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Protein kinase CKII is a Ser/Thr kinase which is in-
olved in many proliferation-related processes in the
ell. p47phox is a component of the leukocyte NADPH ox-
dase, which is an important element of host defense
gainst microbial infection. In this study, we demon-
trate that a truncated form of the p47phox lacking its
-terminal region (p47phox/SH3-C), but not a truncated

orm of the p47phox lacking its C-terminal region (p47phox/
-SH3), undergoes better phosphorylation by CKII in

he presence of arachidonic acid. The yeast two-hybrid
est and the glutathione S-transferase (GST) pull-down
ssay showed that p47phox interacts specifically with the
egulatory b subunit (CKIIb), but not with the catalytic

subunit (CKIIa) of the tetrameric CKII holoenzyme.
he binding of p47phox to CKIIb requires the C-terminal
egion of p47phox and is completely abolished by addition
f spermine, indicating that a highly basic region in the
-terminal region of p47phox contributes to binding to
KIIb. In addition, p47phox stimulates the catalytic activ-

ty of CKII holoenzyme; this stimulation also requires
he C-terminal region of p47phox. Coimmunoprecipitation
xperiments showed that CKII holoenzyme interacts
ith p47phox in human neutrophils. Taken together, the
resent data indicate that the C-terminal region of
47phox plays a significant role in the arachidonic acid-
ependent phosphorylation of p47phox by CKII and that
he same region of p47phox associates directly with CKIIb
nd can modulate the catalytic activity of CKII
oloenzyme. © 2001 Academic Press

Protein kinase CKII (CKII, formerly known as casein
inase II) is a ubiquitous and highly conserved Ser/Thr

Abbreviations used: CKII, protein kinase CKII (also called casein
inase II); CKIIa, a subunit of CKII; CKIIb, b subunit of CKII; DTT,
itiothreitol; EDTA, ethylenediaminetetraacetic acid; EGTA, [ethyl-
nebis(oxyethylenenitrilo)] tetraacetic acid; ECL, enhanced chemi-
uminescence; GST, glutathione S-transferase; Hepes, 4-(2-hydroxy-
thyl)-1-piperazineethanesulfonic acid; PCR, polymerase chain reac-
ion; PMSF, phenylmethylsulfonyl fluoride; PBS, phosphate buffered
aline; SDS, sodium dodecyl sulfate; SH3, Src homology 3.

1 To whom correspondence should be addressed. Fax: 82-53-943-
762. E-mail: ysbae@kyungpook.ac.kr.
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arious subcellular compartments (1–3). It is a calcium-
ndependent and cyclic nucleotide-independent enzyme
hich utilizes ATP as well as GTP as a phosphate donor.
egatively-charged compounds such as heparin have
een shown to be inhibitors of CKII, whereas polybasic
ompounds such as polyamines and polylysine stimulate
KII activity (4). CKII holoenzyme is a heterotetramer of

wo catalytic (CKIIa and/or CKIIa’) and two regulatory
ubunits (CKIIb). CKIIa and CKIIa’ are the products of
istinct genes (5, 6); the acidic inhibitory compounds act
n the catalytic subunit. The regulatory role of CKIIb is
omplex. Upon binding to the CKIIb subunit, CKIIa
hanges catalytic activity and substrate specificity (7, 8).
he stimulation of CKII activity by polybasic compounds

s also mediated by CKIIb (9). The CKIIb subunit medi-
tes tetramer formation by both the b-b homodimeriza-
ion and a-b heterodimerization (10).

CKII catalyzes the phosphorylation of a large num-
er of both cytoplasmic and nuclear proteins including
NA binding proteins, nuclear oncoproteins, and tran-

cription factors, and the phosphorylation modulates
he activities of these proteins either positively or neg-
tively (1–3). Genetic analysis has demonstrated that
KII is required for cell viability and progression of the
ell cycle (11, 12). The overexpression of the catalytic a
ubunit of CKII leads to tumorigenesis in mice overex-
ressing myc (13). These observations suggest that
KII plays a critical role in cell growth and prolifera-

ion; however, its complete physiological role and reg-
latory mechanism remain obscure.
The NADPH oxidase of phagocytes, an important

lement of host defense against microbial infection,
atalyzes the reduction of oxygen to O2

2 using NADPH
s the electron donor (14). The oxidase is dormant in
esting neutrophils, but acquires catalytic activity
hen cells are exposed to appropriate stimuli. Oxidase
ctivity is located in the plasma membrane; however, it
s known that in resting cells the oxidase components
re distributed between a membrane fraction and the
ytosol. When activation takes place either in intact
ells or in a cell-free system, the oxidase components
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.



p47phox and p67phox, which exist in the cytosol as a
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240-kDa complex (15–17), and small guanine
ucleotide-binding protein Rac2, which also partici-
ates in oxidase activation (18, 19), migrate to the
embrane, where the p47phox-p67phox complex associ-

tes with the membrane cytochrome b558 to assemble
he functioning oxidase (20–23).

