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Abstract

Nox NADPH oxidases differ in their mode of activation, subcellular localization, and physiological function.
Nox1 releases superoxide anions (O2

�) and depends on cytosolic activator proteins, whereas Nox4 extracellu-
larly releases hydrogen peroxide (H2O2), and its activity does not require cotransfection of additional proteins.
We constructed chimeric proteins consisting of Nox1 and Nox4 expressed in HEK293 cells. When the cytosolic
tail of Nox4 was fused with the transmembrane part of Nox1, Nox1 became constitutively active. The reciprocal
construct was inactive, suggesting that cytosolic subunit–dependent activation requires elements in the trans-
membrane loops. By TIRF-microscopy, Nox1 was observed in the plasma membrane, whereas Nox4 colocalized
with proteins of the endoplasmic reticulum. Fusion proteins of Myc and Nox revealed that the N-terminal part of
Nox1 but not Nox4 is cleaved. When the potential signal peptide of Nox4 was inserted into Nox1, plasma-
membrane localization was lost, and the protein was retained in vesicle-like structures below the plasma
membrane. The potential signal peptide of Nox1 failed to translocate Nox4 to the plasma membrane but
switched the extracellularly detectable ROS from H2O2 to O2

�. Thus, the very N-terminal part of Nox proteins
determines subcellular localization and the ROS type released, whereas the cytosolic tail regulates activity.
Antioxid. Redox Signal. 11, 1279–1287.

Introduction

The Nox family of NADPH oxidases is a group of
proteins that generate reactive oxygen species (ROS)

by transferring an electron to molecular oxygen. The best-
characterized NADPH oxidase is the phagocyte NADPH
oxidase Nox2, which produces large amounts of superoxide
anions (O2

�) to eliminate invaded pathogens. In recent
years, a number of homologues of the phagocyte NADPH
oxidase were identified (Nox1, Nox3, Nox4, Nox5, Duox1,
and Duox2), the functions of which comprise cellular signal-
ling, regulation of gene expression, cell differentiation, and
posttranslational modifications of proteins (5).

All Nox family members are transmembrane proteins with
six transmembrane domains, conserved binding sites for FAD
and NADPH, and four heme-binding histidines in the third
and fifth transmembrane domain. The mode of activation,
however, differs between the Nox homologues. The phagocyte
NADPH oxidase (Nox2) becomes active after assembly with

the cytosolic subunits p47phox and p67phox, a process that re-
quires phosphorylation and protein–protein interactions (24).
In the case of the homologue Nox1, the cytosolic subunits are
replaced by the homologues NoxA1 and NoxO1 (4). The ac-
tivity of Nox4, in contrast, does not require additional cytosolic
subunits and is therefore considered constitutive (2, 13).

The structure of the individual Nox proteins is certainly the
key to the different molecular functions. The homology be-
tween Nox2, Nox1, and Nox4 is 58% and 37%, respectively.
The homology between Nox1 and Nox4 is 36%. High
similarity exists regarding the localization and sequence of
the transmembrane domains, the heme-binding histidine, the
FAD and FMN, as well as the NADPH-binding site. Thus, the
overall structures of Nox1, Nox2, and Nox4 are similar, and
obvious differences are not apparent.

The intracellular localization of Nox proteins has gained
considerable attention, and the mechanisms targeting the
proteins to the different compartments have not been eluci-
dated in detail.
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The Nox2 isoform of phagocytes is in part located at the
plasma membranes, but substantial amounts of the proteins
are retained in intracellular granules and endosomes (7).
Conflicting observations exist regarding the localization of
Nox1: In keratinocytes, nuclear staining was shown (8). In
vascular smooth muscle cells, localization to the endoplasmic
reticulum (ER) (17), the plasma membrane, and vesicle-like
structures (15) and to caveolin-enriched fractions (16) was
reported. Overexpression experiments also suggested locali-
zation in the plasma membrane (10).

Even more uncertainties exist regarding the subcellular
localization of Nox4. In endothelial cells (18) and smooth
muscle cells (16), Nox4 was reported to be expressed in the
nucleus; in vascular smooth muscle cells, localization to fo-
cal adhesion points was reported (16). In transfected cells,
however, Nox4 was localized in the ER (20). It is uncertain
whether these contradicting findings are a consequence of
so-far-undefined adaptor proteins changing the localization
of Nox4 or of potential problems arising in conjunction with
the overexpression of a membrane protein per se. It also is
possible that the localization of Nox4 changes with the func-
tional state of the cell. In vascular smooth muscle cells, Nox4
relocates from focal adhesions to stress fibers during differ-
entiation (11).

