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Abstract

The respiratory burst oxidase of phagocytes and B lympho-
cytes catalyzes the reduction of oxygen to 02 at the expense
of NADPH.Dormant in resting cells, the oxidase is activated
by exposing the cells to appropriate stimuli. During activa-
tion, p47PhE, a cytosolic oxidase subunit, becomes exten-
sively phosphorylated on a number of serines located be-
tween S303-S379. To determine whether this phosphoryla-
tion is necessary for oxidase activation, we examined
phorbol-elicited oxidase activity in EBV-transformed B
lymphoblasts deficient in p47Phx after transfection with
plasmids expressing various S -+ A mutants of p47Phox. The
mutant containing S -+ A mutations involving all serines
between S303 and S379 [S(303-379)A] was not phosphory-
lated, did not translocate to plasma membrane during acti-
vation and was almost devoid of function. As to individual
serines, S379 was of special interest because (a) p47Ph'
S379 was phosphorylated in phorbol-activated lympho-
blasts expressing wild-type p47P, and (b) p47PhX S379A
failed to translocate to the membrane, and was as function-
less as p47Phox S(303-379)A; other single S -+ A mutations
had little effect on oxidase activity. These findings suggest
that the phosphorylation of S379 may be important for oxi-
dase activation in whole cells. (J. Clin. Invest. 1995. 96:1499-
1505.) Key words: superoxides * phagocytes - phosphoryla-
tion * B lymphocytes * respiratory burst

Introduction

The respiratory burst oxidase is a membrane-bound enzyme of
phagocytes and B lymphocytes that catalyzes the reduction of
oxygen to 0° at the expense of NADPH(1):

202 + NADPH-+ 2 0- + NADP++ H+

In resting cells the enzyme is dormant, and its components are
distributed between the cytosol and the plasma membrane.
Whenthe cells are activated, however, the cytosolic components
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migrate to the plasma membrane, where they associate with
the membrane-bound components to assemble the catalytically
active oxidase (2).

Among the cytosolic oxidase components is p47Phox (3-6),
a basic protein that becomes extensively phosphorylated when
the oxidase is activated (7-10). The phosphorylation targets
are a group of serines (S303 through S379) in the highly basic
carboxy-terminal quarter of the polypeptide (11). The relation-
ship between the phosphorylation of p47PJox and the initiation
of O2 production by neutrophils exposed to an activating agent
suggested that the phosphorylation of this protein was an essen-
tial step in the mechanism of activation of the oxidase. To date,
however, this hypothesis has been supported only by the indirect
evidence that has been provided by inhibitor studies (12-16),
temporal correlations between phosphorylation and oxidase ac-
tivation (17, 18), and demonstrations that ATP is required for
oxidase activation (19, 20).

Phagocytes and B lymphocytes from patients with p47Phox
deficiency are unable to manufacture O2 in response to agents
that elicit 0° production from normal cells. Werecently demon-
strated that the respiratory burst in EBV-transformed B
lymphoblasts (hereafter called lymphoblasts) deficient in
p47PJOX could be restored by transfection with a plasmid that
caused the lymphoblasts to express p47Phox (21). Wehave used
this system to obtain direct evidence regarding the role of phos-
phorylated p47PMx in the activation of the respiratory burst oxi-
dase.

Methods

EBV-transformed p47Ph°x-deficient B lymphoblasts were co-transfected
with SV40 and EBOpLPP-derived p47PI'X expression vectors (wild-
type or mutant pEBOp47fx + or the antisense vector pEBOp47fx -) and
expanded under hygromycin selection as described elsewhere (21).

