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tional changes in phagocytes.

membrane targeting.
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(Bacl(ground: p40P"°* acquires PI(3)P-binding capabilities through arachidonic acid-induced and H,O,-induced conforma-
Results: In addition to conformational changes induced by H,O, in the cytoplasm, p40?*°* can acquire PI(3)P binding following
Conclusion: p40?°* has novel mechanisms inducing its conformation changes, apart from p477/°*,

Significance: This study demonstrates both p407°* and p477"°* synchronously function as “carriers” and “adaptors” of Nox2-
based NADPH oxidase assembly through their conformation changes.
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During activation of the phagocyte (Nox2-based) NADPH
oxidase, the cytoplasmic Phox complex (p477"°*-p677"ox.
p407°%) translocates and associates with the membrane-span-
ning flavocytochrome b5. It is unclear where (in cytoplasm or
on membranes), when (before or after assembly), and how
p407"°* acquires its PI(3)P-binding capabilities. We demon-
strated that in addition to conformational changes induced by
H,0, in the cytoplasm, p40”"** acquires PI(3)P-binding
through direct or indirect membrane targeting. We also found
that p40?"°* is essential when p477"°* is partially phosphory-
lated during FcyR-mediated oxidase activation; however,
p40”"°* is less critical when p477°* is adequately phosphor-
ylated, wusing phosphorylation-mimicking mutants in
HEK293No*?/FevRla gnd RAW264.7P4P47KP cells. Moreover, PI
binding to p477"°* is less important when the autoinhibitory
PX-PB1 domain interaction in p40?°* is disrupted or when
p407”°* is targeted to membranes. Furthermore, we suggest that
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high affinity PI(3)P binding of the p40*"°* PX domain is critical
during its accumulation on phagosomes, even when masked by
the PB1 domain in the resting state. Thus, in addition to mech-
anisms for directly acquiring PI(3)P binding in the cytoplasm by
H,0,, p40”"°* can acquire PI(3)P binding on targeted mem-
branes in a p477"°*-dependent manner and functions both as a
“carrier” of the cytoplasmic Phox complex to phagosomes and
an “adaptor” of oxidase assembly on phagosomes in cooperation
with p477%°*, using positive feedback mechanisms.

In phagocytic cells, reactive oxygen species (ROS)? are pro-
duced by the phagocyte NADPH oxidase. The enzyme is a mul-
tiprotein complex assembled from the membrane-spanning
flavocytochrome b, (composed of Nox2 (gp917°¥) and
p227"°%) and four cytoplasmic components (p477"°%, p677"°%,
p407"°*, and Rac) (1-3). In unstimulated phagocytes, the oxi-
dase is dissociated and inactive; the flavocytochrome b is
stored on the membranes of intracellular granules (4), and the
other Phox proteins associate in a separate cytoplasmic ternary
complex (p477"°*-p677"**-p40¥"**) (5) in a dephosphorylated
state (6 —8). During phagocyte activation, intracellular granules
containing flavocytochrome b4 fuse to newly forming phago-

3 The abbreviations used are: ROS, reactive oxygen species; EE, early endo-
some; FcyR, Fcy receptor; PI(3)P, phosphatidylinositol 3-phosphate;
PI(3,4)P,, phosphatidylinositol 3,4-bisphosphate; PI, phosphoinositide;
BlgG, IgG-opsonized glass beads; AlR, autoinhibitory region; PM, plasma
membrane; p, prenylation motif; pp, polybasic and prenylation motif; CGD,
chronic granulomatous disease; PMA, phorbol 12-myristate 13-acetate;
fMLP, formylmethionylleucylphenylalanine; Ab, antibody; pAb, polyclonal
antibody; aa, amino acids; EEA1, early endosome antigen-1; mKO, mono-
meric Kusabira-Orange; EGFP, enhanced GFP; PH, pleckstrin homology.
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somes, and the cytoplasmic ternary complex binds to these
membranes; p477"°* is phosphorylated (9, 10), thereby induc-
ing conformational changes that promote interaction of the
ternary complex with p22#7°* (11), and p40”"°* also undergoes
conformational changes by disruption of the intramolecular
PX-PB1 domain interaction to enable the ternary complex to
bind through the p40”°* PX domain to PI(3)P (12, 13), which is
enriched in phagosomes (14—-16).

Chronic granulomatous disease (CGD), characterized by
defective microbial killing by phagocytic cells, is caused by
defects or deficiencies in any one of five oxidase components:
Nox2, p227"°%, p47°"o%, p67P"°*, or p40P"°*. An essential role for
Rac in NADPH oxidase activation was also demonstrated in an
oxidase-deficient patient who expressed mutated Rac2 (1) and
in mice rendered genetically deficient in Rac2 or in Racl plus
Rac2 (17). p47?"°* is called a “carrier,” “adaptor,” or “organizer”
component because it binds to membrane lipids (PI(3,4)P,,
phosphatidic acid, and phosphatidylserine) through its PX
domain (18), is tethered to the flavocytochrome b4 through
direct interactions between p22?7°* and its tandem SH3
domains, and is linked to other cytoplasmic Phox proteins in
this complex (19, 20). CGD patients who lack p477%°* show
impaired translocation of p677"°* to the particulate fraction or
phagosomes in response to PMA (21, 22), fMLP (22), or
opsonized zymosan (23), whereas CGD patients who lack
p677°* show normal translocation of p477%°* to the particulate
fraction (21, 22). p407"°* was shown to act as an essential posi-
tive regulator of Nox2 in studies in p40””°*-deficient mice (24),
in p40”"**R58A7= knock-in mice (25), or in Fcylla receptor-re-
constituted cells (26). In recent work, we described a model in
which p477%°* functions as an early stage carrier and adaptor
protein of the cytoplasmic ternary complex, whereas p40?”°*
functions as a late stage carrier or adaptor protein that links the
cytoplasmic ternary complex to closed phagosomes and pro-
longs retention of the complex on phagosomes using PI(3)P
binding during FcyR-mediated oxidative burst (12, 27).
Although mounting evidence suggested that p40#"°* functions
as an essential positive regulator of the Nox2-based NADPH
oxidase, only recently was p40?"°* deficiency described in a
CGD patient, who has compound heterozygosity for a missense
mutation predicting a R105Q substitution in the PX domain
and a frameshift mutation at codon 52 (K52R) with a premature
stop at codon 79 and exhibited a severe defect in FcyR-medi-
ated oxidative burst but not in PMA- or fMLP-stimulated
extracellular ROS release (28). Contrary to views on the role of
p407"°* serving as a carrier of the cytoplasmic Phox complex
(12,27,29 -31), arecent report suggested that p40””°* primarily
functions in sustaining Nox2 activity on phagosomes rather
than in translocation of the cytoplasmic Phox complex to pha-
gosomes (32). Another report suggested that although p40”**
acts as a carrier of the Phox complex, this function is PX
domain-dependent but PI(3)P-independent in PMA-stimu-
lated permeabilized PLB-985 neutrophil cores (31). Thus,
where (in the cytoplasm or on membranes), when (before or
after assembly), and how p40?°* acquires its PI(3)P-binding
capabilities is unsolved, and how p40?"°* cooperates with
p477"°* during oxidase assembly or activation is also unclear.
To address these questions, we used membrane-targeted
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mutants of p40”*°* and p477"°* to delineate contributions of
various intra- and intermolecular domain interactions affecting
their targeting to phagosomes and oxidase activation. Here we
show that in addition to acquiring PI(3)P-binding capabilities
following exposure to H,O, in the cytoplasm, p40””°* can
acquire PI(3)P binding following membrane targeting, either
directly by itself or indirectly in a p477"°*-dependent manner
through interactions in the p477"°*-p677"°*-p40”"** complex.
We found that the dependence on p40””°* PI(3)P binding for
Nox2 activity is determined by the phosphorylation status of
p47P"°*, p40P"°* is essential during FcyR-mediated oxidase
activation; however, p40?"°* is less critical under conditions
when p477"°* is adequately phosphorylated, using phosphory-
lation/activation-mimicking p477”°* mutants. Moreover, PI
binding of p477"°* is less important when the autoinhibitory
PX-PB1 domain interaction in p40?*°* is disrupted or when
p407"°* is targeted to membranes. Taken together, these results
indicate that p407”°* and p477"°* cooperate in executing the
carrier function directing the cytoplasmic ternary Phox com-
plex to phagosomes and the adaptor function for assembly of
the Nox2 complex during the FcyR-mediated oxidative burst.

