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ABSTRACT A fluorometric method for the determi-
nation of pyridine nucleotides has been adapted for use
in studying the reduced pyridine nucleotide oxidases in
human polymorphonuclear leukocytes. In the presence
of strong base the oxidized forms of the pyridine
nucleotides form a highly fluorescent product. The
small amounts of NAD(P) formed by the oxidase
reactions can be determined with great sensitivity.
This method has been compared to the radioisotopic
assay for NADPH oxidation. Both methods gave
essentially the same results in terms of nanomoles
NADP produced by control, resting, and phagocytizing
samples.

Both NADPH and NADH oxidase activities were
insensitive to cyanide. NADPH oxidation had a pH
optimum of 5.5, while that for NADH appeared to be
6.0. Granules isolated from phagocytizing cells rou-
tinely showed more activity toward both substrates
(two to threefold) than granules from resting cells.
Both activities were located primarily in a granule
fraction prepared by differential centrifugation. Oxida-
tion of NADPH was routinely four to five times that of
NADH at all except very high substrate levels. Measur-
able NADH oxidation was rarely seen below 0.80 mM
NADH, while NADPH oxidation was easily measur-
able at 0.20 mM. One patient with chronic granulo-
matous disease was studied. At low substrate levels,
there was no activity toward either substrate in granules
isolated from either resting or phagocytizing cells of
this patient, while granules isolated from normal control
cells showed substantial activity at these substrate
levels.

Purification of the activities has been initiated with
linear sucrose gradients. Both activities co-sediment to
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a very dense region of the gradient, a region different
from that in which membrane or azurophil granules
usually equilibrate. The peak gradient fractions show a
10-30-fold increase in specific activity over comparable
granule fractions.

These data suggest that the oxidase activities are
associated with one enzyme that has different affinities
for the two substrates and support the contention that
the oxidation of NADPH is responsible for the metabolic
burst accompanying phagocytosis in human PMNL.

INTRODUCTION

A reduced pyridine nucleotide oxidase is thought to be
the enzyme that initiates the respiratory burst ac-
companying phagocytosis in polymorphonuclear leu-
kocytes (PMNL).! This enzyme catalyzes the reaction of
the reduced nucleotide with molecular oxygen pro-
ducing the oxidized nucleotide and hydrogen peroxide.
There has been some controversy over the substrate
specificity of the oxidase; some work has implicated
an NADH oxidase (1-3) while other studies have sug-
gested NADPH oxidase (4, 5) as the critical enzyme.
Both oxidase reactions can directly explain the increases
in oxygen consumption and H;0, production that
neutrophils exhibit upon phagocytosis. Both can be
used to explain the increase in the hexose mono-
phosphate shunt activity: NADPH oxidase can directly
generate NADP, the rate limiting substance for the
hexose monophosphate shunt activity; NADH oxidase
might indirectly generate NADP by means of a trans-
hydrogenase (6) or by the glutathione peroxidase
system (7). Implicit in these arguments seems to be the

t Abbreviations used in this paper: CGD, chronic gran-
ulomatous disease; MPO, myeloperoxidase; PBS, phosphate
buffered saline; PMNL, polymorphonuclear leukocytes.
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assumption that there are two oxidase enzymes, one
that uses NADPH and another that uses NADH; this
has not been rigorously demonstrated. Although it is
possible that there are two separate enzymes, it is
also possible that there is a single enzyme which can
oxidize either reduced pyridine nucleotide.

Work on the oxidases in general has been plagued
by the lack of a sensitive, specific assay. A typical
assay involves measuring oxygen uptake with a Clark
electrode. This method is fairly nonspecific as it would
measure any and all metabolic activities of the cells
requiring oxygen, not necessarily just the oxidase, and
variable nonenzymatic rates of oxygen consumption are
seen from day to day (8). In addition, the assay is not
very sensitive, requiring relatively large, nonphysio-
logical amounts of nucleotide to observe activity in
human cells. A spectrophotometric method which
measures a decrease in absorbance at 340 nm with time
has also been used. This method, though specific, also
suffers from a lack of sensitivity. Since the pyridine
nucleotides absorb so strongly, it is necessary to use
low concentrations of the substrate or a 1-mm path
length to insure that the measurement is kept within
the linear range of the spectrophotometer according
to Beer’s law. Such a concentration is lower than
optimal for measuring the enzyme in subcellular
fractions of human PMNL. Also, regardless of what
concentration is used, one is forced by this method to
measure a relatively small decrease in a relatively
large initial absorbance reading. This is not a very
accurate procedure as instrument noise becomes more
and more important.

