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Abstract

It is well established that growth-factor-induced reactive oxygen species (ROS) act as second messengers in cell signaling. We have
previously reported that bPix, a guanine nucleotide exchange factor for Rac, interacts with NADPH oxidase 1 (Nox1) leading to
EGF-induced ROS generation. Here, we report the identification of the domains of Nox1 and bPix responsible for the interaction
between the two proteins. GST pull-down assays show that the PH domain of bPix binds to the FAD-binding region of Nox1. We also
show that overexpression of the PH domain of bPix results in inhibition of superoxide anion generation in response to EGF. Addition-
ally, NADPH oxidase Organizer 1 (NoxO1) is shown to interact with the NADPH-binding region of Nox1. These results suggest that the
formation of the complex consisting of Nox1, bPix, and NoxO1 is likely to be a critical step in EGF-induced ROS generation.
� 2005 Elsevier Inc. All rights reserved.
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The robust reactive oxidant generation seen in neutro-
phils and phagocytic cells is mediated by the NADPH oxi-
dase complex. The catalytic component of the complex,
gp91phox (Nox2), tightly associates with the membrane-in-
tegrated protein p22phox to form cytochrome b558 and is
subsequently placed under the regulation by the subunits
p47phox and p67phox [1]. It is the integral protein complex
cytochrome b558 that recruits cytosolic proteins including
p47phox, p67phox, and Rac protein, and such assembly
of cytosolic components is known to be critical for the
ROS generation in response to agonist stimulation. Several
recent reports demonstrated that catalytic gp91phox
homologues, namely Nox1, Nox3, Nox4, and Nox5, are
present in various nonphagocytic cells [2,3]. Nox1 is pre-
dominantly expressed in colon cells and involved in cell
growth and angiogenesis. Nox3 and Nox5 are expressed
in fetal tissues and spleen cells, respectively [4,2]. Nox4
expression is detected in several organs including kidney,
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placenta, pancreas, and endothelial, and smooth muscle
cells. Studies on Nox4 in particular revealed a novel link
between the insulin receptor and the generation of cellular
reactive oxygen species that enhance insulin signal trans-
duction [5].

These Nox proteins are regulated by novel homologues
of p47phox (NoxO1) and p67phox (NoxA1) which are
capable of supporting the activation of the Nox1 [6–8].
The function and structure of NoxO1 and NoxA1 are very
similar to those of p47phox and p67phox. NoxO1 interacts
with p22phox via its SH3 domains, identically to the way
p47phox does, and NoxA1 interacts with constitutively
active form of Rac1, identically as p67phox [9]. Moreover,
Nox1 forms a heterodimer with p22phox as like as
gp91phox/Nox2, and the formation of heterodimer appears
to be essential for EGF-induced ROS generation [10].

Our previous report showed that bPix is involved in
ROS generation in response to EGF [11]. The Pix (PAK-in-
teracting exchange factor)/Cool (cloned out of library) pro-
teins have been identified as a new PAK-binding partner
and are known to be involved in the regulation of Cdc42/
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Rac GTPases and Pak kinase activity [12,13]. The Pix fam-
ily contains two members, aPix and bPix. Both isoforms
share Src-homology 3 (SH3), Db1-homology (DH)
domain, and the pleckstrin homology (PH) domain all of
which are involved in the formation of signaling complexes
[14]. bPix additionally contains a GIT1-binding domain, a
proline-rich (PXXP) region, and a leucine zipper (LZ)
motif. bPix protein is known to be involved in p38 MAP
kinase activation by a Cdc42/Rac/PAK-mediated path-
way, resulting in membrane ruffling [15].

Although we have previously demonstrated that interac-
tion of bPix with Nox1 is essential for EGF-induced ROS
generation, the detailed molecular characterization of this
interaction has yet to be carried out. In this report, we iden-
tify the interaction domains of Nox1, bPix, and the homo-
logue of p47phox, NoxO1, further clarifying the nature and
significance of the complex formation and of the regulatory
interaction in cellular signaling.

