Activation of the Human Neutrophil Nicotinamide Adenine Dinucleotide
Phosphate (NADPH)-Oxidase by Protein Kinase C

Jane A. Cox, Arco Y. Jeng, Nancy A. Sharkey, Peter M. Blumberg, and Alfred I. Tauber _

William B. Castle Hematology Research Laboratory, Boston City Hospital; Departments of Medicine and Biochemistry, Boston
University School of Medicine, Boston, Massachusetts 02118; and the Molecular Mechanism of Tumor Promotion Section, Laboratory of
Cellular Carcinogenesis and Tumor Promotion, National Cancer Institute, Bethesda, Maryland 20205

Abstract

A variety of phagocytosable and soluble agonists stimulate the
human neutrophil respiratory burst enzyme, NADPH-oxidase,
an activity required for normal microbicidal function. Of these
agonists, the phorbol esters, which stimulate diverse systems by
their ability to substitute for diacylglycerol to activate protein
kinase C (the major phorbol ester receptor), have now been shown
to directly stimulate NADPH-oxidase through this same recep-
tor. Almost 90% of the specific receptors for phorbol 12,13-
dibutyrate (PDBu) were found in the cytosol upon subcellular
fractionation. The dissociation constant for PH|JPDBu was 1.2
nM. No significant difference was found in the distribution of
the receptor between subcellular fractions from resting as com-
pared with phorbol 12-myristate 13-acetate (PMA)-stimulated
neutrophils. On the basis of these binding studies, we were able
to establish a reconstituted system in which PMA activated dor-
mant NADPH-oxidase in a light membrane fraction when cy-
tosol, NADPH, phosphatidylserine, or phosphatidylinositol and
ATP were added. The calcium chelator, EGTA, inhibited the
activation, which suggested a requirement for calcium at low
concentrations. The half-maximally effective PMA dose was 1.1
nM, as predicted from the receptor content in these preparations.
Reconstitution of oxidase activity was rapid, peaking within 1
min of incubation. Purified protein kinase C was able to substitute
for the cytosol fraction, and accounted for 80% of the cytosol
activity. These studies demonstrate that phorbol esters stimulate
the neutrophil respiratory burst through activation of cytosolic
protein kinase C, which in turn activates either a regulatory con-
stitutent or the NADPH-oxidase directly in the plasma mem-
brane to generate an active Oz-generating system.

Introduction

The human neutrophil undergoes a cyanide-insensitive respi-
ratory burst upon phagocytic stimulation or upon exposure to
the soluble agonists phorbol esters, e.g., phorbol 12-myristate
13-acetate (PMA),! and cis-polyunsaturated acids, e.g., arachi-
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donic acid (AA) (1, 2). The enzymatic activity responsible for
this respiratory burst is that of the membrane-bound NADPH-
oxidase (3), which reduces molecular oxygen to superoxide
(07) and which constitutes the initiating enzymatic step in the
formation of a cascade of reactive oxidizing species. The bio-
chemical sequence of the activation pathway(s) is likely to involve
multiple postreceptor steps (3). The stimulation initiated by PMA
and AA is of particular interest, as each appears to bypass plasma
membrane-mediated receptors through the activation of cytosolic
protein kinase C (sic infra).

We have focused on the activation pathway induced by the
phorbol esters. Specific binding studies employing phorbol 12,13-
dibutyrate (PDBu) quantitatively linked ligand binding to oxi-
dase expression (4). That this neutrophil receptor binding activity
was intracellular was suggested initially by the ability of PMA
to fully activate the oxidative burst in the presence of impermeant
sulfhydryl reactive agents (5) and stilbene disulfonic acids (6),
whereas pathways mediated by externally oriented plasma
membrane receptors were inhibited. More recently, it has been
demonstrated in a variety of tissues that the ubiquitous phorbol
ester receptor is protein kinase C (7, 8), a cytosolic enzyme which
becomes membrane associated upon exposure of cells to phorbol
esters. In vitro, the phorbol esters activate protein kinase C in
the presence of anionic phospholipids. The relationship of this
kinase to protein phosphorylation in the neutrophil has recently
been investigated; although preliminary studies have failed to
directly link kinase activity to oxidase activation (9-11), cor-
relation of the phosphorylation of a 50,000-mol wt cytosolic
protein with degranulation has been reported with rabbit neu-
trophils (12). In the current study, we have examined the dis-
tribution of the phorbol ester receptor in the subcellular fractions
and characterized its binding parameters.

