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A B S T R A C T Isolated human polymorphonuclear leu-
kocytes were found to contain two distinct superoxide
dismutases, electrophoretically identical to the super-
oxide dismutases found in other human tissues. One is
inhibited by cyanide and is located in the cytosol. The
other is not inhibited by cyanide and is mitochondrial.
These findings disagree with reports by other labora-
tories, which did not find the cyanide-sensitive cyto-
plasmic enzyme. The superoxide dismutase-containing
preparation of leukocytes released large amounts of
superoxide into the medium when the cells were phago-
cytizing, suggesting that, if the cell population is homo-
geneous, superoxide production probably takes place
on the outer surface of the cell membrane, in addition
to inside the phagocytic vacuole.

INTRODUCTION
Prokaryotic organisms possess a manganese-containing
superoxide dismutase (1). Eukaryotic organisms con-
tain two distinct types of superoxide dismutases: a
copper and zinc-containing cytoplasmic enzyme (2)
and a manganese-containing mitochondrial enzyme (3).
Both superoxide dismutases catalyze the same reaction,

Oi- + Ois + 2H - H2O2+ 02,

and serve to protect the organism from the reactive
superoxide free radical, a common product of aerobic
metabolism (4). The cuprozinc enzymes are inhibited
by cyanide, whereas the manganoenzymes are not (5,
6).

DeChatelet, McCall, McPhail, and Johnston reported
that human peripheral polymorphonuclear leukocytes
contain only a cyanide-insensitive superoxide dismutase
(presumably the manganoenzyme), which is located in
the cytosol (7). More recently, Johnston and DeChate-
let revised their assessment of the superoxide dis-
mutase content of neutrophils, reporting that both
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cyanide-sensitive and insensitive enzymes are present
(8). An earlier study by Beckman, Lungren, and Tarn-
vik reported that polymorphonuclear leukocytes con-
tained only the mitochondrial type of enzyme (9).
These reports are contradictory, and two represent
rather dramatic departures from the consistent picture
established thus far by the many varied tissue sources
examined as to enzyme type and intracellular localiza-
tion. Therefore, it was thought worthwhile to in-
vestigate the situation once more. We find polymor-
phonuclear leukocytes to contain the same types of
enzyme in the same intracellular locations as all the
other eukaryotic tissue sources examined.

The question of the occurrence of superoxide dismu-
tases in leukocytes has become particularly interesting
in view of the finding by Babior, Kipnes, and Curnutte
that phagocytizing leukocytes produce superoxide and
release it into the suspending medium (10). Additional
evidence suggests that superoxide production may be
necessary for bactericidal action by leukocytes (11, 12).
Thus, it appears that these specialized cells purposely
produce the reactive O- and put the normally detri-
mental radical to good use.

METHODS
Isolation of cells. All procedures employed plastic or

siliconized glass containers. Venous blood was drawn from
human volunteers into heparinized syringes. The blood was
diluted fourfold with 0.9% saline and, following the pro-
cedure of Boyum (13), the monocytes were isolated in a
Ficoll-Hypaque gradient. The pellet containing the erythro-
cytes and polymorphonuclear leukocytes was brought to
the original volume with 0.9%o saline, then an equal volume
of 3%o dextran (Sigma Chemical Co., St. Louis, Mo., aver-
age mol wt 500,000) in 0.9%o saline was added. After 20
min of sedimentation under gravity, the supernate was with-
drawn and centrifuged at 120 g for 10 min. The pellet con-
taining polymorphonuclear leukocytes was freed of con-
taminating erythrocytes by suspension in 10 ml of 0.2%
saline followed 30 s later by the addition of 10 ml of 1.6%o
saline and centrifugation at 120 g. This hypotonic lysis of
erythrocytes was repeated until the pellet was visibly free
of erythrocytes. The leukocyte pellet was then suspended
in 0.5 ml of Ringer-phosphate buffer, pH 7.4, and micro-
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scopically examined. Cell viability, as judged by ability to
exclude trypan blue, was greater than 98%. The cells were
greater than 98%o polymorphonuclear leukocytes with less
than one platelet per four leukocytes.