EXPERIMENTAL PROCEDURES

Materials—Goat polyclonal antibody (pAb) against p477°*
or p677"°* and rabbit pAb against p40¥”°* were described pre-
viously (33, 34). Rabbit pAb against mouse p40””°* and mouse
monoclonal Ab (mAb) against p677”°* were from Millipore and
BD Biosciences, respectively. Mouse mAb against the C termi-
nus of p477%°* (196 —390 aa) and rabbit mAb against the C-ter-
minal end of p40”"°* were from Santa Cruz Biosciences and
Abcam, respectively. Mouse mAb against gp917%°* or p22°"°*
was a kind gift from Drs. Roos and Verhoeven (35). Goat pAb
against FcyRIla and mouse mAb against early endosome anti-
gen-1 (EEA1) were from R&D Systems and BD Biosciences,
respectively. H,O, was from Wako Pure Chemical Industries.

Cell Culture—HEK293 cells (ATCC) were maintained in
Eagle’s minimal essential medium (Wako) containing 10%
heat-inactivated FBS (Invitrogen), 100 um nonessential amino
acids (Invitrogen), and antibiotics at 37°C in 5% CO.,.
RAW264.7 cells were described previously (36). For establish-
ing clonally derived HEK293 lines with stable expression of
human Nox2 and human FcyRIIa (HEK293No**/FevRilay 'Nox2
in pcDNA3.1(Neo) and FcyRIla in pcDNA3.1(Neo) were trans-
fected into HEK293 cells using FUuGENE 6 (Roche Applied Sci-
ence) and followed by selection in the presence of 1 mg/ml
G418 (Calbiochem). Establishment of the cloned lines was con-
firmed by immunoblotting and immunostaining using a-Nox2
Ab (or a-p227"°* Ab) and a-FcyRIla Ab (supplemental Fig. 1, A
and B), and by a ROS assay using I1gG-opsonized glass beads
(BIgG) after transfection of p477"°* + p677"°* with/without
p407"°* (supplemental Fig. 1C). A clonally derived HEK 293 line
with stable expression of human p6777°* (HEK293P°77"°%) was
established in the same way as described above (supplemental
Fig. 5A4).

For establishing clonally derived RAW264.7 lines with stable
knockdown of p407"°* alone (RAW264.7P*°%P) or both p40”"**
and p477"°* (RAW264.7P*/P47KP) "empty pSUPER(puro) vec-
tor (OrigoEngine) or pPSUPER(puro) vector(s) containing a tar-
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Summary of properties of p47°"°%, p67°1°%, and p40P">* mutants used in the present study

Name of expressed mutant

Properties of expressed protein

p477p

Noxol-p477"o*

Noxo1(R40Q)-p477"

p40-pa7Phox

P40(R105K)-p472"ox

p477"**(R90K)

p477"**(R90K)p

p477"*(AAIR)

p47¢"°(S303D), pA7"°*(S304D), pA7""**(S328D)

p477"*¥(S303D/S304D), p477"°*($303D/S328D),
p477"*(S304D/S328D)

p477"**(S303D/S304D/S328D)

p677"°%(K355A)

p67”"*pp

p40°*(R105K)

p40”**(F320A)

p407"°*(R105K/F320A)

p40”**pp

p40”"**(APX)pp

p 407",

p40”°*(R105K)p

FYVE-pd0e*

EYVE-p40”"**p

PH(TAPP1)-p40r"**

Endomembrane-targeted mutant which is adapted with CLLL motif of Rac1 at its C terminus
PM-targeted mutant of p477”°* in which its PX domain is replaced with the PX domain of Noxol
Noxo1-p477"** with R40Q mutation

p477"** mutant in which its PX domain is replaced with the PX domain of p407/>

p40-p477"°* with R105K mutation

PI binding-deficient and membrane targeting-defective mutant

p477"**(R90K) with CLLL motif at its C terminus

AIR-deleted mutant that constitutively interacts with p22>*

One-phosphorylation site-mimicking mutants

Two-phosphorylation site-mimicking mutants

Three-phosphorylation site-mimicking mutant that can interact with p22#"°*
p407"** binding-deficient mutant

PM-targeted mutant that is adapted with a KKRKRK + CLLL motif of Racl at its C terminus
PI(3)P binding-deficient mutant

Intramolecular PX-PB1 domain interaction-defective mutant

p407"**(F320A) with R105K mutation

PM-targeted mutant that is adapted with a KKRKRK + CLLL motif at its C terminus
p407"**pp with deletion of its PX domain

Endomembrane-targeted mutant that is adapted with a CLLL motif at its C terminus
p407"**p with R105K mutation

p407"** mutant in which its PX domain is replaced with the FYVE domain of Hrs
FYVE-p40”"°* with a CLLL motif at its C terminus

p407"°* mutant in which its PX domain is replaced with the PH domain of TAPP1

get sequence (three sequences each) was transfected into
RAW264.7 cells using FUGENE HD (Promega) and followed by
selection in the presence of 1.5 mg/ml puromycin (Wako).
Establishment of the cloned lines was confirmed by immuno-
blotting and ROS assays using BIgG (supplemental Fig. 2). The
most efficient target sequence for p40””°* knockdown among
three tested was GCAAATTGGAGCTAAGTTTCA (nucleo-
tide 554 —-574 from ATG), and that for p47”h”x among three
tested was GCGAAGAAGCCTGAGACATAC (nucleotide
397-417 from ATG), respectively.