Recently, an activation pathway, possibly parallel to PMA,
has been suggested as the mechanism of AA stimulation of the
neutrophil respiratory burst (13). In that study, AA stimulated
protein kinase C activity independent of phosphatidylserine (PS),
but required diolein and calcium for full expression. It was pos-
tulated that AA enhanced the affinity of protein kinase C for
calcium and that AA stimulated the respiratory burst by stim-
ulating protein kinase C. Previous work had established the
characteristics of AA stimulation of the intact neutrophil (2),
and recent reports have characterized the participation of a sol-
uble cytosolic factor (14-17).

In the current study, we present evidence for a role of protein
kinase C in the activation of NADPH-oxidase. In our in vitro
system, PMA activation of the NADPH-oxidase from the plasma
membrane subfraction is dependent on anionic phospholipids
and a cytosolic factor. The cytosolic factor can be replaced with
purified protein kinase C, which indicates its probable identity.
These studies then discern the mechanism of PMA activation
of the neutrophil respiratory burst through the expression of the
protein kinase C system.
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Methods

Triton X-100, PMA, PDBu, 1-oleoyl-2-acetyl glycerol (OAG), EGTA,
Trizma base, L-phosphatidyl-L-serine, phosphatidylinositol (PI), phos-
phatidylcholine, phosphatidylethanolamine, cytochrome ¢, superoxide
dismutase (SOD), diisopropyl fluorophosphate (DFP), ATP, piperazine-
N, N'-bis (2-ethanesulfonic acid), 3-(N-morpholino)propanesulfonic acid,
bovine serum albumin (fraction V), and NADPH were obtained from
Sigma Chemical Co., St. Louis, MO; Dextran T 500, Ficoll-Paque, and
Percoll was purchased from Pharmacia Fine Chemicals, Piscataway, NJ.
[*H]PDBU, 13.4 Ci/mmol, was obtained from New England Nuclear,
Boston. MA.

Cell isolation and fractionation. Neutrophils from normal human
donors were isolated as previously described (18). Cells were incubated
with DFP to inhibit serine-proteolytic activity by adding 10 ul of a 1.5-
M stock solution of DFP to 5 ml of a suspension of the neutrophils in
phosphate-buffered saline (PBS) (5) for 5 min on ice and then washing
out the inhibitor by the addition of buffer and centrifugation at 400 g
for 5 min. After resuspension in disruption buffer, the cells were disrupted
by nitrogen cavitation and fractionated on Percoll gradients as described
in detail previously (18). Neither intact cells nor the NADPH-oxidase
harvested from PMA-stimulated human neutrophils treated by the DFP
protocol were inhibited relative to control non-DFP exposed cells (data
not shown), and parallel experiments with non-DFP-treated cells revealed
no differences in oxidase activity when stimulated with either the recon-
stituted S, system or purified protein kinase C (see below). In binding
studies of PMA-stimulated neutrophils, the cells were prewarmed at 37°C,
activated with PMA (1 ug/ml) for 5 min, and then processed in parallel
fashion to unstimulated cells as noted above (18).

Assay of neutrophil NADPH-oxidase. NADPH-oxidase activity was
measured by the SOD-inhibitable reduction of cytochrome c as described
for an unfractionated particulate preparation (4) or by fractions from
Percoll gradients (18) as indicated in the text. Reduction of cytochrome
¢ was followed kinetically for 5-10 min, but rates expressed are maximal
and occurred within the first 2 min of the reaction (see Fig. 5). The assay
mixture (1 ml) contained 100 uM NADPH, 80 uM cytochrome ¢, and
100 ul (200-450 ug) of membranous or soluble neutrophil fractions in
potassium phosphate buffer, 0.13 M, pH 7.0.

