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ABSTRACT: In intact neutrophils, phorbol ester treatment activates the respiratory burst oxidase, the
enzyme responsible for O - production by phagocytes.  This effect is thought to be dependent on protein kinase2

C and on the phosphorylation of p47 .  In this paper, we report that protein kinase C activates the respiratoryphox

burst oxidase in a cell-free system consisting of isolated neutrophil cytosol and membrane.  Oxidase activation
required a highly active protein kinase C, recombinant p47  and ATP, and was inhibited by the proteinphox

kinase C inhibitors H-7 and GF-109203X.  Partial depletion of cytosolic ATP by dialysis reduced oxidase
activation by over 50%.  In contrast, neither protein kinase C inhibitors nor ATP depletion affected oxidase
activation by SDS.  These findings strongly suggest that in the cell-free system, the oxidase can be activated
by the phosphorylation of p47 .phox
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INTRODUCTION in intact cells, protein phosphorylation regulates

Professional phagocytes and B cells possess phosphorylated on several serines during oxidase
an enzyme complex catalyzing the one electron activation (10-12).  In addition to the whole cell
reduction of molecular oxygen to superoxide activation, the oxidase can be activated in a
(1-4).  This enzyme, known as the respiratory cell-free system consisting of cytosol and
burst oxidase, consists of a membrane-bound membrane from resting cells and detergents like
flavocytochrome known as cytochrome b  (5) arachidonic acid and SDS (13-16).  The cell-free558

and cytosolic components including p47 , system, however, shows differences from thephox

p67  and the low molecular weight guanine physiological system since the former does notphox

nucleotide binding protein Rac2 (3,6,7).  In the require protein phosphorylation for activation.
resting cell the enzyme is dormant, but it is In the present study we show that protein kinase
brought to life by various stimuli that interact C was able to activate the oxidase in a cell-free
with membrane receptors [e.g., FMLP system.   In addition to membranes and cytosol,
(N-formylmethionylleucyl-phenylalanine (8)] or activation by phosphorylation was absolutely
activate intracellular kinases [e.g., PMA dependent on added p47  and protein kinase C.
(phorbol myristate acetate) (9)].  It is likely that

oxidase activation via p47 , which isphox

phox



Blood Cells, Molecules, and Diseases (1995) 21(21) Nov 15: 201-206 J. El Benna et al.

202

MATERIALS AND METHODS mM CaCl , 50 µM GTP(S and ATP at 0.1 mM

Materials volume) relaxation buffer.  Phosphatidylserine

Rat brain protein kinase C (86.8 U/ml; 2480 that were prepared by dissolving the two lipids
U/mg protein), horseradish peroxidase, H-7 and in chloroform, removing the chloroform under a
GF-109203X were from Calbiochem (La Jolla, stream of nitrogen and then sonicating the dried
CA). Superoxide dismutase (bovine erythro- lipids for 2 min at room temperature in 20 mM
cyte), catalase, luminol, GTP(S, phosphatidyl- Tris•Cl pH 7.4.  After incubating for 5 min at
serine and diacylglycerol were purchased from 37°, oxidase activity was assayed by adding 18
Sigma (St. Louis). µg horseradish peroxidase, 10 µM luminol and

Isolation and Fractionation of Neutrophils cence at room temperature in a Monolight 2010

Neutrophils were obtained from normal Laboratories, San Diego) at successive 10 sec
subjects by dextran sedimentation and intervals.  Activation with SDS was measured in
Ficoll-Hypaque fractionation of freshly drawn the same way, except that in the activation
citrated blood.  The neutrophils were suspended mixture, protein kinase C and its activators
at a concentration of 10  cells/ml in a modified (phosphatidylserine, diacylglycerol and CaCl )8

relaxation buffer (0.1 M KCl, 3 mM NaCl, 3.5 were replaced with 90 µM SDS.
mM MgCl , 10 mM PIPES buffer pH 7.3), and2

plasma membrane and cytosol were prepared by
nitrogen cavitation and centrifugation through a
Percoll gradient by the method of Borregaard
(17).  Both cytosol and membrane were divided
into aliquots and stored at -70°C until use.
Where indicated, cytosol was dialyzed for 18 hrs
against 3 changes of relaxation buffer and then
treated with charcoal, to reduce the levels of
endogenous nucleotides (18). 