32P-labeled p47P^°x from transfected cells. Transfected p47Ph-defi-
cient B lymphoblasts expressing wild-type p47Phox or p47Ph°XS(303-
379)A were incubated overnight at 370C in DMEM/10mMHepes (pH
7.5)/2mM glutamine/0.1% FBS/1% PSF (GIBCO BRL, Gaithersburg,
MD) (106 cell/ml), then transferred to fresh medium containing 32p;
(0.2 mCi/ml; Dupont, NEN, Boston, MA) and incubated for an addi-
tional 4 h at 37°C. The cells were then activated for 20 min with phorbol
myristate acetate (1 pg/ml), after which their p47Plox was isolated and
purified by immunoaffinity chromatography as described earlier (11).
For one-dimensional (l-D) peptide mapping, the purified 32P-labeled
p47PhOx was eluted from the SDS-PAGEgel and cleaved with CNBr
(12.5 mg/ml in 70% formic acid, 16 h, 250C), Glu-C endopeptidase
(100 .g/ml in 25 mMammonium bicarbonate, pH 7.8, overnight, 25°C;
Boehringer Mannheim Corp., Indianapolis, IN), or Lys-C endopeptidase
(20 ,4g/ml in 50 mMTris-HCl, pH 8.0, overnight, 37°C; Boehringer
Mannheim) as indicated. The digests were lyophilized in a Speed-Vac
and analyzed by Tris-Tricine SDS-PAGE(22) followed by autoradiog-
raphy for 24 h at -70°C.

Respiratory burst oxidase activity. Respiratory burst oxidase activity
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Table I. Mutagenesis of p47Phwx

Mutation Oligonucleotide Template plasmid Restriction site change

S303A AT GGACGCGCGCCGGGGCGGCGC WT + BssHII
S304A CG GAT GGCCGACCT GCGGGG S303A - BssHII
S310A TG GAT GGCGTGCGCATT CCGGAT GGA WT + BsmI
S315A TT CCGCGCGCGCTG ATG GAT WT + BssHII
S320A TC CTG GGCGAGCCGCTT CCGCGA WT - EcoNI
S328A CG TAC GGCGTT GCGGCGATA GGC WT + BsiWI
S(345, 348) ACC GGGGGCCTG CGGGCCCGGCCGCGC S348A + Apal
S348A AG CGGGGCTCC GGGGCT CTG WT - SmaI
S359A G TTT AGCGCGCTG CGT CTG CC WT + BssHII
S370A GTC GGCGGCAGGCCT CGGGGGCAC WT - SacII
S379A G CTT GGTGCT CTC GGCGCAGC WT - PstI

Oligonucleotide sequences are those of the antisense strand of the p47Phox cDNA. Deviations from the wild-type sequence are shown in boldface.
WT, wild-type.

was measured by chemiluminescence. Assays using whole cells were
carried out as described elsewhere (23), except that 3 X 106 cells and
5 IU horseradish peroxidase were used in a final volume of 0.5 ml. The
cells were warmed to 37°C, then activated for 5 min at the same tempera-
ture with phorbol myristate acetate (1 jig/ml). Chemiluminescence was
then measured at 2-min intervals using a Monolight 2010 luminometer
(Analytical Luminescence Laboratories, San Diego, CA). For measur-
ing respiratory burst oxidase activity in a cell free system, the complete
reaction mixtures contained 1.6 x 106 cell equivalents of neutrophil
membranes, cytosol (0.2 mg protein) obtained from unstimulated
lymphoblasts in the course of the translocation assays described below,
1 mMluminol, 5 IU horseradish peroxidase, 90 ,iM SDS, 160 jzM
NADPH, Hanks balanced salts solution containing 0.5 mMCaCl2 and
1 mMMgCl2, and 50 U of superoxide dismutase as indicated, in a
final volume of 0.5 ml. The starting assay mixtures contained all the
components except SDS and NADPH. The oxidase was then activated
by adding SDS and incubating for 1 min at room temperature. After
activation, the reaction was started with NADPH(final concentration
160 ,uM). Chemiluminescence was then measured at successive 10-s
intervals.