In 1975, DeChatelet and his co-workers published
an isotopic procedure for assaying NADPH oxidase (8).
This assay eliminated the problems of the others by
being both absolutely specific and very sensitive. It
measures the amount of NADP formed by coupling the
oxidase reaction to the 6-phosphogluconic dehy-
drogenase reaction in a two-step incubation procedure.
The major problem with this assay is its inability to
measure the oxidation of NADH due to the absolute
specificity of the dehydrogenase enzyme for NADP
and thus its inability to answer the question of which
oxidase is the important one in the respiratory burst
of the human neutrophil.

Lowry et al. (9), expanding on the work of Kaplan
et al. (10), devised a very sensitive assay system for
the pyridine nucleotides relying on the fact that the
reduced forms are destroyed by acid, while the oxidized
forms are destroyed by base. Further, when the
oxidized form of either nucleotide is incubated in
strong base (i.e., 6 N) the destruction yields a highly
fluorescent product. Such a system allows measure-
ment of a small amount of NAD(P) that is formed
in the presence of arelatively large amount of NAD(P)H
in a typical oxidase assay. In addition, nanomolar
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amounts of the nucleotides can be measured and the
assay has a 2,000-fold useful range (9). These factors
make this system a very powerful one, capable of
dealing with most questions related to the oxidase
problem.

METHODS

Preparation of crude granule fraction. Venous blood was
obtained from normal, healthy volunteers. The erythrocytes
were sedimented with plasmagel (HTI Corp., Buffalo, N. Y.)
as previously described (8). The leukocytes were collected by
centrifugation at 160 g for 8 min at 4°C, washed once with
Dulbecco’s phosphate buffered saline (PBS), and contaminat-
ing erythrocytes removed by hypotonic lysis. The leukocytes
were suspended to a final concentration of 1.5 x 10°
PMNL/ml. Total and differential counts were performed. These
preparations routinely yielded 70-80% neutrophils, 1-7%
eosinophils, and 10-20% lymphocytes and monocytes.

Zymosan (ICN, Nutritional Biochemicals Division, Inter-
national Chemical & Nuclear Corp., Cleveland, Ohio) was
suspended in PBS at a concentration of 50 mg/ml. 2 vol of
human pooled serum was added to 1 vol of the zymosan sus-
pension and incubated at 37°C for 30 min. At the end of the
incubation, the opsonized zymosan was sedimented by cen-
trifugation at 17,000 g for 10 min. The supernate was dis-
carded and the zymosan was resuspended in 3 vol of PBS.

1 ml of cell suspension was incubated with 2 ml of PBS
to give resting cells or with 2 ml of opsonized zymosan to
give phagocytizing cells. The PBS and zymosan were pre-
incubated at 37°C for 5 min, the cells were added, and the
incubation continued for another 3 min. At the end of this time
3.0 ml of cold 0.68 M sucrose was added and the cells were
put immediately on ice. They were then homogenized to
greater than 90% breakage in a Potter-Elvehjem homogenizer
with a motor-driven Teflon pestle run at 12,000 rpm (Tri-R
Stirrer model S-63C operated at maximum speed; Tri-R
Instruments, Inc., Jamaica, N.Y.). The whole homogenate
was centrifuged at 500g to remove unbroken cells, large
debris, and zymosan particles. The 500g supernate was
then centrifuged at 27,000 g, and the resulting granule pellet
was resuspended in 0.34 M sucrose with a Dounce
homogenizer. The procedure of Lowry et al. was used
to estimate protein (11). The granule fractions generally had
greater than 1.0 mg/ml protein. For ease in comparing day-to-
day results with different preparations, all preparations were
routinely diluted to 1 mg/ml with 0.34 M sucrose and 0.10-ml
samples were used for assay in the 1-ml incubations.

