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A B S T R A C T Mn2+ was shown to catalyze a nonenzy-
matic oxidation of NADPHin the presence of super-
oxide anion by means of an isotopic assay for measure-
ment of the oxidation of NADPHto NADP+. Human
polymorphonuclear leukocyte granule NADPHoxidase
activity was evaluated in the absence of Mn2" and was
found to be higher in granules from phagocytizing cells
than in granules from resting cells. The drug phorbol
myristate acetate, which affects the oxidative metabolism
of the neutrophil like phagocytosis, was found to acti-
vate granule NADPHoxidase activity. Superoxide dis-
mutase was shown to inhibit NADPHoxidase activity
both in the presence and absence of added Mn2'. The
NADPHoxidase reaction in the absence of Mn2" was
optimal at pH 5.5, and was more linear with increasing
time and protein concentration than in the presence of
Mn2+. No activity was measurable in granules isolated
from resting cells until the level of NADPHadded was
above 0.25 mM. Activity was present in granules iso-
lated from cells challenged with opsonized zymosan,
even at 0.05 mMNADPH, and was higher than the ac-
tivity found in granule fractions from resting cells at all
levels of NADPHtested. The addition of as little as
0.1 /AM NADHto the reaction mixture was found to
inhibit granular NADPHoxidase activity, indicating a
possible regulatory role for NADH. These results sug-
gest that NADPHoxidase may be the enzyme that ini-
tiates the metabolic events accompanying phagocytosis.

INTRODUCTION
NADPHoxidase has been proposed as the initiating
enzyme of the series of metabolic events that accom-
panies phagocytosis (1). These events include increases
in oxygen consumption, hexose monophosphate shunt
activity, and the production of both hydrogen peroxide
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and superoxide anion (2). The activity of NADPHoxi-
dase has been shown to increase upon phagocytosis
(3-5), consistent with the enzyme being the initiator.
However, the use of Mn2' in the assay for the oxidase
has been viewed somewhat skeptically. The concentra-
tion of Mn2" in the human polymorphonuclear leukocyte
(PMNL)1 is not well established; thus; its physiologi-
cal significance is unknown.

A recent publication reported that, in the presence
of superoxide anion, Mn2" stimulates a nonenzymatic
oxidation of NADPH (6). It has been demonstrated
that PMNLs generate superoxide (7) and could,
therefore, serve as a source of superoxide for the Mn2+-
catalyzed reaction. These results have been confirmed by
Patriarca et al. (8).

Wehave previously reported a sensitive isotopic as-
say system for measuring NADPHoxidase activity
(4). In light of the recent information concerning
Mn2", it seemed necessary to examine the effect of super-
oxide on the Mn+-catalyzed oxidation of NADPHin
our assay system and to evaluate the characteristics of
NADPHoxidase in the absence of Mn'+. This com-
munication reports the results of our investigation.

METHODS
Isolation of leukocytes. Human neutrophils were iso-

lated from heparinized venous blood as described previously
(4). The final cell pellet was resuspended in Dulbecco's
phosphate-buffered saline (PBS) and a differential cell
count was obtained with a hemocytometer. The cell suspen-
sions, routinely containing more than 85%o PMNL, were
diluted in PBS to a cell concentration of 1.5 X 108 PMNL/
ml.

Isolation of granules. Zymosan (ICN Nutritional Bio-
chemicals Div., International Chemical & Nuclear Corp.,
Cleveland, Ohio) was opsonized and prepared as previously

1Abbreviations used in this paper: BSA, bovine serum

albumin; PBS, phosphate-buffered saline; PMA, phorbol
myristate acetate; PMNL, polymorphonuclear leukocytes;
SOD, superoxide dismutase.
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described (4). Phorbol myristate acetate (PMA) (Con-
solidated Midland Corp., Chemical Div., Katonah, N. Y.)
was stored frozen at a concentration of 2 mg/ml in di-
methylsulfoxide. Immediately before use, PMAwas diluted
with PBS to a concentration of 3.0 ,ug/ml.

