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The integral membrane protein p227"°* forms a het-
erodimeric enzyme complex with NADPH oxidases (Noxs) and
is required for their catalytic activity. Nox4, a Nox linked to
cardiovascular disease, angiogenesis, and insulin signaling, is
unique in its ability to produce hydrogen peroxide constitu-
tively. To date, p227%°* constitutes the only identified regulatory
component for Nox4 function. To delineate structural elements
in p227"°* essential for formation and localization of the Nox4-
p227%°* complex and its enzymatic function, truncation and
point mutagenesis was used. Human lung carcinoma cells
served as a heterologous expression system, since this cell type is
p227"°*_deficient and promotes cell surface expression of the
Nox4-p227"°* heterodimer. Expression of p22?"°* truncation
mutants indicates that the dual tryptophan motif contained in
the N-terminal amino acids 611 is essential, whereas the C
terminus (amino acids 130-195) is dispensable for Nox4 activ-
ity. Introduction of charged residues in domains predicted to be
extracellular by topology modeling was mostly tolerated,
whereas the exchange of amino acids in predicted membrane-
spanning domains caused loss of function or showed distinct
differences in p22?"°* interaction with various Noxs. For exam-
ple, the substitution of tyrosine 121 with histidine in p2277°~,
which abolished Nox2 and Nox3 function in vivo, preserved
Nox4 activity when expressed in lung cancer cells. Many of the
examined p22?"°* mutations inhibiting Nox1 to -3 maturation
did not alter N0x4~—p22”h‘”‘ association, further accenting the
differences between Noxs. These studies highlight the distinct
interaction of the key regulatory p22?°* subunit with Nox4, a
feature which could provide the basis for selective inhibitor
development.

The phagocyte NADPH oxidase consists of two membrane-
associated subunits, the catalytic Nox2 (gp917”°) and the small
subunit p22#°*, Upon activation of the oxidase, several regula-
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tory proteins in the cytosol undergo changes, such as incorpo-
ration of GTP or phosphorylation, leading to translocation and
assembly of a multimeric oxidase complex at the membrane
(1-3). This catalytically active complex shuttles electrons
across the membrane in order to reduce molecular oxygen to
superoxide. Although Nox2 contains the NADPH binding site,
the flavin, and the heme groups required for accepting and
transferring electrons, electron flow is also dependent on the
presence of p227”°* as a focal point for oxidase assembly.
Defects in genes encoding oxidase components abolish or
decrease the oxidative burst of innate immune cells, causing the
severe immunodeficiency syndrome chronic granulomatous
disease (CGD)? (4). Analysis of documented mutations in CYBB
and CYBA, the genes encoding Nox2 and p22” hox indicates that
complex formation of the two proteins is essential for mutual
stabilization and for localization of a functional flavocyto-
chrome b, at intracellular or plasma membranes. Novel
homologues of Nox2 have been identified, including four addi-
tional Nox proteins and two dual oxidases (Duox1 and Duox2)
(5). These homologues all share a common structure, the typi-
cal Nox core with six predicted transmembrane (TM) domains
and a C-terminal domain that includes the FAD and NADPH
binding sites. Nox5 and Duox proteins contain N-terminal
domains featuring EF-hand motifs and are thus activated when
the intracellular calcium concentration increases. Recent stud-
ies established that p22#”°* is required for formation of a func-
tional Nox-based oxidase when Nox1, Nox3, and Nox4 serve as
catalytic subunits (6 -10). Although expression of these novel
Nox enzymes seems to be less dependent on p227°*, mutual
stabilization of the Nox-p227°* complex has been reported (6,
10). Association of Nox with p22#%°* seems to be a prerequisite
for localization of the complex to specific membrane compart-
ments (e.g. to perinuclear vesicles in the case of Nox4 (6, 11) or
to the plasma membrane in the case of Nox1 and Nox3 (8, 10)).

Although analysis of CYBB missense mutations has provided
important information in respect to Nox2 structure-function
relationships, A22 CGD and thus CYBA missense mutations
are exceedingly rare (12, 13). Approximately 19 mutations and
seven polymorphisms have been identified in the CYBA gene.
Most of the missense mutations result in complete loss of the
p227%°* protein in neutrophils (A22° phenotype). All of these

2 The abbreviations used are: CGD, chronic granulomatous disease; ROS, reac-
tive oxygen species; HVA, homovanillic acid; PMA, phorbol 12-myristate
13-acetate; TM, transmembrane; GFP, green fluorescent protein; WT, wild
type; aa, amino acids; mAb, monoclonal antibody; MTT, 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide; ER, endoplasmic reticulum.
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mutations involve amino acid changes within putative TM
domains, assuming that the p227”°* three-dimensional struc-
ture is based on a 4-TM domain model (13, 14). Further evalu-
ation of the p227"°* domain structure and the functional roles
of intracellular regions will not only be important in the context
of the phagocyte Nox2/p227"°* complex but will be critical for
understanding how structural features of p22*"°* regulate the
maturation, localization, and activity of other Nox family mem-
bers. This is specifically interesting in the context of Nox4 cat-
alytic activity, which seems to depend only on association with
p227"°* and not on the GTPase Rac or the recently identified
oxidase-regulatory proteins Noxol or Noxal (6). In contrast to
Nox2, expression of Nox4 in heterologous cell lines triggers
constitutive H,0, generation, which is reduced by p22/"**
knockdown and abolished in cells lacking p22"°* (6, 15).
Recent mutagenesis studies indicate that p22#”°* C-terminal
truncations inhibit superoxide production by Nox1 to -3 by
disrupting the interaction between the p227”°* proline-rich
region with the Src homology 3 domain of the oxidase proteins
p477"°% or Noxol (8, 16). Furthermore, amino acid residues
6-142 of p227"°* were required for Nox2 maturation (16).
Since p227°* constitutes at this point the only known regula-
tory protein for Nox4 function, in depth analysis of p227/°*
domain structure is crucial. Elucidation of how p227%°* sup-
ports Nox4 maturation and formation of the active Nox4/
p227%°% complex may aid in inhibitor development for Nox iso-
form-specific therapeutic agents. In this study, deletion,
truncation, and point mutagenesis of p22?°* were performed
to determine regions essential for supporting Nox4 activity.
Current p227"°* topology models were probed by nonconser-
vative amino acid substitutions involving introduction of posi-
tively charged residues into domains predicted to be either TM
domains or extracellular loops. Additionally, the common
C214—T polymorphism and selected CYBA missense muta-
tions triggering an A22 CGD phenotype in humans or mice
were analyzed to assess if Nox4 function will be sustained.