Materials and methods

Cell culture. HEK293T cells were maintained at 37 �C under an
atmosphere of 5% CO2 in culture dishes containing Dulbecco�s modified
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Fig. 1. (A) Schematic representation of bPix and various constructs of bPix m
bPix-COOH-terminal or GST-bPix-PH-PXXP fusion proteins were incubated
Nox1-LC or pEGFP-C2-Nox1-LC for 4 h at 4 �C in 20 mM phosphate buffer (p
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(D) GST and GST-Nox1-LC were incubated with lysates of HEK293T cells tra
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Eagle�s medium (JBI) supplemented with 10% fetal bovine serum (JBI) and
1% antibiotic–antimycotic solution (Life Technologies).

GST fusion proteins and GST ‘‘pull-down’’ assay. Glutathione-S-
transferase (GST) fusion constructs were generated by inserting cDNA
fragments of Nox1 and bPix into pGEX4T1. The resulting plasmids were
introduced into Escherichia coli DH5a (DE3), and the cells were cultured
at 25 �C for 5 h. Expression of the fusion proteins was induced with
0.4 mM isopropyl-b-D-thiogalactopyranoside (ICN), and the cells were
subsequently collected by centrifugation at 2000g for 15 min and lysed by
sonication in 10-fold (weight/volume) PBS containing 1% Triton X-100
and protease inhibitors aprotinin (1 lg/ml), leupeptin (1 lg/ml), and
PMSF (0.5 mM). After centrifugation for 30 min at 15,000 rpm, the
resulting supernatant was incubated with glutathione–Sepharose 4B
(Amersham Pharmacia Biotech) for 4 h at 4 �C. The mixture was centri-
fuged for 2 min at 5000g, and the isolated pellet was washed with 10 bed
volumes of PBS containing 1% Triton X-100. For GST pull-down assays,
the bead-conjugated GST-Nox1 mutants or GST-bPix mutants were
incubated with lysates of HEK293T cells that had been transfected with
indicated plasmids for 4 h at 4 �C in PBS containing 1% Triton X-100 and
0.5% NP40. The beads were then separated by centrifugation, washed
three times, and subjected to immunoblot analysis.

Immunoprecipitation. pEGFP-C2-Nox1-LC was transiently expressed
in HEK293T cells together with pEF-Bos-HA-NoxO1 or NoxA1 as
indicated. After 24 h, cell lysates were prepared in lysis buffer (50 mM
Tris–HCl (pH 7.4), 1 mM EDTA, 0.5% NP40, 150 mM NaCl, 1 lg/ml
aprotinin, 1 lg/ml leupeptin, and 1 mM PMSF) and then subjected to
immunoprecipitation (IP) with antibodies to HA for 4 h at 4 �C. The
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beads were then separated by centrifugation, washed three times, and
subjected to immunoblot analysis.

Measurement of superoxide generation. HEK293T cells were
transduced with Nox1 virus repeatedly [16], and resulting Nox1 over-
expressing HEK293T cells were transfected with pEF-Bos-NoxO1, pEF-
Bos-NoxA1, and pcDNA3.1-hEGFR. Superoxide production by
HEK293T cells was measured by chemiluminescence using DIOGENES
(National Diagnostics), a superoxide-specific chemiluminescence reagent.
Adherent cells were trypsinized and washed once with Hanks� balanced
salt solution (HBSS). Chemiluminescence was measured for 10 min at
37 �C in 96-well microtiter chemiluminescence plates (5 · 105 cells/well)
with a MicroLumat plus LB96V (Berthold) and was expressed in
arbitrary units.