To study the protein kinase C activation of the oxidase, samples of
the cytosol fraction (S,) (300-450 ug) or protein kinase C (1 U = 500
pmol POj transferred/min, as described below) were incubated with CaCl,
(1 umol), magnesium acetate (5 umol), Na,ATP (50 nmol), phospholipid
(160 ug, unless otherwise stipulated), and PMA (1 ng unless otherwise
indicated) at 28°C in a total volume of 0.7 ml; samples of the y-fraction
(plasma membrane fraction containing the NADPH-oxidase) were then
added (200-300 ug) and the mixture incubated for 1 min (unless otherwise
indicated) at 28°C in a total volume of 0.8 ml. NADPH (100 nmol) and
cytochrome ¢ (80 nmol) were then added to the reaction mixture to a
total volume of (1 ml), and the SOD-inhibitable reduction of cytochrome
¢ was monitored at 550 nm at 28°C as previously described (4).

Phorbol ester binding. [*H]PDBu binding was assayed for the cytosol
(the S, fraction), light membranes (y-fraction), and granules (8- or a-
fractions) from the Percoll gradient of nitrogen-cavitated neutrophils.
[*H]PDBu binding was determined in 250-l incubation mixtures which
contained [*H]PDBu, neutrophil fractions (20-170 ug for S, and 50—
1,700 ug for other fractions), 0.05 M Tris-Cl, pH 7.4, 0.1 mM Ca(Cl,,
PS at 100 pg/ml, nonradioactive phorbol esters where indicated, and
bovine gamma globulin at 2-4 mg/ml. In competition experiments, the
concentration of free [*H]JPDBu at the EDs, was 5-18 nM. For deter-
mination of PDBu saturation curves, concentrations of free [*HJPDBu
between 0.05 and 30 nM were used. Dilutions of [*H]JPDBu, nonra-
dioactive phorbol esters, and other inhibitors were made in 0.05 M Tris-
Cl, pH 7.4, containing bovine gamma globulin, at a concentration of 10
mg/ml. Incubations were carried out in 1.5 ml polypropylene Eppendorf
micro centrifuge tubes for 30 min at 37°C. The samples were then chilled
for 5 min at 0°C, 187 ul of 35% (wt/wt) polyethylene glycol in 50 mM
Tris-Cl, pH 7.4, was added (to bring the final polyethylene glycol con-
centration to 15%), and samples were incubated for 15 min at 0°C to

permit precipitation of the proteins. The precipitates were spun down
for 15 min at 12,000 rpm in a Beckman microfuge 12 centrifuge at 4°C.
A 100-gl aliquot of the supernatant was removed and its radioactivity
measured to determine the free [*’H]PDBu concentration. The remainder
of the supernatant was removed by aspiration and blotting with a Kim-

‘wipe; the tip of the centrifuge tube was cut off, and the radioactivity in

the pellet was measured to determine total bound [*H)PDBu. Nonspecific
binding was measured in the presence of 30 uM nonradioactive PDBu,
and the partition coefficient for [’HJPDBu between supernatant and pellet
was determined. Specific binding represents the difference between the
total and nonspecific binding, where nonspecific binding for each tube
was calculated from the partition coefficient of [?’H]PDBu and the mea-
sured free [*H]PDBu concentration for that tube. In each experiment,
each point represents the average of at least triplicate determinations.
Each experiment was performed at least twice (see text for actual number).
In initial experiments, particulate preparations were also assayed omitting
addition of PS and polyethylene glycol. Results were comparable.

Purification of protein kinase C. Protein kinase C enzymatic activity
was assayed by measuring the incorporation of *2P into histone H1 from
[v-**P]ATP. The reaction mixture contained, in a total volume of 50 gl,
20 mM Tris-Cl (pH 7.4), 7.5 mM magnesium acetate, 25 uM [y-*P]JATP
(1-2 X 10? cpm/pmol), 750 ug of histone H1, 12.5 ug bovine serum
albumin, | mM CaCl,, 0.5 mM dithiothreitol, 8 ug of PS, and
protein kinase C. Incubations were carried out in 1.5-ml tubes for 5 min
at 30°C. Immediately after incubation the tubes were placed on ice,
aliquots (25 ul) were spotted onto 2 X 2-cm squares of phosphocellulose
paper, and the paper was washed three times in water, rinsed in acetone,
then in petroleum ether, and dried (19). Radioactivity was assayed in 4
ml of Aquasol (New England Nuclear).