Previously we have demonstrated that the p47phox

rotein can be phosphorylated by CKII, and that its
hosphorylation is modulated by arachidonic acid, an
ctivator of NADPH oxidase which induces conforma-
ional changes in p47phox (24). Here we show that the
-terminal region of p47phox plays a significant role in

he conformation-dependent phosphorylation of p47phox

y CKII in the presence of arachidonic acid. In addi-
ion, we describe that p47phox interacts with CKIIb in
itro as well as in vivo, and that the highly basic
-terminal region of p47phox mediates this interaction
s well as the stimulation of the catalytic activity of
KII holoenzyme.

ATERIALS AND METHODS

Materials. Escherichia coli DH5a was the transformation recip-
ent for all plasmid construction. E. coli BL21 (DE3) was used as the
ost for the expression of recombinant proteins. Saccharomyces cer-
visiae HF7c (MATa ura3-52 his3-200 ade2-101 lys2-801 trp1-901
eu2-3,112 gal4-542 gal80-538 LYS2::GAL1UAS-GAL1TATA-HIS3
RA3::GAL417mers(x3)-CyC1TATA-lacZ) was used for the yeast two-
ybrid system. Polylysine (molecular weight 4000–15,000), sperm-

ne, Nonidet P-40, Tween 20, glutathione, glutathione-agarose
eads, and phenylmethylsulfonyl fluoride (PMSF) were from Sigma.
ther protease inhibitors were from Roche Molecular Biochemicals.

g-32P]ATP, enhanced chemiluminescence (ECL) detection system,
nd protein A-sepharose were from Amersham Corp. Dulbecco’s
odified Eagle medium and fetal bovine serum were obtained from
ibco.
CKII peptide substrate (RRREEETEEE) was synthesized using an

utomatic synthesizer (Model 431A, Applied Biosystems) and puri-
ed by reverse phase chromatography. Polyclonal anti-CKIIa and
nti-CKIIb antibodies were obtained from Calbiochem. Polyclonal
nti-p47phox antibodies were raised in rabbits against a recombinant
ST-p47phox fusion protein.

Plasmid constructions. To insert the complete open reading
rame of human p47phox into the vectors pGADGH, the entire coding
equence of p47phox was PCR amplified using the following sequences:
9 primer, 59-CAGAATTCGATGGGGGACACCTTCATCCGT-39 and
9 primer, 59-ACCAGTCGACCTCAGACGGCAGACGCCAGCTT-39.
or construction of pGADGH-p47phox/N-SH3, 59 primer, 59-
AGAATTCGATGGGGGACACCTTCATCCGT-39 and 39 primer, 59-
CTGGTCGACTCACCCCGACTTTTGCAGGTA-39 were used to am-
lify the N-SH3 fragment (amino acid residues 1–284) from p47phox.
he EcoRI and SalI sites are underlined. The PCR incubations were
arried out 25 cycles of denaturation at 95°C for 1 min, annealing at
2°C for 30 s, and extension at 72°C for 2 min. The PCR products
ere digested with EcoRI and SalI, purified, and cloned into the
coRI and SalI sites of pGADGH. To insert the C-terminal region of
47phox into the vectors pGEX-1lT, the fragment containing p47phox

esidues 285-390 was PCR amplified using the following sequences:
9 primer, 59-CGCGGATCCCAAGACGTGTCCCAGGCCCAA-39 and
9 primer, CGGAATTCTCAGACGGCAGACGCCAGCTT-39. The
amHI and EcoRI sites are underlined. The PCR products were
igested with BamHI and EcoRI and subcloned into the BamHI and
88
onfirmed by nucleotide sequencing.

Purification of recombinant proteins. The transformed E. coli
L21 containing the pGEX-1lT plasmid with an insert of the full-

ength p47phox cDNA or the truncated p47phox cDNA were grown, and
ST fusion proteins were purified by affinity chromatography on
lutathione agarose beads as described elsewhere (17). The fusion
roteins were cleaved by treatment with thrombin (10 U/ml) in an
lution buffer containing 150 mM NaCl and 2.5 mM CaCl2 for 2 h at
oom temperature. The full-length p47phox and p47phox/SH3-C were
hen loaded on a CM-Sepharose column equilibrated with 5 mM
hosphate buffer, pH 7.0, containing 0.1 mM PMSF and eluted with
40 ml gradient of 0–0.4 M NaCl in the same buffer. p47phox/N-SH3
as purified using GSH-agarose beads. The concentration of proteins
as determined with the Bio-Rad assay kit using bovine serum
lbumin as a standard.
Human CKII holoenzyme was purified to homogeneity via four

hromatography steps using DEAE-cellulose, phosphocellulose,
eparin-agarose, and gel filtration from bacteria expressed bicis-
ronically both CKIIa and CKIIb as described previously (25) with
ome modification. Human CKIIb was also bacterially expressed and
urified to homogeneity using DEAE-cellulose, hydroxyapatite, and
oly-L-lysine agarose column chromatography. The purities of the
KII holoenzyme and CKIIb were verified by Coomassie blue stain-

ng of SDS–polyacrylamide gels and by immunodetection using
KIIa- and CKIIb-specific antibodies.

