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ABSTRACT The subcellular distribution of the
superoxide (O;)-forming enzyme in human neutrophils
was investigated. Cells were activated by phorbol
myristate acetate or by opsonized zymosan, and
were then fractionated by zonal-rate sedimentation at
two different speeds. At high speed, the specific
granules were resolved from the azurophils and the
membrane fraction, while at low speed, the azurophil
granules could be separated from fast-sedimenting
particle aggregates. Under both conditions, the major
portion of the Oz-forming activity (60-70% of the
total) was found to be associated with the membrane
fraction which was characterized by the presence of
alkaline phosphatase, alkaline phosphodiesterase I,
and acid aryl phosphatase. No significant Oz-forming
activity was found in either specific or azurophil
granules. Some activity was present in the fastest
sedimenting fractions which, as shown by electron
microscopy, were heterogeneous and contained aggre-
gated material which included membrane fragments.
These fractionation results provide strong additional
support for the current view that the activable
O;-forming system is localized in the plasma mem-
brane of human neutrophils.

INTRODUCTION

On exposure to suitable stimuli, neutrophils undergo
what is termed the “respiratory burst”, a coordinated
group of metabolic events which result in the genera-
tion of microbicidal agents by the partial reduction
of oxygen (1, 2). The biochemical basis for the respira-
tory burst appears to be the activation of a flavo-
enzyme, dormant in resting cells, which catalyzes
the reduction of oxygen to superoxide (Oz)! with
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1 Abbreviations used in this paper: Oz, superoxide;
Pali'iA, phorbol myristate acetate; PBS, phosphate-buffered
saline.
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NADPH as the electron donor (3): 2 O, + NADPH
— 2 07 + NADP* + H*. O; then undergoes a
series of secondary reactions which lead to the pro-
duction of H,0,, OH-, and perhaps other reactive
oxidants. One or more of these oxidants is employed
by the neutrophil for the destruction of ingested
microorganisms. )

Previous studies with homogenates from activated
neutrophils have shown that the Oz;-forming enzyme
responsible for the respiratory burst is particle-bound
and is pelleted at 27,000 g for 20 min (4). By electron
microscopy, this fraction consists of plasma mem-
brane fragments, azurophil and specific granules,
and occasional mitochondria. We have investigated
the subcellular distribution of the Oz-forming activity
with zonal centrifugation. We describe here experi-
ments that show that the Oz-forming enzyme is a con-
stituent of the membrane fraction of human neu-
trophils.

METHODS

Reduced pyridine nucleotides, ferricytochrome ¢ (Type VI),
zymosan, and O; dismutase were purchased from Sigma
Chemical Co., St. Louis, Mo. O; dismutase was also ob-
tained from Truett Laboratories, Dallas, Tex. Phorbol
myristate acetate (PMA) was from Consolidated Midland
Corp., Brewster, N. Y.; 4-methylumbelliferyl-2-acetamido-
2-deoxy-B-D-glucopyranoside and 4-methylumbelliferone
were from Koch-Light Laboratories Ltd., Colnbrook, Buck-
inghamshire, England; 4-nitrophenyl phosphate (disodium
salt, 6 H,0), Perhydrol, o-dianisidine, and sucrose for
density gradient centrifugation were from Merck AG,
Darmstadt, West Germany; Triton X-100 was from Packard
Instrument Co. Inc., Downers Grove, Ill.; p-nitrophenyl
thymidine-5'-monophosphate (sodium salt) was from Cal-
biochem, San Diego, Calif.; and Macrodex (dextran 70, 6%
in saline) was from Pharmacia Ltd., Uppsala, Sweden.
Diaminobenzidine-4 HCl was purchased from Serva Ltd.,
Heidelberg, West Germany.

All solutions were made in double-distilled water. Two
solutions of phosphate-buffered saline (PBS) were used:
(a) Ca**, Mg*+*-free PBS (composition: 137 mM NaCl, 2.7
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mM KCl, 8.1 mM Na,HPO,, 1.5 mM KH,PO,), and (b)
PBS which contained in addition to the above 0.9 mM
CaCl, and 0.49 mM MgCl,.