Isopycnic centrifugation of PMNL granules. Venous blood
was obtained, the erythrocytes sedimented, and the leukocytes
collected as before. After the initial collection of the
leukocytes, the cells were suspended in PBS to approximately
107 cells/ml. 4 ml of this solution was layered on 3 ml of
Ficoll-Hypaque solution (final Ficol/Hypaque concentrations
equal to 6.06%/10.0%) and centrifuged at 350 g for 35 min at
20°C. This procedure effectively removed lymphocyte and
monocyte contamination and routinely yielded preparations
of 90-95% neutrophils, 5-7% eosinophils and basophils, and
1-3% lymphocytes and monocytes. After Ficoll-Hypaque treat-
ment the cell pellet was resuspended and washed in PBS. Hypo-
tonic lysis removed erythrocyte contamination, and the PMNL
were suspended to a final concentration of 1.5 x 10%ml. The
zymosan preparation and cell incubation were performed as
described above.

At the end of the 3-min incubation the cell suspension was
centrifuged and the cell pellet resuspended to a concentration
of3 x 10®cells/mlin 0.34 M sucrose. This was done to facilitate
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FIGURE 1 Effect of excess NADPH on standard curve. The

circles represent standards without excess NADPH, the
triangles represent standards with 200 nmol NADPH. The
horizontal axis denotes concentrations in terms of nmol NADP
added to the 1-ml incubation volume. The vertical axis is in
arbitrary units: meter readings of the fluorometer expressed
as percentages of the highest meter reading. Values represent
means of triplicate determinations.

breaking the cells with the relatively low-speed motor
(1,900 rpm) used for homogenizing these preparations and
to provide a volume small enough to load on the gradient.
The cells were homogenized to 80% breakage in a Potter-
Elvehjem homogenizer. The whole homogenate was diluted
twofold with 0.34 M sucrose and a sample was saved to
determine recovery of the various enzyme markers from
the gradient. The homogenate was centrifuged at 500 g as
before, and samples of the 500-g supernate and resuspended
pellet were saved for enzyme analysis. Oxidase activity cannot
be measured in the 500-g supernate (probably due to an
unidentified inhibitor), so to determine its recovery from the
gradient, another sample of the 500-g supernate was cen-
trifuged at 27,000 g to obtain a crude granule pellet. This was
resuspended in 0.34 M sucrose and used to determine the
theoretical amount of oxidase activity put on the gradient.
The remaining 500 g supernate was then made 25% in sucrose
(wt/wt) and layered on a 50-ml continuous sucrose gradient of
30-53% sucrose (wt/wt). The loading vol was 3-5 ml. The
gradients were centrifuged at21°C in a Beckman SW 25.2 rotor
(Beckman Instruments, Inc., Cedar Grove, N. J.) (Rpax = 15.3
cm and Ry, = 6.4 cm) at 2,000 rpm for 15 min and then at
21,000 rpm for 2 h where [} w2dt = 3.7 x 10'° 57! (12). At the
end of this time they were fractionated into 1-ml fractions by
piercing the tubes and pumping 60% sucrose from the bottom.
The turbidity profiles of the gradients were obtained by
measuring the absorbance at 450 nm of each fraction, and
the percent sucrose was determined with a refractometer. To
remove the sucrose, the fractions were either dialyzed
against PBS overnight, or pooled, diluted with PBS, centrifuged
at 27,000 g for 30 min, and the pellets resuspended in PBS.

Enzyme assays. Protein in the granule fractions was
estimated by the method of Lowry et al. (11) with bovine
serum albumin and lysozyme as standards. Gradient protein
was estimated with fluorescamine (13) with bovine serum
albumin as the standard. Lactoferrin and myeloperoxidase
were determined by single radial immunodiffusion (12).
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Lysozyme was determined by the method of Osserman et al.
(14). Nonspecific peroxidase was determined with o-
dianisidine (15).