Construction of Plasmids—Human FcyRlIla, a low affinity to
IgG and monomeric type of Fcy receptor, was amplified by PCR
using the first-strand cDNA from leukocyte (BD Biosciences)
and cloned into Xbal/EcoRI sites of pcDNA3.1 vector (Invitro-
gen). Human Nox2, p477"°%, p677"°*, and p40”"°* in pcDNA3.1
were described previously (12, 27, 37). p677"°*(K355A), which
does not bind p407"°* (29) in pcDNA3.1, was made by site-
directed mutagenesis using a QuikChange II XL site-directed
mutagenesis kit (Stratagene). GEP-p477"°*, GFP-p677°*, GFP-
p407"°% and GFP-p40”"°*(PX) were also described previously
(12,27, 38). For p477"°*(AAIR: A298 —340 aa) construction, two
fragments (p477"°*(1-297 aa) with BamHI/Apal sites and
p477"°%(298 —390 aa) with Apal/EcoRI sites) were amplified by
PCR and cloned into BamHI/EcoRI sites of pcDNA3.1 or BglII/
EcoRlI sites of pEGFP(C1) (BD Biosciences). The plasma mem-
brane (PM)-targeted mutant of p677"°* (p677"°*pp) in
pcDNA3.1, which is adapted with the C-terminal, polybasic
motif (KKRKRK; 183-188 aa) and isoprenylation motif (CLLL;
189-192 aa) of Racl, was described previously (37), and GFP-
p677"°*pp was made by transfer of p677"**pp into Bglll/Sall
sites of pEGFP(C3). p477"°*(R90K), p477"°*(S303D),
p477"°*(S304D), p47°"°*(S328D),  p477"°*(S303D/S304D),
p477"°%(S303D/S328D), p47°"°*(S304D/S328D), p477"°*(S303D/
$304D/S328D) in pcDNA3.1 were made using QuikChange.
p407"**(R105K), in pcDNA3.1, which does not bind PI(3)P (39),
and p40”"°*(F320A), in pcDNA3.1 or in pEGFP(C1), which dis-
rupts the intermolecular PX-PB1 interaction within p40”**
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(12, 13, 27), were also made using QuikChange. For Noxol-
p477"°* and Noxol(R40Q)-p477"°* construction, two frag-
ments (Noxol(PX: 1-122 aa) or Noxol(PX,R40Q) with
BamHI/AfIII and p4777°*(123-390 aa) with AfIII/EcoRI) were
amplified by PCR (40) and cloned into BamHI/EcoRI sites of
pcDNA3.1 or into BgllI/EcoRI sites of pEGFP(C1). An endo-
membrane-targeted mutant of p40#”°* (p40”"°*p in pcDNA3.1
or pEGFP(C1)), which is adapted with the isoprenylation motif
(CLLL) alone, and the PM-targeted mutant of p40r"**
(p40”"**pp in pcDNA3.1 or pEGFP(C1)), which is adapted with
both the polybasic and isoprenylation motif (KKRKRKCLLL),
were made using QuikChange. p40”***pp deleted of its PX
domain (1-136 aa) (p40?"°*(APX)pp) with BamHI/EcoRI sites
was amplified by PCR and cloned into BglII/EcoRI sites of
pEGFP(C1), and GFP-p40”"°*(R105K)p was made using
QuikChange. N-terminally monomeric Kusabira-Orange
(mKO; excitation, 548 nm; emission, 561 nm) (27)-tagged
p407"°% (mKO-p407°*) was made by replacement of EGFP with
mKO in pEGFP(C1) vector, and mKO-p40?"**(R105K) was
made using QuikChange. For FYVE-p40?°* construction, two
fragments (mouse FYVE domain (147-297 aa) of hepatocyte
growth factor-regulated tyrosine kinase substrate (Hrs) (41)
with BamHI/Ndel and p407#°*(137-341 aa) with Ndel/EcoRI)
were amplified by PCR and cloned into BamHI/EcoRI sites of
pcDNA3.1 or BglII/EcoRI sites of pEGFP(C1), and FYVE-
p40”"*p was made using QuikChange. For PH(TAPP1)-
p407"° construction, two fragments (human PH domain (180 —
291 aa) of tandem PH domain containing protein-1 (TAPP1)
(41) with BamHI/Ndel and p407"°*(137-341 aa) with Ndel/
EcoRI) were amplified by PCR and cloned into BamHI/EcoRI
sites of pcDNA3.1 or BgllI/EcoRI sites of pEGFP(C1). All plas-
mids were sequenced to confirm their identities. Properties of
p477"%, p677"°* and p40”"°* mutants are summarized in Table 1.

In Vitro Binding (Pull-down) Assay—The purified His,-
p40”"°*(PX: 1-167 aa) protein was described previously (12).
To avoid dimerization by H,0,, p40?”°*(PB1: 237-339 aa) in
pGEX-6P-1 (12) with a C242F mutation (GST-p40?"°*(PB1))
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was made using the QuikChange. The purified GST-
p407"°(PB1) and full-length His,-p40”"°* proteins were
obtained as described previously (12).

The purified (His),-p40”°*(PX) (100 nm) was mixed with the
purified GST-p407”°*(PB1) (100 nm) in 400 ul of the binding
buffer (12). After 10 min of rotation at 4 °C, 0.01 mm H,O, was
added in the solution and incubated for 10 min at 4 °C. Then
anti-His tag magnetic beads (MBL International) were added to
the solution and rotated for 30 min at 4 °C. The precipitates
were washed three times using a magnetic rack with the buffer,
the material absorbed to beads was eluted in Laemmli sample
buffer, and the magnetic beads were removed using a magnetic
rack. The aliquots of eluants were subjected to SDS-PAGE and
followed by immunoblotting using anti-GST pAb (Santa Cruz
Biotechnology, Inc.; 1:1000, room temperature for 2 h). Bound
antibodies were detected with secondary antibody-HRP conju-
gates using the ECL detection system (GE Healthcare).

The purified full-length His,-p407"°* protein (300 nm) was
mixed with biotin-coupled PI(3)P-containing polymerized
liposomes (100 um) (PI(3)P PolyPIPsomes™": Y-P003, Eche-
lon) in 50 pul of the binding buffer (12). After 10 min of agitation
at4 °C, 0.01 mm H,0O, was added in the solution and incubated
for 10 min at 4 °C. Then streptavidin-coupled magnetic beads
(Dynabeads® M-280 Streptavidin, Invitrogen) were added to
the solution and agitated for 30 min at 4 °C. The precipitates
were washed three times using a magnetic rack with the buffer,
the material absorbed to beads was eluted in Laemmli sample
buffer, and the magnetic beads were removed using a magnetic
rack. The aliquots of eluants were subjected to SDS-PAGE and
followed by immunoblotting using mouse mAb against
Hisg(9C11)-peroxidase-conjugated (Wako; 1:1000 at room
temperature for 2 h).

Confocal Fluorescence Imaging Studies Using Fixed Cells or Live
Cells—A total of 2.5 X 10° cells (HEK293, HEK293Nox2/FeyRlla .
HEK293P%77°%) were seeded on 35-mm glass bottom dishes
(MatTek chambers) 48 h prior to transfection and transfected
using FUGENE 6. 25-30 h after the transfection, cells were fixed
using 4% paraformaldehyde in HEPES buffer solution, permea-
bilized as described previously (37), and stained using primary
Abs at room temperature for 2 h. Primary Abs were visualized
by a confocal laser-scanning fluorescence microscope (LSM510
or LSM700, Zeiss) using Alexa-conjugated anti-IgG (Invitro-
gen; 1:2000, 0.5 h at room temperature). BIgG was prepared
using 5-um glass beads (Duke Scientific Corp.) at 10 mg/500 ul
of HBSS™ ™ (Invitrogen), as described previously (42). 25-30 h
after the transfection, the culture medium was replaced with
HBSS™ . After HBSS™ ™ containing BIgG (five targets per cell)
or H,0O, was added to each plate (12), images were collected at
5-s intervals for 15 min using a confocal laser-scanning fluores-
cence microscope with a heated stage and objective (38). The
point of stimulant addition or the starting point of ingestion of
added BIgG was chosen as time 0. All imaging experiments
were performed in triplicate and were repeated in at least three
independent transfection experiments (n = 9).

