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NADPH oxidase comprises both cytosolic and membrane-
bound subunits, which, when assembled and activated, initiate
the transfer of electrons from NADPH to molecular oxygen to
form superoxide. This activity, known as the respiratory burst, is
extremely important in the innate immune response as indi-
cated by the disorder chronic granulomatous disease. The reg-
ulation of this enzyme complex involves protein-protein and
protein-lipid interactions as well as phosphorylation events.
Previously, our laboratory demonstrated that the small mem-
brane subunit of the oxidase complex, p22?°*, is phosphoryla-
ted in neutrophils and that its phosphorylation correlates with
NADPH oxidase activity. In this study, we utilized site-directed
mutagenesis in a Chinese hamster ovarian cell system to deter-
mine the phosphorylation sites within p227°*, We also explored
the mechanism by which p227”°* phosphorylation affects
NADPH oxidase activity. We found that mutation of threonine
147 to alanine inhibited superoxide production iz vivo by more
than 70%. This mutation also blocked phosphorylation of
p227"°* in vitro by both protein kinase C-« and -8. Moreover,
this mutation blocked the p227"°*-p47P"°* interaction in intact
cells. When phosphorylation was mimicked in vivo through
mutation of Thr-147 to an aspartyl residue, NADPH oxidase
activity was recovered, and the p227"°*.p47Ph°* interaction in
the membrane was restored. Maturation of gp917"°* was not
affected by the alanine mutation, and phosphorylation of the
cytosolic component p477%°* still occurred. This study directly
implicates threonine 147 of p227"°* as a critical residue for effi-
cient NADPH oxidase complex formation and resultant enzyme
activity.

Killing of microorganisms by the innate immune response
involves phagocytic white blood cells as the first line of defense
(1-3). These cells utilize both oxygen-dependent and oxygen-
independent tactics to destroy pathogens and fight infections
(1,4-6). The oxygen-dependent form of killing is known as the
respiratory burst. This respiratory burst results from the reduc-
tion of molecular oxygen to superoxide, the parent molecule to
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many other toxic oxygen species (7, 8). This burst is mediated
by a multimeric enzyme complex known as NADPH oxidase.
This complex consists of the membrane-bound flavocyto-
chrome b, as well as cytosolic components p477°*,? p677"°%,
p407%°*, and the small GTP-binding protein Rac (9). Flavocyto-
chrome b, contains all of the electron transport machinery,
including binding sites for NADPH and FAD as well as two
hemes (10-14). Upon activation, the cytosolic components
translocate to the membrane and bind the flavocytochrome,
resulting in a favorable conformation for electron flow to occur
(15).

Dysregulation of superoxide production can exacerbate
many diseases such as cardiovascular disease, diabetes, cancer,
Alzheimer disease, and many others (16-20). Defects in the
respiratory burst can also lead to problems in host defense, as
illustrated by the lack of superoxide-dependent killing in
chronic granulomatous disease (21, 22). As a result, NADPH
oxidase activation is tightly regulated by phosphorylation
events as well as protein-protein and protein-lipid interactions
(23-28). When phagocytes encounter pathogens, numerous
signaling cascades are activated, including G proteins, phos-
pholipases, lipid second messengers, calcium release, and pro-
tein kinases, leading to the formation of a functional NADPH
oxidase (2). The activity of protein kinases within this regula-
tion has been extensively studied (28, 29). The protein kinase C
(PKC) family of enzymes has been implicated in NADPH oxi-
dase activation (30-35). They can be activated by calcium and
lipids resulting from phospholipase activity triggered by ago-
nists such as opsonized particles and bacterial peptides or
directly by the PKC agonist phorbol 12-myristate 13-acetate
(PMA) (2, 36 -38). This activation results in the phosphoryla-
tion of almost all of the oxidase components. Phosphorylation
has been shown to have important functional roles such as the
release of p477°* from its autoinhibitory state (39). We hypoth-
esize that phosphorylation of specific residues of another com-
ponent, p227"°*, by PKC is important for optimal NADPH oxi-
dase function.

p227"°* mRNA is abundant in most cell lines and tissues of
the body (40, 41). Among cell lines, COS and HEK293 cells have

3 The abbreviations used are: p47°"°, 47-kDa protein of phagocytic oxidase;
p67°h°x, 67-kDa protein of phagocytic oxidase; p40°"°, 40-kDa protein of
phagocytic oxidase; p22°"°%, 22-kDa protein of phagocytic oxidase; PKC,
protein kinase C; PMA, phorbol 12-myristate 13-acetate; CHO, Chinese
hamster ovary; RLU, relative light units; DPI, diphenyleneiodonium; MAPK,
mitogen-activated protein kinase; PRR, proline-rich region; SH3, Src
homology 3.
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been widely used to study NADPH oxidase. Although these cell
lines are readily transfected, previous studies to examine the
structure/function of p22?”°* have predominantly relied on
p227%°% overexpression systems (42—44). Recently, Chinese
hamster ovarian (CHO) cells were discovered to have no
endogenous p227°* expression (45). We have developed a cell
system to take advantage of this trait of CHO cells to study the
effects of mutations in p22#”°* on NADPH oxidase activity (46).
In this study, we have characterized the NADPH oxidase
response to PMA in this system. We determined that PMA-de-
pendent p227”°* phosphorylation occurs on threonine 147 and
that blocking this phosphorylation reduces superoxide produc-
tion as well as interferes with the p227/°*-p477°* interaction in
the membrane.