Translocation of p47Phox from cytosol to plasma membrane.
Transfected lymphoblasts were treated for 15 min at 4°C with diisopro-
pylfluorophosphate as described elsewhere (24). After washing with
PBS, the cells were resuspended in the same buffer at 10' cell/ml and
incubated for 10 min at 37°C. Half the cells were then stimulated with
phorbol myristate acetate (1 ag/ml), after which both stimulated and
unstimulated cells were incubated for an additional 12 min. The cells
were then resuspended in 2 ml of ice-cold relaxation buffer (10 mM
Pipes, pH 7.4, 100 mMKCl, 3 mMNaCl, 3.5 mMMgCl2, 1 mMATP,
and 1.5 mMEGTA) containing 1 mMPMSF, 50 jg/ml leupeptin, 25
,tg/ml pepstatin, and 25 jig/ml aprotinin. Further procedures were car-
ried out at 4°C. The cells were disrupted by nitrogen cavitation (400
psi for 15 min) and centrifuged (400 g, 10 min) to remove nuclei and
unbroken cells. The supernatant was further centrifuged (100,000 g, 45
min) to separate membranes from cytosol. The membrane pellet was
washed once in the antiproteinase-fortified relaxation buffer, then sus-
pended in Laemmli sample buffer and heated in boiling water for 3
min. Finally, solid urea was added to the sample solution (final concen-
tration 4 M) and dissolved by careful sonication, to improve the resolu-
tion of the gel.

Immunoblotting. Transfected lymphoblasts were suspended at 2.5
X 107 cells/ml in detergent buffer (20 mMTris-HCl, pH 7.4, 0.5%
Triton X-100, 150 mMNaCl, 2.5 mMEGTA, 2.5 mMEDTA, 0.25 M
sucrose, 1 mg/ml DNAse I, 50 pM leupeptin, 25 ,uM pepstatin, and 2
mMPMSF), sonicated for three 10-s intervals and centrifuged at 4°C
for 15 min in an Eppendorf microfuge. An equal amount of 2x Laemmli

sample buffer was then added to the sonicate, and proteins were sepa-
rated by SDS-PAGEon a 10% polyacrylamide gel. The separated pro-
teins were then transferred to nitrocellulose and the p47Phox bands were
visualized with the ECL detection system (Amersham) or as described
elsewhere (25), using an anti-peptide antibody at a dilution of 1:5,000.

Site-directed mutagenesis. For site-directed mutagenesis, the p47PhoX
cDNA was cloned into the XbaI/NotI fragment of pBluescript KSH.
Mutagenesis was then performed by an oligonucleotide-directed tech-
nique, confirming each mutant by dideoxynucleotide-based sequencing.
The primers and certain other details related to the mutagenesis proce-
dures are shown in Table I. Escherichia coli strain BMH71-18 (Clon-
tech, Palo Alto, CA) was used for transformation to increase the recov-
ery of the mutated plasmids. For ease of screening of the transformants,
oligonucleotides were designed so as to contain an altered restriction
site as well as the desired mutant codon. The mutant plasmids were
cloned into the XbaI/NotI fragment of the mammalian expression vector
EBOpLPPand transfected into p47PI°x-deficient B lymphoblasts as de-
scribed elsewhere (21).

Phosphorylation of S379. 32P-labeled p47Phox was purified from 32p;-
loaded, phorbol-activated transfected lymphoblasts as described above
and transferred to nitrocellulose by electroblotting. The portion of the
blot containing the radioactive band was excised, placed in 0.25 ml
ammonium bicarbonate buffer and cleaved with trypsin for 72 h at 37°C,
adding 10 /.tg trypsin at the start of the incubation and every 12 h
thereafter to ensure complete digestion (11). The digest was taken to
dryness in a Speedvac, dissolved in 0.4 ml PBS containing 50 ILM 2-
mercaptoethanol and rotated for 2 h at room temperature with 50 ttl 2-
thiopyridine-activated thiopropyl agarose beads (Sigma Chem. Co., St.
Louis, MO). The beads were then separated from the peptide solution
by centrifugation, washed four times with 1-ml portions of PBS/0.5 M
NaCl and twice more with 1-ml portions of PBS, then eluted by incubat-
ing for 20 min at room temperature with 100 mMdithiothreitol in PBS.
The radioactivity in the peptide-containing supernatant, the washings
and the final eluate was determined by Cerenkov counting in a liquid
scintillation counter.