EXPERIMENTAL PROCEDURES

Cell Lines and Cell Culture—CHO-K1 cells were originally
obtained from the American Type Culture Collection (Manas-
sas, VA) (CRL-1651). CHO-K1 and CHO-91-47-67 (16) were
grown in F12K. Human lung carcinoma cells H661 (ATCC®
number HTB-183™) were cultivated in RPMI 1640, and
HEK-EV and HEK-Nox4-11 (6) were grown in Dulbecco’s
modified Eagle’s medium. All growth media were obtained
from Invitrogen and supplemented with 10% fetal bovine
serum.

Plasmids and Transfections—Human Nox4 expression plas-
mid pcDNA3.0 Nox4, p22?"°* WT, and p22?"°* truncation and
deletion mutants N5, N11, I-6, I-26, C130, C131, C141, and
C171 in pcDNA3.17" (Zeo) were described earlier (16). Amino
acid exchange mutants W6/9F, W6/9A, W6/9R, W6/9D,
H72H, R90Q, P156Q, and Y121H and various lysine exchange
mutants in regions aa 32—35 and aa 98-102 were generated
using the PCR-based QuikChange site-directed mutagenesis
kit (Stratagene) according to the manufacturer’s protocol.
Resulting plasmids were verified by sequencing. Mouse Nox4
was a gift of Dr. B. Banfi; mouse p22#"°* was cloned from mouse
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macrophages. Transient transfections of H661, CHO-K1,
CHO-91-47-67, and COS7 cells were performed using Lipo-
fectamine Plus (Invitrogen) or FuGeneHD (Roche Applied Sci-
ence) according to the manufacturers’ instructions. Briefly,
H661 cells were seeded at 2.0-3.0 X 10° cells/well on a 6-well
plate and were transfected with 0.1-4 pg of plasmid DNA.
Experiments were performed 48 h post-transfection.

Lentiviral Transduction—Nox4, Nox4 (P437H), and p227"°*
WT were cloned into CGW lentiviral expression vectors con-
taining mCherry. Virus particle production and lentiviral trans-
duction of H661 cells were performed as described (17). Cell
populations were sorted by flow cytometry for medium to low
expression of the marker mCherry.

Antibodies and Western Blot Analysis—Cells were lysed in
radioimmune precipitation buffer (50 mm Tris(2-carboxyeth-
yl)phosphine, 100 mm NaCl, 1% Nonidet P-40, 0.1% SDS) con-
taining the appropriate amount of complete protease inhibitors
(Roche Applied Science). Lysates were clarified by centrifuga-
tion at 15,000 rpm for 10 min at 4 °C. Proteins were separated
on a 13% SDS-PAGE and electroblotted onto nitrocellulose
(Bio-Rad). Membranes were blocked in TBS containing 1.5%
bovine serum albumin and 2% goat serum. Primary antibodies
were as follows: mAb NS2 anti-p227”°*, mAb CS9 anti-p227/°*
(18), mAb 44.1 anti-p227"°*, polyclonal rabbit anti-Nox4 anti-
body 7843, mAb 54.1 anti-Nox2 (19), rabbit polyclonal anti-
p227%°% antibody FL-195 (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA), polyclonal rabbit anti-p477”°* and anti-p677"**
(Millipore, MA), mAb anti-Myc (9E10), rabbit polyclonal anti-
GFP (Invitrogen), rabbit polyclonal anti-actin (Sigma), and
mAb anti-GM130 (BD Biosciences). Secondary antibodies used
were goat anti-mouse or goat anti-rabbit conjugated to horse-
radish peroxidase (Southern Biotech), followed by detection
with ECL (Pierce).

Antibody Generation—Rabbit polyclonal antibody anti-hu-
man Nox4 (antibody 7843) was generated against epitope CFPEG-
FSKPAEFTQHK, corresponding to the Nox4 sequence aa 251—
266. Rabbits were immunized with purified peptide (Abgent).
The resulting antibody sera were tested by enzyme-linked
immunosorbent assay and subsequently affinity-purified
(Abgent).

Immunoprecipitation—Cells were sonicated three times
after lysis in radioimmune precipitation buffer without SDS.
Lysates were precleared with bovine serum albumin-coated
Protein G-Sepharose (Amersham Biosciences). Immunopre-
cipitation was performed with 5 pug of mAb anti-GFP (Gene-
Tex) at 4 °C overnight, followed by the addition of Protein
G-Sepharose beads. After three washes, immune complexes
were eluted with 3X Laemmli buffer at 65 °C for 20 min.

