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Background: Nox1, an oxidant source in colon carcinoma and vascular disease, is activated by NOXA1.
Results: A NOXA1 peptide blocked NOXA1-Nox1 binding and inhibited colon carcinoma and endothelial oxidants and
migration.
Conclusion: The findings identify a NOXA1-activating domain and an isoform-specific Nox1 inhibitor.
Significance: The data provide insight into Nox1 regulation and present a potential therapy for suppressing oxidative stress-
related disease.

Excessive vascular and colon epithelial reactive oxygen spe-
cies production by NADPH oxidase isoform 1 (Nox1) has been
implicated in a number of disease states, including hyperten-
sion, atherosclerosis, and neoplasia. A peptide that mimics a
putative activation domain of the Nox1 activator subunit
NOXA1 (NOXA1 docking sequence, also known as NoxA1ds)
potently inhibitedNox1-derived superoxide anion (O2

.) produc-
tion in a reconstituted Nox1 cell-free system, with no effect on
Nox2-, Nox4-, Nox5-, or xanthine oxidase-derived reactive oxy-
gen species production asmeasured by cytochrome c reduction,
Amplex Red fluorescence, and electron paramagnetic reso-
nance. The ability of NoxA1ds to cross the plasma membrane
was tested by confocal microscopy in a human colon cancer cell
line exclusively expressing Nox1 (HT-29) using FITC-labeled
NoxA1ds. NoxA1ds significantly inhibited whole HT-29 carci-
nomacell-derivedO2

. generation.ELISAandfluorescencerecovery
after photobleaching experiments indicate that NoxA1ds, but not
its scrambled control, binds Nox1. FRET experiments conducted
using Nox1-YFP and NOXA1-CFP illustrate that NoxA1ds dis-
rupts the binding interaction betweenNox1 andNOXA1,whereas
acontrolpeptidedidnot.Moreover,hypoxia-inducedhuman pul-
monary artery endothelial cell O2

. production was completely
inhibited by NoxA1ds. Human pulmonary artery endothelial
cell migration under hypoxic conditions was also reduced by

pretreatment with NoxA1ds. Our data indicate that a peptide
recapitulating a putative activation subdomain of NOXA1
(NoxA1ds) is a highly efficacious and selective inhibitor of
Nox1 activity and establishes a critical interaction site for
Nox1-NOXA1 binding required for enzyme activation.

NADPH oxidases (Noxes)2 represent a diverse family of
transmembrane proteins with the primary catalytic function of
generating reactive oxygen species (ROS), including superoxide
(O2

. ) and hydrogen peroxide (H2O2) (1). The effects of ROS
signaling in the cell are diverse and key to cell functions; thus, it
remains critical to precisely define the regulation of ROS
sources and the species produced. The diverse roles of individ-
ual types of ROS are illustrated by the ability of H2O2 to oxidize
enzymatic cofactors such as the tetrahydrobiopterin utilized by
nitric oxide synthase to produce NO, thus uncoupling the
enzyme (2); independently, however, O2

. reacts with NO neu-
tralizing its bioactivity and forming the tyrosine-nitrating com-
pound peroxynitrite (ONOO�) (3, 4). Additionally, O2

. and its
dismuted metabolite H2O2 oxidize thiols, causing functional
alterations in protein structure/function and enhancing growth
factor signaling by inactivation of protein phosphatases that
subserve normal cell signaling (5–7). To complicate matters,
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most mammalian cells abundantly express superoxide dismu-
tase (SOD), which rapidly converts O2

. to the relatively stable
H2O2 and facilitates the generation of downstream-oxidizing
ROS (8). Excessive stimulation of Noxes often leads to hyper-
proliferative and migratory phenotypes as well as oxidative
stress, resulting in end-organdamage (9). Increasingly, the roles
of individual Nox isoforms are being appreciated as playing
highly localized, specific, and temporal roles in disease progres-
sion. Indeed, Nox1’s localization to smooth muscle caveolae
and endosomes could limit Nox1’s effect to a specific signaling
pathway. Thus, specific inhibitors ofNox1 are likely to facilitate
the identification of these links while also serving as a basis for
therapy.
The production of ROS by Nox enzymes is achieved

through a conserved catalytic mechanism contained within
the enzyme’s transmembrane domain that causes the trans-
fer of electrons from NADPH to molecular oxygen to form
O2
. and/or H2O2 (10). Although this catalytic core is conserved

among Nox isoforms, it alone is insufficient for activity in a
subclass of Noxes, including Nox1. Indeed, key interactions
between Nox1 and its co-activating cytosolic subunits play a
major role in activation of this enzyme domain by forming a
heterodimeric complex essential for ROS generation (1, 11).
Canonical Nox2 oxidase, the closest homologue of Nox1 and
for whichmuchmore is known, requires the GTPase Rac, orga-
nizer subunit p47phox, and activator subunit p67phox for activa-
tion (12–14), whereas canonicalNox1 requires interactionwith
the homologous organizer NOXO1 and activator NOXA1 (15).
Nox1 also requires the small GTPase Rac and the transmem-
brane protein p22phox (1). The assembled complex of subunits
becomes the functional Nox1 oxidase. The biochemical struc-
ture and function of NOXA1 andNOXO1 are largely unknown
due to their more recent discovery. That said, p67phox contains
an “activation domain” spanning amino acids 190–210 that
participates in the catalytic reduction of FAD (16). This domain
shares 50 and 80%homologywith corresponding residues 191–
211 and 198–208 of NOXA1, respectively (17). Herein, we pro-
vide evidence that residues 195–205 of NOXA1 serve a func-
tion similar to that of the activation domain of p67phox and, in
turn, hypothesize that this peptide could serve as a viable inhib-
itor of NOXA1-Nox1 binding and activation. With the knowl-
edge thatmutagenesis of a tyrosine for an alanine at residue 199
ofNOXA1 reducesNox1-derivedO2

. production by�95% (18),
we postulated that the same substitution would render this
truncated peptide as a highly effective inhibitor of Nox1-de-
rived O2

. production. In addition, by including amino acids that
are homologous (residues 200 to 205) and nonhomologous
between NOXA1 and p67phox (residues 195–198), we surmised
that the peptide would be rendered specific for the Nox1 oxi-
dase. The peptide representing amino acids 195–205 of
NOXA1 with a Y199A substitution is heretofore referred to as
NOXA1 docking sequence (NoxA1ds) and was tested for its
efficacy as a Nox1 inhibitor (Scheme 1).
Tissue distribution of the Noxes is wide and variable with

Nox1 being uniquely expressed in the colon epithelium and
prevalent in blood vessels (19, 20). In the colonic epithelium,
Nox1 acts to potentiate phosphotyrosine signaling and to
decrease bacterial virulence (21) as well as participate in carci-

nogenesis. Nox1 has also been broadly identified as a contrib-
utor to tumor growth by enhancing angiogenesis and a range
of cardiovascular diseases, including ischemia reperfusion
injury, neointimal cell hyperplasia, and hypertension-in-
duced hypertrophy (22–29).
Targeted and specific inhibition of Nox1 has long been

desired, and yet there remains a dearth of Nox1-specific inhib-
itors with a validated target and established mechanism. Here,
we report that a peptide derived from the activation domain of
NOXA1 is an isoform-specific inhibitor of Nox1 and that this
peptide not only binds Nox1 but also disrupts its interaction
with NOXA1. The current findings elucidate a key domain of
NOXA1 as a binding partner for Nox1, shed light on the mech-
anism of Nox1 oxidase assembly, and provide a useful tool for
investigating the role of Nox1 in a variety of cellular processes
and pathologies.