Neutrophils were prepared from 150 ml whole blood ob-
tained from normal volunteers by the method described
previously (5). All steps after dextran sedimentation were
performed at 4°C except when noted. The isolated cells
were suspended in Ca**, Mg**-free PBS at a concentra-
tion of 108 cells/ml. Granulocytes from two to three donors
were pooled for zonal sedimentation experiments.

Activation of neutrophils by PMA. A stock solution of
PMA in dimethylsulfoxide at a concentration of 2 mg/ml
was prepared and stored in small aliquots at —60°C.
Before use, the stock solution was diluted with PBS to
give a concentration of 10 ug/ml. One part of neutrophil
suspension and 2.6 parts of PBS were preincubated sepa-
rately in a rotating water bath (160 rpm) at 37°C for 10 min.
After mixing, preincubation was continued for 5 min.
Meanwhile, the diluted PMA solution was brought to 37°C.
Activation was started by adding 0.4 parts of PMA solution
to the neutrophil suspension. After 3 min, the reaction was
stopped by diluting twofold with ice-cold Cat**, Mgt*-
free PBS. The cells were centrifuged immediately at 400 g
for 3 min at 4°C and resuspended in a small volume of
0.34 M sucrose adjusted to pH 7.4.

Activation of neutrophils by zymosan. Zymosan particles
were opsonized as described by Cheson et al. (6), and
finally suspended in PBS at a concentration of 10 mg/ml.
Equal volumes of neutrophil and zymosan suspensions
were pre-warmed separately at 37°C for 5 min and then
mixed. Phagocytosis was allowed to proceed for 2 min and
was stopped by addition of ice-cold Ca**, Mg**-free PBS.
The cells were centrifuged and resuspended in 0.34 M
sucrose, pH 7.4, as above.

Fractionation technique. The cells were suspended in
either 6 or 12 ml of 0.34 M sucrose, pH 7.4, depending
upon the gradient volume chosen for zonal centrifugation,
and homogenized at 0°C in a motor-driven glass homogenizer
with a Teflon (E. I. Du Pont de Nemours & Co., Inc., Wil-
mington, Del.) pestle (7). A postnuclear supernate was pre-
pared by centrifugation of the homogenate at 250 g for 10 min.
Because the neutrophil subcellular particles tend to aggregate
in sucrose solution (8), salt was added immediately after
preparation by diluting with an equal volume of 0.308 M
NaCl in 0.34 M sucrose. The suspension thus obtained
was used as the starting material for gradient centrifuga-
tion. Zonal rate-sedimentation was performed in a B-XIV
rotor (MSE 59144) operated by a MSE SS-65 ultracentrifuge
(Measuring & Scientific Equipment, Crawley, Sussex,
England). In some experiments, the initial conditions were
identical with those described previously (9, 10) except
that all sucrose solutions contained 0.154 M NaCl. For most
experiments, a specially designed adapter? was used which
reduces the volume of the standard B-XIV rotor from
650 ml to 272 ml. The initial conditions in the modified
rotor were as follows: an 80-ml overlayer which consisted of
0.25 M sucrose in 0.154 M NaCl; a 10-ml sample in 0.34 M
sucrose which contained 0.154 M NaCl; and a gradient
made of eight 20-ml portions of 0.45, 0.5, 0.55, 0.6, 0.65,
0.7, 0.75, and 0.8 M sucrose in 0.154 M NaCl which rested
on a cushion of 60% sucrose. The rotor was filled and
emptied at a rate of 20 ml/min while rotating at 2,000
rpm. Sedimentation was carried out for 15 min at either
13,500 or 6,500 rpm as indicated. The rotor speed was

2 Baggiolini, M., B. Dewald, and U. Bretz. 1978. A
volume adapter for use in a B-XIV zonal rotor. Submitted
for publication.

checked with a stroboscopic flash (Touro-Strob “Picostrob”,
Mayer and Wonisch, 5760 Arnsberg, West Germany).