The oxidases were assayed in a two-step procedure. The
first step had a 1-ml incubation vol containing 0.1 M
potassium phosphate buffer (pH 5.5 for NADPH, pH 6.0 for
NADH), 2.0 mM KCN, and 0.1 mg protein. Preliminary experi-
ments demonstrated that 2.0 mM KCN did not inhibit
either oxidase activity. Because of a significant degree of
spontaneous or nonenzymatic oxidation of the reduced
pyridine nucleotides, it was necessary to run controls in all
experiments in which the protein was omitted from the
incubation mixture. The reaction was started by adding the
appropriate amount of NAD(P)H and incubating for 30 or
60 min. The incubation was stopped by the addition of 1 ml
of 0.4 N HCIO,, and the protein was removed by centrifugation.
A 0.10-ml sample of the resulting supernate was added to 0.15
ml of 10 N NaOH (final NaOH concentration was 6 N) and
allowed to incubate for 1 h at room temperature. At the end
of this time, 1.6 ml of water was added to each sample.
Fluorescence of the samples was determined in a Farrand
model A-4 filter fluorometer (Farrand Optical Co., Inc.,
Valhalla, N. Y.) equipped with a 365-nm primary filter and a
448-nm secondary filter. A standard curve was run in
parallel with each experiment so that the relative fluorescence
could be directly converted to nanomoles of product formed.

RESULTS

The first part of this work was designed to adapt the
procedure of Lowry et al. for the fluorometric deter-
mination of pyridine nucleotides to use in the oxidase
assay. Standard amounts (5, 10, 20, 40, and so on to 160
nmol/ml) of NAD or NADP were assayed as described
in Methods. The assay was linear up to an initial
concentration of 160 nmol/ml NAD(P) (data not shown).
Lowry’s original procedure used 0.4 N HCl to eliminate
excess NAD(P)H; we compared 0.4 N HCI with 0.4 N
HCIO, and obtained identical standard curves with both
(data not shown). Consequently, 0.4 N HCIO, was used
to stop the reaction because it both precipitated protein
and destroyed excess NAD(P)H.

It was important to know whether or not small
amounts of NAD(P) could be detected in the presence
of a large excess of NAD(P)H. Presumably, the use of
acid to stop the reaction would destroy the excess
reduced forms but would not affect the acid-stable
oxidized forms. Consequently, standard curves were
run as above with and without excess NAD(P)H, as
illustrated in Fig. 1. The presence of 200 nmol of
NADPH did not significantly affect the standard curve.
A similar experiment was performed with NAD in the
presence and absence of NADH, yielding similar
results.

Experiments were then performed on granule
fractions isolated from resting and phagocytizing cells.
Oxidation of both NADPH and NADH was consistently
greater in the granules isolated from phagocytizing
cells. To further validate the fluorometric assay
procedure, NADPH oxidase was measured both with
this fluorometric procedure and the isotopic pro-
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FIGURE 2 Comparison of the fluorometric and isotopic
assays for NADPH oxidase. The open bars show the results
obtained from the fluorometric method, the hatched bars
represent the isotopic method. Results are shown for control
(spontaneous oxidation) and for granule fractions obtained
from resting and phagocytizing cells at three levels of substrate
concentration and 0.1 mg protein per assay. The vertical axis
represents total NADP formed in the 1-ml assay volume in
30 min. Values are means of triplicate determinations.

cedure developed by DeChatelet et al. (8). The
results are shown in Fig. 2. Agreement between the
two methods of assay was excellent; essentially the
same activity was observed with each method for
control, resting, and phagocytizing samples at three
different levels of substrate.