EXPERIMENTAL PROCEDURES

Cytochrome c, superoxide dismutase (SOD), lithiumdodecyl
sulfate, catalase, horseradish peroxidase (HRP), hypoxanthine,
PMA, and rhodamine B were purchased from Sigma. Xanthine
oxidase was obtained from Calbiochem. Amplex Red was pur-
chased fromInvitrogen.Protease inhibitormixturewaspurchased
from Roche Diagnostics. NoxA1ds, Nox2dsTAT, and scrambled
NoxA1ds were synthesized by the Tufts University Core Facility
(Boston). The sequence of human NoxA1ds is as follows: NH3-
EPVDALGKAKV-CONH2. The scrambled NoxA1ds sequence
(SCRMB) is as follows: NH3-LVKGPDAEKVA-CONH2. In
both cases, the NH3 group represents the amino end and
CONH2 represents the amide of the C terminus, a consequence
of the synthetic procedure. Each peptide was prepared in sev-
eral batches, with no batch having a purity of less than 90%.
FITC-labeled NoxA1ds was also synthesized by Tufts Univer-
sity and is identical in sequence to NoxA1ds with FITC linked
to the N terminus of NoxA1ds via an �-hydroxyl acid. Rhod-
amine-labeled NoxA1ds was synthesized by Fisher and is iden-
tical in sequence to NoxA1ds with rhodamine B linked to the N
terminus of NoxA1ds via an �-hydroxyl acid.
Cell Lines—COS-22 (COS-7 cells stably expressing human

p22phox) and COS-Nox2 (also known as COS-phox) cells
(COS-7 cells stably expressing human p22phox, Nox2, p47phox,
and p67phox) were kindly provided by Dr. Mary C. Dinauer
(Indiana University School of Medicine). COS-22 cells were
maintained in Dulbecco’s modified Eagle’s medium (Cellgro)
with 4.5 g/liter glucose, L-glutamine, and sodium pyruvate con-

SCHEME 1. Design of NoxA1ds. Alignment of p67phox and NOXA1 indicates a
highly homologous region between the two sequences within the activation
domain. Phe-199 (F199) in NOXA1 was previously shown to be critical for
enzymatic activity of Nox1. We selected an 11-mer sequence that contained
critical portions of the activation domain (i.e. Phe-199), substituted Phe-199
to Ala, and used the resulting peptide as NoxA1ds.
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taining 10% heat-inactivated fetal bovine serum (FBS, Invitro-
gen), 100 units/ml penicillin, and 100 �g/ml streptomycin
(Invitrogen) supplemented with 1.8 mg/ml G418 (Calbi-
ochem). COS-Nox2 cells were maintained in otherwise identi-
cal media supplemented with 1 �g/ml puromycin (Sigma) and
0.2 mg/ml hygromycin B (Invitrogen). HEK-Nox5 (HEK-293
cells stably expressing human Nox5) were kindly provided by
Dr. David Fulton (Georgia Health Sciences University) and
were maintained in DMEM with 4.5 g/liter glucose, L-gluta-
mine, and sodium pyruvate containing 10% FBS, 100 units/ml
penicillin, and 100 �g/ml streptomycin. HT-29 cells were pur-
chased from ATCC and cultured in McCoy’s 5a modified
medium (Manassas, VA).Humanpulmonary artery endothelial
cells (HPAEC) and their growth medium (EBM-2) were pur-
chased fromLonza (Basel, Switzerland). COS, HEK, andHT-29
cells were used within 7–10 passages for all experiments, and
HPAEC were used within 5–8 passages. Murine peritoneal
macrophages were isolated as described by Zhang et al. (30).
Plasmid Preparation, Amplification, and Purification—

Plasmids encoding full-length human cDNAs for Nox1
(pcDNA3.1-hNox1), NOXO1 (pcDNA3.1-hNOXO1), NOXA1
(pCMVsport 6-hNOXA1), and Nox4 (pcDNA3-hNox4) were
kindly provided by Dr. David Lambeth (Emory University,
Atlanta, GA) (31, 32). Plasmids encoding full-length human
cDNAs for Nox1-YFP andNoxA1-CFP were custom subclones
purchased from OriGene (Rockville, MD). Nox1-YFP was sub-
cloned into the pCMV6-AC-mYFP plasmid, and NOXA1-CFP
was subcloned into the pCMV6-AC-mCFP plasmid. Both plas-
mids placed the fluorophore at the C terminus of the Nox
protein sequence. A membrane-targeted CFP with extensive
N-terminal myristoylation (CFPm) was kindly provided by Dr.
Jean-Pierre Vilardaga (Pittsburgh, PA) (33). Plasmids encoding
Nox1, NOXO1, NOXA1, Nox1-YFP, NOXA1-CFP, or CFPm
were transformed and amplified into Escherichia coli strain
TOP10 (Invitrogen). Plasmids were purified using a QIAfilter
plasmid purification kit (Qiagen Inc., Valencia, CA.).
Transfection—Cell transfection was carried out using Lipo-

fectamine LTX and Plus reagent (Invitrogen), according to the
manufacturer’s instructions. COS-22 cells were singly or in
combination transiently transfected with the above Nox plas-
mids. Cells were used for experiments 24 h after transfection.
Detection of Nox1/2/5-derived O2

. Production—Nox1- and
Nox2-derived O2

. production was measured as described by
Csanyi et al. (34) with minor modifications. Briefly, separate
populations of COS-22 cells were transfected with either
pcDNA3.1-hNox1 alone (COS-Nox1) or a combination of
pcDNA3.1-hNOXO1 and pCMVsport 6-hNOXA1 (COS-
NOXO1/A1). Adherent cells were harvested by incubating with
0.05% trypsin/EDTA for 5 min at 37 °C. Following addition of
DMEM, 10% FBS to neutralize the trypsin, the cells were pelleted
by centrifugation at 1000� g for 5min at 4 °C and subsequently
resuspended at 5� 107 cells/ml in lysis buffer (8mMpotassium,
sodium phosphate buffer, pH 7.0, 131 mM NaCl, 340 mM

sucrose, 2 mMNaN3, 5 mMMgCl2, 1 mM EGTA, 1mM EDTA, 1
mM DTT, and protease inhibitor mixture) (35). The cells were
lysed by freeze/thaw cycles (five cycles) and passed through a
30-gauge needle five times to further lyse the cells and then
centrifuged at 1000 � g for 10 min at 4 °C to remove unbroken

cells. The supernatant was then centrifuged at 160,000� g for
60min at 4 °C to yield amembrane-enriched pellet (membrane
fraction). The membrane fraction from COS-Nox1 was resus-
pended in lysis buffer and retained, whereas the COS-
NOXO1/A1 cytosolic fraction was retained. O2