Biochemical assays. Protein was determined accord-
ing to Miller (11). Peroxidase (10), lysozyme (12), and
alkaline 4-nitrophenyl phosphatase (13) were assayed as de-
scribed previously. Lactate dehydrogenase was measured
by the method of Bretz et al. (14), except that a NADH
concentration of 0.16 mM was used. Acid 4-nitrophenyl
phosphatase was assayed at pH 5.3 with a substrate con-
centration of 5 mM essentially as described by Bretz and
Baggiolini (10). N-acetyl-B8-glucosaminidase was deter-
mined in an incubation mixture which contained 0.05 M
sodium citrate buffer, pH 5.0, 0.5% Triton X-100, 5 mM
4 - methylumbelliferyl - 2 - acetamido - 2 - deoxy - 8 - D - gly-
copyranoside, and sample. Incubation was carried out at
room temperature for 30 min and was stopped by adding 3
ml of a 0.05 M glycine-NaOH buffer, pH 10.4. Liberated
4-methylumbelliferone was measured fluorimetrically. Al-
kaline phosphodiesterase 1 was assayed as described by
Edelson and Erbs (15) with minor modifications. Incuba-
tion mixtures contained, in a total volume of 0.6 ml, 3.3
mM p-nitrophenyl thymidine-5’-monophosphate, 0.067 M
glycine-NaOH buffer, pH 9.6, 1.3 mM zinc acetate, 0.033%
Triton X-100, and enzyme. After incubation at 37°C for 3 h
in the dark, the reaction was stopped by addition of 0.4 ml
0.2 N NaOH. As in the case of mouse peritoneal macro-
phages (15), alkaline phosphodiesterase I of human neu-
trophils was zinc-dependent. It was completely inhibited
by 0.3 mM EDTA, and its activity was fully restored by
subsequent addition of 1.3 mM zinc acetate. A possible
contribution by alkaline phosphatase was excluded by show-
ing that alkaline phosphodiesterase I activity was not af-
tected by 0.5 mM tetramisole, which inhibits alkaline
phosphatase by >95%. O; production was determined ac-
cording to method B of Curnutte et al. (16), except that
0.065 M potassium phosphate buffer, pH 7.0, was used,
and the reference cuvet contained 60 ug O; dismutase. In 7
of 12 experiments, the particulate material was concentrated
before determination of the Oz-forming enzyme. An aliquot
of each gradient fraction (=80% of the total vol) was centri-
fuged at 100,000 g for 45 min, and the pellet was resuspended
in a small volume of 0.34 M sucrose, pH 7.4. For the calcula-
tion of recovery, sample activity was determined in an
aliquot of the postnuclear supernate which was treated in the
same way. In the remaining experiments, O; production
was assayed directly in aliquots of the fractions that were ob-
tained from the gradient. Similar distribution profiles of
O;-forming activity were obtained with both methods.

Electron microscopy. Aliquots of gradient fractions (1.0
ml) were processed for electron microscopy according to
the random-sampling technique of Baudhuin et al. (17).
The pellicles obtained were washed with 0.1 M sodium
cacodylate buffer and then reacted for peroxidase (18).
Further processing and electron microscopy were accord-
ing to standard techniques (10).

RESULTS

Activation of the Oz-forming enzyme. In most ex-
periments, neutrophils were activated by brief ex-
posure to PMA (1 pg/ml). By this treatment, the Oz-
forming activity of postnuclear supernates increased,
on average, about six-fold over the resting levels (Table
I). The specific activities of a number of marker en-
zymes in postnuclear supernates from PMA-activated
cells are also shown. Similar values were obtained
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TABLE 1
Specific Activities of Enzymes in the Postnuclear Supernate

Assay conditions

PMA Substrate
Enzyme treatment Temperature pH concentration Specific activity
°C mM

0O;-dependent cytochrome ¢ reduction - 25 7.0 0.16 1.2 (2)

+ 7.3+3.6 (6)
Lactate dehydrogenase + 25 7.5 0.4 1324+414 (5)
Alkaline phosphatase + 20-22 9.75 1.25 17.1+7.6 (6)
Acid 4-nitrophenyl phosphatase + 20-22 5.3 5.0 112.3+10.1 (5)
Alkaline phosphodiesterase I + 37 9.6 3.3 0.8+0.2 (3)
Lysozyme + 25 6.0 —_ 51.2+6.3 (5)
N-Acetyl-B-glucosaminidase + 20-22 5.0 5.0 14.6+4.1 (5)
Peroxidase + 20-22 55 0.07 1,860+£600 (6)