Microscopy—H661 cells were grown on glass coverslips and
transfected as described above. Cells were washed with phos-
phate-buffered saline and fixed in 2% paraformaldehyde fol-
lowed by permeabilization with 0.1% Triton X-100 and block-
ing in phosphate-buffered saline containing 1.5% bovine serum
albumin and 1% goat serum. Cells were stained with polyclonal
rabbit anti-Nox4 antibody 7843, polyclonal rabbit anti-p22"°%,
antibody FL-195 (Santa Cruz Biotechnology), and mAb 449
anti-p22#”°* (20). Nuclear stain was obtained using 4',6-dia-
midino-2-phenylindole (Sigma). Secondary antibodies used
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were goat anti-rabbit Alexa Fluor 568 and goat anti-mouse
Alexa Fluor 488 (Molecular Probes, Inc., Eugene, OR). Images
were taken on a Bio-Rad Rainbow Radiance 2100 microscope
(laser 405 nm, 488 nm, 543 nm) with a X63 oil objective lens
(Plan Apo, 1.4 numerical aperture) and were processed using
Zeiss LSM Examiner, Bio-Rad LaserSharp 2000 (version 6.0),
Image J (version 1.34), and Adobe Photoshop CS.

Measurement of Reactive Oxygen Species (ROS) Production—
To measure H,O, production, the HVA assay was performed as
described previously (6). In short, cells were washed with Hanks’
balanced salt solution and incubated at 37 °C for 1 h in HVA solu-
tion (100 mM HVA, 4 units/ml horseradish peroxidase in Hanks’
balanced salt solution with Ca®>* and Mg>"). The reaction was
stopped by adding stop buffer (0.1 M glycine, 0.1 M NaOH, pH 12,
and 25 mM EDTA in phosphate-buffered saline). Fluorescence was
read on a Biotek Synergy HT platereader (320-nm excitation,
420-nm emission). Fluorescence readings were converted into
nmol of H,0, based on the H,O, standard curve. Superoxide gen-
eration was measured by a cytochrome c assay. Cells were grown
on 6-well plates to 80% confluence and washed twice in warm
Hanks’ balanced salt solution. Cells were incubated at 37 °C in
Hanks’ balanced salt solution containing 1 mg/ml cytochrome ¢
(Sigma). Absorbance was measured at 550 nm on a Biotek Synergy
HT. Luminol-enhanced chemiluminescence was used to measure
ROS production in suspension, as described previously (6). When
indicated, cells were stimulated with PMA at a concentration of 1
pg/ml in HVA assays or 20 ng/ml in chemiluminescence assays.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  Bro-
mide (MTT) Viability Assay—Cells were incubated with 0.5
pg/ml MTT (MP Biomedicals) for 45 min. After washing with
phosphate-buffered saline, protein was extracted by adding 500
wl of DMSO (Sigma). Absorbance was measured at 560 nm on
a Biotek Synergy HT platereader.

Statistical Analysis—All experiments were performed at
least three times in triplicate (error bars indicate =S.D., n = 3).
Shown are representative examples of at least three independ-
ent experiments. When indicated, an unpaired Student’s ¢ test
was performed.

RESULTS

Expression of p228"°* Is Required for Nox4 Activity and Cell
Type-specific Localization—Generation of ROS by Nox1 to -4 is
impaired by silencing of p22#”°* (6, 8 —10). Many lung cancer
cell lines, including metastatic H661 cells, are p227%°*-deficient
(17). Transient expression of Nox4 in these cells induced very
low to almost absent H,O, production, whereas co-expression
of Nox4 and p227"°* caused robust, constitutive ROS genera-
tion (Fig. 1A). Since H661 cells lack the calcium-activated Nox
enzymes Nox5 and Duox (17), the ability of these two NADPH
oxidases to generate ROS in p227"°*-deficient cells was tested.
Thapsigargin-generated intracellular calcium elevation trig-
gered ROS production by Nox5 and Duox1 independently of
p227"° expression, although Duox1 required co-expression of
DuoxAl, as published previously (17, 21).

Earlier studies indicated that the localization of Nox4-
p227"°% complexes expressed from transgenes in HEK293,
COS7, or HeLa cells is restricted to intracellular membranes
resembling perinuclear vesicles (6, 7, 11). To analyze the local-
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FIGURE 1. ROS generation by Nox4, but not by Ca>*-regulated NADPH
oxidases Nox5 and Duox1, is dependent on p22P"°*, A, H661 cells were
transfected with Nox4, Nox5, or Duox1/DuoxA1 with or without p22P"°* WT,
respectively. H,O, generation was measured with or without the addition of
10 um thapsigargin (error bars, =S.D., n = 3). Inmunoblots depict p22Phex
expression and actin as loading control. B, specificity of the antibodies used in
immunofluorescence was demonstrated by staining untransfected H661 and
transiently transfected H661 cells. Staining is for Nox4 (red), p22Phex (green),
and nuclei with 4’,6-diamidino-2-phenylindole (blue). All images are merged
pictures of all three channels, white indicating regions of co-localization. Scale
bars, 20 um. C, anti-Nox4 and anti-p22°"*immunoblotting of lysates derived
from HEK293-EV and HEK293-Nox4 cell lines and H661 cells transiently trans-
fected as indicated. Actin served as loading control.