The structural similarities between Nox1, Nox2, and Nox4
would suggest that all three proteins would primarily pro-
duce O2

�, which can further dismutate to H2O2. So far, no
robust cell-free assay for Nox1 and Nox4 has been developed,
and thus, uncertainty still exists regarding the type of ROS
particularly produced by Nox4: Almost consistently, over-
expression studies revealed only H2O2 but not O2

� produc-
tion by Nox4 (27). The potentially different subcellular
localization of the Nox proteins could serve to explain this
somewhat unexpected observation. As Nox4 in such a sce-
nario releases O2

� to the lumen of the ER, O2
� would be

inaccessible to most assay systems for this radical. Because of
its negative charge, O2

� cannot pass the plasma membrane,
but dismutates to H2O2, which is freely diffusible and could
potentially be measured outside the cell.

In this work, we uncovered some of the molecular differ-
ences between Nox1 and Nox4 that might lead to the diverse
modes of activation and ROS type released. By exchanging
different sequences between Nox enzymes, we generated
chimeric proteins and studied them regarding activity and
intracellular localization.

Material and Methods

Generation and transfection of fusion constructs

Plasmids encoding human full-length Nox4 and Nox1 were
kindly provided by T. Leto (NIH, Bethesda, MD). The plas-
mids coding for mouse NoxA1 and NoxO1 were generous
gifts of B. Banfi (Iowa University, Iowa City, IA).

The plasmids coding for the different chimeric Nox1=Nox4-
proteins and the N-terminal Myc-tagged Nox proteins were
generated by overlap-extension PCR. All cloned plasmids
were confirmed with DNA sequencing.

Transient transfection of HEK293 cells (ATCC, Manassas,
VA) was performed by using Lipofectamine 2000 (Invitrogen,
Paisley, UK) according to the manufacturer’s instructions.
HEK293 cells stably expressing Nox proteins were generated

by using lentiviral infection or transfection with linearized
plasmids with Lipofectamine 2000 and subsequent antibiotic
selection.

Determination of reactive oxygen species generation

HEK293 cells were seeded on 3.5-cm dishes and transiently
transfected with human Nox1, Nox4, or a chimeric Nox1=
Nox4-plasmid and mouse NoxA1 and NoxO1, as indicated,
and measurements were performed 24 h later. EDTA-
detached cells were suspended in 500ml of HEPES-modified
Tyrode solution containing the appropriate chemilumines-
cence enhancer. As enhancer for hydrogen peroxide (H2O2),
Luminol (Sigma, St. Louis, MO; 100mM) and horseradish
peroxidase (HRP; Sigma; 1 U=ml) were used. As enhancer for
superoxide anions (O2

�), L-012 (WAKO Chemicals, Rich-
mond, VA; 200mM) was used.

Western blot analysis

At 24 h after transfection, cells were incubated for 8 h with
the proteasome inhibitor MG132 (Calbiochem, Darmstadt,
Germany; 10 mM) to stabilize and increase the Nox expression.
Then the cells were lysed in SDS sample buffer containing
TCEP (Pierce, Rockford, IL) (94 mM Tris=HCl pH 6.8; 12.75%
glycerol; 3% SDS; 30 mM DTT; 0.003% bromphenol blue;
50 mM TCEP; 1 mM EDTA; 1 mM EGTA; 500 U=ml DNase I)
for detection with the Nox1 antibody or in Triton lysis buffer
(50 mM Tris=HCl, pH 7.5; 150 mM NaCl (sodium chloride);
10 mM NaPPi (sodium pyrophosphate); 20 mM NaF (sodium
fluoride); 1% Triton X-100; 12 ml=ml proteinase inhibitor mix;
0.23 mM phenylmethylsulfonyl fluoride) for detection with
the Nox4 antibody.

Proteins were separated with SDS-PAGE and after Western
Blot were detected by using appropriate primary antibodies
and infrared-fluorescent-labeled secondary antibodies for
infrared-based fluorimetric detection with the Odyssey sys-
tem (Licor, Bad Homburg, Germany). The primary antibody
against Nox1 was obtained from Santa Cruz (Mox-1 H-15, Lot
G2707; Santa Cruz, CA); the primary antibody against Nox4
was kindly provided by J. D. Lambeth (Emory University,
Atlanta, GA). By densitometry, the intensity of the signals of
the different Nox proteins was normalized against the signal
of b-actin (primary antibody from Sigma).