Results and discussion

Our previous data suggested that bPix interacts with
Nox1 and that the interaction is important for EGF-in-
duced ROS generation. However, the domains mediating
the interaction between them have yet to be identified. To
verify which region of bPix is responsible for binding to
Nox1, we prepared GST fusion proteins containing either
NH3-terminal region (amino acids 1–404) or COOH-termi-
nal region (amino acids 408–647) (Fig. 1A) and conjugated
them to glutathione–Sepharose 4B beads. Interaction of
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Fig. 2. (A) Schematic presentation of Nox1 and various constructs of Nox1 mu
SC2) fusion proteins were incubated with lysates of HEK293T cells transfecte
containing 150 mM NaCl, 1% Triton X-100, and 0.5% NP40. Arrowhead ind
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lysis buffer for 3 times, proteins retained specifically by the glutathione–Sepha
FLAG or to bPix. Arrowhead indicates GST, GST-Nox1-NADPH, or GST-N
bPix mutant containing NH3-terminal region with Nox1
was shown to be substantially stronger than that of bPix
mutant containing COOH-terminal region (Fig. 1B). To
further define the region of bPix is involved in interaction
with Nox1, we prepared GST-PH-PXXP. As shown in
Fig. 1B, the PH-PXXP domain of b Pix strongly interacted
with long COOH-terminal region of Nox1 (Nox1-LC, ami-
no acid residues 217–550) (Fig. 2A). It is thus that central
region of bPix, the PH-PXXP domain, is responsible for
the interaction with Nox1. Next we prepared GST-conju-
gated PH and PXXP domain and then examined their indi-
vidual interaction properties with Nox1. The PXXP
domain failed to interact with Nox1, whereas the PH
domain continued to display strong interaction with
Nox1 (Fig. 1C), thus revealing that PH is the primary inter-
acting sub-domain of the central region of bPix. To verify
the function of PH domain of bPix, we prepared the bPix
mutant construct lacking PH domain (bPixD PH). While
wild type bPix strongly interacted with the COOH-terminal
region of Nox1, bPixD PH showed a markedly reduced
interaction with Nox1 (Fig. 1D). The result indicates that
the PH domain in bPix is responsible for the interaction
with the COOH-terminal region of Nox1.
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To identify the interacting domain of Nox1 with bPix,
FLAG-bPix protein was incubated with various C-terminal
fragments of Nox1 conjugated with GST protein (Fig. 2A).
The Nox1-LC (amino acids 217–550), Nox1-SC1 (amino
acids 336–550), and Nox1-SC2 (amino acids 217–388)
regions have similar interaction affinities to bPix
(Fig. 2B). We thus hypothesized that the FAD region
which overlapped between Nox1-SC1 and Nox1-SC2 was
responsible for the interaction between Nox1 and bPix.
We prepared FAD or NADPH regions of Nox1 conjugat-
ed with GST proteins and then incubated with HEK293T
cell lysates. Endogenous bPix interacted only with the
FAD region of Nox1, suggesting that FAD region of
Nox1 is critical for the interaction between these proteins
(Fig. 2C).

To investigation whether this interaction between the
PH domain of bPix and FAD region of Nox1 is critical
for the EGF-induced ROS generation, we measured super-
oxide generation in cells overexpressing the PH domain as
a dominant negative form. As shown in Fig. 3A, the stim-
ulation of HEK293T overexpressing EGFR, Nox1,
NoxO1, and NADPH oxidase activator 1 (NoxA1) with
EGF resulted in increased superoxide generation by two-
fold. However, when we transfected these cells with the
PH domain construct, EGF-induced superoxide generation
is reduced by 20%. Because protein expression level of the
PH domain is relatively lower than those of NoxO1 and
NoxA1, the inhibitory effect of the PH domain of bPix
on EGF-induced ROS generation is somewhat limited
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Fig. 3. (A) Nox1 overexpressing HEK293T cells were transfected with pEF
pcDNA3.0-HA-bPix-PH. After 24 h, cells were serum starved for 6hrs. Adhere
was measured using Diogen for 10 min with or without EGF (100 ng/well) at 37
a MicroLumat plus LB96V. Data are means ± SD of values from three indepe
prepared and subjected to immunoblot analysis with indicated antibodies.
(Fig. 3B). Still, the result is consistent with the fact that
the PH domain of bPix blocks the interaction between
Nox1 and endogenous bPix leading to the inhibition of
EGF-induced ROS generation. It is well known that the
PH domain of GEF proteins mediates binding to lipid
products in the plasma membrane. Our previous study
showed that the PH domain of b Pix interacts with the
product of PI3-kinase which is critical for EGF-induced
ROS generation [11]. Therefore, we cannot exclude the
possibility that the overexpression of PH domain of bPix
block the binding of endogenous bPix to PI3-kinase prod-
ucts thereby inhibiting EGF-induced ROS generation. Sev-
eral lines of evidence suggest that RhoGEF appears to
serve as an effector-tethered module in signal transduction.
Pix protein binds to Pak and then regulates CDC42 activ-
ities. It is likely that PH domain of bPix interacts with
FAD-binding domain of Nox1 and Rac1, and then regu-
lates Rac1 activity leading to ROS generation through
Nox1 activation.