Isolated cells at a concentration of 1.5 x 108 PMNL/ml
were incubated at a ratio of 1 vol cells to 2 vol opsonized
zymosan or PBS. When cells were incubated with PMA,
the drug was added to give a final concentration of 0.1
,mg/ml. In these experiments, an equal quantity of dimethyl-
sulfoxide was added to the resting and opsonized zymosan
incubation mixes to exclude possible effects due to the small
amount of solvent added with the PMA. Incubation of
cells with PBS, opsonized zymosan, or PMAwas carried
out for 3 min at 37°C, after prior equilibration of the solu-
tions to 37°C. Incubation was terminated by the addition
of an equal volume of 0.68 M sucrose, followed by imme-
diate immersion in an ice bath.

Homogenization was carried out as described previously
(4), with the modification that every sample was homoge-
nized for a total of 5 min. Cell breakage was estimated by
phase microscopy and routinely found to be more than 90%.
Homogenates were centrifuged at 500 g for 10 min in the
cold to remove unbroken cells, nuclei, and cell debris. Super-
nates were recentrifuged at 27,000 g for 15 min at 4°C.
The final pellets were then resuspended in a volume of 0.34
M sucrose equal to twice the original cell volume. The
resuspended 27,000 g pellet is referred to as the granule
fraction. If granule fractions were washed once with 0.34 M
sucrose before assaying, no change in resulting NADPH
oxidase activity was observed. The protein content of the
granule fraction was routinely determined by the Lowry
et al. method (9), and the fractions were adjusted to the
same protein level before use.

Assay for NADPH oxidase. The isotopic assay for
NADPHoxidase has been described in detail previously (4).
The assay consists of a two-step incubation procedure in
which NADP+ is first generated under optimal conditions
for NADPHoxidase. The amount of NADP+ produced is
then quantitated in a second incubation, in a system con-
taining 0.1 ,uCi [1-14C]6-phosphogluconate (New England Nu-
clear Corp., Boston, Mass.) and 1 U 6-phosphogluconate
dehydrogenase (Sigma Chemical Co., St. Louis, Mo.). The
4CO2 produced is trapped and counted as previously de-

scribed (10).
Certain modifications have been made in this procedure.

The first involves the elimination of Mn2+ from the initial
incubation mix, based on the probability that it obscures the
true enzymatic activity. A second modification is the sub-
stitution in the second incubation of isotope with a higher
specific activity. Previously, [1-14C]6-phosphogluconate at a
sp act of 0.04 gCi/bmol was utilized. The present isotope
has a 10-fold higher specific activity, 0.4 ,uCi//,mol, achieved
by reducing to one-tenth the amount of unlabeled 6-phos-
phogluconate used to dilute the isotope. The actual amount
of isotope in an assay, 0.1 yiCi, remained unchanged. This,
in effect, increased the number of counts per minute obtained
in an assay and was adopted because the elimination of Mn'+
from the assay system markedly lowered the measurable
activity. Under these new conditions, levels of NADPHas
high as 1.25 mMwere found to have no effect on the
activity of 6-phosphogluconate dehydrogenase.

In a series of experiments, the oxidation of NADPH
was measured in the presence of the xanthine-xanthine oxi-
dase system, used to generate superoxide. The assay medium
for the first step was as follows: 0.1 M potassium phos-
phate buffer, pH 5.5; 0.5 mMMnCl2; 0.17 mMNADPH;

0.25 mMxanthine (Sigma Chemical Co.); and 0.01 U xan-
thine oxidase (Sigma Chemical Co.); in a total volume of
1.0 ml. The concentrations of xanthine and xanthine oxi-
dase were similar to those used by Patriarca et al. (8). In
some instances, 100 ,ug superoxide dismutase (SOD) (Tru-
ett Laboratories, Dallas, Texas) or 100 ,ug bovine serum
albumin (BSA) (Sigma Chemical Co.) were also included
in the assay. SODwas inactivated by autoclaving at 260°F
for 20 min. In one case, xanthine oxidase was boiled for 5
min and then substituted for the active enzyme at a final
concentration of 0.01 U/ml. The second step of the incuba-
tion, in which the amount of NADP+ produced was quan-
titated, remained unchanged from that described above.