Protein kinase C was purified from mouse brain. Preparation of brain
cytosol and chromatography on DEAE-cellulose was carried out by a
modification of the procedure of Kikkawa and co-workers (20). Further
fractionation was by chromatography over a Blue Sepharose column.
The peak of activity from the Blue Sepharose column was chromato-
graphed on a Mono Q strong anion exchange column (Pharmacia Fine
Chemicals) in the presence of | mM ATP and eluted with a salt gradient.
Final purification was achieved by hydrophobic chromatography on a
Phenyl 5-PW column (Bio-Rad Laboratories, Richmond, CA). Protein
was determined by the method of Bradford (21). The enzymatic activity
was stabilized in the presence of 0.01% Triton X-100, and the enzyme
was stored at —70°C.

The specific enzymatic activity of the purified preparations averaged
2.1+0.3 umol phosphate transferred per milligram per minute. The kinase
activity assayed in the absence of calcium and PS was 4.5+2.3% of that
in their presence. The specific [P’HJPDBu binding activity was
7,300£1,200 pmol/mg. In terms of binding activity, the purification rel-
ative to cytosol was 260-fold. Because of the presence in cytosol of in-
hibitors of the enzymatic activity, the fold purification of the enzymatic
activity could not be accurately determined. Upon SDS gel electrophoresis
and silver staining, the kinase was >95% pure. For comparison, the ac-
tivity of protein kinase C purified from rat brain by Kikkawa et al. (20)
was 1.09 umol phosphate/mg per min. Details of the purification will
be published elsewhere (Jeng and Blumberg, manuscript in preparation).

Results

Neutrophil phorbol ester receptor. We have previously studied
the relationship of phorbol ester binding to expression of the
human neutrophil NADPH-oxidase (4). The similarity between
the potencies of PMA and PDBu for stimulation of the oxidase
and for binding to the phorbol ester receptors argued for linkage
between receptor-ligand interactions and stimulation of the
NADPH-oxidase. In the present studies we further explore the
relationship of the phorbol ester receptor to the constituents of
the oxidase.

Most of the specific [P HJPDBu binding was found in the
cytosolic fraction of unstimulated, nitrogen-cavitated neutro-
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phils; at ~20 nM [*H]PDBu, the specific binding activity was
8.6+1.7 pmol/mg protein (n = 3). That for the vy-, §-, and a-
fractions was considerably lower, approaching the limits for
measurement. Specific activities were 0.86+0.09 (n = 3),
0.29+0.11 (n = 4), and 0.11£0.03 (n = 4) pmol/mg (mean+SE
for n experiments), respectively. After correction for the relative
amounts of protein in each fraction, the percentages of total
binding activity were 94.7, 3.0, 1.5, and 0.4% for the S,, v-,
8-, and o-fractions, respectively. The recovery of binding activity,
based on a single determination of activity in the neutrophil
cavitate, was ~45%. The K; for [*'H]PDBu binding to the cy-
tosolic fraction reconstituted with PS was determined by Scat-
chard analysis to be 1.2+0.3 nM (n = 3) (Fig. 1). This value is
similar to that (0.8 nM) determined by us for the partially purified
receptors from mouse brain cytosol. This affinity is considerably
higher than that which we had observed in intact cells (38 nM)
(4). We presume this difference in affinity reflects the reconsti-
tution of the receptor in PS rather than the actual phospholipids
of the neutrophil membranes. In the case of the cytosolic receptor
from brain, we had earlier reported a 30-fold difference in affinity
for the receptor reconstituted in PS and in an erythrocyte phos-
pholipid mixture (22).

No significant difference was found in the distribution of the
binding activity between the subcellular fractions of control and
stimulated neutrophils. Levels of binding for the postcentrifu-
gation cytosol and for the v-, 8-, and a-fractions were 8.8+2.0,
0.78+0.20, 0.21%+0.10, and 0.08+0.01 pmol/mg protein, re-
spectively (meanzrange, n = 2). Since phorbol ester treatment
has been reported to induce changes in apparent protein kinase
C distribution in neutrophils (17) and some other systems (23,
24) under other lysis conditions, we presume that our findings
reflect the extractability of the potentially redistributed receptors
under our fractionation conditions. It is of note that in the current
studies, we have separated the cell into density compartments,
used DFP-treated cells, and employed calcium chelators
throughout the harvesting of the various components.