Results

p47Phox phosphorylation targets in B lymphoblasts. During acti-
vation, neutrophils phosphorylate p47Phox on serines lying be-
tween S303 and S379 inclusive (11). To determine whether
these same serines are the phosphorylation targets in B lympho-
cytes, p47phox from EBV-transformed normal B lymphoblasts
that had been loaded with 32Pi and then activated with phorbol
myristate acetate was purified and analyzed by 1-D peptide
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Figure 1. Phosphopeptide map-
Z ping of 32P-labeled p47PhOX puri-
U z4 fied from phorbol-activated B

lymphoblasts. 32P-labeled
p47Ph was purified from 5 x
I 07 phorbol-activated

427A lymphoblasts and cleaved with
the indicated reagent as de-

19 fi gscribed in Methods. The prod-
14- ucts were separated by SDS-

PAGEusing a Tris-Tricine
6 - buffer system, and the labeled

peptides were visualized by au-
2.9- toradiography. The serine resi-

dues present in the fragments
were as follows: CNBr, S283-

S388; LysC (9K peptide), S320-S381; LysC (3K peptide), S303-S315;
GluC (1 OKpeptide), S283-S348; GluC (4K peptide), S359-S379). The
smallest labeled peptide in the GluC track probably arose through partial
cleavage of the 4K peptide at D372, eliminating the 1K peptide L373-
E380. The 9K peptide in the LysC digest appears because LysC is
unable to cleave K-P bonds (30).

mapping using the approach employed in earlier studies with
neutrophils (11). Results showed that, as with neutrophils, the
p47PhOX phosphorylation targets in B lymphoblasts were re-
stricted to the carboxy-terminal CNBr fragment (Mr s 12,000),
containing serines S283 through S388 (Fig. 1). Maps of prod-
ucts obtained by digestion with the endopeptidases Lys-C and
Glu-C showed no radioactivity in peptides containing serines
S283, S288, S381, and S388, leaving the serines between S303
and S379 (inclusive) as the targets of phosphorylation in B
lymphoblasts, as they are in neutrophils.

p47PhoxS(303-379)A. To ascertain whether phosphorylation
of p47PMx was necessary for oxidase activity, we employed a
plasmid (pEBOp47fx:S[303-379jA) that encoded a p47Phox
mutant in which all the serines between S303 and S379 had
been converted to alanines. The mutant protein, designated
p47PhoxS(303-379)A, was found not to become detectably
phosphorylated during cell activation. Mutant protein purified
from phorbol-activated p47Ph°x-deficient B lymphoblasts
transfected with pEBOp47fx:S(303-379)A and loaded with
32p; contained negligible amounts of phosphate, whereas normal
protein purified from activated 32Pi-loaded lymphoblasts
transfected with the wild-type plasmid was heavily phosphory-
lated (Fig. 2, right). This difference between the mutant and
wild-type p47PMx was not due to a deficiency of p47POXS(303-
379)A in the transfected lymphoblasts, because the mutant and

,/ 3 Figure 2. Phosphorylation of re-
combinant p47PhOXS(303-379)A

I" I>ESIP, from transfected p47Ph-xdefi-
Ae A cient B lymphoblasts activated

with phorbol myristate acetate.
The experiment was carried out
as described in the text. Each
track contains p47Phox from 3 x

'Il_ ' 10' cells. (Left) protein expres-
sion (immunoblot); (right) au-
toradiogram. of the same immu-

Immuno- Autoradio- noblot. The arrowheads show
blot gram the location of p47PhX.
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Figure 3. Oxidase activity of phorbol-activated p47Pho-deficient B
lymphoblasts expressing recombinant p47PhoxS(303-379)A. Oxidant
production was measured as described in the text. Results represent the
mean±SE of data from the following number of transfections: wild-
type, 2; antisense, 3; S(303-379), 3. In this and subsequent figures,
the absence of an error bar through a marker indicates that the error is
smaller than the height of the marker.

wild-type proteins were expressed to about the same extent
(Fig. 2, left).