Confocal and total internal reflection
fluorescence microscopy

HEK293 cells stably expressing the different constructs
were seeded on m-Dishes (ibidi, Martinsried, Germany) or on
round glass coverslips (24 mm). When the cells reached *80%
confluence, they were incubated for 8 h with the translation
inhibitor Anisomycin (Calbiochem; 20 mM) to reduce potential
localization of the proteins to the ER in the course of de novo
synthesis. Then the cells were fixed in phosphate-buffered
paraformaldehyde (Sigma) and permeabilized with 0.05%
Triton X-100 (Applichem, Darmstadt, Germany). Immuno-
detection of the Nox proteins was carried out with the same
primary antibodies used for Western blot analysis; cell
structures were stained by using primary antibody against
Pan-Cadherin (Abcam, Cambridge, UK) and GRP78 (Santa
Cruz). DNA was stained with DAPI (Sigma). As secondary
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antibodies, appropriate Alexa-labeled antibodies (Molecular
Probes, Eugene, OR) were used.

Confocal microscopy was carried out by using the Zeiss
LSM 510 Meta confocal microscope. TIRF microscopy was
performed on Olympus cell microscope with cell tool TIRFM.

Isolation of membrane proteins

Subcellular fractionation was performed by using the
PromoKine Membrane Protein Extraction Kit (Promocell,
Heidelberg, Germany) according to manufacturer’s instruc-
tions. Subcellular fractions were loaded on an SDS polyacryl-
amide gel and, after separation, blotted onto nitrocellulose
membrane. After blocking in 5% milk, fractions were verified
by detection of specific proteins: Naþ=Kþ-ATPase [monoclo-
nal antibody a6F, Hybridoma facility, University of Iowa,
Iowa City, IA (30)] for plasma membrane and GRP78 (Santa
Cruz) or Calnexin (Chemicon, Billerica, MA) for the ER in the
fraction of the remaining cell membranes.

Statistical analysis

All values expressed as the mean� SEM. Statistical analy-
sis was carried out by using ANOVA followed by least sig-
nificant difference (LSD)-post hoc testing. Densitometry was

performed by using the Odyssey software. A p value of <0.05
was considered statistically significant.

Results

Construction of chimeric Nox proteins

Chimeric proteins consisting of different parts of Nox1 and
Nox4 were generated to analyze the putative function of these
parts (Table 1). Most of the newly generated proteins were
inactive, although all constructs were at least weakly ex-
pressed, indicating that the different parts of Nox1 and Nox4
are not freely exchangeable without affecting activity, al-
though the overall structure should remain unaffected by our
approach.

Function of the cytosolic tail

Construct 9 Nox1(1-289)–Nox4(304-578) was among the
few chimeric proteins that showed activity. This construct
consists of the transmembrane part of Nox1 and the cytosolic
tail of Nox4 (Fig. 1). This chimeric protein, when transfected
into HEK293 cells, produced ROS spontaneously, and co-
transfection of the cytosolic subunits NoxA1 and NoxO1
failed to increase ROS formation further (Fig. 2). This
shows that the constitutive activity of Nox4 is located in the

Table 1. Nox1-Nox4 Chimeras

No. construct a Activityb Detection in WB Site of switch

1 Nox1(1-206)–Nox4(193-578) � þ Before fifth TMD
2 Nox4(1-192)–Nox1(207-564) � þþþ Before fifth TMD
3 Nox1(1-120)–Nox4(125-578) þ þþþ After third TMD
4 Nox4(1-124)–Nox1(121-564) � þ After third TMD
5 Nox1(1-120)–Nox4(125-192)–Nox1(207-564) � þþþ After third TMD and before fifth TMD
6 Nox4(1-124)–Nox1(121-206)–Nox4(193-578) � þþ After third TMD and before fifth TMD
7 Nox1(1-340)–Nox4(355-578) � þþ In FAD binding site
8 Nox4(1-354)–Nox1(341-564) � þþ In FAD binding site
9 Nox1(1-289)–Nox4(304-578) þ þþ After sixth TMD
10 Nox4(1-303)–Nox1(290-564) � þ After sixth TMD
11 Nox1(1-289)–Nox4(304-354)–Nox1(341-564) � þþ After sixth TMD and before FAD binding site
12 Nox4(1-303)–Nox1(290-340)–Nox4(355-578) � þþ After sixth TMD and before FAD binding site
13 Nox1(1-360)–Nox4(377-424)–Nox1(397-564) þ þþ After FAD binding site and before NADPH