ization of the Nox4-p227"°* complex in H661 cells, Nox4 was
expressed with or without p22?°*, Immunostaining for Nox4
and p227"°* revealed retention of both proteins in the endoplas-
mic reticulum (ER) when expressed separately. Upon co-ex-
pression of both subunits, significant translocation of the
Nox4-p227"°* complex to plasma membrane regions became
apparent (Fig. 1B), although some colocalization in the ER and
in perinuclear regions remained. The anti-Nox4 antibody was
extensively tested on H661 and other cell types lacking Nox4
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FIGURE 2. Plasma membrane-localized Nox4 generates H,0,. A, trans-
duced H661 cells expressing either Nox4 WT or Nox4 (P437H) were analyzed
in respect to H,0, generation (error bars, £S.D., n = 3) and Nox4/p22Phox
expression. Actin was used as loading control. B, localization of Nox4

35276 JOURNAL OF BIOLOGICAL CHEMISTRY

expression. Nonspecific reactivity of the antibody in immuno-
blotting or immunofluorescence was not observed (Fig. 1, Band
C). Earlier results, demonstrating perinuclear localization of
the Nox4-p227"°* complex in HEK293 cell lines (6), were con-
firmed (data not shown). Immunoblot analysis of Nox4 expres-
sion in HEK293 and H661 cell lysates did not reveal any change
in Nox4 migration on SDS-polyacrylamide gels (Fig. 1C). Thus,
the presence of Nox4 at the cell surface of H661 cells seems not
to correlate with altered Nox4 maturation.

Plasma Membrane-localized Nox4 Generates H,O0,—To
facilitate analysis of Nox4-mediated ROS production and Nox4
localization in a more consistent setting, H661 cell lines stably
expressing empty vectors, Nox4-p227"°%, or catalytically inac-
tive Nox4 mutant-p22””°* were established by lentiviral trans-
duction and subsequent sorting for a population expressing
intermediate Nox4 levels. The Nox4 mutant was designed
according to a previously characterized Nox2 mutant identified
in CGD patients (12). A proline to histidine change in the Nox2
C-terminal NADPH binding domain (P415H) permits Nox2
expression and plasma membrane localization but renders
Nox2 nonfunctional. The same phenotype was detected in
H661 cells expressing the Nox4 (P437H)-p227"°* complex (Fig.
2, A and B), indicating that processing of Nox4, complex for-
mation with p22#”°*, and translocation are not affected by
mutation of this residue. Stable expression of the Nox4-p22#/**
wild type or mutant complex in H661 cells caused very efficient
plasma membrane localization.

Cytochrome b, mediates the transfer of electrons from
NADPH to reduce extracellular molecular oxygen to super-
oxide. Consequently, Nox activity is typically measured
using assay systems that detect superoxide anion (O). Pre-
vious studies failed to record superoxide generation by Nox4
as well as Duox, although these oxidases produce large quan-
tities of H,O, (6, 11). In the case of Nox4, this unique feature
may reflect superoxide production into the intravesicular
space when Nox4 is localized on perinuclear vesicle mem-
branes. Converted, freely diffusible H,O, can be measured in
the extracellular medium (22). Nox4-p227"°*-expressing
H661 cells represent the first Nox4-based, constitutive ROS-
producing heterologous cell system displaying plasma mem-
brane localization of Nox4. Thus, we wanted to clarify if
Nox4 activity leads to quantifiable O; production and ana-
lyzed the Nox2-based COSphox cell system in parallel. COS-
phox cells express the Nox2-p227°* complex at the plasma
membrane (Fig. 2B) and generate O, as well as H,O, upon
PMA stimulation (Fig. 2, C and D). In contrast, plasma mem-
brane-localized Nox4 did not generate O, in adherent or
suspended H661 cells, although its H,O, output was compa-
rable with Nox2-mediated H,O, generation in COSphox
cells (Fig. 2, C and D). More sensitive O, detection methods

WT, Nox4(P437H), Nox2, and p22°"°* was probed by immunostaining of H661
cell lines or COSphox cells. Nox and p22P"°* stains are shown in gray scale.
Co-localization in merged images is indicated in white; in the two upper panels
Nox4 is shown in red and p22P"°* in green; in the lower panel Nox2 signal is
indicated in green and p22P"°* in red. Scale bars, 20 um. C and D, H,0, pro-
duction (C, HVA assay) and superoxide production (D, reduction of cyto-
chrome ¢) was measured in COSphox cells stimulated with 1 wg/ml PMA and
in unstimulated Nox4-p22°"°* H661 cell lines (error bars, =S.D., n = 3).
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FIGURE 3. The p22P"°* N terminus is crucial for Nox4-mediated ROS production and localization. A, vari-
ous p22P"°* truncation mutants were generated and are depicted in the HMMTOP prediction of a four trans-
membrane domain structure for p22°"°%, deleted sections are in gray. Nox4 was co-transfected with p22P"** WT
or p22P"°* mutants into H661 cells, as indicated, and H,0, production was measured (error bars, +S.D., n = 3);
cell lysates were analyzed by immunoblotting with anti-Nox4 and anti-p22°"** antibody NS2; GM130 was used
as loading control. B,immunoprecipitation with mAb anti-GFP was performed on H661 cell lysates transfected
with EGFP-Nox4 together with EV, p22P"°* WT, and p22P"°* mutants N5 and N11, respectively. Lysates from
cells expressing GFP or p22°"°* WT were used as controls. immunoprecipitations showed some GFP-positive,
unidentified bands. C, the first 11 amino acids of p22°"°* are displayed; point mutations of W6/9 are indicated
in boldface type. H661 cells were transfected as indicated, and H,0, generation was assessed (error bars, £S.D.,
n = 3); protein expression of Nox4 and p22P"° was analyzed by immunoblotting with anti-Nox4 and anti-
p22°Ph* polyclonal antibody FL-195; actin was used as loading control. D, immunofluorescence analysis of
H661 cells co-expressing Nox4, p22P">%, or selected p22P"°* mutants (gray scale). Merged images show co-
localization (white) of signals from green (p22°"°) and red channels (Nox4). Nuclei are visualized in blue (4',6-
diamidino-2-phenylindole; DAPI). Scale bars, 20 um. IP, immunoprecipitation; /B, immunoblot.