ROS Production Assay—HEK293N*/Fe¥Rlla and RAW246.7
cells were seeded on 6-well dishes at 2.5 X 10° cells/well and
1.5 X 10° cells/well, respectively, 48 h prior to transfection.
HEK293 and RAW246.7 cells were transfected using FuUGENE 6

40696 JOURNAL OF BIOLOGICAL CHEMISTRY

and FUGENE HD in complexes with various combinations of
plasmids, respectively. The transfection to RAW246.7 cells was
most efficient by FUGENE HD among several reagents tested,
and the efficacy was about 70—80% based on the imaging
experiments using various GFP-based plasmids, such as GFP-
p407°*, The cells were fed 5 h post-transfection with complete
medium and were used for assay 25-30 h after transfection.
ROS release with or without stimulation (3 ul of BIgG or 200
ng/ml PMA; Sigma-Aldrich) from 2.0 X 10° trypsinized cells
was measured by luminol-enhanced chemiluminescence meth-
ods in the presence of exogenous 10 units/ml HRP (Sigma-
Aldrich) and 200 um luminol (Sigma-Aldrich) for 20 min using
a luminometer (Mithras LB940, Berthold). The ROS detected
in the present study was the sum of extracellular ROS and intra-
cellular ROS (probably including intraphagosomal ROS
detected by luminol + exogenous HRP) but predominantly
extracellular ROS (supplemental Fig. 1C). The assay (luminol-
HRP without SOD + catalase; also luminol-HRP with SOD +
catalase, luminol without HRP, and isoluminol-HRP) clearly
shows p40”°* dependence in response to BIgG (supplemental
Fig. 1C). NADPH oxidase activity was inhibited by 10 min of
prior incubation with 10 um diphenylene iodonium (Sigma-
Aldrich). Comparable expression of Phox proteins was adjusted
and confirmed by immunoblotting using the total lysates from
the same number of cells.

Statistical Analysis—Mean oxidase activities (ROS produc-
tion) were calculated from at least three independent transfec-
tion experiments and were presented as percentages (mean =
S.E.). Significant differences were calculated by Student’s ¢ test,
and results with p < 0.05 were considered significant.

RESULTS

H,0, Induces Conformational Changes and Targeting of
p40°"° to Early Endosome (EE)—GFP-p40"°* showed a diffuse
cytoplasmic localization pattern (Fig. 14, left), whereas in sharp
contrast, the PX domain of p40””°* was localized to dotlike,
vesicular structures in resting wild type (WT) HEK293 cells
(Fig. 1A, center), as reported previously in RAW 264.7 macro-
phages (12) and PBL-985 granulocytes (28). We (12, 27)
and others (13, 31) reported that p40””°* mutants,
such as p407"°*(11A:318-328), p40"°*(4A:318-321),
p407"°%(F320A), p407"°*(E259A), and p407"°*(D269A), that
disrupt the intermolecular PX-PB1 interaction in p40”°* cause
a redistribution of p40””°* to EEs even in cells in a resting state.
Consistent with those reports, p40?"°*(F320A) showed a dot-
like localization pattern in resting WT HEK293 cells (Fig. 14,
right) and moderate constitutive (32.0 = 6.2%) or high BIgG-
stimulated (371.5 = 25.4%) ROS production when compared
with control HEK293N**/FeYRII2 cellg (stably expressing Nox2
and FcyRIla; supplemental Fig. 1) transiently expressing
p477"o% 4+ p677"°* + WT p40P"°* (Fig. 1B). The constitutive
activity by p40”7°*(F320A) suggests that the EE is one of the
sites where ROS production occurs in HEK293Nox2/FevRlla col|g.
in agreement with a recent report (43). In our recent studies
using RAW macrophages, we demonstrated that p40””°~ itself
or p40”"°*_containing ternary Phox complexes translocate to
EEs in response to arachidonic acid, which induces conforma-
tional changes in p40”"°* that disrupt the intramolecular
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FIGURE 1.H,0, induces EE targeting of p40°"°*, A, transfected GFP-p40°"°* is localized in the cytoplasm (left); in contrast, GFP-p40°"*(PX) (center; arrow) and
p40P"X(F320A) (right; arrow) are localized at dotlike structures, in resting WT HEK293 cells. Bar, 10 wm. B, p40°"°(F320A) co-expressed with p47°°x 4 p67°Phox
supports moderate constitutive (32.0 = 6.2%) and high BlgG-stimulated ROS production in HEK293N*2/FevRlla calls when compared with cells expressing WT
p40Phox 4+ pa7Phox 4 pE7PMoX Western blotting detects comparable levels of cytoplasmic Phox proteins in both transfection experiments. C, in response to
exogenous 1 mm H,0, (120 s after stimulation), GFP-p40°"°* expressed in WT HEK293 cells translocates to dotlike structures (arrowheads). D, the dotlike
structures are co-stained by an EE marker, EEA1 (arrowheads). E, cytoplasmic GFP-p67°°* co-expressed with mKO-p40P"°* in WT HEK293 cells translocates to
dotlike structures (arrowheads) after stimulation (110 s) with 1 mm H,0,. Similar effects of H,0, are observed in RAW 264.7 cells (supplemental Fig. 3). F, effect
of H,0, on the PX-PB1 domain interaction in vitro. The interaction between purified Hiss-p40°"(PX) and GST-p40°"°(PB1) proteins detected by pull-down

assays is weakened by the addition of 0.01 mm H,0,. Similar results are obtained in three independent experiments. G, effect of H,0, on binding of p40°"°* to
PI(3)P in vitro. The interaction between purified full-length Hiss-p40°"°* protein and PI(3)P-containing liposomes detected by pull-down assays is strengthened
by the addition of 0.01 mm H,0,. Similar results were obtained in three independent experiments. Error bars, S.E.

PX-PB1 domain interaction (12). In the present study, we
examined the effects of H,O,, which is derived from the Nox2-
based NADPH oxidase and can diffuse to the cytoplasm. GFP-
p407"°* translocated to dotlike structures in WT HEK293 cells
(Fig. 1C) that co-stained with EEA1 Ab, an EE marker (Fig. 1D),
in response to 1 mm H,O,, whereas neither GEP-p477"°* nor
GFP-p677"°* showed translocation to membrane structures
(data not shown). Importantly, GFP-p677°* also translocated
to dotlike structures when co-expressed with mKO-p407"°~,
which has a red fluorescent protein tag (mKO) at the N termi-
nus, after stimulation with H,O, both in WT HEK293 cells (Fig.
1E) and in RAW macrophages (supplemental Fig. 3). Further-
more, inhibition of PI(3)P production on EEs by a PI 3-kinase
inhibitor, wortmannin (100 nMm for 15 min), showed no dotlike
localization of GEFP-p40?"°*(PX) or translocation of GFP-
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p40”"°* to dotlike structures in response to H,O, in RAW
macrophages (supplemental Fig. 4).

These results suggest that H,O, induces conformational
changes within p40#”°* in the cytoplasm, enabling it to function
as a carrier protein that directs the cytoplasmic Phox complex
to PI(3)P-enriched membranes. To support this speculation,
we performed a binding (pull-down) experiment using purified
His,-p4077°*(PX) and GST-p40”"°*(PB1) proteins. H,O, (0.01
mwm) weakened the interaction between His,-p407”°*(PX) and
GST-p40”"°*(PB1), further suggesting that H,O, induces some
conformational changes in the PX and/or the PB1 domain of
p407"° (Fig, 1F). Furthermore, in an in vitro binding assay using
purified full-length His,-p40?°* protein and PI(3)P-containing
liposomes, H,O, (0.01 mwm) strengthened the interaction
between His-p407°* and PI(3)P, suggesting that H,0, induces

JOURNAL OF BIOLOGICAL CHEMISTRY 40697


http://www.jbc.org/cgi/content/full/M111.237289/DC1
http://www.jbc.org/cgi/content/full/M111.237289/DC1
http://www.jbc.org/cgi/content/full/M111.237289/DC1

Acquisition of PI(3)P Binding in p40°"°

N4

e
GFP-p40p(APX)pp

GFP-p40°hoxpp

+ a-EEA1 GFP-p40rrx(105K)p

pA40°hox(105K)
b N

p4opnox &
GFP-p67°P"pp + mKO-p40rhox GFP-p67P"pp + mKO-p40°X(105K)