Wenext asked whether p47Ph°xS(303-379)A could restore
the respiratory burst to p47Ph-deficient lymphoblasts. Fig. 3
compares oxidase activity in phorbol-stimulated B lymphoblasts
transfected with pEBOp47fx+ (expressing wild-type p47Ph"X),
pEBOp47fx- (antisense) and pEBOp47fx:S(303-379)A.
Even though p47PhX expression was similar in the wild-type
and mutant transfectants (see Fig. 2), oxidant production in
cells expressing p47Ph°XS(303-379)A was greatly decreased
compared with oxidant production in lymphoblasts expressing
wild-type p47Phox (Fig. 3). These findings strongly suggest that
the phosphorylation of p47P&)X is essential for normal oxidase
activation.

To rule out the trivial possibility that the very low oxidase
activity observed in cells expressing the mutant p47P/WX resulted
from a failure of the mutant to fold into a functionally active
conformation during its biosynthesis, we examined the ability
of cytosols from lymphoblasts expressing wild-type and mutant
p47PhOX to support the function of the cell-free oxidase activating
system, reasoning that if the mutant was able to support oxidase
activity in the cell-free system, it had to have folded correctly
during biosynthesis. The assays were carried out as usual (26),
except that lymphoblast instead of neutrophil cytosol was used,
and oxidase activity was measured by chemiluminescence. The
results (Fig. 4) showed that p47PMXS(303-379)A supported
oxidase activity in the cell-free system, indicating that the pro-
tein achieved an active conformation despite its content of S
A mutations.

The individual target serines. The experiments with
p47PhoxS(303-379)A suggested that at least one of the serines
between S303 and S379 was required for oxidase activity in
whole cells. This may reflect an absolute requirement for a

particular serine, or a requirement for one of a group of serines
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300 Figure 4. Oxidase activity in a
cell-free oxidase activating sys-
tem containing recombinant
p47Ph-xS(303-379)A. Oxidant

200 6 production was measured as de-
C~~~~~>XZ 6 ~~~~~~~scribed in the text. A different

0.° o° transfection was used for each
E 100 assay. In each case, the addition
z o0 of 50 U of superoxide dismutase

0O to the assay mixture virtually
0>8 abolished light production (not

o1 shown). The results shown rep-
0 20 40 60 80 100 resent the sums of the light units

Seconds as measured over successive
10-s intervals, and are corrected

for the fact that in the cytosols used for this experiment, the concentra-
tion of p47P'SXS(303-379)A was 70% the concentration of wild-type
p47Ph'x ., wild-type; o, p47PhOS(303 -379)A.

any member of which could serve to support oxidase activation.
To determine whether any of these 11 serines was essential as
a single residue, we created a series of 11 constructs each con-
taining a serine-to-alanine codon mutation involving a different
target serine (see Table I), and measured oxidase activity in B
lymphoblasts transfected with each of these constructs. The
results (Fig. 5 and Table II) show that each of the p47PhoX
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Figure 5. Oxidase activity of lymphoblasts expressing recombinant
p47PhOX containing single S -+ A substitutions involving the phosphoryla-
tion targets. Oxidant production by lymphoblasts expressing wild-type
(Sense) p47Phox, mutant p47PIoX as indicated, or no p47PhOX (Antisense)
was measured as described in the text. Except for the experiments with
the antisense transfections, the results shown represent the peak chemilu-
minescence values, which were generally observed 10-20 min after
adding phorbol. In the case of the antisense transfections, chemilumines-
cence declined steadily after activation with phorbol. For these transfec-
tions, the results used were the values observed 15 min after the addition
of phorbol. Immunoblots above each bar indicate the levels of expression
of the corresponding recombinant proteins, using 7.5 x 105 cells for
mutants S310A, S315A, S320A, S359A, and S379A, and 5 x 105 cells
for the rest of the transfectants. Chemiluminescence results represent
the mean±SE of 3 experiments, except as follows: S310A and
S(345,348)A, 2 each; S348A, 4; S379A, 5; S370A, 6; wild-type, 7. In
calculating the statistics, outliers of 11071 (S31 OA) and 12882 (S328A)
were disregarded.