. generation was
measured in oxidase assay buffer (65 mM sodium phosphate
buffer, pH 7.0, 1 mM EGTA, 10 �M FAD, 1 mM MgCl2, 2 mM

NaN3, and 0.2 mM cytochrome cwith added 1000 units/ml cat-
alase to prevent H2O2-mediated oxidation of cytochrome c
(35)). The components of the cell-free systemwere added in the
following order: oxidase assay buffer, COS-Nox1 cell mem-
brane fraction (5� 105 cell eq/well,�5�g of protein/well), and
NoxA1ds/SCRMB peptides followed by 10 min incubation on
ice, after which COS-NOXO1/A1-containing cytosolic frac-
tionswere added (5� 105 cell eq/well). Plateswere placed on an
orbital shaker for 5 min at 120 movements/min at room tem-
perature before addition of 180 �M NADPH to initiate O2

. pro-
duction. The production of O2

. was calculated from the initial
linear rate (over 15 min) of SOD-inhibitable cytochrome c reduc-
tion quantified at 550 nm using an extinction coefficient of 21.1
mM�1 cm�1 (Biotek Synergy 4 Hybrid Multi-Mode Microplate
Reader). The concentration of NoxA1ds peptide that caused 50%
inhibition of O2

. production (IC50) in COS-Nox1 cell lysates was
calculated by Prism 5 (GraphPad Software, Inc., La Jolla, CA).
To measure Nox2-derived O2

. production, COS-Nox2 cells
were separated into membrane and cytosolic fractions as
described above. The production of O2

. was measured using
identical methods with the addition of 130 �M lithium dodecyl
sulfate after incubation with NoxA1ds or SCRMB. Measure-
ment of HEK-Nox5 O2

. production was determined using
methods exactly as described previously with NoxA1ds and
SCRMB peptides being added to HEK-Nox5membrane lysates
prior to the addition of calcium (final concentration 20 �M)
(13). Throughout these procedures, extreme care was taken to
maintain the lysate at a temperature close to 4 °C.
O2
. production by peritoneal macrophages was determined

after re-plating cells into 96-well white micro-plates (Greiner-
Bio One GmbH, Germany) at a density of 5 � 104 cells/well.
Cellswere preincubatedwith 10�MNoxA1ds for 1 h in reduced
serummedia at 37 °C before addition of 1 �M PMA and 400 �M

luminol derivative L-012 for 30 min. Luminescence was quan-
tified over time using a Biotek Synergy 4 Hybrid Multi-Mode
Microplate Reader.
Nox4-derived H2O2 Production—H2O2 production was

quantified in COS-Nox4 cell lysates as described previously
(36). It is important to note that COS-Nox4 cells do not pro-
duceO2

. (34). COS-Nox4 andCOS-22 cells were suspended to a
concentration of 5 � 107 cells/ml in ice-cold disruption buffer
(PBS containing 0.1mMEDTA, 10% glycerol, protease inhibitor
mixture, and 0.1mMPMSF). The cells were lysed by five freeze/
thaw cycles and passed through a 30-gauge needle five times to
further lyse the cells. Incubation of COS-Nox4 cell lysate (10
�g/100 �l) with NoxA1ds was performed in assay buffer (25
mM HEPES, pH 7.4, containing 120 mM NaCl, 3 mM KCl, 1 mM

MgCl2, 25 �M FAD, 0.1 mM Amplex Red, and 0.32 units/ml of
HRP) for 15min at room temperature on an orbital shaker (120
movements/min), before the addition of 36 �M NADPH, to
initiate H2O2 production. This relatively low concentration of
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NADPH was used because it was found that higher concentra-
tions interfered with Amplex Red fluorescence. Fluorescence
measurements were made using a Biotek Synergy 4 Hybrid
Multi-Mode Microplate Reader (excitation wavelength, 560
nm; emission wavelength, 590 nm). A standard curve of known
H2O2 concentrations was developed using the Amplex Red
assay (as per the manufacturer’s instructions) and was used to
quantify H2O2 production in the COS-Nox4 cell-free system.
The reaction was monitored at room temperature for 60 min.
The emission increasewas linear during this interval. The effect
of NoxA1ds on Nox4-derived H2O2 production was expressed
as percent inhibition of Nox4, which was calculated by desig-
nating the amount H2O2 production by control mixtures in the
absence of peptide as 100%.
Xanthine Oxidase-derived O2

. Production—The nitroxide
spin probe 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetrameth-
ylpyrrolidine hydrochloride (CPH; Alexis Corp., San Diego)
was used to examine O2

. production using a Bruker eScan
Table-Top EPR spectrometer (Bruker Biospin). O2

. production
in semi-purified preparations of xanthine oxidase initiated by
the addition of 100�Mxanthinewasmeasured inKrebs/HEPES
buffer (100mMNaCl, 5mMKCl, 2.5mMCaCl2, 1.2mMMgSO4,
25 mM NaHCO3, 1.0 mM KH2PO4, 5.6 mM D-glucose, 20 mM

Na-HEPES) supplemented with 50 �M CPH. Purified xanthine
oxidase was incubated with NoxA1ds or SCRMB for 5 min at
room temperature. Analyses of the CPH up-field spectra peak
height were used to quantify the amount of O2

. produced by the
lysates and were compared with buffer-only control spectra or
spectra in the presence of NoxA1ds, SCRMB, or 200 units/ml
SOD. To minimize the deleterious effects of contaminating
metals, the buffers were treated with Chelex resin and con-
tained 25 �M deferoxamine (Noxygen Science Transfer, Ger-
many). The EPR instrument settings were as follows: field
sweep, 50 G; microwave frequency, 9.78 GHz; microwave
power 20 milliwatts; modulation amplitude, 2 G; conversion
time, 327 ms; time constant, 655 ms; receiver gain, 1 � 105,
DETC (Noxygen Science Transfer, Germany).
Detection of O2

. Production by Whole Cells Treated with
NoxA1ds—HT-29 cells at 80% confluence were serum-starved
in media containing 0.5% FBS for 12 h, and NoxA1ds (final
concentrations of 0.1, 0.3, 1, 3, or 5 �M) was added directly to
the growthmedia for 1 h prior to cell lysis andmembrane prep-
aration for cytochrome c assay. Alternatively, cells were sus-
pended in Krebs/HEPES buffer with NoxA1ds for 1 h before
addition of CPH to detect O2

. production via EPR.
Tomeasure HPAECO2

. production, cells were grown to 80%
confluence prior to 12 h of serum starvation (0.2% FBS). Cells
were placed in normoxic (20% O2) or hypoxic (1% O2) condi-
tions for 23 h and then treated with NoxA1ds (10 �M) or
SCRMB (10 �M) for 1 h.
For both HT-29 and HPAEC, cells were lysed in lysis buffer

by five freeze/thaw cycles and five passages through a 30-gauge
needle. Membranes fractions were collected by centrifugation
(28,000 � g, 20 min). Membranes were suspended in oxidase
assay buffer, andNADPH-dependentO2