With the assay system validated, we proceeded to
characterize the oxidase activity in the neutrophil.
We first examined oxidase activity in various sub-
cellular fractions: the 500-g pellet, the granule fraction,
and the 27,000-g supernate. The results are illustrated
in Fig. 3. The 27,000-g supernate had no activity toward
either substrate up to 0.80 mM NAD(P)H concentration.
The 500-g pellet showed no activity toward NADH, yet
there was some activity with NADPH at all levels of
substrate, being most apparent at high concentrations.
The granule fraction showed the greatest activity.
Activity toward NADH was seen clearly only at a high
concentration of substrate (i.e., 0.80 mM NADH), while
NADPH oxidase was easily measurable at all levels of
substrate examined. This was a consistent observation:
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activity of NADPH oxidase was seen easily at 0.20 mM
substrate in the granule fraction, while activity of NADH
oxidase was rarely observed below 0.80 mM NADH. The
activity toward NADH could not be explained by the
presence of a transhydrogenase acting upon endog-
enous NADP. Although there is measurable trans-
hydrogenase activity in the whole homogenate, no
activity is seen in the granule fraction under the
conditions employed in the oxidase assay (unpublished
experiments). In another experiment the whole
homogenate was examined for oxidase activity, a small
amount was found only at 0.80 mM NADPH, none at
all for NADH (data not shown).

Fig. 4 illustrates the effect of incubation time on
oxidation of both NADH and NADPH by the granule

NADPH OXIDASE NADH OXIDASE
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FIGURE 3 Oxidase activity in various fractions. The squares
represent the spontaneous oxidation of NAD(P)H under assay
conditions. The triangles represent fractions isolated from
resting cells, the circles fractions from phagocytizing cells.
0.2 mg protein was used in assaying the 500-g pellet and
the 27,000-g supernate; 0.1 mg was used for the granule
fractions. Values represent means of triplicate determinations.
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FIGURE 4. Effect of time of incubation on oxidase activity.
The squares show results from NADPH oxidase activity; the
circles show NADH oxidase activity. 0.1 mg granule protein
isolated from phagocytizing cells was used with 0.20 mM
NADPH or 0.80 mM NADH. The vertical axis gives total
number of nmol of NAD(P) formed in the 1-ml incubation
volume. Values are means of triplicate determinations cor-
rected for spontaneous oxidation.

fraction from phagocytizing cells. Oxidation increased
progressively up to at least 60 min in a fairly
linear fashion. Fig. 5 shows a pH curve for both
activities; oxidation of NADPH had an apparent
optimum pH of 5.5 as reported earlier (8); NADH
oxidation had an apparent optimum of 6.0. It should
be noted in these two figures that there was a
substantial difference in the activities toward the two
substrates reflected in the fact that the concentration
of NADPH in the assay mixture was 0.20 mM while
that of NADH was four times higher (0.80 mM). The
effect of protein concentration was likewise deter-
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FIGURE 5 Effect of pH on oxidase activities. The squares
show NADPH oxidase activity with 0.20 mM NADPH; the
circles show NADH oxidase activity at 0.80 mM NADH. 0.1
mg granule protein isolated from phagocytizing cells was
used. The horizontal axis represents the pH of the 0.1-M
potassium phosphate buffers used. The vertical axis repre-
sents total nano moles NAD(P) formed in the 1-ml incubation
volume in 30 min. Values are means of triplicate determina-
tions corrected for spontaneous oxidation.

286

mined for both substrates. Both activities were linear
up to approximately 0.2 mg protein per assay when
the incubation time was 30 min (data not shown).
Table I shows the compilation of data from several
experiments assayed at 0.20 mM NADPH and 0.80 mM
NADH. As can be seen, the phagocytizing samples
showed significantly more activity than either control
or resting samples. Also, in spite of the fourfold
substrate concentration difference, there is more oxida-
tion of NADPH than NADH in the phagocytizing
samples.

Chronic granulomatous disease (CGD) is a childhood
syndrome in which the PMNL fail to kill invading
bacteria, and they do not show a normal increase in
metabolic activity with phagocytosis (16). A defect in
the oxidase could explain that observation and, in fact,
previous reports showed there was no oxidation of
NADPH with granules from patients with CGD (5, 17).
Fig. 6 shows the effect of substrate concentration
at three levels of NADPH and NADH on the oxidase
activities of granules obtained from a patient with
CGD and granules from normal cells prepared in
parallel. The granules from the patient with CGD
showed no significant activity toward NADPH at the
substrate levels examined. The normal control showed
activity at all levels with resting activity becoming
equal to phagocytizing activity at and above 0.80 mM.
The same pattern holds for NADH; again no activity
was observed with granules isolated from cells of
the patient with CGD while activity was observed
with granules isolated from normal cells at 0.40 and
0.80 mM NADH. Granules from CGD cells did show
some activity toward both substrates, but only at
very high substrate levels (6-12 mM NAD(P)H) and
no difference was seen between resting and phago-
cytizing samples (data not shown). The control cells
used in this experiment were not typical of other