binding site
14 Nox4(1-376)–Nox1(361-396)–Nox4(425-578) � þ After FAD binding site and before NADPH

binding site
15 Nox1(1-29)–Nox4(36-578) þ þþ After predicted signal peptide
16 Nox4(1-35)–Nox1(30-564) þ þþ After predicted signal peptide

aNumbers in brackets indicate the amino acids of the individual Nox protein included in the chimera.
bActivity and protein expression as detected by Western blot analysis (WB) are provided on a semiquantitative basis (using�) to allow an

easy assessment of the activity of the constructs.

FIG. 1. Schematic illustration of native
and chimeric Nox proteins. Boxes represent
transmembrane domains (TMD 1-6), FAD-
binding site (FAD), and NADPH-binding site
(NADPH). Black boxes, Nox1; white boxes, Nox4.
Illustrations are not to scale.
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cytosolic tail and that the tail is sufficient to confer constitutive
activity to Nox proteins. Obviously the whole tail is required
for this property, because chimeric Nox proteins with shorter
Nox4-derived C-terminal fragments showed no activity in
ROS production (Table 1, No. 7). Construct 3, containing the
N-terminal part of Nox1 and the last three transmembrane
domains, as well as the cytosolic tail of Nox4, showed activ-
ity similar to that of Nox1(1-289)–Nox4(304-578) (No. 9).

The chimeric protein with the opposite combination, Nox4
(1-303)–Nox1(290-564) (Table 1, No. 10), was not active and
could not be activated by cytosolic subunits (data not shown),
indicating that for the activation of Nox1, more than the cy-
tosolic tail is required, and that either the cytosolic subunits or
the cytosolic tail has to interact with specific regions in the
membrane part of Nox1, which have not yet been identified.

Chemiluminescence was used to estimate the type of
ROS produced: L-012 served as enhancer for O2

�, whereas
LuminolþHRP was used specifically to detect H2O2. By using
such an approach, we observed that Nox1-transfected cells,
when NoxA1 and NoxO1 were cotransfected, produced lar-
ger amounts of O2

� than H2O2 (34.7� 18.7% vs. 9.3� 0.9%;
n¼ 3), whereas Nox4-transfected cells produced much higher
amounts of H2O2 than O2

� (100% vs. 4.1� 2.4%; n¼ 3) (Fig. 2).
The chimeric Nox protein Nox1(1-289)–Nox4(304-578) also
produced larger amounts of O2

� than H2O2 (100% vs.
17.6� 7.4%; n¼ 3). These results indicate that the N-terminal
part of the Nox proteins influences whether O2

� or H2O2 is
released to the extracellular space.

Intracellular localization of Nox1 and Nox4

The difference in the type of ROS released to the extracel-
lular space might be the consequence of different intracellular
localizations of the Nox proteins. With confocal microscopy,
Nox1 was detected in the plasma membrane and found to
colocalize with pan-cadherin. Nox4, in contrast, colocalized
with the heat-shock protein GRP78, suggesting localization in
the ER (Fig. 3A, left panels). These observations were con-
firmed with TIRF microscopy, in which the cell membrane is
visualized selectively (Fig. 3A, right panels). A TIRF signal
was obtained only in cells expressing Nox1 but not in cells
expressing Nox4.

Subcellular fractionation of HEK293 cells stably expressing
Nox1, Nox4, or GFP with subsequent Western blot analysis

demonstrated the presence of Nox1 in the plasma-membrane
fraction but also in the remaining cellular membranes, whereas
Nox4 was completely absent from the plasma-membrane
fraction and was present only in the fraction of the remaining
cell membranes (Fig. 3B).