Characterization of NADPH-oxidase activation by PMA.
Based on these binding studies of phorbol ester, we endeavored
to determine the functional correlation with NADPH-oxidase
expression. Previous studies have shown that the membrane
bound NADPH-oxidase may be activated in a broken cell cell

Bound/Free (pmol/mg/nM)

L 1 J

6 10 15
[*H] PDBu Bound (pmol/mg)

Figure 1. Scatchard analysis of [*H]PDBu binding to the postcentrifu-
gation supernatant (S;) fraction from unstimulated neutrophils.

[*H]PDBu binding was assayed as described in Methods using 170 ug
protein/tube. Points represent the average of triplicate determinations
in a single experiment. Two other experiments yielded similar results.
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Table I. Conditions for Reconstitution
of NADPH-Oxidase Activity

S* PK-C*

nmoles Oz/min/mg v-fraction

NADPH-oxidase reconstituted
system
No omissions 10.35+0.73 8.5+0.10
Omit:
PK-C — 0.98+0.14
S, fraction 1.40+0.43 —
PS 0.38+0.07 0.18+0.31
PMA 1.30+0.26 1.86+0.75
ATP 4.36+0.50% 0.98+0.13
y-fraction 1.80+0.62 1.04+0.66
Ca** (EGTA, 2 mM, added) 2.90+1.01 1.68+0.55
Mg*t 2.60+0.45 0.91+0.32

* Experimental conditions for assay of NADPH-oxidase are detailed
in Methods. The data presented are the mean+SD of three experi-
ments. S, reconstitution employs the cytosol sub-fraction, and protein
kinase C (PK-C) employs 4 U of purified PK-C in lieu of S,.

} P < 0.005; all other omissions are significant at least at P < 0.001.

system by the addition of AA to a cytosolic factor (15-17). We
have extended those initial studies by characterizing the pathway
of oxidase activation through the protein kinase C system. PMA
alone was unable to stimulate the oxidase in nitrogen-cavitated
neutrophils when tested at concentrations corresponding ap-
proximately to 50-fold the Ky for the phorbol ester receptor;
however, under specific conditions appropriate for protein kinase
C activation, namely inclusion of PMA, phospholipid, ATP,
and a cytosolic factor, the NADPH-oxidase was activated.

In these studies, separation of the cytosol (S,) fraction and
a light membrane fraction (y-fraction), the site of NADPH-ox-
idase in prefractionated PMA-stimulated neutrophils (18), en-
abled us to define the basic requirements of the reconstituted
oxidase system. PMA added to a mixture of S,, PS (160 ug/ml),
and ATP (50 M) did not generate appreciable quantities of
O3, but when the ~y-fraction was added to this mixture, the sys-
tem generated 10.75+2.2 nmol/mg +-protein per minute
(mean+SD, n = 6 separate neutrophil preparations) (Table I).
In the absence of S, or phospholipid, this system did not generate
significant quantities of O3 (Table I). The dose responsiveness
of the reconstitution system for PS is shown in Fig. 2. In our
coupled assay, the dependence of oxidase activation on particular
phospholipids paralleled that for protein kinase C studied in
other tissues (Fig. 2) (8), in that PI was as effective as PS in
reconstituting activity, whereas phosphatidylethanolamine and
phosphatidylcholine were ineffective in the concentration range
affecting phorbol binding (data not shown) (8). While some ox-
idase activity was expressed when exogenous ATP was omitted
from the S, reaction mixture (presumably due to endogenous
ATP of S,), inhibition was still highly significant (Table I). It
should be noted that the disruption buffer, and thus the S, frac-
tion, but not the resuspended v-fraction, contained added MgCl,
and ATP, thus the omission of these constitutents from the final
assay mixture was not complete; however, significant reduction
of NADPH-oxidase activity with their respective omissions
(P < 0.001 for Mg** and P < 0.005 for ATP) is noted (Table I)
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Figure 2. Phospholipid dependence of NADPH-oxidase activation.
NADPH-oxidase activity is expressed as O; generated and is detailed
in Methods. Varying concentrations of PS were incubated with 330 ug
S,, 200 ug ~y-fraction protein, ATP (50 nmol), cytochrome ¢ (80
nmol), NADPH (100 nmol), and 1 ng of PMA. The data are a repre-
sentative experiment (three performed) of a single neutrophil subfrac-
tionation preparation and expressed as mean+SD of three assays at
each phospholipid concentration.