FIGURE 2. Direct or indirect membrane targeting of p40°"°* induces EE-targeting of p40°"°*in WT HEK293 cells. A, transfected GFP-p40P"**pp is localized
atdotlike structures (left; arrowheads) in addition to PM (left; arrow). The dotlike structures are co-stained with EEA1 (right; arrowheads). Bar, 10 um. B, the dotlike
localization of GFP-p40P"*pp disappears in the case of GFP-p40P"*(APX)pp. Arrow, PM. C, GFP-p40P"°*p is co-stained with EEA1 (arrowheads). A movie of
accumulation on phagosome of p40°"**p during ingestion of BIgG in HEK293N*2/FerRlla ca||s js available (supplemental Video 1). D, the dotlike localization of
GFP-p40°"*p disappears in the case of GFP-p40P"*(R105K)p. E, PM-targeting mutant of cytoplasmic GFP-p67°"°%, GFP-p67°"*pp, shows PM localization
(arrows) in addition to nuclear localization. F, when cytoplasmic mKO-p40°"°is co-expressed with GFP-p67°"*pp, both proteins are co-localized at EEs stained
by EEA1 (using Cy5-conjugated secondary Ab) (arrowheads) in addition to the PM (arrow). G, the dotlike localization of both proteins disappears in the case of

merged

o—-EEA1

pB77"pp

mKO-p40P"°X(R105K) + GFP-p67°"*pp. Arrow, PM.

disruption of the PX-PB1 domain interaction within p40?*°*
(Fig. 1G).

Direct or Indirect Membrane Targeting of p40°"** Induces
Recruitment of p40°"°* to EE—To examine the possibility that
p407"°* also develops PI(3)P-binding capabilities after mem-
brane targeting, we utilized a PM-targeting motif consisting of
the polybasic and prenylated (pp) C-terminal sequence of Racl
(183-192 aa; KKRKRKCLLL) or the intracellular endomem-
brane-targeting prenylated (p) motif (189-192 aa; CLLL) of
Racl fused onto GFP-tagged p40”"°*, according to previous
reports (36, 37, 44 — 46). GFP-p40”"**pp was localized at EEs in
addition to the PM (Fig. 24), and this EE localization pattern
was abolished with GFP-p40?”°*(APX)pp, lacking the PX
domain in WT HEK293 cells (Fig. 2B). GFP-p40”"**p was also
targeted to EEAl-positive dotlike structures both in WT
HEK?293 (Fig. 2C) and HEK293N***/FYRI2 ce]ls (supplemental
Video 1), and this EE localization was abolished in the case of
the PX domain mutant (Fig. 2D), GFP-p40?"°*(R105K)p, which
loses its capabilities to bind PI(3)P.

To further investigate the possibility that indirect membrane
targeting of p40””°* also induces conformational changes in
p407"°* promoting its binding to PI(3)P, we used a PM-targeted
mutant of p677°*, GEP-p677"**pp. GFP-p677"°* is a cytoplas-
mic protein in resting cells (12); however, GFP-p677"**pp
showed PM localization in WT HEK293 cells (Fig. 2E). When
cytoplasmic mKO-p40?"°* was co-expressed with GFP-
p677"°*pp, mKO-p407">* and GFP-p67”"**pp co-localized at
EEs in addition to the PM in WT HEK 293 cells (Fig. 2F). This
EE but not PM localization of mKO-p40””°* was abolished in
the case of mKO-p407"°*(R105K), which does not bind PI(3)P
(39) (Fig. 2G).

These results suggest that PM or endomembrane targeting of
p40‘°h"x, whether through direct or indirect means, caused
recruitment of p40”"°* to PI(3)P-enriched EEs through subcel-
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lular membrane cycling (PM to EEs in the endocytic pathway
(47,48) and endomembranes to EEs in the retrograde-transport
and anterograde-transport pathways (49)); finally, p40”"**
bound to PI(3)P and accumulated on the membranes of EE. In
agreement with our data, a recent study reported that the mem-
brane-spanning Phox protein (heterodimer of Nox2 and
p227"°%) was localized on the recycling endosomes as well as
EEs and PM in CHO model cells and macrophages (43). Thus,
p407"°* probably develops PI(3)P-binding capabilities also
through direct or indirect membrane targeting and may even
promote these membrane cycling and trafficking pathways
through PI(3)P binding.

Indirect Membrane Targeting of p40°"°* through p47°"°*-
P67 _pd0P"** Interaction Induces Recruitment of p40°"** to
EE—p477"°* functions as a carrier and adaptor protein of the
cytoplasmic ternary Phox complex (5, 21, 33, 50). We first
examined the possibility that indirect membrane targeting of
p407"°* as a component of the ternary p477/°*-p677"°-paQr" >
complex induces conformational changes within p40*°* that
enable it to bind to PI(3)P and localize at PI(3)P-enriched mem-
branes. When GFP-p477"°* and mKO-p40?"°* were co-ex-
pressed in HEK293P¢77%°% cells (stably expressing p677"°%; sup-
plemental Fig. 54), both were localized in the cytoplasm (Fig.
3A). Intriguingly, when cytoplasmic mKO-p40”"°* was co-ex-
pressed with an intracellular endomembrane-targeted mutant
of GFP-p477"°%, GFP-p477"°*p (Fig. 3B), dotlike structures con-
taining GFP-p477"°*p, mKO-p40”"°*, and p677"°* appeared
(Fig. 3C and supplemental Fig. 5B) in HEK293P°"7"** cells,
which were not observed in the case of mKO-p40?"°*(R105K)
(Fig. 3D). To explore an alternative means for indirect p407”°~
membrane targeting through the p477"°*-p67¢"°*-paQr >
interaction, a PM-targeted mutant of p477”°* was used in which
its PX domain was replaced with that of Noxo1, which consti-
tutively localizes at the PM even in resting cells (40, 51). When
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mKO-p407"°* was co-expressed with GFP-Noxol-p477"°* in
HEK293P%77"°* cells (Fig. 3E), mKO-p40”"°* also showed a dot-
like localization pattern, in addition to PM localization with
GFP-Noxol-p477"°* (Fig. 3F). These dotlike structures were
co-stained with EEA1 (data not shown). The dotlike localiza-
tion, but not PM localization, of GFP—Noxol—p47ph”x and
mKO-p407°* disappeared in the case of mKO-p407"**(R105K)
(Fig. 3G). GFP-Noxo1(R40Q)-p477"°*, which loses its PM-tar-
geting capabilities by mutation in the PX domain (40), showed
no dotlike or PM localization with mKO-p40?”°* (Fig. 3H). Fur-
thermore, neither the dotlike nor PM localizations of mKO-
p407"°* were observed in WT HEK293 cells when GFP-Noxo1-
p477"°% was co-expressed with p6777°*(K355A), which disrupts
interaction between p677"°* and p40¥"°* (supplemental Fig.
5C).

These data show that indirect targeting of p40?"°* to mem-
branes through other Phox protein interactions enables p40#/**
to bind to PI(3)P, thereby redirecting the cytoplasmic ternary
Phox complex to PI(3)P-enriched membranes.