Phosphorylation of p47phox by CKII. Phosphorylation of recombi-
ant p47phox by CKII was performed in a reaction mixture containing
0 mM Tris–HCl, pH 7.5, containing 100 mM KCl, 10 mM MgCl2, 1
M DTT, 1 mM EGTA, 100 mM [g-32P]ATP, and 6 mg of recombinant

47phox in a total volume of 30 ml. In some experiments, the reaction
ixtures were supplemented with arachidonic acid (90 mM). The

eactions were started by the addition of purified CKII and incubated
or 15 min at 30°C. The samples were then separated on 15% SDS–
olyacrylamide gel. The gel was stained with Coomassie blue, dried,
nd subjected to autoradiography.

Yeast two hybrid assay. The in vivo protein-protein interaction
as monitored by the expression of the HIS3 reporter gene using the

wo-hybrid system. The reporter strain S. cerevisiae HF7C was co-
ransformed with various combinations of hybrid plasmids contain-
ng a DNA-binding domain or a transcriptional activation domain.
ransformants were plated on synthetic media lacking tryptophan
nd leucine. After 4 days of growth, transformants were streaked to
elective media lacking tryptophan, leucine, and histidine, and in-
ubated for 3 days at 30°C (26).

GST pull-down assays. In vitro binding assays were performed
y incubating glutathione agarose beads coated with 500 ng of GST-
usion proteins with CKIIb in 200 ml of SP buffer (150 mM NaCl, 16

M Na2HPO4, 4 mM NaH2PO4, pH 7.3). The reaction was allowed to
roceed for 1 h, rocking at 4°C. After the beads were washed three
imes with SP buffer, the bound proteins were eluted with an elution
uffer (50 mM Tris–HCl, pH 8.0, 5 mM glutathione), denatured in
3 SDS reducing protein gel loading buffer, and resolved by SDS–
olyacrylamide gel. The eluted proteins were visualized by Western
lotting with anti-CKIIb antibody.

CKII activity assay. The standard assay for phosphotransferase
ctivity of CKII was conducted in a reaction mixture containing 20
M Tris–HCl, pH 7.5, 120 mM KCl, 10 mM MgCl2, and 100 mM

g-32P] ATP in the presence of 1 mM synthetic peptide substrate
RRREEETEEE) in a total volume of 30 ml at 30°C. The reactions
ere started by the addition of purified CKII or immunoprecipitates
nd incubated for 15 min. In some experiments, p47phox protein, BSA,
r poly-L-lysine were added to the reaction mixtures. The reaction
as stopped by the addition of TCA to a final concentration of 10%
nd centrifuged, and 10 ml of supernatant was applied to P-81 paper.



The paper was washed in 100 mM phosphoric acid, and the radioac-
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ivity was measured by scintillation counting.

Preparation of neutrophil cytosol. The cytosol of mature neutro-
hils was prepared as described previously (27). Briefly, neutrophils
ere obtained from normal adult human subjects by dextran sedi-
entation and Ficoll–Hypaque fractionation of freshly drawn

itrate-anticoagulated blood. The neutrophils were suspended at a
oncentration of 108 cells/ml in a modified relaxation buffer (10 mM
ipes buffer, pH 7.3, 3.5 mM MgCl2, 100 mM KCl, 3 mM NaCl), and
ytosol and plasma membrane were separated by nitrogen cavitation
nd centrifugation through Percoll. The cytosol fraction was divided
nto aliquots and stored at 270°C until use.

Preparation of HeLa cell extract. HeLa cells were grown in Dul-
ecco’s modified Eagle media supplemented with 10% fetal bovine
erum at 37°C in 5% CO2. Approximately 1 3 106 cells in 100-mm
ishes were washed with ice-cold phosphate buffered saline (PBS),
ollected by scraping with a rubber policeman, and lysed in 100 ml of
ce-cold lysis buffer (50 mM Tris–HCl, pH 8.0, 500 mM NaCl, 1%
onidet P-40, 0.5 mM PMSF, 1 mg/ml aprotinin, 1 mg/ml leupeptin,
mg/ml pepstatin) by sonication. The particulate debris was removed
y centrifugation at 12,000g. The volumes of the supernatants were
djusted for equal protein concentration.