EXPERIMENTAL PROCEDURES

Materials—Hanks’ balanced salt solution was obtained from
Invitrogen. PMA and leupeptin were from Alexis Biochemicals.
1,2-Didecanoyl-sn-glycero-3-phosphate and 1-oleoyl-2-ace-
toyl-sn-glycerol were obtained from Avanti® Polar Lipids (Ala-
baster, AL). Primary antibodies 54.1 (anti-gp917”°*) and 44.1
(anti-p227”°*) were generously donated by Dr. Algirdas Jesaitis
of Montana State University (Bozeman, MT) (47). Anti-p477"**
and anti-p677°* antibodies (made in goat) were generously
donated by Dr. Tom Leto of the National Institutes of Health
(Bethesda, MD) (48). Alternate p477"°* antibodies (sc-14015,
rb; sc-17845, ms) were from Santa Cruz Biotechnology (Santa
Cruz, CA). Horseradish peroxidase-conjugated secondary anti-
bodies (mouse, rabbit, goat) immunoglobulin G (IgG) were
obtained from Pierce. PerkinElmer Life Sciences provided the
[y->2P]ATP (2 mCi/ml).

Cell Lines—CHO K1 cell lines stably transfected with oxidase
components were constructed as described previously (46).
Cells were maintained in F12K medium (Invitrogen), supple-
mented with 10% bovine growth serum (Hyclone), 0.15%
sodium bicarbonate, 50 units/ml penicillin, and 50 mg/ml
streptomycin (Invitrogen). CHO cells expressing gp917"°%,
p477"°* and p67°"°* (CHO 91/47/67) were selected using 1
mg/ml puromycin (Calbiochem) and 0.2 mg/ml hygromycin
(Calbiochem). CHO cells expressing gp917"°%, p477"**, p67¢"*,
and p22?°* (CHOphox) were grown in the presence of 1 mg/ml
puromycin, 0.2 mg/ml hygromycin, and 1.8 mg/ml neomycin
(Calbiochem). Cells were subcultured every 3—4 days.

p22°"% Mutant Construction—Mammalian expression vec-
tor pcDNA3.1 (Invitrogen) containing wild type p22%°* was a
kind gift from R. S. Arnold (Emory University, Atlanta, GA)
(42). Primers used for p22#"°* mutant production were as fol-
lows: P156Q forward, 5'-ccgcccagcaacccccageegeggeecccggec-
3’, and reverse, 5'-ggccgggggccgeggctggeggttgctggecgg-3’;
T132A forward, 5'-gtgcgtggcgageagtgggegeccategageccaag-
3', and reverse, 5'-cttgggctcgatgggcgeccactgetegecacgeac-3';
T147A forward, 5'-ccgggagcggecgeagatcggaggegecate-3', and
reverse, 5'-gatggcgccteegatetgeggecgeteccgg-3'; T147D for-
ward, 5'-ccgggagcggecgeagateggaggegacate-3', and reverse,
5'-gatgtcgccteegatcetgeggecgeteccgg-3'. Mutants were made
using the Pfullltra® high fidelity DNA polymerase kit (Strat-
agene) following the manufacturer’s instructions. Following
transformation into Escherichia coli, plasmid DNA was isolated
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from bacteria using standard techniques. Mutations were veri-
fied by sequencing at the Biomolecular Research Laboratory
DNA Sequencing Core laboratory at Wake Forest University
School of Medicine.

CHO 91/47/67 p22°"°* Transfection—Transfections were
performed using Lipofectamine 2000 (Invitrogen) following the
manufacturer’s instructions. CHO 91/47/67 cells were plated at
1.2-1.5 X 10%/60-mm cell culture dish (Corning) in antibiotic-
free F12K medium supplemented with 10% heat-inactivated
bovine growth serum and 0.15% sodium bicarbonate and incu-
bated overnight (~16 h). Following cell adhesion, 10 ug of plas-
mid DNA was mixed with 30 ul of Lipofectamine 2000 in
serum-free medium (F12K), incubated for 20 min, and added to
medium containing 20% bovine growth serum for a final con-
centration of 10% bovine growth serum before addition to the
cells. After 24 h, transfected cells were harvested by trypsiniza-
tion, washed, and resuspended in Hanks’ balanced salt solu-
tion/glucose (5 mm) at 1 X 107 cells/ml.

Chemiluminescence—NADPH oxidase activity in intact cells
was monitored by chemiluminescence. Isolated CHO cells (1 X
107 cells/ml) in Hanks’ balanced salt solution/glucose were
diluted to 2.5X the indicated final concentrations in Hanks’
balanced salt solution/glucose + 0.1% gelatin (Sigma) and then
incubated with 100 ul of Diogenes (National Diagnostics,
Atlanta, GA) in a white 96-well plate (Greiner, Lake Mary, FL).
PMA was added at the indicated concentrations for a final vol-
ume of 250 ul/reaction. Light emission was monitored contin-
uously in duplicate or triplicate wells/condition at 25 °C for 1-2
h in a MicroLumat Plus LB 96 V luminometer (Berthold Tech-
nologies, Oak Ridge, TN). Data are expressed as relative light
units per min (RLU/min) calculated from the slope between
~20 and 40 min after stimulation unless otherwise specified.