Except for lysozyme, values given mean specific activity in mU/mg protein=SD with the number of preparations
in parentheses. One unit is defined as the amount of enzyme which changes 1 umol of substrate/min under
the conditions given (Methods). The value for lysozyme denotes equivalents in ug of crystalline hen egg-white

lysozyme.
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FIGURE 1 Fractionation of subcellular components of PMA-
activated human neutrophils by zonal sedimentation at
13,500 rpm for 15 min. The graphs are normalized distribu-

with resting cells, thus indicating that the PMA
treatment affected the O;-forming system only. PMA
is known to induce release of specific granule con-
tents (19, 20). Because activation was very short, only
minor amounts of lysozyme were released. Char-
acteristic vacuole formation (21, 22) was seen on elec-
tron micrographs. In some instances, we also acti-
vated neutrophils with zymosan. In our case, how-
ever, zymosan was not considered to be a convenient
stimulus as the formation of phagosomes could render
the interpretation of fractionation experiments un-
necessarily complicated.

Subcellular fractionation. Postnuclear supernates
from PMA-activated neutrophils were first fractionated
by zonal sedimentation under conditions which as-
sured optimum resolution of azurophil and specific
granules from each other and from fractions that con-
tained membranes (10). The results obtained are
shown in Fig. 1. The distribution of azurophil and
specific granules is represented by the histogram of

tion histograms as a function of the volume collected. The
radial distance increases from left to right. The ordinate
is the concentration in the fraction relative to the concentra-
tion that corresponds to uniform distribution throughout the
gradient. The Oz-dependent cytochrome c¢ reduction was
measured in original fractions which were collected from
the gradient (Methods). The percentage recoveries were
68 for the Oz-producing enzyme, 85 for lactate dehydro-
genase, 90 for alkaline phosphatase, 62 for alkaline phos-
phodiesterase I, 149 for lysozyme, 72 for N-acetyl-8-
glucosaminidase, 103 for peroxidase, and 81 for protein. A,
B, and C in the right graph, bottom row, designate the
portions of the gradient used for calculation of the enzyme
distributions which are presented in Table II. Cyt, cyto-
chrome.
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lysozyme, which is a constituent of both particles.
Most of the azurophil granules were found at the outer
limit of the gradient, as demonstrated by the distribu-
tion of peroxidase, while specific granules were en-
riched in the middle of the gradient. Alkaline phos-
phatase and the thiol-sensitive acid aryl phosphatase
(not shown), both previously identified as components
of the membrane fraction (10), and alkaline phosphodi-
esterase I, a plasma membrane marker in other cells
(15, 23), were all well separated from the markers
of the two granule populations. The membrane frac-
tion, however, was only slightly resolved from the
sample zone as indicated by the distribution of the
cytosol marker, lactate dehydrogenase. In this type
of fractionation, the distribution of the PMA-activated,
Oz-forming activity was always bimodal, as seen in
Fig. 1. A major portion of the total activity was found
on top of the gradient, with a distribution similar
to that of the two membrane markers, alkaline phos-
phatase and alkaline phosphodiesterase I; on average,
however, about one-fourth of the activity (Table II)
was recovered at the cushion along with the bulk
of the azurophil granules. Only minor amounts of
O;-forming activity were found to migrate with the
specific granules in the middle of the gradient. To
separate the membranous material from the cyto-
plasmic constituents, aliquots of the fractions were
centrifuged at 100,000g for 45 min (Methods).
The O;-forming enzyme, together with the membrane
markers, was recovered in the pellet. This resulted
in a four- to sevenfold increase in specific activities.
These results strongly suggest that the Oz-forming
enzyme is associated with membrane fragments. To
gain more information about the localization of that
portion of Oz-forming activity that was recovered

at the cushion, similar experiments were performed
at 6,500 rpm, which corresponds to about one-
fourth of the centrifugal force originally applied. The
results of one of these low-speed experiments are
presented in Fig. 2. As shown by the distribution of
peroxidase, the azurophil granules were now recovered
in the middle of the gradient, at a position occupied
by the specific granules in the experiments discussed
above (Fig. 1). This is confirmed by the distribu-
tion of lysozyme, whose location shows in addition that
under these conditions azurophil and specific granules
were not completely resolved from each other. The
bulk of the Oz-forming activity was again found on
top of the gradient. As shown in Fig. 2, its distribu-
tion histogram is very similar to that of the two mem-
brane phosphatases. All three profiles are well re-
solved from that of the azurophil granule marker,
peroxidase. Even under low-speed conditions, about
one-sixth of the total Oz-forming activity was still re-
covered at the cushion (Table II). This fraction also
contained some peroxidase and alkaline phosphatase.
The high sedimentation rate and the heterogeneous
morphology (vide infra) indicate that this fraction
consists mainly of aggregated material.