Immunoprecipitation. Four hundred micrograms of cell extracts
ere diluted in 500 ml of TSNE buffer (50 mM Tris–HCl, pH 8.0, 500
M NaCl, 1% Nonidet P-40, 5 mM EDTA), and precleared twice with
ormal rabbit serum and protein A sepharose for 30 min on ice. Each
xtract was incubated with 5 ml of anti-p47phox antibody for 1 h on ice.
or a control experiment preimmune rabbit serum was used in the
recipitations. 30 ml of 10% (v/v) protein A-sepharose was added to
ach sample followed by constant agitation on a rocker for 1 h at 4°C.
he pellets were collected by centrifugation and washed 3 times in
SNE buffer.

Immunoblotting. Electrophoresis was performed on 12 or 15%
olyacrylamide gel in the presence of SDS. Proteins were transferred
lectrophoretically to nitrocellulose membrane, blocked with 5%
kim milk in TBST (20 mM Tris–HCl, pH 7.4, 150 mM NaCl, 0.05%
ween 20) for 2 h, and then incubated with antibodies specific to
KIIb or CKIIa at a 1:500 dilution in 1% skim milk for 1 h. The
embrane was washed 3 times in TBST, and then treated with ECL

ystem (Amersham Corp).

ESULTS

onformation-Dependent Phosphorylation
of p47phox by CKII

Recently we have demonstrated the phosphorylation
f p47phox by CKII in vitro (also shown in Fig. 1A) and
his phosphorylation is specifically enhanced by ara-
hidonic acid (24). Dependence of phosphorylation on
onformation of p47phox was supported by the finding
hat the wild-type of p47phox undergoes better phos-
horylation by CKII in the presence of arachidonic
cid, which induces conformational changes in p47phox.
n the present study, to investigate whether the N- or
-terminal region of p47phox is involved in the

onformation-dependent phosphorylation of p47phox in
he presence of arachidonic acid, two truncated pro-
eins corresponding to amino acids 1–284 (p47phox/N-
H3) and amino acids 151–390 (p47phox/SH3-C) of
47phox were expressed and purified in E. coli. When the
runcated proteins were incubated with CKII and
g-32P]ATP, p47phox/N-SH3 was not phosphorylated by
89
KII in the presence or absence of arachidonic acid,
ndicating that the N-terminal region of p47phox plays
o significant role in the conformation-dependent
hosphorylation of p47phox by CKII. p47phox/SH3-C was
lightly phosphorylated by CKII in the absence of ar-
chidonic acid, but this phosphorylation was strongly
timulated in the presence of arachidonic acid (Figs. 1B
nd 1C). Because arachidonic acid did not stimulate
KII activity itself (data not shown), the results indi-
ated that arachidonic acid induces a conformational
hange in p47phox/SH3-C, but not in p47phox/N-SH3, and
hen results in unmasking the SH3 domain. In addi-
ion, the fact that p47phox/N-SH3 is not phosphorylated
y CKII in the presence or absence of arachidonic acid
uggests that the C-terminal region of p47phox may be
equired for the interaction between p47phox and CKII.

inding of the C-Terminal Region of p47phox

to the b Subunit of CKII

To investigate whether p47phox would interact with
he subunits of CKII using a yeast two-hybrid system,

FIG. 1. Effect of the C-terminal region of p47phox on its
onformation-dependent phosphorylation by CKII. (A) Full-length
47phox was incubated with [g-32P]ATP in the absence (lane 1) or
resence (lane 2) of CKII under standard assay conditions as de-
cribed under Materials and Methods. Reaction mixtures were boiled
n a sample buffer for 5 min prior to loading on a 12% (w/v) SDS–
olyacrylamide gel. 32P incorporation was monitored by autoradio-
ram. (B and C) Two truncated forms of the p47phox lacking its
-terminal region (p47phox/SH3-C) or its C-terminal region (p47phox/
-SH3) were incubated with CKII and [g-32P]ATP under standard
ssay conditions. The reactions were carried out in the absence
lanes 1 and 3) or presence (lanes 2 and 4) of 90 mM arachidonic acid
or 15 min, and radiolabeled proteins were then separated on a 15%
w/v) SDS–polyacrylamide gel. Coomassie blue staining (B) and au-
oradiography (C) are shown. The positions of p47phox, p47phox/N-SH3,
47phox/SH3-C, and CKIIb subunit are indicated on the left.
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nto pGADGH as described under Materials and Meth-
ds. pGBT9-CKIIa and pGBT9-CKIIb are the yeast
huttle vector plasmids pGBT9 containing the com-
lete open reading frame of the human CKIIa and
KIIb subunits, respectively (28). The reporter strain
. cerevisiae HF7c was cotransformed with pGADGH-
47phox and pGBT9-CKIIa or pGBT9-CKIIb, and the
rotein-protein interactions were detected by the ex-
ression of the HIS3 reporter gene. All hybrid plasmids
ere also tested against the empty expression vectors
GBT9 and pGADGH in order to control for autono-
ous activation of the hybrid proteins. In those control