The p40°"°* High Affinity PI(3)P-binding PX Domain Is Crit-
ical for BlgG-stimulated Nox2 Activation—To examine the
importance of PI(3)P binding to p40””°* in Nox2 activation, we
substituted its PX domain with other PI(3)P-specific binding
domains, the FYVE domain from Hrs in addition to the
PI(3,4)P,-specific PH domain from TAPP1 and the PI(3,4,5)P-
specific PH domain from GRP1 (general receptor for phosphoi-
nositides-1), which were expressed in HEK293Nex2/FeyRlla po]]g.
GFP-FYVE showed no accumulation on phagosomes (data not
shown), as described previously (52). In contrast, GFP-2xFYVE,
which has about a 10-fold higher affinity for PI(3)P than GFP-
FYVE (53), was localized at EE and accumulated on phago-
somes by fusion with EE during ingestion of BIgG (data not
shown), as observed with the p40”"°* PX domain (12), indicat-
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ing that a threshold affinity for PI(3)P drives this translocation.
GFP-PH(TAPP1) and GFP-PH(GRP1), which are primarily
localized in the cytoplasm, also showed accumulation on pha-
gosomes (data not shown). We then made chimeric mutants of
p40” hox replacing the PX domain with the FYVE, PH(TAPP1),
or PH(GRP1) domains (FYVE-p407°*, PH(T APP1)-p40?"°*, or
PH(GRP1)-p407"°*). It is unlikely that the FYVE or PH domains
in these chimeric proteins are masked by the PB1 domain of
p407"°% because the three-dimensional structures of these
domains are quite different from that of the PX domain of
p407"°* (54, 55). Weak accumulation of GFP-p407”°* on phago-
somes was sometimes observed in HEK293No*¥/FeyRla co|g
without co-expression of p477"°* or p677"°* (Fig. 4A and sup-
plemental Video 2), consistent with our previous report (12).
The PX domain of p40ph"x has a high affinity for PI(3)P (K, to
0.5% PI(3)P lysosome: 40 = 7 nMm (56)) but is masked by the PB1
domain. Accumulation of GFP-FYVE-p40#°*, which has a low
affinity domain (FYVE) for PI(3)P (K, to 0.5% PI(3)P lysosome:
420 = 8 nMm (57); more than 10 times lower affinity than that of
PX domain of p407"°* (58)) but is not masked by the PB1
domain, was never observed (Fig. 4B and supplemental Video
3). In contrast, GFP-PH(TAPP1)-p40”"°* (Fig. 4C and supple-
mental Video 4) and GFP-PH(GRP1)-p407”°* (data not shown),
containing PH domains with a high affinity for PI(3,4)P, (K, of
TAPP1 to 0.5% PI(3,4) P, lysosome: 1.5 = 0.5 nm (18); K,
of TAPP1 to PI(3,4)P,: 40.1 nm (41)) and for PI(3,4,5)P5 (K, of
GRP1 to PI(3,4,5)P5: 59.2 nMm (41)), respectively, were readily
detected on nascent phagosomes. A membrane-targeted
mutant of FYVE-p40#"°*, FYVE-p40?"°*p, showed EE localiza-
tion (Fig. 4D) and accumulated on phagosomes by fusion of EE
during ingestion of BIgG. (supplemental Video 5). From the
standpoint of ROS production, PH(TAPP1)-p40”"°* showed
about 4-fold higher ROS production compared with p407°*,
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whereas FYVE-p407"°* showed statistically lower ROS produc-
tion than p40?"°* (67.4 * 9.6%) (Fig. 4E). Comparable expres-
sion of p477"°%, p677"°*, p40P"°* and p40?"°* chimeric mutants
was confirmed by immunoblotting (Fig. 4E).

These results indicate that the high affinity of the PX domain
of p407"°* for PI(3)P, even when masked by the PB1 domain in
the resting state, initiates or dictates its accumulation on pha-
gosomes. Despite the limitations of FYVE-p407"°* detection by
imaging these fluorescent-tagged proteins, even the basal level
affinity for PI(3)P binding of the PX domain of p40*”** or FYVE
domain appears to influence ROS production.

The Phosphorylation Status of p47°"°* Influences the Depen-
dence of Nox2-ROS Production on PI(3)P Binding by p40°"**—
To further examine the consequences of indirect membrane
targeting of p40”"°* through its interactions with p47”"**and
p67”h"x, we used a mutant, p47”h"x(AAIR), in which the autoin-
hibitory region (AIR) is deleted. p47”"°*(AAIR) renders p477"°*
constitutively active and capable of membrane binding, support-
ing Nox2-based ROS production without stimulation because of
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its constitutive interaction with p22#°* in resting cells (59). ROS
production using p477"°*(AAIR) HEK293Nx2/FevRlIa cellg was
constitutive, was only slightly enhanced by BlgG stimulation,
and was effectively inhibited by diphenylene iodonium (Fig.
5A). Enhanced ROS production by the addition of p40?"°* to
p477"°%(AAIR) + p677"°* was probably due to enhanced stabi-
lization of p677"°* protein levels by p40””°* (Fig. 54). Most
importantly, ROS production by p477"°*(AAIR) + p677"°* +
p407"°* was independent of the PI(3)P-binding capabilities of
p407"°* (Fig. 5A). Comparable expression levels of proteins
were confirmed by immunoblotting (Fig. 54). These results
indicate that deletion of the AIR of p477°* leads to constitutive
binding to p22?”°*, thereby inducing constitutive oxidase activ-
ity and only minor enhancing effects of BIgG, which are inde-
pendent of the PI(3)P-binding capabilities of p40”*°*, To inves-
tigate the relationship between the phosphorylation status of
p477"°* and the dependence on p40#”°*-PI(3)P binding for ROS
production by the Nox2-based oxidase, we used seven phos-
phorylation site-mimicking mutants of p477*°*, ROS produc-

VOLUME 286+NUMBER 47+-NOVEMBER 25, 2011


http://www.jbc.org/cgi/content/full/M111.237289/DC1
http://www.jbc.org/cgi/content/full/M111.237289/DC1
http://www.jbc.org/cgi/content/full/M111.237289/DC1
http://www.jbc.org/cgi/content/full/M111.237289/DC1

paQrhox wt 105 wt 105 wt 105 wt105 wt 105 wt 105 wt 105 wt 105 wt -

Acquisition of PI(3)P Binding in p40°"°*

A s no stimulation C
150 | = BIgG
140 W Bigc+DPI
= 130 g <
£ 120 T St
S 110 gL
s 100 75 kD: 33
° 90 a - R ]
3 80 1 a3
o 70 50 kDa °
£ & e paze: §§
» 28 37 kDa - - paoerr
8 30 p47phﬂx + - - -
20 PAT(AAIR)ex =+ + + p47Phox wt 303D 304D 328D 303/304D 303/328D 304/328D
10 957::: ‘;‘ '_' v:Ho;K = p67Phox + o+ + o+ + o+ + o+ + o+ + o+ o+ O+
0 L= pao - p4Qehox Wt 105K wt105K wt105K wt105K  wt 105K wt 105K wt 105K
p4a7Pix  +  AAIR AAIR AAIR
D Wt~ wt 105K D *
pAQPhox 76 M no stimulation
MW BIgG
160
B no stimulation s, ::ig ] PMA
BlgG
110 BlgG + DPI < 130 ¥
< 100 S 120
< g0 O PMA g 110 I
S 8o S 100
g 70 E-
3 60 - 80
° (< (]
o 50 -
S 40 60
»n 50
@ 30 8 40
xz 20 I 30
10 i . 20
E a i .11 B 10
paTetoc wt 303D 304D 328D  303/304D 303/328D304/328D 303/304/328D AAIR 4_2”'“ t wt — .
67Phox + o+ + o+ + + O+ + O + o+ + p -
240.,».“ wt 105K  wt105K wt 105K wt105K  wt 105K wt 105K wt 105K wt 105K wt p67shox - - + 4 .+ + 4+
pagehox - wt wt 105K wt 105K wt 105K
75 kDa - L p67Phox 75 kDa 'Y Y '_ ' r.' ~ b+ - pB7Phox
50 kDa - 50kDa-
p47phox ———— — p47ﬁh0x
37 kDa - p4Qrhox 37 kDa - Pr——— paQFPhox
p47Per  wt 303 304 328 303/304303/328304/328 3D AAIR - pazerx - wt wt 3D - AAIR
PB7Phox + + + + o+ 4+ + + 4 4+ o+ o+ 4 - p67phox = -+ o+ 4+ 4+