Protein Preparation—Whole cell lysates were prepared at
1 X 107 cell equivalents/ml in Laemmli sample buffer then
boiled for 10 min. Cell membrane protein was obtained after
disruption by sonication as described previously (49) with mod-
ifications. Cells were resuspended in 1 ml of sonication buffer
(50 mm Tris-HCL, pH 7.4, 11% sucrose, 100 mM NaCl, 2 mm
EDTA, 2 mMm EGTA, 25 mm NaF, 10 ug/mlleupeptin, 10 ug/ml
pepstatin, 1 ug/ml aprotinin, 1 mm phenylmethylsulfonyl fluo-
ride), sonicated 7 X 3 s (20% output power, model W-220; Heat
Systems Ultrasonics), then centrifuged (1950 rpm (870 X g), 5
min, 4 °C) to pellet unbroken cells and nuclei. The low speed
supernatants were subjected to ultracentrifugation (45,000 rpm
(186,000 X g), 60 min, 4 °C). Membrane pellets were washed
and resuspended in sonication buffer at 1-2 X 107 cell eq/ml,
and protein concentrations were determined using the BCA
protocol with bovine serum albumin as a standard.

SDS-PAGE and Immunoblotting—Proteins were separated
on 10% or 14% polyacrylamide gels using SDS-PAGE (50) and
electrophoretically transferred overnight to nitrocellulose, and
Western blot analysis was performed as described previously
(51). Blots were blocked with 5% milk in TBST (10 mm Tris, 100
mm NaCl, and 0.1% Tween 20) for 1 h, washed three times with
TBST, and then incubated for 2 h at room temperature with
appropriate primary antibody (anti-p4777°* 1:1000 (gt) or
1:3000 (ms), anti-p677"°* 1:1000, anti-gp917"°* (54.1) 1:5000, or
anti-p22°"°* (44.1) 1:1000). Blots were washed in TBST and
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then incubated in 5% milk/TBST for 1 h with appropriate
species-specific horseradish peroxidase-conjugated antibody
(1:5000). Proteins were visualized using SuperSignal® West
Pico Chemiluminescent Substrate (Pierce).

In Vitro p22°"°* Phosphorylation—Membrane protein (40
ug) obtained from p227%°*transfected CHO 91/47/67 cells was
mixed with solubilization buffer (50 mm Tris-HCI, pH 7.4, 150
mMm NaCl, 0.5% deoxycholate, 0.5% Nonidet P-40, 10 ug/ml
leupeptin, 10 ug/ml pepstatin, 1 ug/ml aprotinin, 1 mm phe-
nylmethylsulfonyl fluoride) and incubated on ice for 1 h. Samples
were precleared with 5 ug of mouse IgG and 30 ul of 50% slurry
of protein G-agarose (Sigma) for 1 h at 4 °C. Beads were pel-
leted, and supernatants were removed and tumbled with 5 ug of
monoclonal antibody 44.1 for 2 h. A 50% slurry of protein
G-agarose (30 ul) was added and tumbled overnight at 4 °C.
Agarose bound with p227%°* was washed twice with solubiliza-
tion buffer then once with PKC assay buffer (75 mm Na, PO,
pH 7.4, 7.5 mm MgCl,, 1.5 mm EGTA) before being resus-
pended in PKC assay buffer at a final volume of 69 ul. Five ul
(100 ng) of PKC-« or PKC-8 and 6 ul (~12 uCi) of [y->*P]ATP
were added to each tube just prior to the start of the reaction.
PKC was activated by the addition of 30 wg/ml 10:0 1,2-dide-
canoyl-su-glycero-3-phosphate, 10 ug/ml 1-oleoyl-2-acetoyl-
sn-glycerol, and 0.6 mm CaCl, (—CaCl, for PKC-8) for 30 min
at 37 °C. Reactions were stopped by the addition of Laemmli
sample buffer and boiled for 10 min. Beads were pelleted, and
the supernatant was subjected to SDS-PAGE and transferred to
nitrocellulose. Phosphorylated p22#/°* was visualized by audio-
radiography. Western blot analysis with anti-p22#”°* antibody
was then performed to confirm an equal p227”°* protein
amount/reaction.

p22°"%_pd 7Mo% Interaction in Intact Cells—Transfected
cells (1 X 10”cells/ml) were incubated at 37 °C for stimulation
with PMA or dimethyl sulfoxide. The membrane fraction,
obtained from sonicated cells (sonication buffer: 10 mm Tris,
100 mm NaCl, 10 mm EDTA, 5 mm EGTA, 25 mm NaF, 10
png/ml leupeptin, 10 wg/ml pepstatin, 1 ug/ml aprotinin, 1 mm
phenylmethylsulfonyl fluoride ,1 mm AEBSF) was solubilized
and precleared with rabbit IgG and protein G-agarose beads as
described above. An anti-p47””°* antibody (rabbit, ~1 ug of
IgG/10 ug of membrane protein; Santa Cruz Biotechnology)
plus protein G-agarose beads was used to immunoprecipitate
(4 h, 4°C) the p22rho~pa77"** complex. Washed beads were
prepared for SDS-PAGE and Western blot analysis by boiling in
Laemmli sample buffer for 10 min. The immunoprecipitated
proteins on blots were probed for both p22#%°* and p477"**
content.