Recombinant p47phox

Recombinant p47  was obtained as aphox

glutathione S-transferase fusion protein as
previously described (19).  Before use, excess
glutathione was removed from the solution of
purified recombinant protein by dialysis against
relaxation buffer.

Cell-Free Activation of the Respiratory Burst
Oxidase

The activation mixture contained 2.5 x 107

cell eq cytosol, 10  cell eq membranes, 0.5 U7

protein kinase C, 5 µg of recombinant p47 , 25phox

µg phosphatidylserine, 2.5 µg diacylglycerol, 0.5

2

unless otherwise indicated, in 0.35 ml (final

and diacylglycerol were added as mixed micelles

0.16 mM NADPH, measuring chemilumines-

luminometer (Analytical Luminescence

2

Figure 1. Activation of the respiratory burst oxidase in a cell-free
system by protein kinase C.  The experiments were carried out as
described in Materials and Methods.  Concentrations of superoxide
dismutase and catalase were 20 µg/ml and 10 µg/ml respectively.  These

results are representative of 9 experiments. SOD = superoxide dismutase;
RLU = relative luminescence units.

RESULTS

In a system containing resting neutrophil
cytosol and membranes plus additional p47phox

(added as the recombinant protein), the
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respiratory burst oxidase could be activated by ATP completely (18,20), but reduced its level
protein kinase C.  Fig. 1 shows that in a mixture sufficiently to decrease luminescence to <50%
containing resting neutrophil components, of control when ATP was not added to the
protein kinase C, its activators (phosphatidyl- system (Fig. 2).  (Some ATP might also have
serine, diacylglycerol and calcium), and extra been introduced into the reaction mixture with
p47 , oxidants were produced as detected by the [undialyzed] membrane preparation.)  Thephox

light emission.  Luminescence was decreased to addition of ATP to the system returned O
20% of control by superoxide dismutase plus production to near control levels in a
catalase; a similar decrease was obtained with concentration-dependent manner.
superoxide dismutase alone (data not shown).
These results indicate that in the system
employed, the respiratory burst oxidase was
activated to produce O .2

-

Table I. Requirements for activation of cell-free respiratory burst
oxidase by protein kinase C.  Experiments were carried out as described
in Materials and Methods, with omissions as noted.  Oxidase activity was
assayed at room temperature in the luminometer.  Peak activities for each set
of conditions are expressed as % peak control activity ± 1 SE.  N refers to
the number of experiments performed under each set of conditions.  Peak
control activity averaged 33400 ± 6700 SE relative luminescence units.

Reaction mixture Peak activity N
% of control

Complete 100 4

- NADPH 0.15 ± 0.003 2

- p47 4.2 ± 1.6 4phox

- Protein kinase C 23.4 ± 6.7 4

+ 2x protein kinase C 167.6 1

- Cytosol 20.6 ± 0.7 2

- Membranes 7.4 ± 5.0 2

Oxidase activation was dependent on each of
the components in the mixture (Table I).  O -2

production was greatly diminished by the
omission of protein kinase C, cytosol or
membranes.  Conversely, O - production rose2

when the amount of protein kinase C in the assay
mixture was increased.  Residual O  production2

-

in some of the omission experiments is probably
attributable to the activity of the small amount of
protein kinase C in the cytosol, or to residual
cytosol in the membrane preparation.

The dependence of oxidase activation on
ATP was tested using cytosol that had been
dialyzed overnight to reduce the levels of
nucleotides.  Overnight dialysis did not eliminate

2
-

Figure 2. Dependence of oxidase activation on ATP.  The experiments
were carried out as described in Materials and Methods, using dialyzed
cytosol and adding ATP at the concentrations indicated.  Results are
presented as % peak control activities.  Peak activities for the protein kinase
C and SDS controls were 28000 and 242300 RLU (relative luminescence
units)/sec.

