superoxide is a multi-step process that requires assembly of a complex
of proteins.

What New Information Does This Article Contribute?

. Phosphorylation of Nox1 is increased in a variety of animal models of
vascular disease.

. Phosphorylation of Nox1 by protein kinase C-pl (PKC-I) at threonine
429 (T429) is necessary for the interaction of Nox1 with NoxAl
activation domain (AD).

. In vascular smooth muscle cells, phosphorylation of Nox1 at T429 is
necessary for agonist-mediated superoxide generation and cell
migration.

Generation of superoxide by the Nox1 NADPH oxidase propagates redox-dependent
signaling events essential to the development of hypertension, restenosis, and
atherosclerosis. Activation of Nox1 requires interaction with cytosolic proteins. The
molecular events necessary for Nox1 activation, in particular the mechanism of
interaction of Nox1 with the NoxAl AD, remain unclear. In this study, we examined the
mechanism and consequences of Nox1 phosphorylation. Site-directed mutagenesis and
isothermal titration calorimetry (ITC) demonstrate that PKC-g1 phosphorylates Nox1 at
T429, which resides in an unstructured loop on the external surface of the cytosolic
domain. Phosphorylation of Nox1 at T429 is necessary for complex assembly, superoxide
production, and VSMC migration. Furthermore, Nox1 T429 phosphorylation facilitates
the association of Nox1 with the NoxAl AD. These data suggest that post-translational
modification of the C-terminal region of Nox1 regulates its activity and that PKC-pI-
mediated T429 phosphorylation of Nox1 may be a novel target for directed therapy of
vascular disease.
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Figure 1. Nox1 phosphorylation is increased in multiple models of vascular disease
Nox1 phosphorylation was assessed by subjecting lysates to immunoprecipitation with anti-

p22phox followed by Western blotting with either anti-STY or anti-Nox1. (A) Aorta from
monkeys fed a normal or atherogenic (Athero) diet. (B) Cultured medial (Med) and
neointimal (Neo) VSMCs derived from rat aorta 14 days following balloon injury. (C)
Murine carotid artery 3 days postligation. n=3-5 per group. *p<0.05 as compared to non-
diseased.
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Figure 2. PKC inhibition abolishes TNF-a-mediated Nox1 phosphorylation, ROS production and

VSMC migration

The effect of Calphostin C (CalC) pretreatment on TNF-a-mediated (A) Nox1
phosphorylation in rat VSMCs by Western blotting with anti-STY as in Figure 1, (B) CMH
2DCEF fluorescence (green) in murine VSMCs, (C) lucigenin-enhanced chemiluminescence
(RLU: relative light units) in rat VSMCs, and (D) migration of murine VSMCs. In (B),
nuclei were counterstained with ToPro3; scale bar = 10 um. n=3 in A and 5-15in C, D.
*p<0.05 vs. control, #p<0.05 vs. WT TNF-a-treated.
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Figure 3. Knockdown of PKCB prevents TNF-a-mediated VSMC activation
(A) Validation of PKCpI silencing at the protein level. WT murine VSMCs were treated

with control (Ctrl) or PKCp siRNA followed by treatment with TNF-a and assessment of
(B) Nox1 phosphorylation (C,D) CM-H2DCF fluorescence (RFU: relative fluorescent units;
n=4-7; scale bar = 10 um), and (E) migration (n=10-15) as in Figure 2. In (C), nuclei were
counter-stained with ToPro3 (blue). *p<0.05 vs. vehicle; #p<0.05 vs. siCtrl TNF-a-treated.
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Figure 4. Phosphorylation of Nox1 T429 by PKCBI is required for TNF-a.-induced ROS