Statistical Analysis—Statistical significance was deter-
mined based on p values from two-tailed Student’s ¢ tests using
GraphPad Prism 4 (Hearne Scientific Software, Chicago, IL).

RESULTS

Characterization of the PMA Response in Transgenic CHO
Cells—Previous reports (52) using CHO cells stably expressing
NADPH oxidase components gp917#°%, p22°"°*, p47P"°* and
p677"°* (CHOphox) have shown that PMA stimulation results
in superoxide production, but the response was not fully char-
acterized. We confirmed that PMA stimulates NADPH oxidase
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FIGURE 1. CHOphox cells respond to PMA stimulation. CHO cells stably
expressing the NADPH oxidase components gp91P7%, p22P"°%, p47P"°% and
p67P1°* (CHOphox) were incubated at the indicated cell concentrations and
stimulated with buffer or 100 nm PMA in the presence of 100 ul Diogenes.
A, RLU were recorded over 60 min for unstimulated (None; open symbols) and
stimulated (PMA; closed symbols) CHOphox cells at various concentrations.
Data are from one experiment and are representative of three performed.
B, summarized chemiluminescence rate data from three experiments
(mean = S.E. (error bars)) of RLU produced from 20 to 40 min are shown.
C, whole cell lysates were subjected to SDS-PAGE and Western blot analysis as
described under “Experimental Procedures.” Blots were probed for gp917"%,
p22°Phox, p47Phox and p67°"°* and are representative of three separate
experiments.

activity in CHOphox cells (Fig. 1). CHOphox cells were incu-
bated with or without 100 nm PMA in the presence of a lumi-
nol-based reagent (Diogenes) specific for the detection of
superoxide. Light emission for each reaction was measured
continuously over the indicated periods of time and plotted as a
RLU versus time curve (Fig. 1A) or rate (RLU/min) as indicated
under “Experimental Procedures” (Fig. 1B). PMA-dependent
superoxide production increased as a function of cell concen-
tration, and the characteristics of the response are similar to
those published for human neutrophils (53). Western blot
analysis of cell lysates (Fig. 1C) illustrates that all four of the
NADPH oxidase components necessary for superoxide pro-
duction were present. The gp65 protein is the precursor of
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FIGURE 2. Characterization of PMA-dependent superoxide production
from CHO 91/47/67 cells transfected with wild type p22°"°*, A and B, CHO
91/47/67 cells expressing either no p22°"°* (Mock, [J) or wild type p22P">
(wtp22, A) were stimulated with 100 nm PMA at the indicated cell concentra-
tions (A) or at 2 X 10° cells/ml with increasing PMA concentrations in the
presence of 100 wl of Diogenes (B). The resulting activity was measured as
RLU/min. Total p22P"* protein was visualized by Western blot analysis
(insets). C,CHO 91/47/67 cells at 2 X 10° cells/ml expressing wild type p22°°*
were incubated at 25 °C with the indicated concentrations of DPI for 5 min
prior to stimulation with 100 nm PMA. Data were expressed as percent O,
production in the absence of DPI, and the mean = S.E. (error bars) are shown.
n = 3 for each graph.

30

gp9177°*, These data indicate that CHOphox cells contain
NADPH oxidase components and are stimulated by PMA to
produce superoxide.

We next determined whether CHO cells stably expressing
only gp917/°%, p477"°*, and p677"°* (CHO 91/47/67) could pro-
duce superoxide in response to PMA when transiently trans-
fected with p227”°*, CHO 91/47/67 cells were transfected with
mock or wild type p22?”°* DNA and evaluated for both for
p227"°% expression and PMA-stimulated respiratory burst
activity using the chemiluminescence assay. In Fig. 24, cells
were stimulated with 100 nm PMA at varying cell concentra-
tions. The cells expressing wild type p227”°* (inset) demon-
strated a cell concentration-dependent increase in superoxide
production, which did not occur in mock transfected cells.
Superoxide production was dependent on PMA concentration
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FIGURE 3. PMA-stimulated NADPH oxidase activity by CHO 91/47/67 cells
expressing p22°"° point mutations. CHO 91/47/67 cells expressing either
no p22°"°* (Mock), wild type p22°"°* (wtp22), Pro-156 to Gln p22°"°* (P156Q),
Thr-132 to Ala p22°"°* (T132A), or Thr-147 to Ala p22°P"°* (T147A) were stimu-
lated at 2 X 10° cells/ml in the presence of 100 ul of Diogenes with either
buffer (open bars) or 100 nm PMA (filled bars) for 1-2 h. Data represent four
separate transfections and are expressed as mean = S.E. (error bars) of the
RLU/min measured from each p22°"°* condition. NS, not significant; *, p <
0.05. Western blot analysis for expression of p22°"° and p47P"°* was per-
formed as described under “Experimental Procedures,” and the results from a
representative experiment are shown.