For purposes of comparative electrophoresis, a suspension
of purified human platelets was generously provided by Dr.
P. A. McKee.

Polyacrylamide disk gel electrophoresis. The procedure
of Davis (14) was used with 10% acrylamide resolving
gels. The activity staining procedure described by Beau-
champ and Fridovich (15) was modified as follows: gels
were soaked in individual tubes in the dark for 40 min in
a single solution containing 50 mMpotassium phosphate,
pH 7.8, 1 mM EDTA, 0.25 mM nitroblue tetrazolium
(Sigma Chemical Co.), 20 mMtetramethylethylenediamine
(Eastman Kodak Co., Rochester, N. Y.), and 30 AM ribo-
flavin (Sigma Chemical Co.). Where indicated, the staining
solution also contained 1 mMpotassium cyanide. The solu-
tion was prepared in subdued light immediately before use.
After the soaking period, the gels were removed from the
solution and exposed to an incandescent desk lamp for
about 20 min. The photogenerated 02- reduced the dye to
the insoluble purple formazan except at those areas where
superoxide dismutase scavenged the radical, resulting in
achromatic bands.

Human liver, electrophoresed for comparison to leuko-
cytes, was obtained from autopsy at Duke University
Medical Center. Approximately 2 g of tissue was homoge-
nized at 4VC in 40 ml of Ringer-phosphate buffer in a
Sorvall Omni-Mixer (Ivan Sorvall, Inc., Newtown, Conn.),
then centrifuged at 5,000 g for 10 min. The supernate was
used for electrophoresis.

Subcellular fractionation of leukocytes. Leukocytes in
Ringer-phosphate buffer (2 X 108 cells/ml) were lysed by
20 strokes of a Potter-Elvejhem homogenizer, and centri-
fuged 10 min at 200 g to remove unbroken cells. The super-
nate was then centrifuged at 20,000 g for 30 min. The
resulting pellet was resuspended and treated with 0.2%
Triton X-100 to lyse the mitochondria. Both the supernatant
and solubilized pellet fractions were assayed for content of
cyanide-sensitive and cyanide-insensitive superoxide dis-
mutases.

Superoxide dismutase assays. Superoxide dismutase was
spectrophotometrically assayed by modifications of the assay
originally described in which the enzyme is detected by its
ability to inhibit the superoxide-mediated reduction of fer-
ricytochrome c by xanthine oxidase plus xanthine (2).
Xanthine oxidase, Grade I, and horse heart cytochrome c,
Type III, were obtained from Sigma Chemical Co. Assays
were routinely performed at 25°C in 20 mMsodium car-
bonate buffer, pH 10, containing 0.1 mMEDTA. The assay
for cuprozinc superoxide dismutase is 17 times as sensitive
at pH 10 as at pH 7.8, although sensitivity for the man-
ganoenzyme is not so markedly enhanced (5). Cytochrome
c reduction was monitored at 418 nm, where the difference
in molar extinction coefficients between the reduced and
oxidized forms was found to be 70,000, as compared to a
difference of 20,000 at 550 nm. Since superoxide dismutase
and cytochrome c are in direct competition for the super-
oxide generated in the assay solution, the sensitivity of
the assay increases as the cytochrome concentration de-
creases. Depending on the sensitivity required, the concen-
tration of ferricytochrome c in the assay was varied from
10 ,M to as low as 0.5 /AM. For any given set of condi-
tions, a calibration curve was obtained by using purified
bovine erythrocyte superoxide dismutase as a standard (2).