In some cases, NADPHoxidase activity was also deter-
mined polarigraphically as described by Hohn and Lehrer
(3). Assay conditions were essentially the same as in the
first step of the isotopic assay, with 0.17 mMNADPHand
no manganese.

Assay for myeloperoxidase. Myeloperoxidase activity
was determined with the o-dianisidine dye procedure (11).
Activity was calculated with an extinction coefficient for o-
dianisidine at 460 nm of 11.3 mM-cm-1.

RESULTS

Initial experiments were concerned with the effect of a
superoxide-generating system on the oxidation of
NADPH. The results are summarzed in Table I. At pH
5.5 and in the presence of Mn2 , the xanthine-xanthine
oxidase system effectively oxidized NADPHto NADP.
Optimal activity was dependent upon the presence of
NADPH, Mn2+, and an active O--generating system.
SODinhibited the oxidation, while autoclaved SODdid
not, indicating that superoxide anion is involved in the
reaction. If BSA was substituted for the SOD, no in-
hibition was observed. Several other proteins, including
catalase, horseradish peroxidase, and glutathione re-
ductase, were examined and none were inhibitory (data
not shown). Thus, the effect of SODseems to be spe-

TABLE I
Mn2+-Catalyzed Oxidation of NADPHby the Xanthine-

Xanthine Oxidase System

Condition Radioactivity

cpm

Complete system 23,377±+3,574 (4)
-Mn2+ 2,010±395 (5)
-NADPH 491 ±36 (3)
-Xanthine 5,291±1--793 (4)
-Xanthine oxidase 4,8094±1,329 (4)
+Boiled xanthine oxidase 5,382±73 (2)
+SOD 6,643±t 1,235 (4)
+Autoclaved SOD 18,960±4,996 (3)
+BSA 23,931±2,947 (2)

Oxidation of NADPHwas determined as described under
Methods. Numbers in parentheses are the number of experi-
ments carried out. Values were determined in triplicate in each
experiment. Each value reported represents the mean ±SE
for the given number of experiments.

NADPHOxidase Activity in Polymorphonuclear Leukocytes 775



TABLE II
NADPHOxidase Activity in Granules Isolated from

Resting and Phagocytizing CeUs

Condition Radioactivity

cpm

Spontaneous oxidation of NADPH 2,025 i 126 (15)
Granule fraction from resting cells 925±40 (8)
Granule fraction from phagocytizing cells 7,196±547 (14)

Assay was executed as described under Methods. Numbers in
parentheses denote the number of experiments performed.
Each value was determined in triplicate in each experiment.
The values reported here represent the mean-±SE for the
given number of experiments.

cific. The xanthine oxidase preparation is devoid of sig-
nificant NADPHoxidase activity, as indicated by the
control, which omitted xanthine. These results suggest
that the presence of Mn2+ in an assay system for
NADPHoxidase may very well mask the true enzy-
matic activity by greatly stimulating a nonenzymatic
oxidation of NADPH.

It was imperative, therefore, to reevaluate the
NADPHoxidase found in the human PMNLin an as-
say system without Mn2'. Previously, in the presence
of Mn+, we had demonstrated that NADPHoxidase
activity was higher in granules isolated from phago-
cytizing cells than in granules from resting cells (4).
Table II shows the results of several experiments per-
formed in the absence of Mn2' measuring NADPHoxi-
dase activity in isolated granules. Activity of the granule
fraction isolated from resting cells never exceeded the
level of spontaneous oxidation of NADPH; in fact, the
presence of this granule fraction actually seemed to
inhibit control activity. However, considerable activity
was always present in granules from phagocytizing cells.
Thus, the enzyme seems to be active in granules ob-
tained from phagocytizing cells, but cannot be measured
in granules from resting cells at the level of NADPH
tested, i.e., 0.17 mM.

We have compared NADPHoxidase measurements
obtained with our isotopic procedure to those acquired
with the more conventional polarigraphic assay. Essen-
tially no differences were apparent in NADPHoxidase
activity found in granules from phagocytizing cells with
either assay. From five separate experiments, a mean
value of 3.22±0.65 nmol oxygen/min per mg protein was
obtained polarigraphically. The mean value of 13 experi-
ments performed isotopically was 3.24+0.63 nmol
NADP+/min per mg protein. These results support the
validity of the isotopic assay for measurement of
NADPHoxidase activity.