TABLE I
NAD(P)H Oxidation in Control, Resting, and
Phagocytizing Samples

NAD(P)H

Control Resting Phagocytizing
oxidation
nmol/30 min
NADP 8.2+0.8 (10)* 4.6+1.0(8) 24.4+1.6(10)
NAD 10.1+0.7 (11) 10.9+1.2 (9) 17.7+1.6 (11)

Values are averages+SEM for the number of experiments.
Values in each experiment were determined in triplicate.
Assay concentration of NADPH was 0.20 mM, NADH
concentration was 0.80 mM. Protein concentration was 0.1
mg/ml. Control is the spontaneous oxidation of NAD(P)H
under assay conditions. Resting and phagocytizing represent
granule fractions isolated from resting and phagocytizing
cells.

* Number of experiments.
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routine preparations as the oxidase activities, es-
pecially from the resting cells, were unusually high
(see Fig. 3 and Table I). This preparation contained
15% eosinophils, an unusually high percentage.
Unpublished data from this laboratory showed that
eosinophils have three to five times more oxidase
activity than do neutrophils, consequently the elevated
activity shown here may be at least partially due to
the elevated eosinophil count. That, however, does not
change the observation that the CGD cells showed no
activity toward either substrate, even if they are
compared to the data in Fig. 3 or Table 1.

Because of the relatively higher activity in the
eosinophil than the neutrophil, the possibility must be
considered that the measured activities reside entirely
in the eosinophilic contamination and not in the neutro-
phil itself. This does not seem to be the case as
evidenced by the following facts: (1) in one prepara-
tion from a normal subject, the isolated cells con-
tained only 1% eosinophils, yet the specific activity
of NADPH oxidase in this preparation was 32.3 nmol/30
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FIGURE 6 Effect of NAD(P)H concentration on NAD(P)H
oxidase activities of granules isolated from CGD and normal
PMNL. The top two panels show normal and CGD activity
toward NADPH; the bottom panels show normal and
CGD activity toward NADH. The squares show the spon-
taneous oxidation of NAD(P)H under assay conditions. The
open circles represent granules obtained from resting cells;
the closed circles represent granules from phagocytizing
cells. Protein concentration was 0.1 mg. Each point repre-
sents the mean of triplicate determinations.
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FIGURE 7 Location of NAD(P)H oxidase activity in a linear
sucrose gradient. The samples of this gradient were dialyzed
overnight against PBS. The vertical axes represent total
activities found in each fraction. NADPH concentration was
0.20 mM, NADH 0.80 mM; incubation time was 60 min.

min/0.10 mg protein. If anything, this is slightly higher
than the average sp act of 24.4+1.6 nmol/30 min/0.10
mg protein reported in Table I. (2) We obtained a
leukocyte preparation from a patient with pronounced
eosinophilia. The specific activity of NADPH oxidase
in a granule fraction isolated from phagocytizing
cells containing 84% eosinophils was 3.2 times the
activity seen in a paired preparation containing 82%
neutrophils and only 3% eosinophils.

We next attempted to localize the oxidase activities
on a linear sucrose gradient. Fig. 7 shows one such
experiment. Lactoferrin and myeloperoxidase (MPO)
indicate the locations of the specific and azurophil
granules, respectively, in the gradient. The lactoferrin
peak was at a density of approximately 1.18 g/cubic
centimeter, the MPO peak at 1.22 g/cubic centimeter,
while both oxidase activities appeared to migrate
further into the gradient, with the peak activity at a
density of approximately 1.24 g/cubic centimeter.