pdgQehor = Wt wt 105 wt 105 wt 105

FIGURE 5. Dependence of PI(3)P-binding of p40”"°* in ROS production by Nox2 is determined by the phosphorylation status of p47°"°* in both
HEK293Nox2/FevRlla (A_C) and RAW264.7P4%/P47KP cels (D). A, ROS production using p47P"*(AAIR) is constitutive, shows small BI%G dependence, and is
effectively inhibited by 10 um diphenylene iodonium. The addition of p40°"* enhances ROS production by p47°"°*(AAIR) and p67P"°*. ROS production by
p47PhX(AAIR) + p67P"°* + p40P"°* is independent of the PI(3)P-binding capabilities of p40P"* (p40°"°*(R105K)). n.s., not statistically signiﬁcant. B, ROS
production using one- or two-site phosphorylation-mimicking mutants of p47°"°* as well as WT p47°"°* shows PI(3)P-binding of p40°"* dependence;
however, p47P"°*(S303D/S304D/S328D) is independent of PI(3)P binding to p40°"°*, All mimicking mutants showed higher ROS production than WT p47°hox,
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reconstituted ROS production by p47°"°*(S303D/5304D/5328D) or p47°"*(AAIR) shows only moderate PI(3)P dependence. *, p < 0.01. 3D, S303D/5304D/

$328D. Error bars, S.E.

tion using p477"°%(S303D/S304D/S328D), which is a phosphor-
ylation-mimicking mutant of p477"°* sufficient for access to
p227"°% without cell stimulation (60), was not affected by the
R105K mutation of p407”°* in HEK293Nex2/FeyRlla colls and was
therefore independent of PI(3)P binding (Fig. 5B), as in the case
of p477"°*(AAIR). However, ROS production in response to
BlgG using one or two phosphorylation site-mimicking
mutants of p477"°* (S303D, S304D, S$328D, S303D/S304D,
$303D/S328D, or S304D/S328D) was dependent on p40?"o*
PI(3)P binding (Fig. 5B), and all of the phosphorylation-mim-
icking mutants showed higher ROS production (Fig. 58) and
less PI(3)P dependence than in the case of WT p477°* (Fig. 5C).
Interestingly, the mimicking mutants having $328D (S328D,
$303D/S328D, and S304D/S328D) showed constitutive activity
without BIgG stimulation, higher ROS production, and less
PI(3)P dependence than in the case of S303D, S304D, or S303D/

NOVEMBER 25, 2011« VOLUME 286+NUMBER 47

S$304D (Fig. 5C). PI(3)P binding independence in
p477°*(S303D/S304D/S328D) and p477"°*(AAIR), but not in
two-site phosphorylation-mimicking mutants of p477"°*
(S303D/S304D, S303D/S328D, and S304D/S328D), was also
detected by a ROS production assay using luminol without
exogenous HRP (supplemental Fig. 6). Phosphorylation of WT
p477"°% in response to BIgG in HEK293N**/F<¥Rlla cells was
confirmed using **P label (supplemental Fig. 7). Comparable
expression of p477"°*, pA7°"°* mutants, p677"°*, p40¥"°*, and
p4077°*(R105K) was confirmed by immunoblotting (Fig. 5B).
Taken together, it appears that the dependence on p40r”**
PI(3)P binding for ROS production by Nox2 is determined by
the phosphorylation status of p477°*, which governs the inter-
action between p4777°* and p227"°*; complete constitutive
(high affinity) interaction with p22#"°* results in maximum
ROS production with PI(3)P independence, whereas incom-
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intermolecular interaction (Fig. 1A), effectively rescues ROS production by p47°"°*(R90K) + p67°"°* + p40P"°*, whereas p40°"°*(R105K/F320A) does not. B, in
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plete (low affinity) interaction with p22?”°* favors PI(3)P
dependence involving p40”**,

These results were confirmed in similar experiments using
RAW264.7P4/P47KD cells (stable knockdown of both p40”/**
and p477"°*; supplemental Fig. 2). Although PI(3)P dependence
was still seen in reconstituted ROS production with
p477"°*(S303D/S304D/S328D) or p477"°*(AAIR) (Fig. 5D),
the order of PI(3)P dependence was WT p477"°* >
p477"°%(S303D/S304D/S328D) > p477"°*(AAIR) in three dif-
ferent assays (Fig. 5D and supplemental Fig. 8, A and B). Com-
parable expression of p477"°*, p47°°* mutants, p677"°%,
p407"°%, and p40"°**(R105K) was confirmed by immunoblot-
ting (Fig. 5D).

Membrane-associating Mutants of p40°"°* Can Rescue the
PI-binding Function of the PX Domain of p47°"**—Finally, to
examine the contribution of the adaptor functions of p40*** in the
Nox2-based oxidase, we used membrane-targeted mutants of
p407°* and p477"°*(R90K), which is a PI binding-deficient (50, 61)
and membrane targeting-defective mutant protein (12, 18, 56).
ROS production reconstituted by p477"°*(R90K) + p677"°* +
p40”"* was significantly decreased in HEK293No**/Fe¥Rlla cells,
consistent with previous studies (50) (Fig. 6A); however, ROS pro-
duction was dramatically rescued by the membrane-targeted
version of p477"°*(R90K), p477"**(R90K)p (Fig. 6A). Although
p407"**p rescued some ROS production by p477"°*(R90K) +
p677"°% + pa0¥"**, considerably higher ROS production
was rescued using p40”"*pp (Fig. 6A). Intriguingly,
p407"°*(F320A), which is a mutant freely accessible to PI(3)P
with a disrupted intermolecular PX-PB1 interaction, fully res-
cued ROS production by p4777°*(R90K) + p677"°* + pa0rhox,
whereas p407"°*(R105K/F320A) supported no activity (Fig.
6A). Comparable expression of p477"°*, p47°"°* mutants,
p677"°%, pd0P"°*, and p40P"°* mutants was confirmed by immu-
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noblotting (Fig. 6A4). These findings complement observations
on ROS production using p477"°*(AAIR) or p477"°*(S303D/
$304D/S328D), which were not affected by the R105K muta-
tion in p40”°* (Fig. 5, A and B), and suggest that strong mem-
brane associations in p40?"°*, seen in p40”"*pp or
p407"°*(F320A), could restore ROS production in the absence
of PI binding to p477"°* in HEK293N*?/Fe¥RIa cellg,

These results were confirmed in similar experiments using
RAW264.7P4/P47KD cells in which WT p407"°*, but not
p407"°*(R105K), showed moderate restoring capabilities in
reconstituted ROS production by p477"°*(R90K) (Fig. 6B).
Comparable expression of p477%°%, p477"°* mutants, p677"°%,
p407"°%, and p40”"°* mutants was confirmed by immunoblot-
ting (Fig. 6B).