ransformants, expression of the reporter gene was not
vident. In contrast to control transformants, when the
ull-length p47phox (p47phox/wt) and CKIIb hybrid pro-
eins were coexpressed in the reporter cells, the trans-
ormants were able to grow on selective media lacking
ryptophan, leucine, and histidine. When p47phox and
KIIa hybrid proteins were coexpressed in the re-
orter cells, the transformants were unable to grow on
he selective media. These data indicated that p47phox

inds to CKIIb, but not to CKIIa. To investigate the
ole of the C-terminal region of p47phox on binding to
KIIb, we constructed a deletion mutant form (p47phox/
-SH3) of p47phox that retained the amino acid residues
–284. The pGADGH-p47phox/N-SH3 construct failed to
ctivate transcription in the presence of either pGBT9-
KIIa or pGBT9-CKIIb. Thus, we concluded that the
-terminal region of p47phox is necessary for its binding

o CKIIb (Fig. 2A).
Direct p47phox interaction with the b subunit of CKII
as further tested in vitro using the GST pull-down
ssay. GST-p47phox/wt (amino acids 1–390), GST-
47phox/N-SH3 (amino acids 1-284), GST-p47phox/SH3-C
amino acids 151–390), and GST-p47phox/C (amino acids
85–390) fusion proteins were immobilized on gluta-
hione agarose beads and incubated with the CKIIb
rotein. The beads were washed and the coprecipitated
KIIb protein was visualized by Western blotting with
nti-CKIIb antibody. As shown in Fig. 2B, the CKIIb
ubunit was capable of binding to beads containing
ST-p47phox/wt, GST-p47phox/SH3-C, or GST-p47phox/C,
ut not GST-p47phox/N-SH3. These results confirmed
hat the b subunit of CKII interacts directly with the
-terminal region of p47phox.

ffect of Spermine on the Interaction of CKIIb
with p47phox in Vitro

The C-terminal region of the p47phox protein sequence
s unusually rich in lysine and arginine (29). This sug-
ests the possibility that the C-terminal region of the
47phox protein binds to the cluster of acidic residues
amino acids 55 to 80) of CKIIb which interacts with
olybasic compounds. To address this possibility, we
xamined the effects of spermine on interaction be-
90
ween p47phox and CKIIb. GST-p47phox/SH3-C fusion
roteins were immobilized on glutathione agarose
eads and incubated with CKIIb in the presence or
bsence of spermine. As shown in Fig. 3, CKIIb was
oprecipitated with GST-p47phox/SH3-C fusion protein
n the absence of spermine, but this coprecipitation
as not observed in the presence of spermine, indicat-

ng that spermine completely inhibited the interaction
f p47phox/SH3-C with CKIIb. The results suggest that
he C-terminal region of p47phox and spermine compete
or same binding site within CKIIb (Fig. 3).

timulation of CKII Catalytic Activity
by p47phox in Vitro

Polybasic compounds such as polyamines and poly-
ysine stimulate the catalytic activity of CKII through
ts interaction with CKIIb (9). The finding that the
-terminal region of p47phox is highly basic and medi-
tes the interaction with CKIIb suggests that p47phox

ay stimulate CKII activity. To address this possibil-

FIG. 2. Specific interaction of the C-terminal region of p47phox

ith CKIIb subunit. (A) The report strain was cotransformed with
arious combinations of hybrid plasmids encoding the respective
AL4 domains fused to truncated p47phox and full-length CKIIa and
KIIb subunits. Double transformants were patched for 4 days at
0°C on selective media lacking tryptophan, leucine, and histidine.
nteractions between the hybrid proteins were tested for their ability
o express the reporter genes, HIS3. All constructs were also
creened against the empty expression vectors pGBT9 and
GADGH, in order to control for autonomous activation of the hybrid
roteins. 1, the reporter gene was activated; 2, the reporter gene
as not activated. (B) Glutathione agarose beads coated with GST-

usion p47phox/wt (lanes 2 and 3), p47phox/N-SH3 (lanes 4 and 5),
47phox/SH3-C (lanes 6 and 7), or p47phox/C (lanes 8 and 9) proteins
ere incubated in the absence (lanes 2, 4, 6, and 8) or presence (lanes
, 5, 7, and 9) of CKIIb. The reaction was allowed to proceed for 1 h,
ocking at 4°C. After an extensive wash, the immobilized complexes
ere recovered by an elution step performed in the presence of 5 mM
lutathione. The proteins were separated by SDS–polyacrylamide
el electrophoresis and visualized by Western blotting with anti-
KIIb antibody. Lane 1, control CKIIb protein.
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ty, we examined the effects of the C-terminal region of
47phox on CKII activity with the synthetic peptide
RRREEETEEE) as substrate under standard assay
onditions as described under Materials and Methods.
olylysine, full-length p47phox, p47phox/SH3-C, and
47phox/C stimulated CKII activity toward the synthetic
eptide substrate RRREEETEEE, as shown in Fig. 4.
ull-length p47phox, p47phox/SH3-C, and p47phox/C were
ore effective than polylysine, generating a 2.5-fold

ncrease in phosphotransferase activity of CKII under
ur standard assay conditions. Only slight increase
1.5 times) in CKII activity was observed with the same
oncentration (on a molar basis) of p47phox/N-SH3, in-
icating that the C-terminal region of p47phox plays a
ignificant role in the stimulation of CKII activity.
aken together, these results indicate that p47phox

timulates CKII activity by a physical interaction with
KIIb (Fig. 4).