In both types of sedimentation experiments, a re-
markable coincidence was observed between the dis-
tribution of the O;-forming enzyme and that of the
membrane markers: alkaline phosphatase, alkaline
phosphodiesterase I, and acid aryl phosphatase (23).
The Oz-forming activity was almost fully resolved
from the specific granules at high speed, and from the
azurophil granules at low speed. In Table II, the
average relative amounts of Oz-forming activity,
alkaline phosphatase, and peroxidase recovered in se-
lected zones of the gradients (designated A, B, and C,

TABLE 11
Distribution of O5-Forming Activity, Alkaline Phosphatase, and Peroxidase after Rate
Sedimentation of Postnuclear Supernates from PMA-Stimulated Neutrophils

Percent of total activity*

Rotor

velocity Activity measured A B C A+B+C
rpm
13,500 O;-dependent cytochrome ¢
reduction 60.1+8.4 49+3.1 25.5+x128 90.5+5.5
Alkaline phosphatase 76.0+7.5 6.1x1.1 10.3+4.9 92.4+3.1
Peroxidase 85+1.8 214+43 64.0+2.1 93.9+1.6
6,500 O;-dependent cytochrome ¢
reduction 68.8+86 11.6+4.1 16.4+8.3 96.8+3.4
Alkaline phosphatase 76.5+4.2 15.9+3.0 3.6+1.6 96.0+1.9
Peroxidase 14.7+2.3 62.3+4.9 15.3+3.6 92.3+1.9

* Percent of total activity recovered from the gradient. Mean values+SD from four experiments
at both rotor velocities. A, B, and C represent the three gradient zones indicated in Fig. 1

(13,500 rpm) and Fig. 2 (6,500 rpm).

24

B. Dewald, M. Baggiolini, J. T. Curnutte, and B. M. Babior



12.7
0;- DEPENDENT LACTATE
8 7 CYT C REDUCTION DEHYDROGENASE
6 -
4 -
2 —
ALKALINE ACID ARYL -
8 PHOSPHATASE PHOSPHATASE
6 -
[
Q2 4+
=
o
o
T 24
8 L
(%)
c
o
Lo’ LYSOZYME N- ACETYL-
$ 81 /3-GLUCOSAMINIDASE
I
o 67
@
4
2 F"\“’\_‘_\-\-\
PEROXIDASE PROTEIN
8 le— A —o— B —» e C
6 :
4
2 —
 —

Relative Volume

FIGURE 2 Fractionation of subcellular components of PMA-
activated human neutrophils by zonal sedimentation at
6,500 rpm for 15 min. The results are presented as in Fig. 1.
The O;-dependent cytochrome ¢ reduction was determined
in the concentrated particulate material which was prepared
from each fraction as described under Methods. The per-
centage recoveries were 57 for the Oz-producing enzyme,
101 for lactate dehydrogenase, 97 for alkaline phosphatase,
96 for acid aryl phosphatase, 88 for lysozyme, 99 for N-
acetyl-B-glucosaminidase, 122 for peroxidase, and 110 for
protein. A, B, and C in the right graph, bottom row, designate
the portions of the gradient used for calculation of the enzyme
distributions which are shown in Table II. Cyt, cytochrome.

in Figs. 1 and 2) are presented. The values for the
O;-forming enzyme were similar to those of alkaline
phosphatase in A and B under both experimental
conditions, and were clearly different from those of
peroxidase. Fraction C (material accumulated at the
cushion) contained an appreciable fraction of the
O;-forming activity (25 and 16% in high and low speed
experiments, respectively) which exceeded that of
alkaline phosphatase. This may indicate that mem-
brane fragments that contain the activated Oz -forming
enzyme tend to form aggregates more readily.