Fig. 8 shows another preparation in which the whole
homogenate was divided in two parts; one part was
initially centrifuged at 126 g while the second was
centrifuged at 500 g. The resulting low-speed super-
nates were then loaded on separate sucrose gradients.
This was done to determine if the oxidase activities
were due to eosinophil granules. Since eosinophil
granules have a greater density than neutrophil
granules, they sediment lower in the gradient (12) and
this might have explained the very dense localization
of the oxidase activities. It was known that many of the
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FIGURE 8 Location of NAD(P)H oxidase activity in a linear
sucrose gradient. The samples of the gradient were pooled
and centrifuged. The vertical axes represent total activity in
each fraction. NADPH concentration was 0.20 mM, NADH
0.80 mM; incubation time was 60 min.

eosinophil granules sediment at 500g (18); con-
sequently the whole homogenate in this experiment
was given the two low-speed centrifugations to see if
there would be a difference in the oxidase activities
of the two gradients. No such distinction was detected.
In this experiment the fractions were pooled,
centrifuged, and resuspended. The disadvantage of this
procedure was the loss of resolution caused by
averaging relatively large groups of fractions. In spite
of this limitation, however, it was still apparent that
the MPO and lactoferrin sedimented at different
densities. Nonspecific peroxidase sedimented with the
MPO as did part of the lysozyme, a marker for both
the specific and azurophil granules. The specific
granule peak for lysozyme did not resolve sharply,
probably due to the pooling of the fractions, but the
azurophil peak was well resolved and it coincided
with the MPO peak. Again the peak oxidase activities
sedimented to a slightly greater density. These two
experiments are representative of six separate experi-
ments; in each separate experiment the peak of
oxidase activities was found at a density greater
than the MPO activity.
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The oxidase activities were purified by this
procedure. The total oxidase activity recovered from
the gradient exceeds 100%, suggesting removal of an
inhibitor. In addition, the specific activity of the peak
oxidase fraction in the gradients was 10-30 times that
of the crude granule fraction.

DISCUSSION

In the present work, we have adapted a fluorometric
procedure for the determination of pyridine nucleo-
tides for use in measuring the reduced pyridine
nucleotide oxidase(s) in human PMNL. This system is
superior to the oxygen electrode or spectrophotometric
methods presently in use in that it is at least 1,000-fold
more sensitive (9). It has several advantages over the
isotopic system as well. It can measure both oxidase
activities with as much sensitivity as the isotopic
assay measures the NADPH oxidase. In addition, it is
simpler and far less expensive to use than the
isotopic procedure. We have applied this system to
the study of the basic characteristics of the oxidases
in granule fractions and have initiated purification of
the enzyme(s) on sucrose density gradients.

Both oxidase activities were increased with phago-
cytosis, and both were insensitive to cyanide as
evidenced by the fact that all assays were performed
in 2.0 mM KCN. Although both activities increased
with increasing substrate concentration, time of
incubation and protein, each may have had a slightly
different pH optimum. Oxidation of NADPH was
maximal at pH 5.5 in agreement with previous
reports (8), while oxidation of NADH appeared to be
optimal at pH 6.0. Phagocytosis enhanced neither
oxidase activity in granules isolated from CGD cells.
Both activities sedimented to the same place in linear
sucrose gradients.

A major question in the area of leukocyte metabolism
is which enzyme (or more exactly which nucleotide
oxidation) is responsible for the respiratory burst
accompanying phagocytosis in human PMNL. The
present work suggests that NADPH oxidation is likely
to have more physiological significance than NADH
oxidation. As illustrated in Figs. 3 and 6, the
degree of NADPH oxidation was always greater
than that of NADH when the substrate concentra-
tions were equal (except at extremely high levels).
In fact, in the range of 0.20-0.80 mM the oxidation
rate of NADPH was usually four to five times that
of NADH. This was true every time the assay was
performed, therefore, the procedure adopted for com-
paring the activities was to assay at 0.20 mM NADPH
and 0.80 mM NADH. Table I shows a compilation
from several such experiments. In spite of the fact
that the NADH concentration was four times that of
NADPH, in the phagocytizing samples there was
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significantly more oxidation of NADPH than NADH.
This difference cannot be explained by a difference
in protein because all assays were run at the same
protein levels. Based on these data it seems reasonable
to say that the oxidation of NADPH is responsible
for the metabolic burst, since NADPH oxidation
occurs at a lower concentration of substrate than
does oxidation of NADH. This is particularly significant
since the concentration of both reduced pyridine
nucleotides within the human PMNL is estimated to
be 0.05 mM (19). In terms of the metabolic processes
that occur in the cell after phagocytosis, NADPH fits
into the scheme much more easily than does NADH.
Oxidation of NADPH can directly explain the increase
in oxygen consumption (as one of the reactants
in the oxidase reaction), the increase in H,O,
production (as one of the products of the oxidase
reaction) and the increase in the hexose mono-
phosphate shunt activity (by providing NADP, the rate
limiting substrate in the hexose monophosphate shunt
activity).