Table II. Expression of p47PMX Mutants in Transfected
p47P/lo-deficient B Lymphoblasts Relative to the
Expression of the Wild-type Protein

p47Ph"x Expression

%wild-type n

Wild-type 100 (7)
S303A 66± 12 (3)
S304A 69± 15 (3)
S310A 100 (1)
S315A 57 (1)
S320A 118±6 (2)
S328A 107±4 (3)
S345/348A 140±38 (2)
S348A 101±9 (3)
S359A 108± 17 (2)
S370A 102±8 (3)
S379A 132± 15 (6)
S(303-379A) 83±7 (4)

Immunoblots of p47P`wx-deficient B lymphoblasts expressing wild-type
or mutant p47PhoX were probed with anti-p47P^°x antibody (see Methods),
visualizing with a peroxidase-labeled secondary antibody as described
elsewhere (25). All tracks on each blot represented samples from cells
that had been transfected on the same day and collected at the same
time. The identities of the mutants varied from blot to blot, but for use
as standard, one track on each blot was run with lymphoblasts expressing
wild-type p47Pho). The blots were scanned with a Zeinieh laser scanner,
and quantities of p47Phox were determined from the peak heights (in
earlier studies we had shown that the heights of the p47Phox peaks on
immunoblots visualized with a peroxidase-labeled secondary antibody
were directly proportional to the amounts of p47PIox loaded onto the
original gel). Amounts of mutant protein relative to the amount of pro-
tein in the lymphoblasts expressing wild-type p47phox were calculated
for each blot by dividing the height of the mutant p47Phox peak by the
height of the standard peak, correcting if necessary for differences in
loading of the gel. The results are expressed as the mean± 1 SE. The
figures in parentheses indicate the number of samples used for each
calculation.

mutants was well expressed, and that of all the mutations, only
S379A had a major effect on the ability of p47Phox to support
oxidase activation. (The S345A mutation is represented in this
study by the double mutant S(345,348)A. The control for this
mutant is S348A.) Therefore, apart from S379, no individual
target serine appears to be of major importance for the function
of p47 Phox

Fig. 6 shows in more detail the activity of the oxidase in
phorbol-treated p47Phx-deficient B cells expressing p47PhOX.
S379A, as compared with the same cells transfected with
pEBOp47fx + (sense) or pEBOp47fx - (antisense). The mutant
protein was adequately expressed in the transfected B
lymphoblasts (Fig. 5, Table II), but the conversion of S379 to
alanine greatly hampered the ability of the protein to support
oxidase activation. Oxidase activity in a cell-free system con-
taining p47P'°xS379A, however, was nearly normal (Fig. 7),
showing that p47 phxS379A, like p47PMXS(303-379) A, acquired
a native conformation during biosynthesis.

Activation of the respiratory burst oxidase is accompanied
by the transfer of p47Phox (and p67Phx) from the cytosol to the
plasma membrane. To determine whether S379 was important
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Figure 6. Oxidase activity of
phorbol-activated p47Ph°x-defi-
cient B lymphoblasts expressing
recombinant p47PhOXS379A. Re-
sults (o) represent the
mean±SE of data from three
transfections. Mean values for
the wild-type (v) and S(303-
379)A (A) experiments, pre-

sented in Fig. 3, are presented
again here for purposes of com-

parison.