FIG. 3. Effect of spermine on the interaction between CKIIb and
he C-terminal region of p47phox. CKIIb was incubated with glutathi-
ne agarose beads coated with GST-fusion p47phox/SH3-C protein in
he absence (lane 2) or presence (lane 3) of 5 mM spermine for 1 h.
fter an extensive wash, the immobilized complexes were recovered
y an elution step performed in the presence of 5 mM glutathione.
he proteins were separated by SDS–polyacrylamide gel electro-
horesis and visualized by Western blotting with anti-CKIIb anti-
ody. Lane 1, control CKIIb protein.

FIG. 4. Stimulation of CKII activity by p47phox. The activity of
KII holoenzyme was monitored with the synthetic peptide sub-
trate (RRREEETEEE) under standard assay conditions as de-
cribed under Materials and Methods. BSA, poly-L-lysine, full-length
47phox, p47phox/N-SH3, p47phox/SH3-C, or p47phox/C were added to the
eactions as indicated. Bars represent the relative activity of CKII
oloenzyme determined by the ability to incorporate [32P]phosphate

nto the peptide substrate. Error bars represent the range of dupli-
ate experiments, each of which was analyzed twice by scintillation
ounting.
91
nteraction of CKII with p47phox in Neutrophil

To examine whether CKII interacts with p47phox in
ammalian cells, we performed coimmunoprecipita-

ion experiments. Human neutrophil cytosol and HeLa
ell lysate were immunoprecipitated with anti-p47phox

ntibody or control rabbit serum. Western blots of
hese immunoprecipitates probed anti-CKIIa and anti-
KIIb antibodies showed that both CKIIa and CKIIb
ere coimmunoprecipitated with p47phox specifically in
eutrophils (Fig. 5A). Using the synthetic peptide sub-
trate RRREEETEEE, the CKII activity in p47phox im-
unoprecipitates was also determined. The activity of
KII was detected in p47phox immunoprecipitates from
eutrophil, but not in control antibody immunoprecipi-
ates from neutrophil or p47phox immunoprecipitates
rom HeLa lysate (Fig. 5B). The expression patterns of
47phox, CKIIa, and CKIIb in human neutrophils and
eLa cells were examined by Western blotting. Al-

hough CKIIa and CKIIb were detected in both neu-
rophils and HeLa cell lysates, p47phox was not detected

FIG. 5. CKII interacts with p47phox in vivo. (A) 400 mg of human
eutrophil cytosol (lanes 1 and 2) and HeLa cell lysates (lane 3) were
ubjected to immunoprecipitation (IP) with either anti-p47phox anti-
ody (ab, lanes 2 and 3) or control rabbit serum (CRS, lane 1). The
recipitated proteins were further analyzed by Western blot using
ither anti-CKIIa (up) or anti-CKIIb (bottom) antibodies. (B) p47phox

roteins were immunoprecipitated from neutrophils or HeLa cells. In
itro kinase assays were performed on the beads by adding
g-32P]ATP and the standard CKII substrate peptide (RRREEE-
EEE). The 32P incorporation in the standard peptide was measured
y scintillation counting. (C) 20 mg of neutrophil cytosol (lane 1) and
eLa cell lysate (lane 2) were analyzed by Western blot using anti-
47phox (up), anti-CKIIa (middle), or anti-CKIIb (bottom) antibodies.
eut, neutrophil; L chain, immunoglobulin light chain.



in HeLa cell lysate (Fig. 5C). Taken together, the re-
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ults of these experiments showed that the p47phox in-
eracts with CKII holoenzyme in neutrophils.