. productionwas deter-
mined using cytochrome c reduction.
Enzyme-linked Immunosorbent Assay (ELISA)—ELISA was

used to determine whetherNoxA1ds bindsNox1. Neutravidin-

coated plates (Thermo Scientific, Rockford, IL) were incubated
with 10 �M biotinylated NoxA1ds or 10 �M biotinylated
SCRMB (Tufts University Core Facility, Boston) for 2 h at room
temperature. The plates were washed three times with wash
buffer (25mMTris, 150mMNaCl, and 0.05%Tween 20, pH7.2).
After 1 h of incubation at room temperature with 50 �g of
membrane fractions prepared from COS-22, COS-Nox1, or
COS-Nox2 cells were added to plates in phosphate-buffered
saline, pH 7.2, at room temperature and allowed to incubate for
1 h. Rabbit polyclonal Nox1 antibody (1:500; Santa Cruz Bio-
technology, Santa Cruz, CA) was added to detect Nox1 bound
to NoxA1ds or SCRMB, respectively. After 1 h of incubation
and extensive washing, bound primary antibodies were
detected by the addition of FITC-labeled goat anti-rabbit IgG
antibody (1:1000; 30 min Sigma). The fluorescence of each well
was measured using a Biotek Synergy 4 Hybrid Multi-Mode
Microplate Reader (excitation, 488 nM and emission, 518 nM;
BioTek, Winooski, VT).
Fluorescence Recovery after Photobleaching (FRAP)—FRAP

was performed using anOlympus FV1000 confocalmicroscope
with minor modifications from studies by Wheeler et al. (37).
Briefly, circular regions of interest (1.0 �m2) were selected and
bleached with a 400-ms pulse from a 488-nm (YFP) and a
559-nm (rhodamine) laser line using the SIM scanner; recovery
data were acquired using the instrument’s main scanner and
the 488- and 559-nm lines of an argon gas laser. This short pulse
was selected to ensure a Gaussian bleaching spot. Tomaximize
reproducibility of the experimental conditions, all data were
acquired in the photon-counting mode of the instrument.
Thirty five images were then collected at intervals of �7 s.
Average fluorescence intensities of the bleached and control
regions in other cells or the far-removed regions of the same cell
were obtained and used to account for bleaching resulting from
image acquisition.
FRET—COS-22 or HPAEC cells seeded at 20% density on

glass-bottomed tissue culture plates were co-transfected with
Nox1-YFP and NOXA1-CFP or Nox1-YFP and CFPm. After
24 h, cells were washed with PBS and fixed in 2% paraformal-
dehyde. The interaction between Nox1 or CFPm and NOXA1
was then detected using a combination laser scanning micro-
scope system (Nikon A1 confocal) and quantified by acceptor
photobleaching. To achieve excitation, the 458 nm line of an
argon ion laser was focused through the Nikon �60 oil differ-
ential interference contrast objective. Emissions of YFP (the
FRET acceptor) and CFPwere collected through 530–575- and
475–500-nm barrier filters, respectively. Photobleaching was
performed with 50 iterations and 100% intensity of a 514-nm
laser. Using methods described previously, average fluores-
cence intensities/pixel were calculated following background
subtraction (38). To determine the effect of NoxA1ds onNox1-
NOXA1 association, cells transfected with Nox1-YFP and
NOXA1-CFP were incubated with 10 �M NoxA1ds or SCRMB
24 h post-transfection for 1 h before fixing the cells. To deter-
mine the effect of VEGF onNox1-NOXA1 association, HPAEC
transfected with Nox1-YFP and NOXA1-CFP were treated
with 20 nM VEGF for 1 h, 24 h post-transfection. FRET effi-
ciency was calculated as follows: EFRET � (CFPpost/CFPpre
�1)�100. The efficiency of the fluorescence resonance energy
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transfer directly reflects the distance separating the donor and
the acceptor.
Cell Migration Assay—Scratch assay was performed as

described by Liang et al. (39) with minor modification. Briefly,
HPAEC were grown to confluence in 35-mm dishes before
growth media were replaced with starvation media (1:10 dilu-
tion of growthmedia). Each dishwasmarked on its bottomwith
ink bisecting the dish into two halves. HPAEC were starved for
16 h before the cell monolayer was disrupted with a P1000
pipette tip in one stroke that passed through both halves of the
dish. The scratch was photographed at positions immediately
above and below the halfwaymark. Cells were treatedwith�20
nM VEGF, �10 �M NoxA1ds, �10 �M SCRMB, and �10 �M

Nox2dsTAT and placed in either 1.0% O2 or 20% O2 environ-
ment at 37 °C for 24 h. VEGFwas added only at time 0, whereas
peptides were added at time 0 and every 4 h thereafter. After
24 h, the cells were again photographed immediately above and
below the halfway mark on the dish. ImageJ software was used
to calculate the change in distance between the cell fronts as
compared with the time 0 photograph.
Statistical Analysis—All results are expressed as means �

S.E. Student’s t test was used for simple comparisons between
two data sets. One-way ANOVAwith replication followed by a
Bonferroni post-test was used to discern point differences in data
setswithmore thantwogroups.Statistical analysesandIC50deter-
minations were performed using GraphPad Prism 5 software. A p
value of �0.05 was considered statistically significant.

RESULTS

NoxA1ds Is a Potent Inhibitor of Nox1-derived O2
. in Cell-free

Preparations—To investigate the ability of NoxA1ds (NH3-
EPVDALGKAKV-CONH2) to inhibit Nox1, O2

. was assessed in
a reconstituted canonical COS-Nox1 oxidase system express-
ingNox1, p22phox, NOXA1, andNOXO1. Previous reports sug-
gested that a related activation domain in NOXA1 homologue
p67phox interacts with FAD sites onNox2’s C-terminal tail (40).
To maximize the potential for NoxA1ds and Nox1 to interact in
this manner, membrane-integrated fractions from COS-Nox1
cells containing holoprotein Nox1 with its C-terminal tail were
incubated with cumulative concentrations of NoxA1ds (10�12–
10�5 M) before adding cytosolic fractions containingNOXA1 and
NOXO1. NoxA1ds concentration-dependently inhibited O2

. pro-
duction with an IC50 of 20 nM (Fig. 1A). Maximal inhibition of
Nox1 was achieved at 1.0 �M NoxA1ds. In concert with these
experiments, we designed a scrambled control peptide consisting
of an identical amino acid composition in randomized order
(SCRMB, NH3-LVKGPDAEKVA-CONH2).
Multiple variations of SCRMB with different amino acid

sequences were initially considered as control peptides. This
sequence was chosen as the control peptide as it did not pre-
serve the order of charged residues nor the central key amino
acid sequence of the activation domain (VDAL). SCRMB did
not inhibit Nox1 (Fig. 1B).
NoxA1ds Is an Isoform-specific Inhibitor of Nox1—Isoform

specificity was explored by testing the ability of NoxA1ds to
inhibit Nox2, Nox4, and Nox5. Cell lysates were prepared from
COS-Nox2, COS-Nox4, or HEK-Nox5 cells, and O2