Cy Mb Figure 8. Translocation of
- + + - + p47PhX in phorbol-activated

p47Ph°x-deficient B lymphoblasts
expressing wild-type and mutant
recombinant p47Phox. The exper-

p47--w- iment was carried out as de-

scribed in the text, visualizing
the p47Phox bands by chemilumi-

nescence. The track labeled Cy
__.J contained 1.5 x 106 cell equiva-

wr 30 S37- A lents of cytosol; each of the Mb
379)A tracks contained 1.25 X 107 cell

equivalents of membrane. +, activated cells; -, resting cells. This exper-

iment is representative of six experiments with p47P'°XS379A and two
experiments with p47PhxS(303 -379)A.

for this transfer, we performed an experiment in which plasma
membranes from p47P°-deficient B lymphoblasts expressing
various forms of recombinant p47Ph`x were assayed for p47Phox
before and after activation with phorbol. The results (Fig. 8)
showed that wild-type p47P/ox was transferred to the membrane
after activation, but little transfer of p47P`WXS(303-379)A or

p47Ph0XS379A was detected. These findings are consistent with
earlier work showing that the phosphorylation inhibitor stauro-
sporine prevented translocation of p47Pbox in whole neutrophils
(27), and indicate that S379 participates in the translocation of
p47PJWX that takes place during oxidase activation, suggesting
that the defect in O2 production in B lymphoblasts expressing
p47PhxS379A is due at least in part to a failure of translocation.

To determine whether S379 becomes phosphorylated when
the respiratory burst oxidase is activated, the phosphate content
of the tryptic peptide containing this serine was measured. For
this purpose, p47Ph'x-deficient lymphoblasts expressing either
wild-type p47Phox or p47PhoxS379A were loaded with 32p; and
activated with phorbol. The 32P-labeled p47P'h species from
these two lymphoblast preparations were purified and digested
with trypsin, and the 32p in the combined cysteine-containing
peptides from this digest was determined after isolation of the
peptides by transthiolation of activated thiopropyl agarose.

Among the 4 cysteine-containing tryptic peptides from p47PMx,
only one (CSESTK, corresponding to amino acids 378-383)
contained a target serine, and that serine was S379, the serine of

300 Figure 7. Oxidase activity in a

8 cell-free oxidase activating sys-
8 tem containing recombinant

200 t8 p47Ph°S379A. Oxidant produc-
8 tion was measured as described

>Z8 in the text. In each case, the ad-
0 § dition of 50 Uof superoxide dis-
E ~100 . A3 mutase to the assay mixture vir-

z tually abolished light production
(not shown). A different trans-

b fection was used for each assay.
0 The results shown represent the

0 20 40 B0 80 100
sums of the light units as mea-

Seconds sured over successive 10-s inter-
vals. The average concentrations

of wild-type and mutant p47Phox in the lymphoblast cytosols were essen-

tially equal, so it was not necessary to correct for differences between
cytosols in the concentrations of p47Ph°S379A. The wild-type results
are the same as those shown in Fig. 4. *, wild-type; o, p47Ph°xS379A.

interest. The cysteine peptides obtained from wild-type p47PhoX
contained twice as much 32P as the peptides from p47Ph^XS379A
(Table III), indicating that S379 was phosphorylated. Although
the amount of phosphate in S379 was small, amounting to only

0.12% of the total, it was in the range expected for a single

phosphorylated serine in the small fraction of p47Phox that had
been incorporated into the active oxidase (see Discussion).

A small amount of 32P was also found in the cysteine-con-
taining peptides from p47Ph°xS379A. This could be the result
of nonspecific binding of peptides to the column, but it might
also represent the phosphorylation of S381 during oxidase acti-
vation. The failure to detect a radioactive Glu-C peptide con-

taining S381 (STKRKLASAV, the COOH-terminal decapep-
tide of p47PIUx) suggests that nonspecific binding is the most
likely explanation, but a clear decision between these two possi-
bilities will require additional experiments.