RLU/min

(Fig. 2B) and reached a maximum at ~100 nm. Fig. 2C shows
that diphenyleneiodonium (DPI), a known NADPH oxidase
inhibitor (54), inhibited PMA-stimulated superoxide pro-
duction in a dose-dependent manner. Ten um DPI com-
pletely inhibited the response. These data illustrate that
CHO 91/47/67 cells transiently transfected to express wild
type p227”°* have the ability to produce superoxide as a
result of PMA stimulation and that the superoxide produced
is from reconstituted NADPH oxidase activity. Based on
these results, the remainder of the experiments used 2 X 10°
cells and 100 nm PMA.

Mutation of Threonine 147 of p22°"°* to Alanine Inhibits
NADPH Oxidase Activity—We utilized site-directed mutagen-
esis to explore the functional roles of potential phosphorylation
sites in p227”°*, We have shown previously that phosphoryla-
tion of p227#°* in stimulated intact neutrophils occurs on one
or more threonine residues (34). Analysis of the primary
sequence of p227"°* (NetPhos, NCBI) indicated that Thr-132
and Thr-147 were potential phosphorylation sites for protein
kinases such as PKC, p38 MAPK, and casein kinase II. We gen-
erated threonine to alanine point mutants at these residues as
well as a proline 156 to glutamine mutant. The latter inhibits
NADPH oxidase activity by blocking p477°* binding to p227"**
(55), and this construct was used as a positive control for inhi-
bition of NADPH oxidase function by mutagenesis of p227"°*,
CHO 91/47/67 cells expressing no p22?"°* (mock), wild type
(wtp22), or any of the three other point mutations in p227"°~
were stimulated with buffer (Fig. 3, open bars) or 100 nm PMA
(filled bars) for measurement of oxidase activity in the chemi-
luminescence assay. Whole cell lysates were subjected to SDS-
PAGE and Western blot analysis to monitor expression levels of
both p227#°* and p477"°*, We observed a significant (p = 0.004,)
increase in stimulus-dependent NADPH oxidase activity from
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FIGURE 4. The p22P"°* mutant T147A is not phosphorylated by PKC-« or
PKC-6 in vitro. Membrane protein from CHO 91/47/67 cells expressing no
p22°Pho* (Mock), wild type (wtp22), P156Q, T132A, or T147A p22°"** was
obtained as described under “Experimental Procedures.” p22P"°*was isolated
by immunoprecipitation with monoclonal antibody 44.1 and phosphoryla-
ted by 100 ng of either PKC-a (A) or -6 (B). Reactions were stopped by the
addition of Laemmli sample buffer and boiled for 10 min. Samples were sub-
jected to SDS-PAGE and transferred to nitrocellulose, and radiolabeled
p22P"°* was visualized by autoradiography. Blots were then subjected to
Western blot analysis and probed for total p22P"°, Blots are representative of
at least two separate transfections.

wild type p227"°*-expressing cells compared with mock trans-
fected cells. As expected, cells expressing the inactive p227"**
mutant (P156Q) showed complete inhibition of NADPH oxi-
dase activity compared with wild type, while still expressing
equivalent levels of p22?°* protein. In contrast, the PMA-stim-
ulated response of cells expressing the p227”°* T132A mutant
was not significantly different from that of cells expressing wild
type p227"°%, suggesting that this threonine does not affect
PMA-dependent NADPH oxidase activity. However, we saw a
pronounced decrease of superoxide production from cells
expressing the p22?”°* T147A mutant compared with that of
wild type p227°*-expressing cells (p = 0.011). PMA-stimulated
NADPH oxidase activity of the T147A mutant averaged less
then 30% of the wild type response. The lower panels of Fig. 3
show the expression levels of the various p227"°* constructs and
of p477"°*, which was used as a loading control. The wild type
and T132A- and T147A-transfected cells showed similar levels
of p227°* expression, and no detectable p22?”°* was present in
mock transfected cells. Together, these results directly impli-
cate the involvement of Thr-147 in the PMA-dependent stim-
ulation of NADPH oxidase activity.

Threonine 147 of p22°"°* Is Phosphorylated by PKC-« and
PKC-8 in Vitro—To address the hypothesis that threonine 147
is a phosphorylated residue of p227"°%, we utilized an in vitro
phosphorylation assay. We reported previously that p22?°* in
neutrophils could be phosphorylated in vitro by PKC isoforms
(34). Immunoprecipitated p22#”°* from mock, wild type, and
P156Q-, T132A-, and T147A-transfected CHO 91/47/67 cells
was incubated in the presence of classical PKC-« (Fig. 44) or
novel PKC-6 (Fig. 4B). Both PKC isoforms phosphorylated wild
type (wtp22), P156Q, and T132A p22” hox 1n contrast, we saw
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FIGURE 5. Mimicking phosphorylation of threonine 147 in vivo restores
NADPH oxidase activity. CHO 91/47/67 expressing no p22°"* (Mock), wild
type (wtp22), T147A, or T147D p22°Ph* were resuspended at 2 X 10° cells/ml
and stimulated for 2 h with 100 nm PMA in the presence of 100 ul of Diogenes.
Activity was measured according “Experimental Procedures.” Data represent
three separate transfections and are shown as the mean = S.E. (error bars) of
the RLU/min.*, p < 0.05. NS, not significant. Western blot analysis probing for
total p22°"°* expression is shown below the bars for one of the three
experiments.