. (Nox2/
Nox5) or H2O2 (Nox4) production was measured using the

reduction of cytochrome c orAmplexRed fluorescence, respec-
tively. NoxA1ds was applied to prepared membrane fractions
before addition of fractions containing cytosolic subunits
(absent in Nox4 and Nox5 preparations) to maximize its ability
to inhibit the oxidase. NoxA1ds did not inhibit Nox2-derived
O2
. production, Nox4-derived H2O2 production, or Nox5-de-

rived O2
. production (Fig. 1, C–E). Additionally, the ability of

NoxA1ds to inhibit O2
. production by xanthine oxidase (XO), a

molybdenum-dependent enzyme that produces O2
. , was inves-

tigated. XO produces O2
. as a result of purine catabolism where

electrons from the substrate (hypoxanthine) are transferred to
oxygen as the enzyme produces xanthine and uric acid (41, 42).
The hydroxylamine EPR spin probe CPH was used to detect
O2
. produced by XO in the presence or absence of O2

. scavenger
SOD or the XO-specific inhibitor allopurinol (measuring CP�

signal intensity). Concentrations of NoxA1ds up to 10 �M did
not inhibit XO-derivedO2

. as comparedwith SODand allopuri-
nol controls, which abolished the signal (Fig. 1F). EachNox and
XOwas also tested for the effect of SCRMB control peptide; no
effect on ROS production by any of these oxidases was observed
(data not shown). These data indicate that NoxA1ds does not
inhibitNox2-,Nox4-,Nox5-, orXO-derivedROS. In addition, the
data indicate that NoxA1ds does not scavenge either O2

. or H2O2.
NoxA1ds Inhibits O2

. inWhole Cells—WeusedHT-29 cells to
explore whether NoxA1ds could be used as a viable pharmaco-
logical inhibitor in intact cells. HT-29 are a unique population
of colon carcinoma cells that express Nox1 without expression
of other Nox isoforms (43). To test for permeability, HT-29
cells were treated with a FITC-labeled NoxA1ds variant for 1 h
before imaging. Confocal microscopy revealed that NoxA1ds
permeated the cell membrane of HT-29 cells and localized to
the cytoplasm (Fig. 2, A–D). To test whether NoxA1ds inhibits
Nox1-derived O2

. production in intact cells containing Nox1,
HT-29 cells were incubated with increasing NoxA1ds concen-
trations, and O2

. was measured in membrane fractions using
cytochrome c. Fig. 2E illustrates concentration-dependent inhi-
bition ofHT-29O2

. thatwas absent in cells treatedwith SCRMB
control peptide. In wholeHT-29 cells, the IC50 was 100 nMwith
maximal inhibition at 5.0 �M NoxA1ds. Nox1 inhibition in
HT-29 cells by NoxA1ds was matched by Nox1 siRNA control
(Fig. 2, F and G). As an additional control, we investigated
whether NoxA1ds inhibited O2

. production in cells that do not
express Nox1. Peritoneal macrophages isolated from Nox1-
nullmicewere pretreatedwithNoxA1ds for 1 h before addition
of PMA to stimulate O2

. production. No inhibition of O2
. pro-

duction was observed using L-012 luminescence (Fig. 2H).
NoxA1ds Binds to Nox1—An ELISA-based assay was used to

test whether NoxA1ds binds to Nox1. Biotin-tagged NoxA1ds
(B-NoxA1ds) applied to neutravidin-coated 96-well plates was
added to membrane fractions from Nox1-transfected or non-
transfected COS-22 cells followed by treatment with primary
antibodies and then fluorescent secondary antibodies. After
repeatedwashings, a 30% increase in fluorescencewas observed
in wells treated with membrane fractions of Nox1-transfected
cells versus untransfected cells. This increase was not observed
in wells treated with Nox1-transfected cell membranes added to
wells containing biotin-tagged SCRMB control peptide (Fig. 3A).
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AsimilarELISA-basedassay indicated thatNox2 fromCOS-Nox2
membrane fractions did not bind NoxA1ds (Fig. 3B).

To corroborate these results, FRAP of a rhodamine-labeled
NoxA1ds (R-NoxA1ds) in untransfected cells and those trans-
fected with Nox1-YFP was quantified. As seen in Fig. 3B,
R-NoxA1ds completely recovered after 250 s in untransfected
cells, although R-NoxA1ds recovery was significantly slower
and markedly attenuated in cells transfected with Nox1-YFP,
i.e. by 250 s, and R-NoxA1ds had recovered less than 50% in
Nox1-YFP-transfected cells. The significant decrease in the
mobile fraction of R-NoxA1ds- andNox1-YFP-transfected ver-
sus nontransfected cells corroborates the ELISA data, indicat-
ing binding between Nox1 and NoxA1ds (Fig. 3C).
NoxA1ds Interrupts Nox1-NOXA1 Association—Upon obser-

vation of NoxA1ds-Nox1 binding, we proposed that NoxA1ds
would interrupt association ofNox1 andNOXA1. To test this, we
employed a FRET-based assay in which COS-22 cells were trans-

fected with Nox1-YFP and NOXA1-CFP. Cells were analyzed by
fixing followed by irreversible photobleaching using FRET.
FRET is observed indicating protein interaction between two
partners when the donor emission (CFP) signal increases after a
nearby acceptor fluorophore (YFP) is inactivated by irrevers-
ible photobleaching. In these cells, photobleaching of the
YFP label resulted in a concomitant increase in CFP fluores-
cence, together with a decrease in YFP signal intensity, indicat-
ing a direct interaction between Nox1-YFP and NOXA1-CFP
(Fig. 4A). Hence, photobleaching effectively inactivated the
acceptor (YFP-Nox1) that was associated with increased donor
(CFP) fluorescence. We used a myristoylated CFP (CFPm), which
is exclusively targeted to the cell membrane as a negative control
(33). In cells expressing CFPm and Nox1-YFP, photobleaching of
YFP did not result in an increase in CFP fluorescence, indicating
FRET was not a result of coincidental membrane abundance and
co-localization of these proteins (data not shown).