Discussion

The relationship between respiratory burst oxidase activation
and protein phosphorylation-in particular, the phosphoryla-
tion of p47Phox-has been the subject of speculation ever since
the discovery of a 44 kD (Named p47P/Wx because on SDS-
PAGE, this protein migrated at M, 47-48 x 103.) protein that
became phosphorylated when neutrophils were activated and
was missing in certain patients with chronic granulomatous dis-
ease, an inherited deficiency of respiratory burst oxidase activ-
ity. Correlative studies, inhibitor studies and demonstrations of
an ATP requirement for oxidase activation have all been consis-

Table III. Phosphorylation of S379

32p

Experiment 1 Experiment 2

WT S379A WT? S379A

cpm cpm

Total counts 24749 29145 64528 73014
Final wash 31 25 20 33
Eluate 84 51 179 129
32p in CSESTK(%)* 0.26 0.11 0.24 0.14

* Corrected for background (20 cpm).
The experiments were carried out as described in the text.
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tent with the idea that the phosphorylation of p47Phox is an
essential element of oxidase activation, but they all left open
the possibility that the true oxidase-activating phosphorylation
might involve some other protein, and that the phosphorylation
of p47PhOX was merely an epiphenomenon. The results presented
here furnish further evidence for the proposition that the phos-
phorylation of p47Phox is causally related to the activation of the
respiratory burst oxidase.

Of the 11 phosphorylation targets in p47PMX, only the elimina-
tion of S379 led to a major defect in the translocation of p47Phox
and the activity of the oxidase. The conversion of any one of the
other 10 target serines to alanine had relatively little effect on
oxidase activity (and presumably on translocation as well). The
occurrence, however, of low levels of oxidant production by cells
expressing p47Ph°xS379A, as opposed to the absence of oxidant
production by cells transfected with the antisense plasmid, sug-
gests that the story of p47PMx phosphorylation is not yet complete.
Additional chapters may involve such subjects as combinations
of target serines, activating agents besides phorbol myristate ace-
tate, or other topics yet to be investigated.

Only a very small percentage of the phosphate in phosphory-
lated p47PhJX was located on S379. Although this result suggests
that the phosphorylation of S379 may not be related to oxidase
activation, the following line of reasoning indicates that this
quantity might be enough to account for the activation of the
oxidase. First, only about 2% of the total p47PIWX in activated
cells becomes associated with the active oxidase, even though
most of the p47PIWX molecules in the cell become phosphorylated
to one degree or another (Fig. 7 in reference 28). Second,
S379 represents < 10% of the target serines in the molecule.
Therefore the level of phosphorylation of S379 observed in
these experiments could be accounted for by the complete phos-
phorylation of S379 in all the p47Phox molecules associated with
the active oxidase, and would accordingly be compatible with
a requirement for S379 phosphorylation in oxidase activation.

By what mechanism might the phosphorylation of p47Phox
result in the activation of the oxidase? Weshowed earlier that
activation of the oxidase in the cell-free system is accompanied
by the appearance of a membrane-binding site on a cytosolic
oxidase component (25). This binding site is likely to be at
least partially on p47Phox, since p47PMx can migrate on its own
from the cytosol to the membrane during oxidase activation,
but p67PhOx and Rac2, the other cytosolic oxidase components,
can only migrate to the membrane in the presence of p47Phox
(2). Further support for this idea comes from recent studies
indicating that an interaction between an SH3 domain in p47Phox
and a proline-rich region in the protein is eliminated during
oxidase activation, exposing a region that is concealed in the
resting protein (29). It may be that in the resting cell, the
membrane binding site of p47Phox is concealed, not only by the
SH3 domain-mediated interaction, but also by an interaction
involving the protein's highly cationic carboxy-terminal tail,
whose positive charges could associate with a concentration
of negative charge elsewhere on the surface of the molecule.
Phosphorylation could reverse this positive charge, releasing
the tail and exposing the membrane binding site to allow assem-
bly of the active oxidase.
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