Subcellular localization of the oxidase activity has
been of some concern to workers in the field.
Some investigators feel the plasma membrane is the
site of this enzyme activity (20). Others have suggested
that MPO would be a logical candidate for oxidase
activity (21) since the oxidase behaves very much like
a peroxidase and purified peroxidases are known to
catalyze the oxidation of reduced pyridine nucleo-
tides (22). Serious questions about the validity of these
two hypotheses are raised by the sucrose gradient
work presented here. Because there is no marker
as yet for the membrane of human PMNL, it is im-
possible to argue absolutely against membrane
localization, although the localization in the gradient
would make this relatively unlikely.

The other possibility, then, is that the oxidase(s) are
localized in the azurophil granule. Patriarca et al. (23)
reported NADPH oxidase activity in the azurophil
granule of rabbit PMNL, which seemed to support the
hypothesis of Roberts and Quastel (21) that the oxidase
was really MPO. The data here case some doubt on
that possibility in human PMNL. Figs. 7 and 8 show
that the peak activities of MPO and pyridine nucleo-
tide oxidase did not co-sediment in a linear sucrose
gradient. Although there was some overlap of the two
activities, their peaks were distinctly separate. In Fig.
8, the nonspecific peroxidase coincided with the
immunologically determined MPO, and it too peaked
before the oxidase. These data suggest that the
oxidase is not MPO, nor does the oxidase seem to
have peroxidative activity based on the o-dianisidine
assay. MPO is found primarily in the lighter
azurophil granule as reported by Spitznagel et al. (12),
so if the oxidase peak is not coincident with the MPO
peak, then it is not located in the light azurophil
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granule. Lysozyme is found in the specific granules
and in the heavy azurophil granule (12). Fig. 8 shows
the distribution of lysozyme in those particular
gradients and it can be seen that the oxidase
activities are located deeper in the gradient than
lysozyme. Other gradients show this also. The data
indicate that the oxidase activities are associated with
very dense particulate material which sediments to
50-51% sucrose in 2h time. The nature of the
particle is presently unknown, but it does not seem to
be the normal azurophil granule as it is presently
known.

It is not possible to determine by these data
whether there is one oxidase with different affinities
for each nucleotide or two separate enzymes. The
fact that the activities co-sediment in a linear sucrose
gradient suggests, but does not prove, there is only
one enzyme. In addition, the fact that in CGD both
activities are defective further supports a one-enzyme
hypothesis. But a final answer to this question will
come only with the purification of the enzyme.

A very recent paper (24) described an NADH de-
pendent nitro blue tetrazolium dye reductase with a
very low Km for NADH which appeared to be absent in
cells from patients with CGD. The relationship of this
enzyme to the oxidase remains to be established; al-
though we previously reported a low Km NADH dia-
phorase in human PMNL (19), we have been unable to
detect oxidase activity toward low concentrations of
NADH in either normal or CGD cells. Further, the
location of the diaphorase in a sucrose density
gradient (24) was quite different from that of the
oxidase activities reported here. These discrepancies
remain to be resolved.

Finally, in regard to purification of this enzyme, the
work here shows the sucrose gradient centrifugation
will be an invaluable tool in accomplishing this
goal. Not only was more than 100% of the oxidase
activity routinely recovered from the gradient, but the
specific activity of the peak fractions in the gradient
was 10-30 times that of a granule fraction prepared
in parallel with the gradient. This will constitute
the first major step in the purification of the enzyme(s).
We are presently working toward that objective.
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