Intracellular localization of N-terminal Myc-tagged
Nox1 and Nox4

To understand the basis of the different localization of the
two proteins, we hypothesized that Nox1 may contain a sig-
nalling peptide, responsible for membrane translocation. To
address this aspect, N-terminal Myc-tagged constructs were
cloned. As expected, the Myc tag prevented the translocation
of Nox1 to the plasma membrane. Most important, we could
not observe any co-staining of Nox1 and the Myc tag, indi-
cating that the Myc tag is processed or cleaved together with
the N-terminus of Nox1 (Fig. 4, left panel). Western blot
analysis confirmed the absence of the Myc tag on the vast
majority of the Nox1 proteins expressed (data not shown). In
contrast, colocalization of Myc and Nox4 was found, sug-
gesting that the processing of the N-terminal part is specific
for Nox1 (Fig. 4, right panel).

Role of the predicted signal peptide

Further to investigate the role of the predicted signal pep-
tides, we exchanged them between Nox1 and Nox4 (Table 1,
No. 15 and 16; Fig. 1). Measurements of the radical production
of the chimeric proteins showed that Nox1(1-29)–Nox4(36-
578), similar to Nox1(1-289)–Nox4(304-578), was active with-
out cytosolic subunits (Fig. 5, upper panel). Most important,
this construct produced larger amounts of O2

� than H2O2

(104� 34.7% vs. 2.3� 1.1%; n¼ 3); thus, although it was al-
most exclusively derived from Nox4, including the catalytic
sites, it produced the radical type generated by Nox1.

Nox4(1-35)–Nox1(30-564), after cotransfection of NoxA1
and NoxO1, also showed activity and produced larger
amounts of O2

� than H2O2 (16.8� 1.0% vs. 0.4� 0.2%; n¼ 3)
(Fig. 5, lower panel). This observation demonstrates that the
very N-terminal part controls whether Nox4 generates O2

� or
H2O2, but that the N-terminal part of Nox4 is insufficient to
switch Nox1 from an O2

�- to an H2O2-producing enzyme.

FIG. 2. Function of the cyto-
solic tail. Determination of the
ROS production of HEK293
cells transiently transfected
with the plasmids indicated.
O2
� generation was deter-

mined with L-012 (left); H2O2

formationwasdeterminedwith
LuminolþHRP chemilumine-
scence (right). ROS production
was normalized against the
amount of Nox protein ex-
pressed. To allow better com-
parison of the constructs, the
ROS formation of the most
active construct is set to 100%.
n� 3, mean� SEM.
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Intracellular localization of Nox proteins with switched
signal peptides

We speculate that the N-terminal part may change the ex-
tracellular ROS release by affecting the subcellular localiza-
tion. To our surprise, Nox1(1-29)–Nox4(36-578), however,
was not detected in the plasma membrane, produced no TIRF
signal, and showed co-staining with GRP78 as full-length
Nox4, clearly suggesting that ER localization does not pre-
clude O2

� formation. Nox4(1-35)–Nox1(30-564) was localized
in vesicle-like structures in the submembrane space (Fig. 6A).
Western blot analysis of the subcellular fractions of cells ex-
pressing the chimeric proteins confirmed that Nox1(1-29)–
Nox4(36-578) is found predominantly in the fraction of the
remaining cell membranes but not in the plasma membrane.
Nox4(1-35)–Nox1(30-564) is found only in the fraction of the
remaining cell membranes as well, in contrast to full-length
Nox1, which is also present in the plasma-membrane fraction

(Fig. 6B). These data indicate that the correct intracellular
translocation of Nox1 is disturbed when the predicted sig-
nal peptide is replaced by the one of Nox4, but it also
demonstrates that additional factors determine localization of
the Nox proteins.

Discussion

By using a chimeric-protein approach, the present work
aimed to identify mechanisms underlying the different lo-
calization, activation, and ROS production of Nox1 and Nox4.
We demonstrated that the constitutive activity of Nox4 is
mediated by the cytosolic tail. The whole tail is required;
chimeric Nox proteins with shorter portions of the cytosolic
tail of Nox4 did not produce any ROS. For the activation of
Nox1 by assembly with the cytosolic subunits NoxA1 and
NoxO1, the cytosolic tail of Nox1 is not the only site of in-
teraction, and probably further interactions with intracellular

FIG. 3. Intracellular localization of
Nox1 and Nox4. HEK293 cells were
stably transfected with Nox1, Nox4, or
GFP by using a lentiviral system. For
microscopy, cells were fixed, and plas-
ma membrane and endoplasmic retic-
ulum were stained by using antibodies
directed against pan-cadherin and
GRP78, respectively. Nuclei were
stained with DAPI. Pictures were taken
with confocal microscopy (A, left panel)
or with TIRF microscopy (A, right pan-
el). Subcellular fractions of the cells
were analyzed with Western blot (B).
Naþ=Kþ-ATPase and GRP78 were used
as markers for plasma membrane and
endoplasmic reticulum, respectively.
Images shown are representative of at
least four identical experiments. ‘‘Re-
maining mem,’’ the membrane fraction
not containing plasma membranes.
(For interpretation of the references to
color in this figure legend, the reader is
referred to the web version of this ar-
ticle at www.liebertonline.com=ars).
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loops of the transmembranous parts of Nox1 have to occur. It
is likely that the assembly of Nox1 with the cytosolic subunits
occurs in a way similar to that in Nox2.