and is consistent for the co-factor requirements of protein kinase
C (8). The calcium dependence of the reaction could only be
demonstrated with the addition of EGTA (2 mM) (Table I),
since omitting calcium did not depress oxidase activity in the
reconstituted system (data not shown). Residual calcium in the
cytoplasm and leached membrane calcium from the y-fraction
(sic infra) may have been sufficient for reconstitution of activity.

The dose-response curve for PMA (Fig. 3) revealed a half-
maximally effective dose of 1.1£0.2 nM (determined by least
square analysis from double reciprocal plots of three experi-
ments), which was consistent with the high affinity of PMA for
protein kinase C (7) and the measured amount of protein kinase
Cin the S, preparations. When OAG (20 ug/ml) was substituted
for PMA, 8.6+2.2 nmol O3/min per mg +y-fraction was gener-
ated; sirice incubation of OAG without S, generated only 0.6+0.8
nmol Oz /min per mg vy-fraction, it appears that OAG, like PMA,
reconstitutes cytosolic protein kinase C (8), not the oxidase di-
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Figure 3. PMA dose response of NADPH-oxidase activation.
NADPH-oxidase activity is expressed as O; generated and detailed in
Methods. Varying concentrations of PMA were added to 220 ug of v-
fractions and 430 ug of S, fractions in the presence of PS (160 ug) and
ATP (50 nmol), and were incubated at 28°C for 1 min. NADPH (100
nmol) and cytochrome ¢ (80 nmol) were then added and O3 genera-
tion was monitored at 28°C. The data are a representative experiment
(three performed) of a single neutrophil subfractionation preparation
and are expressed as mean+SD of three assays at each PMA concen-
tration; other experiments gave similar results.
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Figure 4. Time course for NADPH-oxidase activation. NADPH-oxi-
dase activity is expressed as O; generated and is detailed in Methods.
PMA (1 ng), ATP (50 nmol), 200 ug v-fraction, 300 ug S,, and 160 ug
PS were incubated at 28°C for varying periods (as indicated on the ab-
scissa), and then NADPH-oxidase activity was assessed with the addi-
tion of NADPH (100 nmol) and cytochrome ¢ (80 nmol). The data
are a representative experiment (three performed) of a single neutro-
phil subfractionation preparation and are expressed as mean+SD of
three assays at each time point.

rectly nor sufficient quantities of the small amount of protein
kinase C associated with the y-fraction.

These studies were conducted under optimal experimental
conditions. To assess the time course required for incubating
S,, y-fraction, ATP, PMA, and PS together to form an oxidase-
activating mixture, experiments were conducted where the mix-
ture was incubated for varying times, followed by addition of
NADPH and cytochrome ¢, and immediate assay of oxidase
expression. Activation of the oxidase was maximal when the y-
fraction and S, reconstitution mixture were preincubated for 1
min, and by 20 min of S,-y preincubation only 20% of the ox-
idase-stimulating activity remained (Fig. 4). Subsequently, all
protein kinase C reconstitution studies were performed with 1-
min preincubations, at a pH of 7.0, within the optimum pH
range for the protein kinase C reconstitution studies (data not
shown), which also corresponds to the pH optimum of the
NADPH-oxidase (5). Both S, and vy-fractions could be stored at
—70°C for up to 2 mo without losing their respective activities
(data not shown).