It is well known that several proteins including the mem-
brane-associated p22phox, the cytosolic subunits p47phox,
p67phox, and p40phox, and small GTPase Rac (Rac1/
Rac2) regulate gp91phox activity in NADPH oxidase com-
plexes. Recently, several papers have provided evidences
that Nox1 is also regulated by the novel homologue of
gp47phox (NoxO1) and gp67phox (NoxA1) [6,7]. It has
also been reported that Nox1 directly interacts with
gp22phox and that Nox1 activity depends on the expres-
sion of gp22phox [17]. The PX domain of p47phox and
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Fig. 4. (A) pEGFP-C2-Nox1-LC was transiently expressed in HEK293T cells together with pEF-BOS-HA-NoxO1 or NoxA1 as indicated. Cell lysates
were then subjected to immunoprecipitation (IP) with antibodies to HA, and the resulting precipitates were subjected to immunoblot analysis with
antibodies to GFP (upper panel). Lysates were directly subjected to immunoblot analysis with antibodies to GFP (middle panel) or to HA (lower panel).
(B) The bead-conjugated GST or GST-Nox1 mutants (LC1, SC1, SC2, FAD, and NADPH) fusion proteins were incubated with lysates of HEK293T cells
transfected with HA-NoxO1 for 4 h at 4 �C in 20 mM phosphate buffer (pH 7.0) containing 150 mM NaCl, 1% Triton X-100, and 0.5% NP40. After wash
with cold lysis buffer for 3 times, proteins retained specifically by the beads were subjected to immunoblot analysis with antibodies to HA. Arrowhead
indicates GST, GST-Nox1-LC, GST-Nox1-SC1, GST-Nox1-SC2, GST-Nox1-FAD, or GST-Nox1-NADPH.
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p40phox binds to the lipid products of phosphatidylinosi-
tol 3-kinase, showing a high affinity for phosphatidylinosi-
tol 3,4-bisphosphate. Based on its phospholipid binding
affinity, NoxO1 is predicted to interact with plasma mem-
branes in cells even without stimulation by an agonist
unlike 47phox. Such innate affinity to the membrane lipid
induces localization of NoxO1 to the same cellular com-
partments where Nox1 is located [18].

To investigate whether Nox1 interacts with NoxO1 or
NoxA1, we performed immunoprecipitation and GST
pull-down assays. Immunoprecipitation shows that
Nox1-LC effectively interacts with NoxO1, whereas
NoxA1 binds with Nox1 very weakly (Fig. 4A). It is likely
that weak interaction of Nox1 with NoxA1 is mediated by
the endogenous NoxO1. To identify the domain of Nox1
responsible for interacting with NoxO1, various COOH-
terminal fragments of Nox1 conjugated with GST protein
were incubated with NoxO1 protein. The NADPH-bind-
ing region of Nox1 shows a high affinity for NoxO1 pro-
tein in the GST pull-down assay (Fig. 4B). In contrast,
the Nox1-SC2 and the FAD regions of Nox1 failed to
interact with NoxO1. These results indicate that the
NADPH region of Nox1 is responsible for the interaction
with NoxO1. Several lines of evidence suggest that
COOH-terminal region including NADPH-binding
domain of Nox2 is essential for the interaction with
p47phox [19]. Biochemical analysis of the COOH-terminal
region of Nox2 demonstrates that amino acids 484–500
are responsible for the translocation of p47phox. Aspartic
amino acids in the region (amino acids 484–500 in Nox2)
are important for the translocation of p47phox in the
presence of GTPc-S [19]. Although we did not determine
the identity of amino acids of Nox1 important for binding
with NoxO1, it is likely that negatively charged amino
acids in NADPH region of Nox1 mediate the interaction.
This proposal is based on the high degree of conservation
between the sequences of the interaction region of Nox2
with p47phox and that of binding region of Nox1 with
NoxO1 [19].

In conclusion, this report demonstrates that the FAD
and NADPH domains of Nox1 interact strongly with the
PH domain of bPix and NoxO1, respectively, and such
an interaction strongly implies that the complex formation
is likely to be the key step in EGF-mediated ROS
generation.
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