no phosphorylation of the T147A p227"°* mutant (Fig. 4A).
Total p22#"°* protein in the immunoprecipitates, detected by
immunoblot analysis, showed similar protein levels for all of the
mutants tested. These results implicate threonine 147 as the
only phosphorylation site in p227"°~,

Mimicking Phosphorylation of Threonine 147 in Vivo Restores
NADPH Oxidase Activity—To address whether phosphoryla-
tion of threonine 147 in p227"°* regulates PMA-stimulated
NADPH oxidase activation in intact cells, we mutated Thr-147
to an aspartate (T147D). This mutation mimics the negative
charge that results from the addition of a phosphate group
through phosphorylation. When we stimulated CHO 91/47/67
cells expressing the T147D p227"°* mutation with 100 nm PMA
in the presence of Diogenes, superoxide production returned to
a level comparable with that elicited by wild type cells (Fig. 5).
Activity in cells expressing the T147D mutant was significantly
higher than that in the T147A mutant-expressing cells (p =
0.028), but not from that of cells expressing wild type p22%°~,
Western blot analysis showed that all constructs were ex-
pressed at equal levels. These results suggest that phosphoryla-
tion of p227*°* during PMA stimulation occurs on threonine
147 and that this phosphorylation enhances NADPH oxidase
activity.

Effects of T147A on the Functional Roles of p22¢"°*—We
explored the mechanism by which the phosphorylation of
p227h° regulates NADPH oxidase activity. One of the known
functions of p22#°* is to promote the maturation of gp917/**
from its gp65 precursor (46). To determine whether the p227"°*
mutants affect gp917”°* maturation, we prepared whole cell
lysates from CHO 91/47/67 cells expressing no p22#"°* (mock),
wild type (wtp22), P156Q, or T147A p227"°* and subjected
them to SDS-PAGE and Western blot analysis. Blots were
probed for p227"°* and for mature and immature gp917”°~, Fig.
6 shows that when p227”°* is not expressed in these cells
(Mock), only the immature gp65 component was observed. In
contrast, the cells expressing wild type, P156Q, and T147A
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FIGURE 6. Maturation of gp91°"°* is not affected by the T147A p22rhox
mutant. Whole cell lysates of CHO 91/47/67 cells expressing none (Mock),
wild type (wtp22), P156Q, and T147A p22°"* were subjected to SDS-PAGE
and Western blot analysis according to “Experimental Procedures.” Blots are
representative of at least three separate transfections.

p227"°% show the characteristic broad band of mature, glyco-
sylated gp917°* in similar amounts. p22?”°* expression did not
differ among the wtp22-, P156Q-, and T147A-expressing cells,
and equal sample loading was confirmed by assessing p477"**
and p677"°* expression. These results indicate that maturation
of gp9177°* is not affected by the T147A mutation. Thus, an
alteration in gp917”°* maturation cannot explain the mecha-
nism by which Thr-147 regulates NADPH oxidase activity.
Another known function of p227”°* within the active
NADPH oxidase complex is that of anchoring p477”°* through
the proline rich region (PRR)-Src homology 3 (SH3) domain
protein-protein interaction (56). This interaction helps to
tether the cytosolic p477°* component in the membrane after
translocation. As a measure of this translocation event, we
assessed the interaction of p477°* with p227”°* in the mem-
brane fraction prepared from stimulated and unstimulated
cells. CHO 91/47/67 cells expressing no p22?”°* (mock), wild
type, P156Q, T147A, or T147D p22”h"x were incubated at 37 °C
in the absence or presence of 100 nv PMA for 10 min. p477°*
was immunoprecipitated from the solubilized membrane frac-
tion to evaluate the amount of p227"°* co-immunoprecipitating
with the translocated protein. Fig. 7A shows that p227*°* co-
immunoprecipitated with p477”°* in a PMA-dependent man-
ner in cells expressing either the wild type or T147D p22/"*
(Fig. 7, top panel). The T147D mutant promoted ~75% of the
p22rho%_pa7P"o* interaction as that of wild type p227”°* (Fig.
7B). In contrast, T147A p227"°* failed to interact with p477**
in a stimulus-dependent fashion. Likewise, the P156Q mu-
tation blocked the p227"°*-p477"°* interaction, as expected.
Neither of these mutations (T147A or P156Q) promoted a
p227"°%_p47P"** interaction in the membrane fraction of PMA-
stimulated cells to an extent greater than that observed in
unstimulated cells (Fig. 7B). The p477"°* content of the immu-
noprecipitates (middle panel) and the p227"°* expression levels
in the cell lysates (bottom panel) were comparable among trans-
fected cells and stimulation conditions. These data suggest that
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FIGURE 7. The p47P"°*-p22P"°* interaction in the membrane of CHO
91/47/67 cells is dependent on the phosphorylation status of Thr-147.
CHO 91/47/67 cells expressing no p22°"°% (mock), wild type (WT), T147A,
T147D, or P156Q p22P"°* were stimulated with dimethyl sulfoxide (—) or 100
nm PMA (+) for 10 min, disrupted by sonication, fractionated, and the mem-
brane fraction was solubilized as described under “Experimental Procedures.”
p47P"°* was immunoprecipitated (/P) from solubilized membrane; the immu-
noprecipitated proteins and those in a whole cell lysate were subjected to
SDS-PAGE and Western blot analysis for p47°"°* and p22°"°* content. A, blots
of p22°P°* (top panel) and p47P"°* (middle panel) in immunoprecipitates and
p22°"*in whole cell lysates (bottom panel) from a representative experiment
are shown. B, p47P"**-associated p22°"°* in immunoprecipitates was normal-
ized to p47°"°* content and expressed as percent of that in PMA-stimulated
wild type p22P"**-expressing cells. The open bar represents the mean of
unstimulated conditions for all p22°"°* constructs. The filled bars are the PMA-
stimulated conditions for the indicated p22°"°* construct. The data are the
mean = S.E. (error bars; n = 3). The p47P"**-associated p22°"°* is significantly
different from the wild type condition where indicated (¥, p < 0.05; NS, not
significant).