When 4 U of purified protein kinase C (each unit equals 500
pmol POj; transfered/min) was substituted for S,, the membra-
nous y-fraction generated 8.6+0.7 nmol O3 /min per mg y-pro-
tein (mean+SD, n = 3) with a time course of O; production
similar to that previously reported for NADPH-oxidase activity
harvested from intact PMA-stimulated cells (Fig. 5) (25). The
generation of O3 showed a dose response with the amount of
protein kinase C added over the range of 0.5-6 U. Protein kinase
C at 2 U gave 73% of the maximal stimulation, and at the highest
effective concentration (4-6 U) accounted for 80+3.5%
(meanxSD, n = 3) of the S, activity of the O; generating re-
constituted system (Fig. 6). Higher concentrations of protein
kinase C were not examined because of lack of material. Quan-
titatively, the levels of protein kinase C in the systems reconsti-
tuted with S, and the purified enzyme give reasonable agreement.
As determined from the level of phorbol ester binding in the S,
fraction (see above), 450 ug of S, should contain 3.9 pmol of
kinase, which corresponds to 2.2 U of protein kinase C activity.
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Figure 5. Time course of O; production by NADPH-oxidase activated
by purified protein kinase C. NADPH-qxidase activity is expressed as
O3 generated and is detailed in Methods. The incubation mixture of
PMA (1 ng), PS (160 ng), ATP (50 nmol), protein kinase C (4 U), and
of y-fraction (200 ug) was incubated for 1 min at 28°C, and then
NADPH (100 nmol) and cytochrome ¢ (80 nmol) were added and Oz
generation monitored at 28°C. The time course is a representative ex-
periment of nine similarly performed.

The v-fraction alone (220 ug) should contain ~0.1 U of activity,
accounting for the requirement for exogenously added protein
kinase C.

Activation using the purified protein kinase C showed similar
requirements to the reconstituted system using S, (Table I). The
oxidase activity was not expressed when denatured protein was
substituted for the v or S, fractions (fractions were boiled for 5
min) or when NADPH was omitted from the reaction mixture
(Table I). The calcium dependence could only be demonstrated
when EGTA (2 mM) was added to the reaction buffer, which
presumably reflected the low calcium concentration required
for kinase reconstitution. The low calcium concentrations needed
for protein kinase C expression in the presence of the phorbol
esters has been previously noted (25, 26) (see Dicussion). That
the source of the O; was the NADPH-oxidase was indicated by
the same pH optimum (7.0) and K, for NADPH, 19 uM, as
had previously been shown for the particulate and solubilized
preparations from PMA-stimulated neutrophils (5, 27).

Discussion

The activation of the human neutrophil by PMA leads to a spec-
trum of responses, including aggregation (28), stimulation of the
respiratory burst (1, 4-7), degranulation of specific granules (29),
depolarization of the plasma membrane, and enhanced phos-
pholipid turnover (30). These effects appear to be initiated by a
mechanism that does not involve the usual receptors oriented
on the external face of the plasma membrane as deduced from
the findings that several of PMA’s stimulatory effects are imper-
vious to chemical modification of the external membrane surface
(5, 6) and the recent finding that, unlike most other agonists,
PMA-evoked responses are not associated with elevated intra-
cellular calcium levels (31). The diversity of the neutrophil re-
sponses suggests that PMA initiates its various actions by com-
plex and hierarchyl systems. We have endeavored to examine
one of these responses, namely stimulation of the NADPH-ox-
idase. In this report, we have extended our initial phorbol ester
binding studies, and we have demonstrated that we can recon-
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stitute the phorbol ester mediated pathway for activation of the
NADPH-oxidase in a partially purified in vitro system. The ac-
tivity so constituted conforms to the biochemical criteria for the
NADPH-oxidase; although the specific activity is low, ~ 10 nmol
O3/mg protein per min, this is higher than that reported for
arachidonic acid stimulation (17) and similar to our previous
study of this oxidase in particulate (5, 27) and light membrane
preparations (18).

The binding studies demonstrate similar characteristics for
the cytosolic form of the human neutrophil receptor as compared
with that from mouse brain. Thus, dissociation constants for
[*HIPDBu binding were the same within experimental limits
and thus consonant with the very great degree of conservation
of receptor binding characteristics over evolution; we had earlier
reported that binding to nematodes and to mouse skin were
almost indistinguishable (32).