Two experiments, one at 13,500 rpm and one at

6,500 rpm, were performed with zymosan-activated
neutrophils. Distribution profiles were obtained which
were almost identical with those described for the
corresponding experiments with PMA-activated cells.
No zymosan particles were found in the fast-sedi-
menting fractions as disclosed by electron microscopy,
thus indicating that no phagosomal vacuoles were
present in the postnuclear supernate used as starting
material for fractionation. This does not preclude the
possibility that the preparation contained phagosomal
membranes derived from disrupted phagocytic
vacuoles during homogenization. Such phagosomal
fragments are likely to distribute like other mem-
branes during zonal sedimentation. It is, therefore, not
surprising that similar results were obtained with
both activation procedures.

In a further experiment, we made a direct compari-
son of the subcellular distribution of components from
activated and resting cells prepared from the same
neutrophil sample. Neutrophils were purified and
divided into two equal portions, one of which was
activated with PMA. Postnuclear supernates from
both portions were then fractionated under identical
conditions in two consecutive runs at 6,500 rpm. In
both experiments, the distribution profiles of all
enzymes tested, except for the Oz-forming enzyme,
were similar to those shown in Fig. 2. As expected,
very low absolute activities of Oz-dependent cyto-
chrome ¢ reduction were found after fractionation of
the postnuclear supernate from resting cells. More-
over, the relative distributions of the Oz-forming ac-
tivities that were obtained in the two experiments
differed markedly. While the sedimentation profile
obtained after PMA activation of the cells was similar
to that shown in Figs. 2 and 3, that obtained from
resting cells had a trimodal distribution: approximately
48 and 33% of the total Oz-forming activity was found
in the membrane and azurophil granule-containing
fractions, respectively, and about 15% was recovered
in the fast-sedimenting fractions near the cushion,
together with 15% of the total peroxidase activity.

Electron microscopy. The ultrastructural appear-
ance of purified granules and of the membrane frac-
tions obtained from postnuclear supernates of human
granulocytes by subcellular fractionation is well known
(10). In the present study, electron microscopy was
used mainly to establish the nature of the material
that collected at the cushion even at low speed, and
which was always associated with some of the O3-
forming activity. At low speed, this material was fully
resolved from the largest particles of neutrophil post-
nuclear supernates, the azurophil granules. Fig. 3
shows the distribution profiles which were obtained
in one of these experiments. Survey micrographs of
three selected fractions, which are marked on the histo-
grams of Fig. 3, are presented in Fig. 4. These micro-

Subcellular Localization of the Superoxide-Forming Enzyme in Neutrophils 25



0; -DEPENDENT ALKALINE
CYT C REDUCTION PHOSPHODIESTERASE 1
. @ @ ® | ® O
N 1 1
c
9 4 4
s
€27
®
(5
&
o LYSOZYME PEROXIDASE
[
£e{ Q@ @ @ @ ®
$el 4 | b }
[._
2

Relative Volume

FIGURE 3 Fractionation of subcellular components of PMA-
activated human neutrophils by zonal sedimentation. Condi-
tions and graphs are as in Fig. 2. Oz-dependent cyto-
chrome ¢ reduction was determined in the original gradient
fractions (Methods). The percentage recoveries were 83 for
the Oz-forming enzyme, 81 for alkaline phosphodiesterase 1,
84 for lysozyme, and 110 for peroxidase. The micrographs
of fractions 3, 7, and 18 (arrows) are shown in Fig. 4. Cyt,
cytochrome.

graphs show vertical sections through the particle
pellicles which were obtained by the random-
preparation technique of Baudhuin et al. (17), and
allow, therefore, a representative assessment of the
composition of the fractions processed. Fraction 18
(Fig. 4C) is very heterogeneous in appearance. It
consists mainly of eosinophil granules (recognized
by their characteristic peroxidase-negative crystalloid
inclusions); membrane vesicles, often as components
of heterogeneous clusters of particles; and apparently
amorphous, electron-dense deposits of material which
may have originated from disrupted nuclei. Some
azurophil granules are also seen. Fig. 4B shows the
composition of fraction 7, a sample from the zone of
the peroxidase peak which has very little O3-forming
activity. As expected from the biochemical data, this
fraction is enriched in azurophil granules. It is only
slightly contaminated by other particles like mito-
chondria and membrane vesicles. As observed before
(10), some azurophil granules appear partially ex-
tracted. Fig. 4A shows the composition of fraction 3,
which belongs to the peak of Oz-forming activity.
In accordance with the relative concentrations of the
respective marker enzymes, this fraction is made up
mainly of membrane fragments, which appear as
morphologically empty vesicles of various sizes, and
of specific granules with their characteristically uni-
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form content of moderate electron density. Azurophil
granules, very electron dense in appearance because
of the peroxidase reaction product, and mitochondria
are rare. The amorphous background material in the
lower part of the pellicle is probably made up of
constituents of the cytosol because fraction 3 is not
fully resolved from the sample zone.