The drug PMAhas been shown to alter the oxidative
metabolism of human PMNLsimilarly to phagocytosis

(12). Accordingly, we examined the effect of PMAon
NADPHoxidase. Human neutrophils were incubated
with either PBS (resting), opsonized zymosan (phago-
cytizing), or PMA. The granule fractions were subse-
quently isolated from each and were assayed for
NADPH oxidase activity. The results (Table III)
showed no activity in the granule fraction from resting
cells above that of the control. The granule fractions
from cells that had phagocytized zymosan or that had
been stimulated by PMAboth demonstrated NADPH
oxidase activity. In one experiment, granules isolated
from resting cells were assayed in the presence of PMA.
No oxidase activity was observed under these conditions.
Controls with PMA alone indicated no effect by the
drug on the spontaneous oxidation of NADPH.

It was of interest to compare the effects of SODon
NADPHoxidase activity in the presence and absence
of added Mn2'. Results are given in Table IV. As ex-
pected, in the presence of Mn2", 100 iAg SOD signifi-
cantly inhibited the spontaneous oxidation of NADPH
and NADPHoxidase activity exhibited by granules
from resting and phagocytizing cells. In contrast, little
inhibition was observed when either BSA or autoclaved
SOD were substituted for the active dismutase. Simi-
larly, SODwas also found to inhibit the auto-oxidation
of NADPHand the activity of both granule fractions in
the absence of added Mn2". Under these conditions, BSA
was slightly inhibitory, while autoclaved SOD caused
a slight stimulation.

Other characteristics of the enzyme in granules from
phagocytizing cells were investigated in the absence of
Mn2". The pH optimum was found to be 5.5, as shown in
Fig. 1, which agrees with previous data obtained in the
presence of Mn2+ (4). Fig. 2 shows the dependence of the
enzymatic activity on time and on protein concentration.
Except for an initial burst of activity in the first 2.5 min,
the reaction was essentially linear with time. The same
does not hold true for increasing protein concentration,
since no linearity was observed above approximately
0.2 mg protein/ml. For this reason, the protein concen-

TABLE III
NADPHOxidase Activity in Granules Isolated from Cells

Incubated with Opsonized Zymosan or PMA

Condition Exp. 1 Exp. 2 Exp. 3

cfm
Control 2,394 1.398 1,804

+Granule fraction from resting cells 777 - 1,087
+Granule fraction from cells which

had phagocytized zymosan 6.898 6,502 7.871
+Granule fraction from cells exposed

to PMA 4,925 5.151 3,286

Each value is the mean of closely agreeing triplicate determinations. Prepa-
ration of granule fractions and assay for NADPHoxidase activity are de-
scribed in Methods.
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TABLE IV
The Effect of SODon NADPHOxidase Activity in the Presence and

Absence of Added Manganese Ion

Spontaneous Granules from Granules from
Condition oxidation resting cells phagocytizing cells

cpm

Mn2+ present
No addition 8,913415 17,5814140 21,0764861
+SOD 3,1444116 4,7634222 5,8204149
+Autoclaved SOD 7,0094163 15,614±189 19,466±380
+BSA 7,9244231 15,715+597 17,978+361

Mn2+ absent
No addition 2,595±123 2,56242 6,694±46
+SOD 1,85249 2,039±43 2,482455
+Autoclaved SOD 3,029±78 4,704±15 8,693±i279
+BSA 2,444±83 2,321 ±39 4,841 4316

Assay was performed as described under Methods. Protein additions were made
in 100-&g quantities. Each value represents the mean-±SE for triplicate deter-
minations. The experiment shown is representative of two separate experiments.

tration of each granule fraction was determined, and the
level was adjusted to within the range of linearity be-
fore use in each assay. No activity was measurable in
the granule fraction from resting cells with either in-
creasing time or increasing protein concentration.