may show some O, generation by Nox4. These data suggest
that an intrinsic feature of Nox4 (e.g. alternate folding of the
Nox4-p227"°* complex) or co-localization with SOD1 may
accelerate O; dismutation to H,O,.
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Deletion Mutagenesis of p22°"*
Reveals a Role for the Extreme N
Terminus—Recently, mutagenesis
studies provided evidence that dele-
tion of a large part of the p22#"°* C
terminus (amino acids 142-195)
was tolerated in respect to Nox2
maturation and plasma membrane
localization, whereas deletion of the
first 11 amino acids at the p22#"°* N
terminus or internal deletion of
amino acids was detrimental for
Nox2 function. A collection of sim-
ilar p227"°* deletion mutants was
prepared (see pictogram in Fig. 3A)
and assessed for supporting Nox4-
mediated H,O, generation in
p22rhox_deficient H661 cells (Fig.
3A). ROS generation by Nox4 was
not dependent on the p227%°* C ter-
minus, which could be deleted up to
amino acid 130, just in front of the
putative fourth TM domain in the
pictogram. At the p22?"°* N termi-
nus, only deletion of the first five
amino acids and not of the next six
amino acids was tolerated. Immu-
noblots verified expression of Nox4:
and p227"°*  deletion mutants,
although some mutants migrated as
two species or migrated more rap-
idly than predicted. These migra-
tion patterns were also observed in
the previously published Nox2
study (16). Co-immunoprecipita-
tion experiments using GFP-tagged
Nox4 (6) indicated that p227"°*
N-terminal mutants (N5 and N11)
associate with Nox4, although the
Nox4-p227%°% N11 complex cannot
exit the ER (Fig. 3B).

These data indicate that the
N-terminal region of p22?”°* bet-
ween amino acids 5 and 11 is very
sensitive to modifications. This
region contains a double trypto-
phan motif, which could be involved
in p22#"°* biosynthesis or ER exit of
the formed complex. Conservative
exchange of both tryptophans to
phenylalanine was well tolerated in
respect to Nox4-dependent ROS
generation, whereas mutation to
less conserved residues, such as ala-

nine, or to charged residues, such as arginine or aspartic acid,
abolished Nox4 activity (Fig. 3C). Active and inactive p227"**
point mutants were expressed equally well when H661 lysates
were analyzed by immunoblot. Nox4 expression in cell lysates
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was maintained, although Nox4 migrated sometimes as a dou-
blet. The occurrence of the Nox4 doublet was unpredictable
and not connected to coexpression of specific p227”°* mutants.
Only catalytically active Nox4-p22?”°* mutant complexes
translocated to the plasma membrane, as visualized by confocal
analysis (WT, C130 and N5; Fig. 3D and supplemental Fig. 1),
whereas nonfunctional complexes remained in the ER and/or
on internal membranes (N11 and W6/9A).

Analysis of CYBA Mutations Causing A22 CGD and the
C214—T Polymorphism—The identification of CYBA mis-
sense mutations and the resulting A22° or A22" phenotype
have greatly contributed to the structure-function analysis of
the cytochrome b complex. One particular, rather common
mutation in CYBA causes the A22" phenotype, characterized
by expression of p22#°* (P156Q) mutant protein. Neutrophils
derived from A22 CGD patients harboring this defect fail to
produce ROS due to the inability of p477°*-mediated oxidase
assembly. Co-expression of this p22?”°* mutant with Nox4 in
H661 cells generated a fully functional complex (Fig. 44). This
outcome is in accord with the results of the deletion mutagen-
esis, where the complete C-terminal region of p227%°* was dis-
pensable for Nox4 activity. Several CGD patients carry p227"°*
missense mutations at arginine 90, which cause the A22° phe-
notype (12). In order to assess if Nox4 function would be abol-
ished or maintained when changes occur at this site, a p22°"**
(R90Q) mutant was co-expressed with Nox4 in H661 cells. This
mutant p222”°* protein was not able to support Nox4-depend-
ent ROS production (Fig. 44). In light of conflicting results
regarding the disease susceptibility of individuals carrying the
C214T CYBA genotype and the hypothesis that novel Nox fam-
ily members might be affected by this CYBA polymorphism, the
p227°* histidine residue at position 72 was replaced with a
tyrosine residue. This p22#”°* (H72Y) mutant was co-expressed
with Nox4 in H661 cells, and ROS generation was compared
with Nox4-p227%°* WT expression. ROS generation by Nox4-
p227"°* WT or Nox4-p227"°* (H72Y) complexes were compa-
rable, as were expression levels (Fig. 44), confirming a previous
study in COS7 cells (23).