production and VSMC migration

(A) Relative locations of T89 and T429 in Nox1. (B) CosPhox cells or (C) Nox1-/y VSMCs
expressing the indicated Nox1 mutants were treated with TNF-a., followed by measurement
of ROS in membrane fractions by NADPH-stimulated chemiluminescence. n=4 independent
experiments. (D) Migration of Nox1-/y VSMCs expressing the indicated Nox1 mutants to
TNF-a. The number of cells migrating under non-stimulated conditions was subtracted from
TNF-a-stimulated migration for each group. n=5-10 independent experiments. *p<0.05 vs.
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mock-transfected (control) cells. #p<0.05 vs. WT-transfected cells. (E) ITC measurement of
in vitrokinase reaction of recombinant PKC-pI with Nox1 peptide (KLKTQKIYF). (F) To
confirm PKC-Bi phosphorylation of the Nox1 peptide, dot blot analysis of /in vitro kinase
assay input and product was performed using anti-p-STY. Phosphorylated Nox1 peptide
(pNox1, KLKT*QKIYF). Total peptide levels were determined by Ponceau staining. Data
were quantitated as the ratio of p-STY to total peptide using Odyssey imaging software and
are indicated above the dot blot.
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Figure 5. Nox1 T429 is required for receptor-mediated ROS production by Nox1
CosPhox cells were transfected with (A) p47phox and NoxA1l or (B) NoxO1 and NoxAl

and transfected with wild-type (WT) or the T429A mutant Nox1. Superoxide levels were
measured in intact cells immediately following stimulation with TNF-a (10 ng/ml), platelet-
derived growth factor (PDGF)-BB (10 ng/ml), angiotensin 1l (Angll, 10-7 M) or phorbol
myristate acetate (PMA, 10-6 M). Relative light units (RLU) per second (sec) of the
unstimulated sample was subtracted from the agonist treated sample and data normalized to
number of cells. n=4 independent experiments. *p<0.05 vs. WT.
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A.

Figure 6. Homology model of Nox1 cytosolic C-terminus computationally docked with NoxA1
activation domain

(A, B) Ribbon diagram of Nox1 C-terminus modeled based on the crystal structures of the
FAD domain in cytochrome B5 reductase (PDB ID 2EI1X) and the NADPH domain in Nox2
(PDB ID 3AL1F). Co-factors from template structures positioned within the Nox1 cytosolic
C-terminal domain are noted by arrows. The N-terminus that attaches to the transmembrane
domain is depicted as a blue sphere, and the extreme C-terminus of Nox1 is depicted as a red
sphere. Residues involved in NADPH binding are depicted in blue, and residues involved in
FAD binding are depicted in orange. The ribbon diagram in (B) is rotated 45° clockwise to
reveal residues used to create the Nox1 peptide (purple) for binding experiments, including
T429. (C) Proposed interaction of the NoxAl AD with Nox1 T429. The NoxAl AD peptide
(shown as the backbone with residues labeled) was computationally docked to the Nox1
cytosolic C-terminal domain (accessible surface area in green with T429 depicted in purple).
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Figure 7. Interaction of phosphorylated T429 of Nox1 with the NoxA1 activation domain is
required for NoxAl membrane recruitment

(A) Structural analysis of NoxAl AD and phospho- Nox1 (pNox1) peptides by circular
dichroism. Peptides for pNox1 and NoxA1 AD displayed characteristic random coil signals
(negative dip below 200 nm and flat, near zero shoulders in the 210-220 nm range).
Complex formation of the pNox1 peptide with NoxAl AD peptide (pNox1:NoxA1l) did not
induce order and the circular dichroism signal is similar to that obtained by addition of the
individual peptide signals (pNox1+NoxA1). Inset shows the residual curve of the
pNox1:NoxAl complex after subtraction of the individual components, indicating no major
conformational changes of these peptides on complex formation. (B) Affinity and
stoichiometry for the interaction of NoxAl AD with pNox1 (top panel) and an
unphosphorylated Nox1 peptide (middle panel) as measured by ITC. Lower panel, analyzed
binding data for both pNox1 and Nox1 binding to NoxAl AD. Kd= >100 uM for
unphosphorylated Nox1 peptide (stoichiometry N.D.) and 1.5+0.3 uM for pNox1 peptide
(stoichiometry of 0.86+0.06; n=3 independent experiments). (C) Membrane recruitment of
NoxA1 was assessed in CosPhox cells expressing p22phox, NoxA1, and WT or T429A
Nox1. After treating with TNF-a., membrane fractions isolated and blotted for NoxALl.
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Whole cell lysates (prior to membrane isolation) were probed with anti-GAPDH. n=4
independent experiments. *p<0.05 vs. Nox1 vehicle; #p<0.05 vs. Nox1 TNF-a-treated.
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