Several groups have studied the activation of the NADPH-
oxidase in a broken cell preparation by oleate (14) or AA (15-
17). These reports suggest that a soluble factor is involved in
activating the membrane-bound oxidase. Earlier studies sug-
gested that the NADPH-oxidase is localized in the plasma mem-
brane in cells stimulated before fractionation, and we charac-
terized this distribution in Percoll gradients, where the activity
localizes in a light membrane fraction, the so-called vy-fraction
(18). We have shown that while some oxidase constituents are
in place in the resting cell, PMA initiates a recruitment of
NADPH-oxidase constituents from the specific granule pool,
which at least in PMA-stimulated cells parallels activity (18).
From the studies reported here, we have demonstrated that the
NADPH-oxidase of the y-fraction may be activated by a cyto-
plasmic factor to generate O3, and that the constituents of the
B-fraction (specific granules) are not required. Nonetheless, re-
cruitment of the S-fraction constituents is probably necessary
for maximal expression in the intact cell, especially when in-
vagination of plasma membrane into phagocytic vacuoles and
auto-inactivation of the oxidase (25) are taken into account.

The soluble factor required for reconstitution appears to be
protein kinase C, based on its biochemical requirements for spe-
cific phospholipids, PMA, and ATP, and the loss of activity in
the presence of the calcium chelator EGTA. Although addition
of external calcium was not required in the presence of PMA,
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Figure 6. Protein kinase C dose response for activation of the
NADPH-oxidase. NADPH-oxidase activity is expressed as O; gener-
ated and detailed in Materials and Methods. The data are a represen-
tative experiment where the indicated amounts of protein kinase C (1
U = 500 pmol POj transfered/min) were incubated with 220 ug of -
fraction, PMA (1 ng), PS (160 ng) and ATP (50 nmol) for 1 min at
28°C. The data are a representative experiment (three performed) of a
single neutrophil subfractionation preparation.
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this result may reflect the extremely low concentration that suf-
fices under these conditions (25, 26, 33). Thus, only by omitting
calcium in the reaction mixture and adding the calcium chelator
EGTA was the calcium dependence demonstrated. It should be
noted that the addition of PE, but not PS, augments the expres-
sion of NADPH-oxidase in Triton-solubilized preparations (34),
but phospholipids are without effect in our study without the
addition of all of the other constituents of the protein kinase C
system: thus, PI and PS directly augment protein kinase activity,
not the oxidase. In most other systems examined, phosphory-
lation of membranes by exogenous or endogenous protein kinase
C similarly is dependent on addition of exogenous anionic phos-
pholipids (see references 35 and 36 as examples). This depen-
dence on exogenous phospholipid presumably reflects the dif-
ference in composition of the natural membranes and the high
level of protein present in them. The reconstitution analysis in-
dicates that activation of the NADPH-oxidase activity in the
light membrane fraction requires the addition of cytosol. The
analysis of the phorbol ester binding activity of the subcellular
fractions accounts for this requirement. The specific activity of
protein kinase C in the y-fraction is only 10% of that in S, fraction
and accounts for only 3% of the total phorbol ester binding.

The fractionation experiments cannot resolve whether pro-
tein kinase C is associated with the «y-fraction in the intact resting
or activated neutrophil. Protein kinase C associates with phos-
pholipid bilayers in vitro as a function of phospholipid com-
position, divalent cation concentration, and the presence of
phorbol esters or diacylglycerols (8), parameters which may be
perturbed in vivo during cell activation. Antibody localization
studies at the electron microscopic level are therefore needed to
determine the relationship between the in vivo distributions and
those found after various fractionation protocols.

These studies open the way to defining the pathway by which
the phorbol esters stimulate the human neutrophil. Character-
ization of the phosphorylation products of the protein kinase C
should provide identification of either “activation” proteins,
which are part of a more complex activation sequence, or of the
NADPH-oxidase complex itself, which may become active once
one or more of its constituents are phosphorylated. Our work
suggests that phosphorylation of the y-fraction membrane-bound
oxidase is the likeliest site of protein kinase C control, and thus
we are currently examining phosphorylation products in this
subcellular compartment.
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