Probing Putative p22°"°* Topology Models by Mutagenesis—
Computational predictions as well as topology models derived
from “peptide walking” or monoclonal antibody studies alter-
nate between a p22ph"x structure with 2—4 TM domains (14,
18). Since CYBA missense mutations that cause complete loss
of the protein in neutrophils (A22° phenotype) occur predom-
inantly in putative TM domains, mutational analysis of short
segments, predicted to be extracellular in a 4-TM model, was
performed. Single or multiple amino acids in these segments
were replaced with lysines. Using p227"°*-deficient cells,

(error bars, = S.D.,n = 3) and expression of Nox4 and p22°"** proteins. GM130
served as loading control. B, illustration of two p22°"°* structure prediction
models (TM, transmembrane domain; |, R90Q, H72Y, and P156Q; O, Y121H,
I1 extracellular loops as predicted by HMMTOP). C, analysis of various p22°"°x
lysine mutants prepared in amino acid regions *?RFTQ3® and *®SVPAG'%2,
Nox4 and p22P"°* mutants were transfected into H661 cells, and H,O, pro-
duction was measured (error bars, +5.D.,n = 3). Nox4/p22P"** expression was
determined by immunoblot with GM130 as loading control. D, Nox2 and
p22P"°* lysine mutants were transfected into CHO-91-47-67 cells. Maturation
of Nox2 to a 91-kDa form and p22°P°* expression were determined by immu-
noblot. Actin served as loading control.
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p227"°% mutants were co-expressed with Nox4 in H661 cells or
for comparison with Nox2 in CHO-91-47-67 cells. A triple
lysine exchange at residues 32—-34 did not disrupt formation of
a functional Nox4-p227"°* complex at the plasma membrane
(Fig. 4C and supplemental Fig. 1). The second putative extra-
cellular segment, amino acids 98 —-102, was more sensitive to
introduction of three lysines, although most of the amino acid
exchanges with one to two lysine residues at various sites were
tolerated when analyzing Nox4 function (Fig. 4C and supple-
mental Fig. 1). Inmunoblot analysis of whole cell lysates con-
firmed that Nox4 and all of the p227"°* KK mutants were rela-
tively equally expressed. Only fully functional Nox4/p22~"°~
mutants translocated to the plasma membrane, whereas inac-
tive complexes were retained intracellularly (supplemental Fig.
1). In contrast, several of the p22#/°* KK mutants that sup-
ported Nox4-based ROS production and plasma membrane
localization did not form Nox2-p227°* KK mutant complexes
at the plasma membrane of CHO-91-47-67 cells (supplemental
Fig. 2). In fact, only the p227"°* 3?KKKQ** mutant and the
98SVPAK'*? mutant were able to support maturation of Nox2
to a ~91-kDa species (Fig. 4D) and translocation of the Nox2-
p227%°% complex to the cell surface.

Analysis of the p22¢"°* (YI21H) Mutant in the Context of
Nox4, Nox2, and NoxI Function—Banfi and co-workers (24)
identified a point mutation in CYBA in the nmf333 mouse
strain. This p22?°* (Y121H) mutation was correlated to a func-
tional Nox2 and Nox3 deficiency, causing a CGD-like immune
defect and a balance disorder due to lack of otoconia formation
(24). This mutation is located in the putative second or fourth
TM domain of p227*°* topology models (Fig. 4B). To delineate
the effect of this mutant on Nox4 function, p227*°* (Y121H)
was prepared and co-expressed with Nox4 in H661 cells. ROS
production by Nox4 was fully supported by p22#”°* (Y121H) at
levels similar to those observed with p227”°* WT (Fig. 54). Mix
match experiments determined that human and murine Nox4
and p227"°* can replace each other without any loss of function,
indicating that p227*°* (Y121H) will probably support Nox4
activity in mice. Expression levels of human and murine p22##°*
as well as of human Nox4 were comparable in H661 cell lysates.
Verification of mouse Nox4 expression was not possible using

(Y121H) were analyzed for H,O, production (error bars, £S.D., n = 3). Immu-
noblot analysis shows similar expression levels of human Nox4 and p22°Phox
proteins. GM130 served as loading control. B, localization of Nox4 and Nox2 in
various cell types is shown by immunofluorescence. H661, CHO-91-47-67 or
COS7 cells expressing either human Nox4 or human Nox2 together with
p22P"°XWT or p22P"°% (Y121H) were stained with the corresponding antibod-
ies to Nox4 or Nox2 and to p22°"°*, All images displayed are merged pictures
of all three channels, white indicating regions of co-localization. Scale bars, 20
wm. The two left panels show Nox4 in red and p22P"°* in green; in the three
right panels, Nox2 signal is indicated in green and p22°"°~in red. C, CHO-91-
47-67 cells were transfected as indicated, and Nox2 maturation was moni-
tored by immunoblot analysis. D, Luminol-enhanced chemiluminescence
was used to measure ROS production of CHO-K1 cells transfected with Myc-
Nox1, Myc-Noxo1, Noxa1, and either p22°"* WT or p22P"** (Y121H). Cells
were stimulated with 1 ug/ml PMA when indicated. ROS generation was
measured continuously and is depicted as ARLU at 35 min by subtracting
background RLU of empty vector control samples (error bars, £S.D., n = 3).
Protein expression was monitored by immunoblotting with anti-Myc, anti-
p22°1°*, and anti-Noxa1; GM130 served as loading control. E, cell viability of
unstimulated cell populations prepared as described in D was assessed by an
MTT assay 48 h post-transfection (¥, p < 0.05; **, p < 0.01; error bars, +S.D.,
n=3).
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the anti-human Nox4 antibody. As expected from these
results, the functional Nox4-p22?7°* (Y121H) complex was
targeted to the plasma membrane (Fig. 5B).