DISCUSSION

Activation by stimuli such as PMA or contact with
phagocytable particles is a characteristic property of
the Oz-forming enzyme of neutrophils. In this study,
we report the subcellular localization of the activable
enzyme in human neutrophils. We have used zonal
rate-sedimentation, a well-established technique for
subcellular fractionation of these cells (10), and
have assayed for O; dismutase-inhibitable, NADPH-
dependent Oz-forming activity. The sedimentation
profiles of the Oz-forming enzyme closely resemble
those of alkaline phosphatase and acid aryl phos-
phatase, constituents of the membrane fraction of
human neutrophils (10), and of alkaline phospho-

FIGURE 4 Survey electron micrographs of fractions 3 (A),
7 (B), and 18 (C) obtained in the zonal sedimentation
experiment shown in Fig. 3. The filter face of pellicles
(Methods) is at the bottom of the figures. All specimens
were reacted for peroxidase. The bar in (B) corresponds to 1
pm in all figures.
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diesterase I, a plasma membrane enzyme in other
cells (15, 23). These profiles are clearly resolved
from those of both azurophil and specific granule
markers. From these results, we conclude that the
O;-forming enzyme is a membrane constituent and
is not present in either azurophil or specific granules.
The fact that on the average, more O;-forming
activity than alkaline phosphatase was found in the
fast-sedimenting, aggregated material (Table II) re-
mains to be explained. The presence of some O;-
forming activity in eosinophil granules, which are
present in the fast-sedimenting fractions from both
the high-speed and low-speed gradients, cannot be
ruled out entirely, but is unlikely, as no Oj-forming
enzyme is present in the neutrophil granules.

In other cell types, alkaline phosphatase, acid
aryl phosphatase, and alkaline phosphodiesterase
I are considered as plasma membrane markers (23).
Our fractionation data therefore support the hypothe-
sis, based on functional considerations, that the O;-
forming enzyme is a constituent of the neutrophil
plasma membrane. Definite proof of such a localization,
however, must await purification of the plasma mem-
brane fraction. In a first step, it has to be shown that
the markers used are unequivocally associated with
the plasma membrane in human neutrophils. Under
the experimental conditions used, the membrane
fraction is presumably heterogeneous. However,
plasma membrane fragments are likely to represent
the major component, because electron microscopy and
morphometry? show that the plasmalemma is the
most abundant membrane system in neutrophils. Some
membrane fragments are expected to arise from PMA-
induced vacuoles or from phagocytic vacuoles which
are formed during zymosan ingestion. These vacuolar
membranes are derived, at least in part, from in-
ternalized plasmalemma (22). Thus, the presence of
O;-forming activity in vacuolar membranes would
not be inconsistent with a plasma-membrane localiza-
tion of the enzyme.

Several earlier studies have suggested that the
O;-forming enzyme of the respiratory burst is located
on the plasma membrane of the neutrophil. The cyto-
chemical demonstration that H,O, was liberated at the
surface of intact phagocytosing neutrophils led Briggs
et al. to suggest the plasma membrane as a likely site
for the respiratory burst oxidation reaction (24). Gold-
stein et al. (25) found significant diminution of O3-
forming activity by brief treatment of neutrophils with
the nonpenetrating diazonium salt, p-diazobenzene
sulfonic acid, before activation with concanavalin A.
This result is in accord with the idea of a plasma mem-
brane localization. The authors point out, however, that
their finding could also be explained, without invoking

3 Baggiolini, M., and B. Streit. Unpublished data.

an exterior location for the Oj-forming system, by
postulating that the diazonium salt interfered with
some surface protein(s) responsible for activating the
enzyme. Root and Metcalf (26) found that a non-
penetrating O; scavenger (ferricytochrome c¢) com-
pletely prevented the production of H,O, from O;
generated by neutrophils pretreated with cyto-
chalasin B and then stimulated by bacteria. This
indicates that the source of Oz had to be very close
to the surface of the cell.