DISCUSSION

It has been well recognized that p477"° serves as a carrier of
the cytoplasmic ternary Phox complex to membranes, using its
PX domain, and also serves as an adaptor between the cytoplas-
mic Phox complex and the membrane-spanning flavocyto-
chrome b.g; thus, p477"°* is called as an “organizer” of the
Nox2 complex (2, 3). Although we and others reported that
p40”"°* also acts as a carrier of the ternary Phox complex during
FcyR-mediated (12, 27), PMA-stimulated (29 -31), and fMLP-
stimulated oxidative bursts (30), another report suggests that
p407"°* primarily functions in Nox2 activation on phagosomes
(32). We showed here that the dependence on p40”*°* PI(3)P
binding for Nox2 activity is determined, at least partly, by the
phosphorylation status of p477%°*, p40¥"** is essential during
FcyR-mediated oxidase activation; however, p4()ph"’“ is less crit-
ical under conditions when p477”°* is adequately phosphor-
ylated and binds to p22?”°* efficiently, as revealed when exam-
ining phosphorylation/activation-mimicking p477”°* mutants
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(i.e. p477"°*(AAIR) and p477"°*(S303D/S304D/S328D)) (Fig. 5
and supplemental Figs. 6 and 8). In the present study, we
showed the dependence on p40””°* PI(3)P binding for Nox2
activity (both for extracellular and intracellular ROS) during
FcyR-mediated oxidative burst, based on the following meth-
odsand observations: 1) in assays using luminol with HRP (mea-
suring total ROS but predominantly extracellular ROS), in
assays using luminol with HRP + (SOD + catalase) (measuring
intracellular ROS), in assays using luminol without HRP (mea-
suring intracellular ROS), or in assays using isoluminol with
HRP (measuring extracellular ROS) in HEK293N**/FevRIa ce]]g
(Fig. 5, A and B, and supplemental Figs. 1 and 6); 2) in assays
using RAW?264.7P*/P47KD cells (Fig. 5D and supplemental Fig.
8); and 3) based on a report demonstrating p40?”°* and PI(3)P
binding dependence during FcyR-mediated oxidative burst
(measured using luminol with HRP) in COS7 cells stably
expressing Phox proteins and FcyRIIa (32). A series of stepwise
phosphorylation events at eight distinct phosphorylated sites
within p477°* were reported (8, 9), of which only four are
prominently phosphorylated in membrane-bound p477**
fractions in early phases of stimulation in normal neutrophils
but not in flavocytochrome b ,-deficient CGD neutrophils (8).
We demonstrated that PI binding (i.e. membrane targeting)
(12, 18, 56), by p477"°* is less critical (Fig. 6) when the autoin-
hibitory (PX-PB1) interaction within p40?”°* is released and
allows binding to PI(3)P or when p40”"°* is targeted to mem-
branes by other means, as seen with p40” hox(E320A) and
p407"**pp. These observations strongly support the proposed
carrier function of p40””° in delivering the ternary Phox com-
plex to phagosomes in cooperation with p477”°* under condi-
tions when p477°* is only partially phosphorylated (e.g. in the
initial stages of translocation of the Phox complex to phago-
somes) or when PI levels are insufficient to bind p477"°* (e.g. in
late stages of phagocytosis) (12). Furthermore, although the
function of p40?"°* as a carrier and adaptor seems to be less
prominent than p477%°* (Fig. 6A), we propose that both p40”"**
and p477"°* are required for orchestrating optimal phagosome-
targeting of the cytoplasmic Phox complex and also for stable
assembly and retention of the Nox2 complex on phagosomes
during the FcyR-mediated oxidative burst. Several reports sup-
port this concept of a functional partnership of both proteins:
p477"° is required for phagosome-targeting of p677"°* and
ROS production in p477"°*-deficient neutrophils (23); p40~"**-
deficient neutrophils exhibit a severe defect in FcyR-mediated
oxidative burst but not in PMA- or fMLP-stimulated ROS pro-
duction (28); PI(3)P-binding capabilities of p40””°* are required
for prolonged retention of p407”°* (28) and the p40~"°*-
p677"°%_pa7P"°* complex (27) on phagosomes; autosomal
recessive CGD patients, including a p40””°*-deficient patient,
suffer less severe clinical phenotypes than X-linked CGD
patients (62); phosphorylation of p40”"°* on Thr-154 is
required for phagosome targeting of p477”°* and ROS produc-
tion in reconstituting p40””°*-deficient (or knockdown) neu-
trophils (63); and both p407"°* and p477"°* are required for
ROS production in microvascular endothelial cells (64).

It was reported that translocation of p677”°%, involving the
carrier function of p40?”°*, is dependent on the PX domain of
p407"°* but is PI(3)P-independent and that activation of Nox2
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is PI(3)P-dependent in PMA-stimulated, permeabilized PLB-
985 neutrophil cores (31). These authors speculated that moe-
sin (65), a cytoskeletal protein, instead of PI(3)P may be a
predominant target of the p40”"°* PX domain in the PMA-
stimulated oxidative burst of permeabilized cores (31). In the
present study using HEK293Nx2/FeYRlIa ce]|5, we found that the
PX domain of p407%°* is much less critical in responses to PMA
than the PX domain of p477#°* (supplemental Fig. 9), indicating
that PMA, an analog of diacylglycerol, triggers predominantly
p477"%(PX)-dependent but p40”"°*-independent oxidase
activation, consistent with studies in p407"°*-deficient
COS?"**FcyR cells and neutrophils (26, 28). Thus, the p40”**
and PI(3)P dependence in Nox2 activation is determined by
stimulus (e.g BIgG versus PMA).

Cho and Stahelin (58) described a general mechanism of
membrane-protein interactions in which membrane adsorp-
tion of PX domain-containing proteins such as p477”°* and
p407"°* (18, 56) is initially driven by nonspecific electrostatic
interactions (between anionic lipids in membranes and cationic
surfaces of proteins) and by diffusion, which is then followed by
specific interaction with PIs and interfacial penetration (66) of
hydrophobic and aromatic residues located near its respective
binding site of PIs. Crystallographic studies on p40”"**,
revealed that intramolecular PX-PB1 domain interactions are
sterically inhibiting access of the PX domain with membrane-
embedded PI(3)P, rather than completely masking the PI(3)P-
binding site (13); in other words, the PX domain is able to access
PI(3)P in certain conditions because three-dimensional posi-
tioning of membrane-embedded PI(3)P changes during phago-
some formation. This speculation is supported by reports that
full-length p40#”°* binds to soluble PI(3)P to the same extent as
the PX domain (39) and that full-length p40#”°* binds to PI(3)P
in surface plasmon resonance and lipid monolayer assays in
which PI(3)P is flexible in the lipid monolayer (56). Considering
our finding that p40”"°* possessing the high affinity binding PX
domain for PI(3)P accumulated on phagosomes (Fig. 4A4), even
if sterically inhibited, whereas FYVE-p40?"°* possessing low
affinity PI(3)P binding did not accumulate on phagosomes (Fig.
4B), the “semimasked” high affinity binding PX domain of
p407"°* probably fulfills important missions during its translo-
cation, including initiation of translocation.

Enhanced protein tyrosine phosphorylation by H,O,-in-
duced inhibition of phosphotyrosine phosphatases has been
reported (67, 68). In addition, it was reported that H,O, directly
induces conformational changes in proteins (69). In the present
study, p40”"°* tyrosine phosphorylation was not observed in
response to H,O, using anti-phosphotyrosine Ab (4G10) (data
not shown), consistent with previous work (70), and conforma-
tional changes within p407”°* induced by H,O,, were observed
by in vitro binding assays (Fig. 1, F and G). The other adaptor
protein, p477"°*, showed no translocation to any membrane
site in response to H,O,. Interestingly, PKCs, which are well
known to phosphorylate p4777°* (10, 38, 71) and accumulate on
phagosomes (38), are reported to be activated by H,O, both on
membranes and in the cytoplasm (72, 73). Thus, H,O, may
induce several positive feedback effects on both p407”°* and
p477"°*, both on membranes and in the cytoplasm during the
FcyR-mediated oxidative burst. In addition to this positive
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feedback mechanism of p40”° directly acquiring PI(3)P bind-
ing capabilities by exposure to H,O, (demonstrated in the pres-
ent study) or by arachidonic acid (12), p40?”°* can also indi-
rectly acquire PI(3)P binding (Figs. 2F and 3, C and F) on
targeted membranes in a p477"°*-dependent manner through
its associations within the p477"°*-p677"°*-p40¥"°* complex.
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