The effects of NADPHconcentration on the NADPH
oxidase activity in granule fractions isolated from rest-
ing and phagocytizing cells are compared in Fig. 3.
At every level of NADPH, phagocytizing activity was
higher than resting activity. It is noteworthy that no
activity was measurable in the granule fraction from

resting cells until the level of NADPHwas above 0.25
mM. Thus, at low levels of NADPH, there was no de-
tectable NADPHoxidase activity in the granule frac-
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FIGURE 1 Effect of pH on NADPH oxidase activity.
Granules were isolated from phagocytizing cells and assay
was performed as described in Methods. Each point is the
mean of triplicate determinations and has been corrected
for spontaneous oxidation (determined with no granule
fraction present). Protein concentration was 0.15 mg/ml
and NADPH concentration was 0.17 mM. Dotted line,
acetate buffer; solid line, phosphate buffer.
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FIGURE 2 Effect of time and protein concentration on
NADPH oxidase activity. Granules were isolated from
phagocytizing cells as described in Methods. Each point has
been corrected for nonenzymatic oxidation and represents
the mean of triplicate determinations. Nonenzymatic oxida-
tion was determined in the absence of added granule frac-
tion. NADPHconcentration was 0.17 mM. A. Effect of
incubation time; protein concentration was 0.107 mg/ml. B.
Effect of protein concentration; time of incubation was 30
min.
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tion from resting cells, while significant activity was
present in the granule fraction from phagocytizing cells.

Wecompared the myeloperoxidase activity in granules
isolated from resting and phagocytizing cells. Assays
were performed on five separate paired granule frac-
tions. No apparent difference was observed in granules
from either source. The means for granule fractions
from resting and phagocytizing cells were 0.830±0.051
and 0.809±0.039 umol/min per mg, respectively. The
myeloperoxidase activity in both granule fractions was
inhibited 75% by 0.67 mMpotassium cyanide.

To investigate the possibility that the granule NADPH
oxidase can also utilize NADHas substrate, we exam-
ined the effect of NADHon the production of NADP
in our assay system. As shown in Fig. 4B, the presence
of relatively low concentrations of NADHsignificantly
inhibited the production of NADPby granules isolated
from phagocvtizing cells. Some inhibition was observed
with concentrations as low as 0.1 FM NADH(data not
slhovn). The inhibition could not be overcome by in-
creasing the NADPHconcentration (Fig. 4A). In this
exl)erinment, the presence of 0.05 mMNADHcompletely
inhibited the NADPH oxidase activity of granules
from phagocytizinig cells, even when the level of
NADPHwas increased to 0.85 mM, a 17-fold increase
over the NADH concentration. We observed slight
day-to-day variation in the amount of inhibition by
NADH, most likely due to variation among cells from
different donors. In one experiment., NADHwas oxi-
dized to NADby lactate dehydrogenase. In contrast to
the reduced form, the oxidized preparation had no in-
hibitory effect on NADPHoxidase activity, suggesting
that NADHand not a contaminant was the actual in-
hibitor. Because lactate dehydrogenase also oxidized
NADPHin our assay system, it was necessary to in-
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FIGUR.E 3 Effect of NADPHconcentration on NADPH
oxidase activity of resting and phagocytizing granule frac-
tions. Protein concentration was 0.125 mg/ml and incubation
time was 30 mmin. Each value is the mean of triplicate de-
terminations and has been corrected for nonenzymatic oxida-
tion (determined in the absence of added granules). Dotted
line, granules from resting cells; solid line, granules from
cells challenged with opsonized zymosan.
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FIGURE 4 Effect of NADHon NADPHoxidase activity.
Granules were isolated from phagocytizing cells and assays
were performed as given in Methods. Each value represents
the mean of triplicate determinations. A. Effect of varying
NADPHconcentration in the presence and absence of 0.05
mMNADH. Protein concentration was 0.20 mg. Dotted
line, NADH adlded; solid line, NADH absent; closed
circles, granules from phagocytizing cells; open circles,
spontaneous oxidation of NADPH. B. Effect of varying
NADHconcentration, NADPHlevel was 0.17 mM. Pro-
tein concentration was 0.17 mg. Dotted line, spontaneous
oxidation; solid line, granules from phagocytizing cells.

activate the lactate dehydrogenase-containing prepara-
tion by either boiling or acid treatment before use in the
assay. These inactivated preparations had no effect on
the spontaneous oxidation of NADPH. Other control
experiments demonstrated that NADHhad no effect on
the 6-phosphogluconate dehydrogenase reaction used in
the second incubation (data not shown).