the negatively charged state of p227%°* Thr-147, either due to
phosphorylation or mutation to aspartate, facilitates the inter-
action of p477"°* with p227"°* in the stimulated cells. Impor-
tantly, the charge on Thr-147 does not appear to influence the
basal interaction of the two oxidase components in the
unstimulated cell.

DISCUSSION

Phosphorylation is a key regulatory step in the activation of
NADPH oxidase (24). The predominant protein kinase-oxidase
component interactions that have been studied within the
process of NADPH oxidase enzyme complex formation involve
the cytosolic subunits p477°*, p677"°*, and p40?°*. These pro-
teins are known to be phosphorylated by PKC isoforms, PAK,
p38 MAPK, cAMP-dependent, and possibly 1,2-didecanoyl-sn-
glycero-3-phosphate-activated protein kinases (24). Phosphor-
ylation of flavocytochrome b4 has been poorly studied but was
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first described in 1988 (57). We subsequently demonstrated
that PKC isoforms could phosphorylate p22#°* on threonine
residue(s) (34) and that this phosphorylation event correlated
with NADPH oxidase activation (58). Here, we identify the site
of the phosphorylation. Moreover, we show that phosphoryla-
tion of p227"°* enhances NADPH oxidase activity and regulates
the p227"°*_p47P"°* interaction in the membrane.

Most cells express p227°* mRNA (40, 41), making the explo-
ration of the functional role of phosphorylation difficult in the
presence of wild type protein. We first attempted to examine
the function of p22?”°* mutants in K562phox cells (59), but
effects on superoxide production were minimal.* In contrast,
transgenic CHO cells stably expressing gp917°*, p677"°*, and
p477"°% were completely dependent on expression of wild type
p227"°% for NADPH oxidase activity (Fig. 2). We first charac-
terized the PMA-stimulated superoxide production in these
cells (Fig. 1) because previous work had reported only low levels
of superoxide production in response to this stimulus (46, 52).
PMA-stimulated superoxide production was easily measured
using a Diogenes-based chemiluminescence method and was
completely inhibitable by DPI, indicating that superoxide pro-
duction was a direct result of p22-dependent NADPH oxidase
activity. Thus, the transgenic CHO cell system appears to be a
faithful model of the neutrophil NADPH oxidase with the
added advantage of being able to manipulate the expression of
the component proteins.

We used the CHO cell system to identify a functional phos-
phorylation site in p227”°*, Both threonine 132 and 147 have
been recognized as putative phosphorylation motifs (58). Our
results clearly identified threonine 147 as the only site phos-
phorylated by PKC in p227”°*, The ability of endogenous pro-
tein kinases to phosphorylate this residue markedly enhanced
NADPH oxidase activation by PMA (Fig. 3). However, the
PMA-dependent NADPH oxidase activity was not completely
blocked by T147A, suggesting that other regulatory events such
as protein-protein interactions and lipid involvement can result
in some superoxide production. Interestingly, converting Thr-
147 to Asp, which mimics the charge conferred by phosphory-
lation, restored the ability of PMA to stimulate full activation of
the oxidase. This provides further evidence that the role of Thr-
147 in wild type p22#"°* is to undergo phosphorylation. PMA
stimulation was still necessary to observe NADPH oxidase
activity with the T147D mutant, presumably due to the require-
ment for phosphorylation of other NADPH oxidase compo-
nents, such as p477°%, to induce activation (24).