ISCUSSION

Phosphorylation of p47phox is known to modulate its
unction (14). Recently we have demonstrated that
KII phosphorylates p47phox on Ser-208 and Ser-283

esidues in the SH3 domain and on Ser-348 in the
-terminal region in vitro, and that phosphorylation in

he SH3 domain is specifically enhanced by arachi-
onic acid. In addition, although it remains to be es-
ablished the CKII target sites of p47phox in vivo, a CKII
nhibitor, 5,6-dichloro-1-b-o-ribofuranosyl benzimid-
zole (DRB), potentiates formyl-Met-Leu-Phe-induced
ADPH oxidase activity in dimethyl sulfoxide-
ifferentiated HL-60 cells, suggesting that CKII may
lay a crucial role in regulating the NADPH oxidase
ctivation/deactivation (24). An anionic amphiphile
uch as arachidonic acid or SDS has been known as an
ctivator of NADPH oxidase which induces conforma-
ional changes in p47phox (30, 31). Sumimoto et al. (32)
ave shown that the SH3 domain of p47phox, initially
asked by a proline-rich stretch in the C-terminal

egion of the molecule, could be exposed by arachidonic
cid. In the present study, we have demonstrated that
47phox/SH3-C, but not p47phox/N-SH3, undergoes better
hosphorylation by CKII in the presence of arachidonic
cid. Thus, the present results demonstrate a signifi-
ant role of the C-terminal region of p47phox in the
rachidonic acid-dependent phosphorylation of the
olecule by CKII.
CKII is a tetrameric complex consisting of a, a9, and
subunits and exists as an a2b2, aa9b2, or a’2b2 struc-

ure. The CKIIa and CKIIa’ subunits are the catalytic
ubunits, while the CKIIb subunit has been known to
e a regulatory subunit because it mediates tetramer
ormation (10), modulates catalytic activity (7, 8), and
nfluences substrate recognition (9). The present yeast
wo-hybrid assay and GST pull-down assay demon-
trated that p47phox interacts directly with CKIIb and
hat the C-terminal region of p47phox mediates its bind-
ng to CKIIb. Since CKII phosphorylates p47phox, our
urrent observation that p47phox protein interacts with
KIIb provides strong evidence that the b subunit of
KII mediates the interaction of the catalytic subunit
ith the specific substrate. This is consistent with pre-
ious studies in which the CKIIb subunit may deter-
ine the substrate specificity (7, 9).
CKII can interact with its substrates either in its

oloenzyme form or as individual subunits, as illus-
rated by the interaction CKIIa with PP2A (33) and the
nteraction of CKIIb with several proteins including
ibosomal proteins L5 (28) and L41 (34), DNA topo-
somerase IIa and IIb (35), p53 (36), A-Raf (37, 38),

os (39), SAG/CKBBP1 (40), and CD5 (41). Given the
92
ystem assay, we can conclude the holoenzyme form of
KII associates with p47phox in intact cells based on the
oimmunoprecipitation of CKII with p47phox and the
resence of CKII kinase activity in p47phox immunopre-
ipitates.
CKII activity is often regulated by binding to other

roteins; for example, CKII activity has been shown to
e regulated by interaction with ribosomal protein L41
r cell surface receptor CD5 (34, 41). The present study
ndicates that p47phox enhances the catalytic activity of
KII by physical interaction with the regulatory CKIIb
ubunit, providing another example of modulation of
KII activity by other protein’s binding. The
-terminal portion (amino acids 55 to 80) of CKIIb

ontains clusters of acidic residues which are respon-
ible for an intrinsic negative regulation of CKII activ-
ty and for interaction with the polybasic compounds
42, 43). Our current observation, which the basic
-terminal region of the p47phox protein sequence stim-
lates CKII activity and spermine completely inhibits
he interaction between p47phox and CKIIb, suggests
hat the acidic domain of CKIIb is the most likely
andidate for the binding of p47phox protein, and that
lectrostatic interaction may contribute to the associ-
tion of CKIIb to p47phox.
Immunocytochemical studies have shown that CKII

s mostly localized both in the cytoplasm and the nu-
leus of cells. However, recent studies have revealed
hat CKII tightly associates with highly purified
lasma membrane preparations. Sarrouilhe et al. (44)
ave shown that the tight association of CKII to mem-
rane components is mediated by a specific CKIIb do-
ain localized between residues 51 and 110. p47phox, a

omponent of NADPH oxidase, is localized in the
lasma membrane of phagocytes, especially when cells
re exposed to appropriate stimuli. Thus, our present
tudy raises the possibility that p47phox may function as
ne of potential CKII anchoring proteins present in the
lasma membrane of phagocytes.
In summary, this study is the first to demonstrate

he activation of CKII by direct association with
47phox. The findings presented here have the potential
o expand the role of p47phox as a modulator of CKII
ctivity in addition to the role of CKII as a regulator of
47phox.

CKNOWLEDGMENT

The authors acknowledge the financial support of the Korea Re-
earch Foundation made in the program year of 1998.

EFERENCES

1. Pinna, L. A. (1990) Biochem. Biophys. Acta 1054, 267–284.
2. Issinger, O.-G. (1993) Pharmacol. Ther. 59, 1–30.
3. Allende, J. E., and Allende, C. C. (1995) FASEB J. 9, 313–323.