Not only are the cytosolic subunits for Nox1 and Nox2
somewhat homologous (14), but they can even functionally
replace each other to some extent (3, 29). For Nox2, it was
shown that the first intracellular loop encompassing amino
acids 86 to 100 is a potential site of interaction with p47phox (12,
25). Especially the arginines at positions 91 and 92 are es-
sential for Nox2 activity (6). These arginines are conserved
between Nox2 and Nox4; in Nox1, the second one is replaced
by a lysine, which is also a basic residue. Hence the amino acid
sequence is slightly affected in the chimeric construct, and the
overall structure may be changed so that correct assembly
with cytosolic subunits is not possible.

Furthermore, investigation of the second intracellular loop,
also called D-loop (amino acids 191 to 200 in Nox2) by site-
directed mutagenesis showed that the residues at position 195
(lysine), 198 (arginine), and 199 (arginine) seem to be essential
for Nox2 activity, in particular for the electron transfer from
FAD to oxygen (19). The residue 198 is conserved between
Nox1, 2, and 4, but residues 195 and 199 are not. However,
replacement of the D-loop of Nox2 with the one of Nox1 or
Nox4 did not affect functionality. But again, the overall
structure may be changed in the chimeric protein. This event
might also be an explanation for the large number of chimeric
proteins constructed that did not exhibit activity. The second
extracellular loop of the Nox proteins differs in length be-
tween Nox1 (46 amino acids) and Nox4 (28 amino acids).

In contrast, the third extracellular loop in Nox 4 contains
20 amino acids more than that in Nox1. Because the
heme-binding histidines lie in the third and fifth transmem-

FIG. 4. Intracellular localization of N-terminal Myc-
tagged Nox1 and Nox4. HEK293 cells transiently transfected
with Myc-Nox1 or Myc-Nox4 were stained with antibodies
directed against the Nox proteins and the Myc tag, as indi-
cated. Pictures were taken with confocal microscopy. (For
interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article at
www.liebertonline.com=ars).

FIG. 5. Role of the pre-
dicted signal peptide of Nox
proteins. Determination of the
ROS production of HEK293
cells transiently transfected
with Nox1(1-29)–Nox4(36-
578) (upper panel) or Nox4
(1-35)–Nox1(30-564) (lower
panel). O2

� generation was
determined with L-012 che-
miluminescence (left panels);
H2O2 formation was deter-
mined with LuminolþHRP
(right panels). ROS production
was normalized against the
amount of Nox protein ex-
pressed. To allow better com-
parison of the constructs, the
ROS formation of the most
active construct is set to 100%.
n� 3, mean� SEM.
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brane domains, the differences in the sequence length may
lead to improper distances of the histidines in the chimeric
proteins.

We hypothesized that the different types of ROS released
by Nox1- and Nox4-transfected cells may be due to the dis-

tinct subcellular localization. We demonstrated by immuno-
fluorescence microscopy and by subcellular fractionation of
stably transfected cells that Nox1 is located in the plasma
membrane and that Nox4 resides in the ER and is totally ab-
sent from the plasma membrane.