DISCUSSION

Using our isotopic assay procedure, we have corrobo-
rated the observations of Curnutte et al. (6) and Patri-
arca et al. (8). that a superoxide-generating system
sUch1 as xanthine-xanthilne oxidase will catalyze the oxi-
dation of NADPHin the presence of Mn2+. The cataly-
sis occurred at pH 5.5 and required both Mn2+ and the
source of O2 (Table I).

Previously, we and others have found that granule
fractions isolated from phagocytizing cells had higher
NADPHoxidase activity than granule fractions iso-
lated from resting cells (1, 3, 4, 13). This suggested
that the oxidase could be the enzyme responsible for ini-
tiation of the respiratory burst. However, since assays
were performed with Mn2, present, it was possible that
the increase in activity in phagocytizing cells was due
solely to the increased production of superoxide by such
cells (7), resulting in a stimulation of the Mn2+-cata-
lyzed nonenzymatic oxidation of NADPH. The present
report demonstrates that phagocytizing activity was

greater than resting activity, even in the absence of
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Mn2+ (Table II). Similar results were described by
Patriarca et al. (8), utilizing guinea pig cells, which
contain much more NADPHoxidase activity (14), and
an assay procedure that measured oxygen uptake (1).

There was no measurable activity in granules from
resting cells below approximately 0.25 mMNADPH
(Fig. 3). This may be compared with the estimated level
of NADPHin the human PMNLof approximately 51
AM (15). Even if this estimated value is in error by a
factor of two or three, it is still evident that at the prob-
able physiologic level of the pyridine nucleotide, NADPH
oxidase seems to be inactive in resting cells and active
in phagocytizing cells. These results support the theory
that NADPHoxidase is the enzyme that initiates the
series of metabolic events that accompanies phagocytosis.

When cells were incubated with the drug PMAand
then fractionated, the NADPHoxidase activity of the
granule fraction in the absence of Mn'+ was stimulated
(Table III). The activity found in the PMAgranule
was notably different from the activity of the granule
fraction from resting cells (which did not rise above
the control level) and was quite similar to the activity
found in granules from phagocytizing cells. The stimula-
tion of NADPHoxidase by PMA parallels the effect
of the drug on many of the events that normally ac-
company phagocytosis. PMApreviously has been shown
to stimulate degranulation (16), the reduction of nitro-
blue tetrazolium, oxygen consumption, and glucose oxi-
dation (12). Data from this laboratory indicate that
PMAalso increases hydrogen peroxide formation, su-
peroxide production, chemiluminescence, and iodination
(17). Thus, a drug that affects neutrophils remarkably
like phagocytosis also activates NADPHoxidase.

The mechanism of activation of NADPHoxidase in
phagocytizing cells is still unknown. We found that
PMAdid not activate the oxidase in isolated granules
and was only effective with intact cells. It would fol-
low that the activation of NADPHoxidase during phag-
ocytosis requires that the cell be intact, suggesting that
the activation may occur at the level of the plasma
membrane.

SODwas shown to inhibit NADPHoxidase activity
both in the presence and absence of added Mn2" (Table
IV). This suggests that superoxide is involved even in
the enzymatic oxidation of NADPHby isolated gran-
ules. These results agree with those reported by Patri-
arca et al. (8) in guinea pig cells and are also consistent
withl observations by Curnutte et al. (18), that NADPH-
dependent superoxide production occurred in a 27,000 g
granule fraction from human PMNL. An alternate in-
terpretation of our results is that enough manganese
ion is present in the granule fraction to cause, in com-
bination withl superoxide. the nonenzymatic oxidation of
NADPH. No definite conclusions can be drawn until
the concentration of Mn2+ in the granules is known.

We have clarified at least some of the problems of
linearity reported previously (4). Linearity was seen
over a narrow range of protein concentration (Fig. 2),
while a complete lack of linearity was observed in the
presence of Mn2+ (4). A linear relationship was obtained
with increasing time of incubation after the first 2.5
min (Fig. 2). An initial burst of activity was seen previ-
ously with Mn2+ present; however, as with increasing
protein, no linearity was observed. Thus, the elimination
of Mn' has served to improve the linearity obtainable
with increasing protein concentration and time.