4. Hathaway, G. M., and Traugh, J. A. (1984) J. Biol. Chem. 259,

1

1

1

1
1
1

1

1

1

1

2

2

2

2

2

25. Kim, M.-S., Lee, Y.-T., Kim, J.-M., Cha, J.-Y., and Bae, Y.-S.

2
2

2

2

3

3

3

3

3

3

3

3

3

3

4

4

4

4

4

Vol. 286, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
7011–7015.
5. Chen-Wu, J., Padmanabha, R., and Glover, C. V. C. (1988) Mol.

Cell. Biol. 8, 4981–4990.
6. Lozeman, F. J., Lithchfield, D. W., Piening, C., Takio, K., Walsh,

K. A., and Krebs, E. G. (1990) Biochemistry 29, 8436–8447.
7. Lin, W.-J., Tuazon, P. T., and Traugh, J. A. (1991) J. Biol. Chem.

266, 5664–5669.
8. Jakobi, R., and Traugh, J. A. (1992) J. Biol. Chem. 267, 23894–

23902.
9. Meggio, F., Boldyreff, B., Marin, O., Pinna, L. A., and Issinger,

O.-G. (1992) Eur. J. Biochem. 204, 293–297.
0. Gietz, R. D., Graham, C., and Litchfield, D. W. (1995) J. Biol.

Chem. 270, 13017–13021.
1. Padmanabha, R., Chen-Wu, J. S.-P., Hanna, D. E., and Glover,

C. V. C. (1990) Mol. Cell. Biol. 10, 4089–4099.
2. Hanna, D. E., Rethinaswamy, A., and Glover, C. V. C. (1995)

J. Biol. Chem. 270, 25905–25914.
3. Seldin, D. C., and Leder, P. (1995) Science 267, 894–897.
4. Babior, B. M. (1999) Blood 93, 1464–1476.
5. Clark, R. A., Leidal, K. G., Pearson, D. W., and Nauseef, W. M.

(1987) J. Biol. Chem. 262, 4065–4074.
6. Park, J.-W., Ma, M., Ruedi, J. M., Smith, R. M., and Babior,

B. M. (1992) J. Biol. Chem. 267, 17327–17332.
7. Park, J.-W., El Benna, J., Scott, K. E., Christensen, B. L.,

Chanock, S. J., and Babior, B. M. (1994) Biochemistry 33, 2907–
2911.

8. Knaus, U. G., Heyworth, P. G., Evans, T., Curnutte, J. T., and
Bokoch, G. M. (1991) Science 254, 1512–1515.

9. Knaus, U. G., Heyworth, P. G., Kinsella, B. T., Curnutte, J. T.,
and Bokoch, G. M. (1992) J. Biol. Chem. 267, 23575–23582.

0. Clark, R. A., Volpp, B. D., Leidal, K. G., and Nauseef, W. M.
(1990) J. Clin. Invest. 85, 714–721.

1. Heyworth, P. G., Curnutte, J. T., Nauseef, W. M., Volpp, B. D.,
Pearson, D. W., Rosen, H., and Clark, R. A. (1991) J. Clin. Invest.
87, 352–356.

2. Nakanishi, A., Imajoh-Ohmi, S., Fujinawa, T., Kikuchi, H., and
Kanegasaki, S. (1992) J. Biol. Chem. 267,19072–19074.

3. Quinn, M. T., Evans, T., Loetterle, L. R., Jesaitis, A. J., and
Bokoch, B. M. (1993) J. Biol. Chem. 268, 20983–20987.

4. Park, H.-S., Lee, S. M., Lee, J. H., Kim, Y.-S., Bae, Y.-S., and
Park, J.-W. (2001) Biochem. J., in press.
93
(1998) Mol. Cells 8, 43–48.
6. Field, S., and Song, O. (1989) Nature 340, 245–246.
7. Okamura, N., Babior, B. M., Mayo, L. A., Peveri, P., Smith,

R. M., and Curnutte, J. T. (1990) J. Clin. Invest. 85, 1583–1587.
8. Kim, J.-M., Cha, J.-Y., Marshak, D. R., and Bae, Y.-S. (1996)

Biochem. Biophys. Res. Commun. 226, 180–186.
9. Rodaway, A. R., Teahan, C. G., Casimir, C. M., Segal, A. W., and

Bentley, D. L. (1990) Mol. Cell. Biol. 10, 5388–5396.
0. Swain, S. D., Helgerson, S. L., Savis, A. R., Nelson, L. K., and

Quinn, M. T. (1997) J. Biol. Chem. 272, 29502–29510.
1. Park, H.-S., and Park J.-W. (1998) Biochim. Biophys. Acta 1387,

406–414.
2. Sumitomo, H., Kage, Y., Nunoi, H., Sasaki, H., Nose, T., Fuku-

maki, Y., Ohno, M., Minakami, S., and Takeshita, K. (1994) Proc.
Natl. Acad. Sci. USA 91, 5345–5349.
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