Murine neutrophils harboring the p22#°* (Y121H) mutation
lack p227”°* expression and cannot generate a Nox2-dependent
oxidative burst upon PMA stimulation (24).> Nox2 is expressed
in adherent cell types, such as endothelial cells. Thus, p22?"°* or
p227"°% (Y121H) mutant was expressed in CHO-K1 cells stably
expressing the oxidase components Nox2 (gp917"°¥), p477"°~,
and p677"°*, These cells have been used previously to deduce
the effects of p227"°* deletion mutants (16). The p227"°*
(Y121H) mutant was not capable of promoting human Nox2
maturation in contrast to p22”h"x WT, as visualized on immu-
noblot as a slower migrating, diffuse 91 kDa band in addition to
the 65 kDa band (Fig. 5C). Nox2 maturation is not a prerequi-
site for Nox2-p227°* complex formation and translocation in
epithelial cells. Analysis of Nox2 localization was performed in
CHO-K1, H661, and COS7 cells expressing p477"°*, p677"°%,
and either p227%°* or p227"°* (Y121H). Confocal images indi-
cated that coexpression of p227”°* (Y121H) did not permit
plasma membrane localization of Nox2 (Fig. 5B and supple-
mental Fig. 2). Thus, exchange of Tyr'?* — His in p22/"**
affects Nox2 function in epithelial cell types.

Nox1 constitutes a multimeric oxidase that is dependent on
expression of p227"°*, Noxol, and Noxal. Previous reports
described constitutive and PMA-induced Nox1-dependent
ROS generation in CaCo2, HEK293, and COS?7 cells (25, 26).
p22rho%_deficient CHO-K1 cells were reconstituted with
human Nox1, Noxol, Noxal, and either p22#%°* WT or p22°"**
(Y121H). Cells expressing p22?”°* WT exhibited enhanced
ROS generation without stimulation when compared with
empty vector- or p227°* (Y121H)-transfected cells (Fig. 5D).
PMA stimulation increased ROS production only in the pres-
ence of p22?"°* WT but not when p2277°* (Y121H) was
expressed. Unstimulated, basal Nox1-based ROS generation in
CHO-K1 cells impacted cell viability, as determined by cell
counting (data not shown) and by MTT test (Fig. 5E). This
reduction in cell viability was not observed in cells expressing
p227#e* (Y121H), suggesting that a functional Nox1-based oxi-
dase requires p227°* WT.

DISCUSSION

Our results and recently published studies (8) indicate that the
integral membrane protein p22"°* is required for maturation,
localization, and NADPH oxidase activity of Nox1 to -4 but is dis-
pensable for the calcium-activated oxidases Nox5 and Duox. The
heterodimer formation of p22#°* with Nox family members leads
to stabilization of both subunits and successful structural matura-
tion of the enzyme complex. Mutations in p22”°* that do not
support association with Nox will lead to retention of both pro-
teins in the ER. In the case of Nox1 to -3, truncation of the last 53
amino acids or mutagenesis of the p22#”°* C-terminal proline-rich
domain supported complex formation, maturation, and plasma
membrane localization of Nox, although the catalytic activity was
abolished (8, 16). Assembly of functional Nox1 to -3 requires addi-

3 K. von Léhneysen, D. Noack, A. J. Jesaitis, M. C. Dinauer, and U. G. Knaus,
unpublished observations.
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tional proteins, which form a membrane-bound multimeric com-
plex via interaction of the p227"°* proline-rich domain with Src
homology 3 domains in p477°* or Noxol. We show here that, in
contrast to Nox1 to -3, Nox4 maturation and function is preserved
when all p227*°* amino acids after residue 130 were deleted. Many
of the current p22?°* topology models predict that amino acids
125-132 comprise the final amino acids of the last TM domain.
This would suggest that Nox4 localization and ROS generation are
independent of the complete p227”°* C-terminal cytosolic
domain.

On the other hand, a common theme of p227”°*-Nox inter-
action seems to be the importance of the p22#”°* N terminus.
Deletion mutagenesis showed that the N-terminal region of
p22”h”x seems to contain essential, conserved features and can-
not be easily modified without loss of Nox maturation (this
study) (16). The region between p22?°* residues 5 and 11 con-
tains a dual tryptophan motif. Conservative mutation of these
tryptophans into phenylalanines was tolerated, whereas
exchange into simple aliphatic or charged amino acids may per-
mit Nox4-p227"°* heterodimer formation in the ER but did not
support ER exit and translocation of a functional Nox4 com-
plex. When analyzing Nox4 localization and ROS production
using various p22#"°* mutants, it became clear that Nox4 trans-
location to the plasma membrane was tightly correlated with
constitutive H,O, generation. In fact, the localization of a func-
tional Nox4-p22?°* complex at the plasma membrane of H661
cells resembles earlier observations in vascular smooth muscle
cells (27, 28) and is unusual in the context of transfected epi-
thelial cells. In epithelial cells, such as HEK293, COS7, or HeLa
cells, the active Nox4 complex is commonly localized at inter-
nal, perinuclear membranes (6, 11). In these circumstances,
only H,O, generation, and not O; production, can be meas-
ured, presumably due to diffusion of H,O,. Thus, H661 cell
lines stably expressing the Nox4-p22””°* complex at the plasma
membrane may provide a Nox4-based superoxide-generating
system. Surprisingly, O; production by Nox4 could not be
detected, although adherent cell culture conditions were main-
tained. Nox4 is quite distinct from Nox1 to -3 in some of the
loops connecting the six TM domains. It is conceivable that
structural features of the Nox4-p227"°* complex permit rapid
dismutation of superoxide or that association with dismutases
occurs.