Besides these more indirect approaches, attempts
have been made by several investigators to localize
the enzyme responsible for the respiratory burst in
subcellular fractions of neutrophils (27-29). Variously,
the activity has been attributed to the azurophil
granule (27); to very dense particles distinct from azuro-
phil granules which had hitherto not been described
(28); and, depending upon the assay conditions, to the
plasma membrane, the azurophil granule, or to several
subcellular organelles (29). Comparison of these
different results is complicated by the fact that in some
cases (27, 29) resting neutrophils had been used, and
that the methods for oxidase determination varied
greatly. NADPH and NADH oxidase, as deter-
mined by the oxidation of the reduced pyridine
nucleotide, were localized to the azurophil granules
from resting cells by Segal and Peters (29), and to
particles denser than azurophil granules from zymosan-
activated cells by Iverson et al. (28). In both cases,
activity was absent from membrane fractions. In the
experiments of Iverson et al. (28), activity measurements
were made with either gradient fractions that were
dialyzed overnight against PBS, or with pooled fractions
pelleted by centrifugation and resuspended in PBS. Un-
der these conditions, it is possible that the authors were
not measuring “activated” enzyme, because in our
study, the Oz-forming activity of fractions prepared
from zymosan- or PMA-stimulated cells which were
homogenized in PBS rather than in 0.34 M sucrose,
rapidly decreased to resting levels. Furthermore, the
possibility arises that preparations were used for
gradient centrifugation which contained the mem-
brane fragments in a highly aggregated state. This
could explain the occurrence of the NADPH oxidase
in very dense particles. We could not confirm the
results of Iverson et al. (28). In preliminary experi-
ments in which we measured NADPH oxidase by fol-
lowing the decrease in OD at 340 nm,* we found a
major portion of the activity to be associated with the
membrane fraction on top of the gradient, while
another portion was recovered from the fast-sedi-
menting fractions which contained the aggregated
material. The distribution profile obtained in a rate
sedimentation experiment at 6,500 rpm resembled

4 Dewald, B. Unpublished data.
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that of the NADPH-dependent cytochrome ¢ reduc-
tion. Segal and Peters (29), with preparations from
resting cells, also determined NAD(P)H-dependent
cytochrome ¢ reduction. They found a complex
distribution with activity in the plasma membrane,
mitochondria, and the cytosol fraction. These results
are not very different from our findings with resting
neutrophils, when one takes into account that differ-
ent fractionation systems were used. We also obtained
a trimodal distribution, with low activity (in absolute
terms), in the region of the gradient that contained
the membrane fragments, azurophil granules, and
agglutinated material (Results). However, when
components of activated neutrophils were fractionated
under the same conditions, the major portion of the
total activity was always localized in the membrane
fraction, as discussed above. Segal and Peters (29)
described the distribution of yet another activity, a
NADH-dependent nitroblue tetrazolium reductase,
which they found to be associated with the plasma
membranes. This enzyme exhibited no activity with
NADPH. It therefore does not appear to be related to
the O;-forming enzyme, which has a well known
preference for NADPH (4), but rather resembles
the NADH oxidase described by Briggs et al. (24).
Taken together, the fractionation data presented in
this paper, and the results of experiments with undis-
rupted cells by Briggs et al. (24), Goldstein et al. (25),
and Root and Metcalf (26), strongly support the hypoth-
esis that the activable Oz-forming enzyme of human
neutrophils is associated with the plasma membrane.
Such a localization has important functional implica-
tions. The phagocytic vacuole in which a microor-
ganism is segregated is produced by internalization of
plasma membrane, which forms the wall of the vacuole.
The Oz-forming enzyme, which is a constituent of this
vacuole wall, is thereby placed in close apposition to
the ingested organism. This spatial arrangement as-
sures that the highly reactive and short-lived micro-
bicidal products of the respiratory burst are delivered
onto the target organism with maximum efficiency.
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