Roberts and Quastel (19) have suggested that mye-
loperoxidase is responsible for the NADPHoxidase ac-
tivity found in PMNLgranules. We demonstrated that
the myeloperoxidase activity in granule fractions iso-
lated from resting and phagocytizing neutrophils was
approximately the same, confirming results reported in a
recent publication (20) with a different assay for mye-
loperoxidase activity. This is in contrast with results
reported by Paul et al. (13), in which myeloperoxidase
activity was greater in a 19,000 g pellet fraction iso-
lated from phagocytizing cells than in one from resting
cells. A possible explanation for the difference is that
Paul's group studied guinea pig cells, while our studies
and those of Patriarca utilized human cells. This hy-
pothesis is further weakened by the presence of normal
NADPHoxidase activity in the PMNLof patients de-
ficient in myeloperoxidase (3, 18).

Controversy has arisen over whether an NADHor
an NADPHoxidase is the enzyme that initiates the
respiratory burst. The evidence presented here tends to
support NADPH oxidase as the initiating enzyme.
Further support is provided in the examination of the
effect of NADHon NADPHoxidase activity. Our as-
say system is uniquely suited for such a study because
of its specificity.

The presence of NADHin no way enhances NADPH
oxidase activity and actually appears to cause a potent
inhibition of the enzyme. These results are subject to
two interpretations. The first is that NADHcan be con-
sidered an inhibitor of NADPHoxidase. The second is
that the enzyme can actually utilize both pyridine nu-
cleotides as substrates, and prefers NADH. Comparative
studies between NADHand NADPHoxidase have been
made in this laboratory by a sensitive fluorometric pro-
cedure. In every cell fraction examined, NADPHoxi-
dase was more active than NADHoxidase (21). These
results do not support NADHas a better substrate for
the oxidase. Further argument against this theory comes
from the demonstration by Curnutte et al. (18) that
granules from human cells produce more superoxide
in the presence of NADPHthan in the presence of
NADH. From this evidence, it seems more likely that
NADHsimply inhibits granular NADPHoxidase ac-
tivity and perhaps could modulate the enzyme in vivo.
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Much of the evidence supporting either NADH or
NADPHoxidase as the initiating enzyme has been ob-
tained in the presence of Mn2", under suboptimal pH
conditions, or with neutrophils from sources other than
human. The evidence presented here attempts to over-
come these problems to approach more physiologic
conditions for measurement of the oxidases. Wefeel that
our results are most consistent with theories propound-
ing NADPHoxidase as the enzyme that initiates the
metabolic events accompanying phagocytosis.

ACKNOWLEDGMENTS
This research was supported by a grant from the Forsyth
Cancer Service and by Public Health Service Grants Al-
10732 from the National Institute of Allergy and Infec-
ticus Disease and CA-12197 from the National Cancer
Institute.

REFERENCES
1. Patriarca, P., R. Cramer, S. Moncalvo, F. Rossi, and D.

Romeo. 1971. Enzymatic basis of metabolic stimulation
in leukocytes during phagocytosis: the role of activated
NADPHoxidase. Arch. Biochemii. Biophys. 145: 255-
262.

2. Klebanoff, S. J. 1975. Antimicrobial mechanisms in
neutrophilic polymorphonuclear leukocytes. Scniinii. He-
matol. 12: 117-142.

3. Hohn, D. C., and R. I. Lehrer. 1975. NADPHoxidase
deficiency in X-linked chronic granulomatous disease. J.
Clin. Invest. 55: 707-713.

4. DeChatelet, L. R., L. C. McPhail, D. Mullikin, and
C. E. McCall. 1975. An isotopic assay for NADPH
oxidase activity and some characteristics of the enzyme
from human polymorphonuclear leukocytes. J. Clit. Int-
vest. 55: 714-721.

5. Rossi, F., D. Romeo, and P. Patriarca. 1972. Mechanism
of phagocytosis-associated oxidative metabolism in poly-
morphonuclear leukocytes and macrophages. RES J. Re-
ticultoendothel. Soc. 12: 127-149.