FIGURE 1. NoxA1ds inhibits nox1-derived O2
. but not related enzymes. Production of O2

. was calculated by monitoring the reduction of cytochrome c for 15
min post-NADPH addition and subtracting base-line cytochrome c reduction occurring in the presence of SOD. A, production of O2

. as measured by the
reduction of cytochrome c by cell lysates from COS cells transiently transfected with the Nox1 oxidase. Increasing concentrations (from 0.1 to 10,000 nM) of
NoxA1ds caused a dose-dependent inhibition of O2

. production with an IC50 of 19 nM. Maximal inhibition of 88% of total O2
. production was achieved at a dose

of 1.0 �M NoxA1ds. B, increasing concentrations of SCRMB did not inhibit Nox1-derived O2
. . C, production of O2

. as measured by the reduction of cytochrome
c by cell lysates from COS cells transiently transfected with the Nox2 oxidase. Lysates were treated with increasing concentrations of NoxA1ds (from 0.1 to
10,000 nM) prior to stimulation of enzyme assembly with 130 �M lithium dodecyl sulfate and enzyme activation with 180 �M NADPH. D, production of H2O2 as
measured by Amplex Red fluorescence 15 min post-NADPH addition by membrane fractions prepared from COS cells transiently transfected with the Nox4
oxidase. Lysates were treated with increasing concentrations of NoxA1ds (from 100 to 10,000 nM). E, production of O2

. as measured by the reduction of
cytochrome c by cell lysates from HEK293 cells stably transfected with the Nox5 oxidase stimulated with Ca2� as described by Banfi et al. (13) and treated with
increasing concentrations of NoxA1ds (from 0.1 to 10,000 nM). F, production of O2

. as measured by electron paramagnetic resonance from pure xanthine
oxidase enzyme preparations, stimulated with hypoxanthine and pretreated with increasing concentrations of NoxA1ds (from 0.1 to 10,000 nM). In all panels,
enzyme activity was evaluated 15 min post-enzyme activation with substrate (20 min post-NoxA1ds treatment), and no inhibition of the signal was observed
in B–F. n � 9 –12, three to four separate experiments.
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COS-22 cells transfected with Nox1-YFP and NOXA1-CFP
were then incubatedwith 10�MSCRMBNoxA1ds orNoxA1ds
for 1 h before imaging. The SCRMB control peptide had no
effect on CFP/YFP FRET coupling (Fig. 4B). Conversely,
NoxA1ds significantly reduced FRETefficiency (Fig. 4C). These
results indicate that Nox1 and NOXA1 directly interact and
that this interaction is disrupted byNoxA1ds but not by control
peptide (Fig. 4D).
Nox1-derived O2

. Mediates Endothelial Cell Migration—To
test the role of this key Nox1-NOXA1 interaction in a patho-
physiologically relevant vascular cell phenotype, we investi-
gatedwhetherNox1-NoxA1ds bindingwas effective inHPAEC
as these cells express abundant Nox1withNox4 being themost
highly expressed (Fig. 5B). ELISA data indicated that NoxA1ds

binds to Nox1 but not Nox2 or -4 in HPAEC (Fig. 5A). HPAEC
were exposed to 1.0% oxygen for 24 h and treated with 10 �M

NoxA1ds or SCRMB for 1 h before measuring O2
. production.

Hypoxia caused a 3-fold increase in O2
. production that was

completely inhibited by preincubation with NoxA1ds but not
with SCRMB (Fig. 5, C and D). The effect of NoxA1ds was
partially replicated using Nox1 siRNA, with detectable yet sta-
tistically insignificant inhibition of O2

. production. The incom-
plete inhibition of O2

. production was likely due to incomplete
knockdown of Nox1 by the siRNA (Fig. 5E). To determine the
effect of NoxA1ds on migration, we performed a wound assay
on VEGF-stimulated HPAEC migration under hypoxic condi-
tions (1.0% O2). NoxA1ds caused a significant reversion in
endothelial cell migration to vehicle control levels, an effect

FIGURE 2. NoxA1ds is cell-permeant and effective in whole colon adenocarcinoma cells yet ineffective in Nox1�/y cells. FITC-labeled NoxA1ds and native
NoxA1ds were incubated with HT-29 colon adenocarcinoma cells. HT-29 cells bear the distinction of having abundant Nox1 expression while not expressing
Nox2, Nox4, or Nox5. A–D, FITC-labeled NoxA1ds was incubated with HT-29 colon adenocarcinoma cells for 1 h prior to imaging. Confocal microscopy of these
cells indicates that FITC-NoxA1ds penetrated the extracellular membrane and that its distribution is cytosolic and perinuclear. DIC, differential interference
contrast. E, as measured by SOD inhibitable reduction of cytochrome c, increasing concentrations of NoxA1ds caused concentration-dependent inhibition of
O2

. production by HT-29 cells. SCRMB peptide did not inhibit O2
. production, ***, p � 0.05 for 0.5, 1, and 5 �M NoxA1ds versus 0 �M NoxA1ds by one-way ANOVA.

F, as measured by EPR, 10 �M NoxA1ds and Nox1 siRNA both significantly inhibited O2
. production by HT29 cells, and p values were determined by one-way

ANOVA. G, Western blot analysis of Nox1/�-actin protein from Nox1 siRNA or control (Ctrl)-treated HT29 cells. H, peritoneal macrophages were isolated from
Nox1 null mice, and O2

. production was measured by L-012 chemiluminescence after 2 h of incubation with NoxA1ds and subsequent PMA stimulation. No
difference was observed between NoxA1ds-treated and -untreated samples. *, p � 0.05 for control versus siRNA, t test; AU is arbitrary units. All values are
expressed as n � 9, except for H, which was quantified via three separate experiments; n � 10 –12 cells from four individual mice.
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thatwas not observed in cells treatedwith SCRMB (Fig. 6,A and
B). Additionally, HPAEC transfected with Nox1-YFP and
NOXA1-CFP showed an increase in FRET when treated with
20 nM VEGF that was inhibitable by NoxA1ds, indicating that
VEGF promotes Nox1-NOXA1 association (Fig. 7).
Nox2 inhibition by Nox2ds-tat in HPAEC had a negligible

effect on O2
. production and wound healing (Figs. 5F and 6C,

respectively). Nox4 inhibition by siRNA significantly decreased
cell viability, further corroborating its importance in HPAEC
signaling, yet preventing quantitative ROS detection and
wound healing measurements.

DISCUSSION

The lack of specific Nox inhibitors has stymied progress into
the role of these enzymes in physiology and disease. In this
study, we provide evidence for a potent and isoform-specific
inhibitor of Nox1-based oxidase, NoxA1ds. To date, existing
Nox1 inhibitors include DPI, ML171, and GKT137831 and
RNA silencing technology (44–47). DPI has long been consid-
ered a potent Nox inhibitor, yet it is burdened by its lack of
specificity and inhibition of other flavoproteins (44, 45). The

compound ML171 was recently reported as a specific Nox1
inhibitor with no reported inhibition of Nox2 or Nox4 activity;
however, no mechanism or target validation data have been
presented (46). It also remains unknown whether ML171 acts
onNox5 orXO.The compoundGKT137831 is a potentNox1/4
inhibitor and bears the distinction of being the first Nox inhib-
itor to have reached phase I clinical trials (47). DPI and
GKT137831 are limited by their lack of specificity against a
single Nox isoform, and reports on ML171 and GKT137831
lack mechanistic insight and target validation. On a different
note, RNA silencing, although often specific and effective in
vitro, is generally not considered useful as therapeutic or per-
vasive in in vivo settings.Moreover, it requires days for effective
protein knockdown and is limited by the requirement for cell
transfection reagents and the unknown consequences of these
agents on cell physiology.
We report here on the design, mechanism, and target valida-

tion of a specific Nox1 inhibitor (NoxA1ds) that is cell-per-
meant and highly potent. NoxA1ds was derived from a peptide
whose structure is based on a short sequence of an essential
Nox subunit; in this case, a putative activation domain of