Our results also showed that Thr-147 is a substrate for rep-
resentatives of the classical and novel isoforms of PKC in vitro
(Fig. 4). Previously, we did not observe phosphorylation of
p227"°% by PKC-8 (34). This can be attributed to our use of
different conditions for the phosphorylation reaction in the
current experiments, including the substitution of phospha-
tidic acid for phosphatidylserine to activate PKC.> Although
these observations suggest that PKC directly phosphorylates
Thr-147 in response to PMA during NADPH oxidase activa-

4E. M. Lewis, S. Sergeant, and L. C. McPhail, unpublished results.
> F.Lu and L. C. McPhail, unpublished results.
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tion, we cannot rule out the involvement of other protein
kinases in the phosphorylation of p22#/°*,

The known functions for p22#”°* in NADPH oxidase activa-
tion are the promotion of heterodimer formation with gp917"°*
during neutrophil maturation and anchoring p477”° in the
membrane upon cell stimulation (15). In agreement with pre-
vious work in which residues 142—195 were deleted (46), we
observed that the T147A mutation had no effect on gp917"°*
maturation (Fig. 6).

The assembly of the NADPH oxidase components in the
membrane is essential for the activation of the functional
enzyme. Both p2277°* and p477"°* are central to the assembly
process as evidenced by the identified P156QQ mutation in
p227"°* which is known to abolish the p227°*-p477"°* interac-
tion (55). Indeed, we observed that the expression of P156Q
p227"°* in CHO 91/47/67 cells failed to permit PMA-stimu-
lated superoxide production (Fig. 3) and interaction with
p477"°* (Fig, 7). We now show clear evidence that the phos-
phorylation state of p227%°* can also regulate the stimulus-de-
pendent interaction between p227"°* and p477"°* in the intact
cell. The T147A mutant of p22?”°* could not be phosphorylated
invitro by PKC isoforms (Fig. 4), greatly diminished PMA-stim-
ulated NADPH oxidase activity (Fig. 3), and failed to allow for
the PMA-stimulated interaction with endogenous p477"°* in
intact cells (Fig. 7). Importantly, the expression of the T147D
mutant of p22#°*, which mimics the charge of phosphoryla-
tion, restored the ability of p477"°* to interact with p22#”°* and
NADPH oxidase activity in stimulated cells. These observations
suggest that both the PRR-SH3 interaction (requiring proline
156) and the p477"°*-phospho-p22#°* interaction (mediated
by threonine 147) are essential for the optimal assembly of the
functional NADPH oxidase complex in intact cells. We specu-
late that because of the close proximity of Thr-147 to the PRR
domain of p22#”°*, phosphorylation of Thr-147 may allow for
more efficient binding of p477”°* to the flavocytochrome via the
PRR-SH3 interaction (60). It is also possible that phosphoryla-
tion of Thr-147 alters the positioning of the entire cytosolic
complex, resulting in a more favorable conformation for elec-
tron flow through gp917%°*, Finally, changes in conformation of
p227"°* resulting from phosphorylation of Thr-147 may alter
the conformation of gp91#”°* through their heterodimer inter-
actions. This change could allow for more efficient binding
between gp917”°* and cytosolic components or allow for more
efficient transfer of electrons from NADPH to FAD, FAD to
heme, and/or heme to molecular oxygen.

It is noteworthy that the T147D mutation of p222°*, which
mimics the negative charge of the phosphorylated state at that
residue, did not alter the interaction of p22#”°* and p477"°* in
unstimulated cells (Fig. 74) even though it restored the PMA-
stimulated interaction. This suggests that stimulation-induced
changes occur in the cytosolic oxidase complex which allow for
their interaction with the membrane oxidase components. The
phosphorylation of p477”°* is one such event. We observed no
effect of the p227”°* mutations on the phosphorylation of
p477"°* when detected by a phospho-specific antibody directed
toward the phosphorylation motif of PKC substrates (data not
shown). It is possible that the constellation of sites phosphory-
lated in p477"°* could be influenced by p227”°*, but such studies
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require more sensitive approaches, such as the use of site-spe-
cific phospho-antibodies for p477"°*, which are not currently
available.

Although homologues for gp91#”°*, p477"°*, and p677"°~
have been discovered in numerous cells throughout the
body, a homologue for p227”°* has not been seen (61).
Instead, studies have found that p227°* is essential for
superoxide production by three of the four gp917”°* homo-
logues (44, 62). Because of this, it will be interesting to deter-
mine (i) whether phosphorylation of p227”°* on Thr-147
occurs while complexed with these homologues and (ii)
whether the phosphorylation of p227°* affects NADPH oxi-
dase function of these homologues. Studies addressing these
questions are ongoing in our laboratory.

In conclusion, the reconstituted CHO cell system can be
used to study point mutations in p227%°* through PMA-de-
pendent NADPH oxidase activity. Exploiting this system, we
determined that threonine 147 of p22?°* is phosphorylated
in a PMA-dependent manner and that this modification is
required for optimal NADPH oxidase activity. Using an in
vitro phosphorylation assay, we observed that both PKC-«
and PKC-8 phosphorylate Thr-147. Although gp91#”°* mat-
uration was not affected by the p227"°* point mutations
employed, we observed that the T147A mutation reduced
both the PMA-stimulated interaction of p227”°* with
p477"°* and NADPH oxidase activity. Because NADPH oxi-
dase activity has now been implicated in a growing number
of disease states and its components are being discovered in
a wide variety of cell types, it is important to understand the
exquisite regulation of this enzyme.
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