Protein kinase C inhibitors were used to
confirm the role of protein kinase C in oxidase
activation. The two inhibitors H-7 and
GF-109203X were used in these experiments,
the former inhibiting several kinases (21) and
the latter more specific for protein kinase C (22).
Both of these compounds decreased light
emission in the protein kinase C-activation
system by more than 90% (Fig. 3).  Light
emission in response to SDS, however, was
unaffected, indicating that neither inhibitor acts
directly on the oxidase or interferes with the
assay.
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Figure 3. Effect of protein kinase C inhibitors on protein kinase
C-mediated oxidase activation in a cell-free system.  The experiments
were carried out as described in Materials and Methods.  Peak activites for
the protein kinase C and SDS controls were 27600 and 134900 RLU
(relative luminescence units)/sec, respectively.  Inhibitors and activators are
indicated in the figure.  Abbreviations:  PKC, protein kinase C; GFX,
GF-109203X.

DISCUSSION

The activation of human neutrophils by
phorbol myristate acetate, a protein kinase C
activator, leads to O  production by these cells.2

-

The oxidase subunit p47 , known to bephox

phosphorylated during oxidase activation, is a
good substrate for protein kinase C in vitro (23),
while staurosporine, a potent inhibitor of protein
kinase C and other protein kinases, prevents both
O  production and the phosphorylation of p472

- phox

by phorbol-treated neutrophils (24,25).  We
recently showed that during neutrophil
activation, several serines in the C-terminal
quarter of p47  are phosphorylated (12), andphox

that at least one of these phosphorylation targets,
namely S379, is required for oxidase activity
(26).  In this report we furnish direct evidence
that protein kinase C is able to activate the
respiratory burst oxidase.  Protein kinase
C-mediated activation appears to require protein
phosphorylation, but is independent of
unsaturated fatty acids, alkyl sulfates and
sulfonates, and phosphatidic acid, the anionic
detergents that had been shown in the past to

activate the cell-free oxidase (13,14,27-29).  It
thus provides different information about
physiological oxidase activation than the
detergent-based systems hitherto employed.

Recently McPhail et al (20) described a
cell-free oxidase activating system that was
regulated by ATP, but this system employed as
the activating agent phosphatidic acid, an
anionic detergent that can also activate the
cell-free oxidase in the absence of protein
phosphorylation (28,29).  To our knowledge the
only previous report describing findings similar
to ours was that by Tauber's group (30).  In that
study it was shown that protein kinase C was
able to elicit limited but real oxidase activity
from a cell-free system containing cytosol and
membranes from resting neutrophils.  Our
results confirm most of their findings, though we
could not reproduce their observation that
protein kinase C alone could replace neutrophil
cytosol, a discrepancy that suggests that their
neutrophil membrane preparation may not have
been completely free of cytosol.  In any case, the
data presented here suggest that the limiting
component in both the present study and their
earlier study was phosphorylated p47 .  phox

We have shown that the activation of the
respiratory burst oxidase by SDS creates a
membrane binding site on one or more of the
oxidase components.  We believe that the
phosphorylation of p47  has a similar effect.phox

Specifically, we postulate that by neutralizing
the very strong positive charge of the arginine-
and lysine-rich C-terminal tail of p47 ,phox

phosphorylation allows the displacement of that
tail from its location in the unphosphorylated
protein, exposing sites to which other
polypeptides can bind to assemble the active
oxidase (31).  In this connection, evidence has
been presented that a p47  SH3 domain that inphox

resting cells is associated with a proline-rich
domain on the same molecule changes partners
during activation to associate with a proline-rich
domain on the " subunit of the membrane-
associated " subunit of cytochrome b .  It is558

possible that this change in the configuration of
p47  is mediated by the phosphorylation of itsphox
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tail, and that a similar change can be
accomplished through an interaction between
p47  and the anionic detergents (SDS,phox

arachidonic acid and phosphatidic acid) that
have been shown to activate the oxidase in the
cell-free system.
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