FIG. 6. Intracellular localization of Nox proteins with switched signal peptides. HEK293 cells stably transfected with
Nox1(1-29)–Nox4(36-578) or Nox4(1-35)–Nox1(30-564) were stained with the appropriate Nox antibodies and with antibodies
against pan-cadherin and GRP78 as markers for plasma membrane and endoplasmic reticulum, respectively. Nuclei were
stained with DAPI. Pictures were taken with confocal microscopy (A). Subcellular fractions of the cells were analyzed with
Western blot (B). Naþ=Kþ-ATPase and calnexin were used as markers for plasma membrane and endoplasmic reticulum,
respectively. Images shown are representative of at least four identical experiments. ‘‘Remaining mem,’’ the membrane
fraction not containing plasma membranes. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article at www.liebertonline.com=ars).
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Proteins that are synthesized via the secretory pathway,
including membrane proteins, contain a signal peptide at the
N-terminus. Usually this signal peptide is cleaved during the
translation of the protein, but it can also serve as a trans-
membrane domain (26). Both Nox1 and Nox4 possess such a
predicted signal peptide. Our observations, however, suggest
that the N-terminus of Nox1 is processed, in contrast to Nox4.
It is important to realize that such transmembrane proteins,
which are synthesized in the ER, are usually translocated to
the plasma membrane unless they contain an ER-retention
signal or other signals such as an endosomal translocation
signal. Such an ER-retention signal can be located either at the
N-terminus (double arginine motif within the first five amino
acids) or at their C-terminus (double lysine motif in �3 and
�4=�5 position) (31). Nox4, however, contains none of these
signals.

Examples exist of other proteins that are located in the ER
without one of the known signals or even after mutational
deletion of the signal, indicating that more mechanisms retain
a protein in the membrane of the ER. For example, the cyto-
chrome P450 is an integral membrane protein of the ER
lacking any classic signal. All members of this family have a
characteristic hydrophobic amino-terminal region of 20 to 25
amino acids, which is thought to function as both a signal-
recognition particle-dependent ER-membrane insertion and a
halt-transfer signal. When the N-terminal 29 amino acids of
P450 2C1 are fused to soluble reporter proteins, these proteins
are localized in the ER (1). Additionally, P450 2C1 and 2C2
contain a second ER-retention signal in the cytoplasmic do-
main, which is able to relocate plasma-membrane proteins to
the ER. This signal is probably not encoded by a single pri-
mary sequence but rather may be the result of a specific three-
dimensional structure of the folded protein (28). Another
ER-membrane protein, UDP-glucuronosyltransferase, re-
mains located in the membrane when the dilysine motif at
the C-terminal end is deleted, suggesting that the signals for
ER residency are independent of this motif (21).

Additionally, arginine-based ER-sorting motifs play a role
in the assembly of heteromultimeric membrane proteins (22).
These motifs with the core-sequence RXR can occur anywhere
in the cytosolic domain of the protein and are not restricted to
the N- or C-terminal end.

It is likely that the predicted signal peptide of Nox4, in-
cluding the first transmembrane domain, serves as a locali-
zation signal to the ER as fusion of the N-terminal 35 amino
acids of Nox4 to catalase leads to localization of the usually
peroxisomal protein to the ER (9). However, in our study,
fusion of the predicted signal peptide of Nox4 to Nox1 did not
lead to localization of the protein to the ER, but normal
plasma-membranelocalizationofNox1washindered.Further-
more, when the signal peptide of Nox4 was replaced by the
signal peptide of Nox1, the protein still showed an ER-like
staining pattern. These results suggest that several sig-
nals together lead to the proper intracellular localiza-
tion of Nox proteins. The type of ROS released by cells
transfected with this chimeric protein, however, was changed
for Nox4. This observation is remarkable, as it suggests that
Nox4, even when retained in the ER, can produce detectable
amounts of O2

�.
Although we can only speculate about potential explana-

tions, the N-terminal part of Nox4 might potentially dock the
protein to a so-far-unidentified O2

� acceptor like a thiolox-

idoreductase. Another explanation might be that the first
transmembrane domain of Nox4 also has an enzymatic func-
tion like a superoxide dismutase, which is, however, unlikely,
given the length and structure of this element and the fact that
this amino acid stretch failed to convert Nox1 into an H2O2-
generating enzyme. When the potential signal peptide of
Nox1 was replaced by that of Nox4, the protein still produced
O2
�, but to a much lesser extent. Nevertheless, the subcellular

localization was altered, as the protein did not show plasma-
membrane localization any more. Instead, it was retained in
submembrane vesicle-like structures. It was shown in smooth
muscle cells that Nox1 generates ROS in early endosomes
after extracellular activation by cytokines (23). Potentially, the
Nox4 signal peptide leads to a fast turnover of the protein and
subsequent submembranal retention.

In summary, we showed that the cytosolic part of Nox4 is
responsible for the constitutive activity. The very N-terminal
parts of the proteins might be involved in subcellular locali-
zation or, through an unknown mechanism, affect the type of
ROS released.
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