In neutrophils derived from A22 CGD patients, many of the
CYBA mutations cause complete loss of the Nox2-p227/°* com-
plex. These mutations occur frequently in putative membrane-
spanning domains and involve changes in the hydrophobicity
or charge of the altered amino acid. For example, nonconserva-
tive replacement of the positively charged arginine 90, which
might be located at the beginning of a TM domain, results in the
A22° phenotype. Our data indicate that Nox4 function is
equally sensitive to this amino acid change. In contrast, point
mutations in regions located outside of putative TM domains
are often tolerated. The frequently encountered C214 CYBA
polymorphism leads to normal expression of p22#”°* protein,
which is fully functional in regard to Nox2 and supports Nox4
complex formation and ROS generation in H661 cells.

The overall domain structure of p227”°* is still uncertain.
Computational p22?"°* topology models predict 2—4 TM heli-

VOLUME 283 -NUMBER 50+ DECEMBER 12, 2008

020z ‘/ Yyore |\ uo 1senb Aq /610 og[-mmmy/:dny wody papeojumoq


http://www.jbc.org/cgi/content/full/M804200200/DC1
http://www.jbc.org/cgi/content/full/M804200200/DC1
http://www.jbc.org/

ces. The 2-TM model was favored by antibody epitope mapping
(18), whereas the 4-TM model was predicted by functional oxi-
dase studies mapping domains participating in oxidase activity
by in vitro“peptide walking” (14). Many prediction programs
favor a 3-TM model. Since the N terminus and the C terminus
of p227"°* are both located inside the cell (16), only a 2-TM or
4-TM domain model is probable. The p22?"°* topology model
by HMMTOP (Hungarian Academy of Sciences) results in four
TM domains, resembling earlier predictions (13, 14). Using this
model as the basis for mutagenesis, we hypothesized that
charge alterations should be tolerated in predicted extracellular
domains. Introduction of lysines into the first putative extracel-
lular domain (aa 32—35) resulted in expression of a fully func-
tional p227”°* mutant protein with respect to Nox4 and Nox2
complex formation. Exchange of p227%°* residues 98 —102 into
lysines was partially tolerated and showed clear differences
between Nox4 and Nox2. Although Nox4 retained membrane
localization and ROS generation when 1-2 lysines were intro-
duced in this region, Nox2 maturation seemed more sensitive
to these changes. Only one mutant, p22?°* “SVPAK'%? with a
nonconservative glycine to lysine mutation, was able to support
maturation of Nox2. Several TM prediction programs were
used to compute the topology of p227”°* lysine mutants.
TOPRED (Institute Pasteur, France) was the only program pre-
dicting two TM domains for p227”°* WT, all of the lysine
exchange mutants, and the C-terminal truncation mutants.
SOUSI (Nagoya University, Japan), TMpred (EMBnet, Switzer-
land), TMAP (Karolinska Institut, Sweden), and PredictProtein
(Columbia University, New York) all returned the improbable
3-TM model. TMHMM (CBS, Denmark) also calculated a
3-TM structure, but when the query was changed from p227"**
WT into p227"°* *8SVPAK'%?, a 4-TM structure was predicted
that closely resembles the model computed by HMMTOP.
HMMTOP calculated consistently for all generated p227"°*
constructs a 4-TM structure with both termini located in the
cytosol. The HMMTOP 4-TM model is challenged by the
observation of a continuous epitope (aa 29-33 and 182-187)
recognized by the monoclonal p22#”°* antibody 44.1 (29). Both
the p2277°* 32KKKQ?* mutant and the p22?”°* truncation
mutant C171 are detected by mAb 44.1 in Western blots (sup-
plemental Fig. 3). The first proposed epitope is altered in the
#2KKKQ?® mutant, and the second epitope is missing in the
AC171 mutant. Which exact region in the p227"° sequence is
recognized by mAb 44.1 remains unidentified. Furthermore,
the 4-TM model is consistent with studies demonstrating inac-
cessibility of p227°* residues 29 -33 and 5057 in unperme-
abilized cells (18, 19).

HMMTOP, TOPRED, and the 2-TM prediction by antibody
mapping localized tyrosine 121 inside the final TM domain.
Recently, a balance disorder and CGD-like phenotype was dis-
covered in a mouse strain (nmf333) created by ethylnitro-
sourea-induced mutagenesis. Nakano et al. (24) identified a
CYBA missense mutation in nmf333 mice causing a change of
tyrosine 121 into histidine in p22##°*, This point mutation abol-
ished the expression of p227”°* in neutrophils and severely
affected Nox2 and Nox3 in vivo function. Since this is the first
p227"°% Joss-of-function animal model, it will be important to
assess if expression and catalytic activity of the other two Nox
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proteins, Nox4 and Nox1, are similarly affected. Mix match
experiments with human and murine p227"°* WT, p22r"*
Y121H, and Nox4 demonstrated that these proteins were inter-
changeable and could fully substitute for each other in respect
to constitutive ROS generation. On the other hand, Nox2 mat-
uration and Nox1 function were abolished when p22°"**
Y121H was present. These data suggest that the complex
formed by Nox4-p227”°* association might be unique when
compared with other Nox-p227"°* complexes. It also seems
possible that tyrosine 121 might not be located inside a mem-
brane-spanning domain and is not required for association with
Nox4. Since the conclusions in the current study were deduced
using heterologous expression systems, their significance for
potential nmf333 phenotypes needs to be confirmed in vivo.
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