FIGURE 3. NoxA1ds binds to Nox1 but does not detectably bind Nox2. A, neutravidin-coated plates were incubated with biotin-tagged NoxA1ds (Biotin-
NoxA1ds) or biotin-tagged SCRMB (Biotin-SCRMB) before addition of cell membranes prepared from cells transfected with Nox1 (Nox1 membrane) or trans-
fected with an empty vector (COS22 membrane). Bound Nox1 was detected through a FITC-conjugated secondary antibody bound to the Nox1 primary
antibody. FITC fluorescence was expressed as binding as % COS22 membranes on each experimental day. There was no difference in binding between COS22
membranes and Nox1 membranes incubated with Biotin-SCRMB, whereas membranes incubated with Biotin-NoxA1ds showed a significant increase in
binding when transfected with Nox1. n � 10 –12, three separate experiments, *, p � 0.05, two-way ANOVA with Bonferroni post-test. B, neutravidin-coated
plates were incubated with biotin-tagged NoxA1ds (Biotin-NoxA1ds) or biotin-tagged SCRMB (Biotin-SCRMB) before addition of cell membranes prepared from
cells transfected with Nox2 (Nox2 membrane) or transfected with an empty vector (COS22 membrane). Bound Nox2 was detected through an Alexa 488-
conjugated secondary antibody bound to the Nox1 primary antibody. Fluorescence was expressed as binding as % COS22 membranes on each experimental
day. There was no difference in binding between COS22 membranes and Nox2 membranes incubated with Biotin-SCRMB or Biotin-NoxA1ds, C, FRAP of COS22
cells treated with 70 nM rhodamine B-labeled NoxA1ds (R-NoxA1ds) in the absence and presence of Nox1YFP transfection and FRAP of Nox1YFP alone. Panel
to the right represents mobile fraction of these groups after 250 s. *, p � 0.05, one-way ANOVA with Bonferroni post test.
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NOXA1. We demonstrate here that NoxA1ds binds directly
to NOX1 and displaces NOXA1 to inhibit enzymatic activity
and biological function.
NoxA1ds recapitulates a putative activation subdomain of

NOXA1 with a Y199A substitution in the sequence of NOXA1
stretching from residues 195 to 205 (195EPVD(Y3A)-
LGKAKV205). This modification mimics a mutation first created
in the holoprotein byMaehara et al. (18) that caused a 75% loss in
activity in the reconstituted canonical Nox1 oxidase system.
Although the function of this domain in NOXA1 is unclear, a
related domain exists in p67phox, the activator of Nox2 (40). The
activation domain of p67phox is known to be critical for catalytic
Nox2 oxidase activity. In designingNoxA1ds as a potential com-
petitive and specific inhibitor of Nox1-NOXA1 binding, we
selected an activation subdomain in NOXA1 containing resi-
dues that are both conserved and nonconserved between
NOXA1 and p67phox.

The defined p67phox activation domain (amino acids 190–
210) and corresponding region in NOXA1 share 50% homol-
ogy. NoxA1ds was intentionally derived from a corresponding
portion of this region in which 46% of the amino acids are dis-
similar between p67phox and NOXA1, i.e. NoxA1ds is derived
from amino acids 195 to 205, in which the first four amino acids
are EPVD as opposed to AKKD in p67phox. We postulated that
this difference confers isoform specificity of NoxA1ds for
Nox1. The lack of observed inhibition inNox4 orNox5 systems
is likely a result of these Nox systems having no cytosolic acti-
vator subunit requirement. Finally, the lack of inhibition of XO
by NoxA1ds is further confirmation that its inhibitory effect is

not germane to all oxidases and is not a consequence of ROS
scavenging.
NoxA1ds could potentially mimic functional sites in other

proteins and thus interfere with their function. We used
BLAST to compare the sequence of NoxA1ds to the National
Institutes of Health translated nucleotide database to deter-
mine potential nonspecific protein interactions with NoxA1ds.
We were surprised to observe that fewer than five mammalian
proteins outside of the NADPH oxidase family shared signifi-
cant homology with NoxA1ds. These hits were hypothetical
proteins based on isolated DNA sequences. As such, we believe
nonspecific actions of NoxA1ds should be negligible.
When NoxA1ds was added to cell-free preparations of the

canonical Nox1 oxidase, composed of catalytic subunit Nox1,
activating subunit NOXA1 and organizing subunit NOXO1
along with Rac, NoxA1ds inhibited Nox1-derived O2

. produc-
tion with an IC50 of 19 nM achieving maximum inhibition of
90% at 1.0 �M. In addition, we showed that NoxA1ds does not
scavenge either O2

. or H2O2 and does not inhibit Nox2, Nox4,
Nox5, or XO activity. These results support NoxA1ds as an
isoform-specific inhibitor of Nox1.
We extended our studies to determine the in vitro efficacy of

NoxA1ds and observed that fluorescent analogues of NoxA1ds
are capable of crossing the cellular membrane and localizing to
the cytosol. Many short peptides require the small HIV TAT
peptide moiety to penetrate cell membranes (48, 49). In con-
trast, our findings herein demonstrated that TAT is unneces-
sary forNoxA1ds to cross cellmembranes, andwe attribute this
in part to the positively charged lysines in the C terminus of

FIGURE 4. NoxA1ds disrupts Nox1-NOXA1 interaction. FRET between Nox1-YFP- and NoxA1-CFP-transfected COS22 cells in the presence or absence of 10
�M NoxA1ds or SCRMB was evaluated. Relative fluorescence of CFP is green, and YFP is red. Traces below the images indicate fluorescent intensities of CFP and
YFP below the arrow overlaid on each cell. A, transfected COS22 cells were treated with vehicle for 1 h prior to imaging cells; photobleaching of Nox1-YFP was
complete and resulted in a concomitant increase in CFP fluorescence. B, transfected COS22 cells were treated with 10 �M SCRMB peptide for 1 h prior to
imaging cells; photobleaching of Nox1-YFP was complete and also resulted in a concomitant increase in CFP fluorescence. C, transfected COS22 cells were
treated with 10 �M NoxA1ds peptide for 1 h prior to imaging cells; photobleaching of Nox1-YFP was complete but did not result in a concomitant increase in
CFP fluorescence. D, quantification of FRET efficiency from images A–C. Values expressed as n � 8, three separate experiments; ***, p � 0.001 by one-way
ANOVA and Bonferroni post-test.
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NoxA1ds and the alternating hydrophobic/hydrophilic amino
acid structure of NoxA1ds. Indeed, other short peptides with
similar hydropathy patterns have proven highly cell permeant
and thus support our findings (50).
Upon proving its permeability in whole cells, we tested

whether NoxA1ds was an effective inhibitor of O2
. production

in a primary cancer cell line (HT-29) that exclusively expresses
Nox1 oxidase and in HPAEC, which also express Nox2 and
Nox4 (43, 51). We observed that NoxA1ds inhibited O2

. pro-
duction in HT-29 and HPAEC cell lines. In conjunction with
our data from COS cell lysates, we demonstrated the ability of
NoxA1ds to inhibit Nox1-derived O2