6. Curnutte, J. T., M. L. Karnovsky, and B. M. Babior.
1976. Manganese-dependent NADPHoxidation by gran-
ulocyte particles. The role of superoxide and the non-
physiological nature of the manganese requirement. J.
Clin. Inivest. 57: 1059-1067.

7. Babior, B. M., R. S. Kipnes, and J. T. Curnutte. 1973.
Biological defense mechanisms. The production by leu-
kocytes of superoxide, a potential bactericidal agent. J.
Clin. Invest. 52: 741-744.

8. Patriarca, P., P. Dri, K. Kakinuma, F. Tedesco, and F.
Rossi. 1975. Studies on the mechanism of metabolic
stimulation in polymorphonuclear leukocytes during pha-
gocytosis. I. Evidence for superoxide anion involvement

in the oxidation of NADPH2. Biochim. Biophys. Acta.
385: 380-386.

9. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with the Folin
phenol reagent. J. Biol. Chem. 193: 265-275.

10. DeChatelet, L. R., M. R. Cooper, and C. E. McCall.
1971. Dissociation by colchicine of the hexose mono-
phosphate shunt activation from the bactericidal activity
of the leukocyte. Infect. Immun. 3: 66-72.

11. Worthington Biochemical Corporation. 1972. Worthing-
ton enzyme manual: peroxidase. Worthington Biochemi-
cal Corp., Freehold, N. J.

12. Repine, J. E., J. G. White, C. C. Clawson, and B. M.
Holmes. 1974. The influence of phorbol myristate ace-
tate on oxygen consumption by polymorphonuclear leu-
kocytes. J. Lab. Clin. Med. 83: 911-920.

13. Paul, B. B., R. R. Strauss, A. A. Jacobs, and A. J.
Sbarra. 1972. Direct involvement of NADPHoxidase
with the stimulated respiratory and hexose monophos-
phate shunt activities in phagocytizing leukocytes. Exp.
Cell Res. 73: 456-462.

14. Baehner, R. L., N. Gilman, and M. L. Karnovsky. 1970.
Respiration and glucose oxidation in human and guinea
pig leukocytes: comparative studies. J. Clin. Invest. 49:
692-700.

15. DeChatelet, L. R., L. C. McPhail, D. Mullikin, and
C. E. McCall. 1974. Reduced nicotinamide adenine di-
nucleotide and reduced nicotinamide adenine dinucleotide
phosphate diaphorase activity in human polymorpho-
nuclear leukocytes. Infect. Irninun. 10: 528-534.

16. White, J. G., and R. D. Estensen. 1974. Selective labiliza-
tion of specific granules in polymorphonuclear leukocytes
by phorbol myristate acetate. Am. J. Path. 75: 45-60.

17. DeChatelet, L. R., P. S. Shirley, and R. B. Johnston, Jr.
1976. Effect of phorbol myristate acetate on the oxida-
tive metabolism of human polymorphonuclear leuko-
cytes. Blood. 47: 545-554.

18. Curnutte, J. T., R. S. Kipnes, and B. M. Babior. 1975.
Defect in pyridine nucleotide dependent superoxide pro-
duction by a particulate fraction from the granulocytes
of patients with chronic granulomatous disease. N. Engl.
J. Med. 293: 628-632.

19. Roberts, J., and J. H. Quastel. 1964. Oxidation of re-
duced triphosphopyridine nucleotide by guinea pig poly-
morphonuclear leucocytes. Nature (Lonid.). 202: 85-86.

20. Patriarca, P., R. Cramer, F. Tedesco, and K. Kakinuma.
1975. Studies on the metabolism of metabolic stimula-
tion in polymorphonuclear leukocytes during phagocyto-
sis. II. Presence of the NADPH2oxidizing activity in a
myeloperoxidase-deficient subject. Biochemii. Biophys.
Acta. 385: 387-393.

21. Iverson, D. B., and L. R. DeChatelet. 1976. NAD(P)H
oxidase(s) in human neutrophils (PMNL). Clin. Res.
24: 345A. (Abstr.)

780 L. C. McPhail, L. R. DeChatelet, and P. S. Shirley