. production in two dis-

tinct human cell populations as well as a heterologous COS
system.
ELISA and FRAP data revealed that NoxA1ds binds to the

catalytic Nox1 subunit, and FRET demonstrated that NoxA1ds
disrupted the critical association ofNox1withNOXA1and that
this binding is specific to Nox1 in HPAEC. Our FRET data
indicate that not only is this putative activation domain critical
for enzyme activity in Nox1 but that this domain is also a key
region for the formation of Nox1-NOXA1 complexes (18).
Maehara et al. (18) reported that the NOXA1 Y199Amutation
interferes with FAD reduction in the enzyme complex and thus
may prevent catalytic O2

. production. Notably, mutations in

FIGURE 5. NoxA1ds attenuates hypoxia-induced O2
. production. A, NoxA1ds binds to Nox1 but not Nox2 or Nox4 in HPAEC. Neutravidin-coated plates were

incubated with biotin-tagged NoxA1ds (B-NoxA1ds) or biotin-tagged SCRMB (B-SCRMB) before addition of HPAEC cell membranes. Captured Noxes were
detected through a Alexa 488-conjugated secondary antibody bound to the Nox1, -2, or -4 primary antibody. Fluorescence was expressed with background
lysis buffer fluorescence subtracted. When fluorescence was detected via Nox1 primary antibody, there was a significant increase in binding as compared with
B-SCRMB. n � 4, *, p � 0.05, unpaired t test. B, relative Nox expression in HPAEC quantified by quantitative PCR. C, in hypoxia and normoxia, SCRMB and
NoxA1ds peptides were added to cells at 10 �M for 1 h prior to cell lysis and quantification of enzyme activity. Cells were transfected with Nox1 siRNA 24 h prior
to 24-h normoxic/hypoxic treatment followed by cell lysis and quantification of enzyme activity. SCRMB, NoxA1ds, and Nox1 siRNA had a negligible effect on
O2

. production under normoxic conditions. Hypoxia (1.0% O2, 24 h) treatment resulted in a 3-fold increase in O2
. production that was unaffected by SCRMB.

Upon treatment with NoxA1ds, O2
. production by cells subjected to hypoxia returned to the amount observed under normoxia. D, representative experimental

trace for enzyme activity in B shown as the SOD-inhibitable reduction of cytochrome c over time. n � 9, three separate experiments. E, Western blot analysis of
Nox1/�-actin protein from Nox1 siRNA or control-treated HPAEC. Nox1 knockdown was incomplete and approximates the degree of knockdown observed as
O2

. production. F, hypoxia (1.0% O2, 24 h) treatment resulted in a 2-fold increase in HPAEC O2
. production that was unaffected by Nox2dsTAT or its control

(SCRMB). n � 9, three separate experiments. *, p � 0.05; **, p � 0.01, one-way ANOVA with Bonferroni post-test.
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this region of p67phox are found in chronic granulomatous dis-
ease, an immunodeficiency disorder associated with inefficient
Nox-derived ROS production (52). Nevertheless, our data are
more in line with NoxA1ds preventing Nox1-NOXA1 binding
and inhibiting O2

. production. Thus, we propose that this
domain is crucial for the binding and activation of Nox1. To
determine the relevance of our findings to physiological pro-
cesses, we sought to investigate the contribution of Nox1-de-
rived O2

. in primary cells. Hypoxia and ischemia/reperfusion
injury have long been recognized as conditions that promote
excessive ROS production in vitro and in vivo, and recently, we
demonstrated that Nox1 can function as a key element in
reducing vascular flow (27).
Considering the known effect of Nox1 on EC migration and

our observation that hypoxia stimulates ROS (53, 54), we inves-
tigated the ability ofNoxA1ds to inhibit hypoxia-induced endo-
thelial cell ROS production and inhibitmigration of endothelial
cells. At 1.0% O2, we observed that O2

. production increases
significantly, an effect that is normalized to normoxic levels
after treatmentwithNoxA1ds. Finally, HPAECmigration stim-
ulated by VEGF under hypoxia was significantly reduced as a
result of treatment with NoxA1ds. Furthermore, we demon-
strated that VEGF stimulates Nox1-NOXA1 interaction and

that NoxA1ds disrupts this assembly supporting our findings
with endothelial cell migration (Figs. 6 and 7). These data con-
firm the efficacy of NoxA1ds in a physiological process known
to be Nox1-dependent. Taken together, our data indicate that
the peptide NoxA1ds is a specific inhibitor of Nox1 and that
this inhibition occurs via binding to the catalytic Nox1 subunit
and blockade of Nox1-NOXA1 binding (Fig. 8).
Notwithstanding the broadly demonstrated effectiveness of

related peptides by parenteral, peritoneal, subcutaneous, and
direct application to blood vessels using gene therapy (46, 50),
the limitations in the use of peptides as “druggable” therapeu-
tics are obvious. These include a very limited oral bioavailability
due to peptide degradation in the gut. As mentioned earlier,
however, these issues are being circumvented by novel technol-
ogies, including the use of nanotechnologies (55) as well as the
aerosolization of NoxA1ds directly into lungs to target pulmo-
nary diseaseswith unpublished studies by our group3 indicating
that this treatment protocol markedly reduces right ventricular
hypertrophy in pulmonary hypertension. Beyond targeted pep-
tide delivery, there are a number of peptide modifications that

3 D. J. Ranayhossaini, I. Al Ghouleh, S. P. Tofovic, and P. J. Pagano, unpublished
results.

FIGURE 6. NoxA1ds inhibits VEGF-stimulated wound healing. Confluent HPAEC were scratched with a P1000 pipette tip, photographed, treated with 20 nM

VEGF � 10 �M NoxA1ds, and photographed again after 24 h. A, representative images of HPAEC immediately after scratch wounding and 24 h post-scratch
wound. B, quantification of HPAEC wound closure VEGF � 10 �M NoxA1ds. C, quantification of HPAEC wound closure treated with VEGF � 10 �M Nox2dsTAT.
Values represent n � 6 – 8, three to four separate experiments, *, p � 0.05 one-way ANOVA with Bonferroni post-test as compared with vehicle treatment.
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can support bioavailability by reducing protease degradation.
These include hydrocarbon stapling and partial substitution of
D-amino acids (56, 57).

The data we present here identify a novel and specific Nox1
inhibitor called NoxA1ds. NoxA1ds selectively inhibits Nox1-

derived O2
. production by binding Nox1 and preventing the

association of Nox1 with NOXA1. Additionally, as NoxA1ds
was designedwithmodification from the corresponding activa-
tion domain of its homologue p67phox (residues 195–211), it has
shed important new light on the identity and mechanism of an
activation domain in the Nox1 oxidase system. Moreover, our
findings characterize this region as not only critically important
in catalytic activity and cell phenotypic changes but as a key
binding interaction as well. By applying NoxA1ds to myriad
biological systems in vitro and in vivo, it will now be possible to
pharmacologically determine a role for Nox1. We also expect
that NoxA1ds will become a platform for other Nox1 therapeu-
tics and may serve as a plausible treatment in its own right.
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