Reaction mixtures were monitored with a GCA/McPherson
model 707 spectrophotometer (McPherson Instrument Corp.,
Acton, Mass.), with full scale expanded to 0.1, 0.05, or
0.02 absorbance units. With all parameters optimized for
sensitivity, as little as 0.2 ng of cuprozinc enzyme could be
measured with confidence in a 1-ml reaction mixture.
Manganoenzyme was measured with 1 mMcyanide added
to the reaction mixture to inhibit any cuprozinc enzyme
present (5). Total superoxide dismutase was measured
without cyanide. Cuprozinc enzyme was calculated from the
difference between the two assays. Approximately 10' cells
contained sufficient superoxide dismutase for a single assay
of sonicated leukocyte suspension. Assays of the subcellular
fractions in the presence of cyanide required in excess of
108 cells per assay.

Superoxide production by leukocytes. Freshly prepared
leukocytes were induced to phagocytize by incubating the
cells at 107 cells/ml in Ringer-phosphate buffer containing
5% human serum in the presence of Escherichia coli at a
bacteria to leukocyte ratio of 5: 1. The incubation was at
370C. The bacteria had been frozen, thawed, and washed
twice with deionized water. To detect the release of super-
oxide into the medium, ferricytochrome c was added at a
concentration of 0.1 mM. To determine what fraction of the
cytochrome c reduction was superoxide mediated, a control
reaction mixture contained, in addition, 100 gg bovine super-
oxide dismutase. At timed intervals, 0.1-ml aliquots were
removed, diluted 10-fold with buffer and centrifuged at 5,000
g for 10 min. The supernate was removed and its absorb-
ance at 550 nm recorded. The cytochrome c in each sample
was then fully reduced by the addition of a few crystals of
sodium dithionite, and the difference between the two read-
ings was used to calculate the amount of ferricytochrome c
remaining and the amount of reduction that had occurred.

RESULTS

The results of activity-stained disk gel electrophoresis
of sonicated human polymorphonuclear leukocytes, with
homogenized human liver for comparison, are shown
in Fig. 1. The cyanide-sensitive and cyanide-insensitive
bands are electrophoretically identical for the two
preparations. Identical results were likewise observed
with human placenta, lung, and pancreas homogenates.
Platelet contamination of the leukocyte preparation was
low, and although platelets do contain superoxide dis-
mutase, we ascertained by electrophoresis of purified
platelets that the contribution of platelet superoxide dis-
mutase would he quantitatively insignificant. Quanti-
tative cuvette assays of the sonicated leukocyte prepa-
ration showed they contained an average of 5 X 10-15 g
of superoxide dismutase per cell, based on specific
activities of the purified human cytoplasmic (2) and
mitochondrial enzymes.' About 65% of the activity was
inhibited by cyanide. The total amount of activity is
about half the amount contained in the average red
cell, despite the considerably larger size of the leuko-
cyte. The results of the subcellular fractionation of
leukocytes indicate that the distribution of the two
superoxide dismutases follows the precedent set by

1J. Boyle, L. Rizzolo, and J. McCord. To be published.
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FIGURE 1 Results of polyacrylamide gel electrophoresis
stained for superoxide dismutase activity. Electrophoresis
and staining procedures were performed as described under
Methods. Gels labeled PMNreceived 30 ,Il of a sonicated
suspension of human polymorphonuclear leukocytes con-
taining 108 cells/ml. Gels labeled Liver received 5 pl of the
human liver preparation described under Methods. The
gels designated + were stained in the presence of 1 mM
potassium cyanide.

other tissues (3, 5, 9). The cytosol fraction (20,000 g
supernate) contained 1.7 times as much cuprozinc (cy-
anide-sensitive) enzyme as manganoenzyme (cyanide-
insensitive), whereas the particulate fraction which
would contain the mitochondria and granules (20,000 g
pellet) contained 1.4 times as much manganoenzyme
as cuprozinc enzyme. These results are based on spe-
cific activities of the two types of enzyme at pH 10
(5). Considerable cross-contamination is evident, but
this is probably due to the technical difficulties met in
breaking and fractionating the small amounts of cells.

The reports that polymorphonuclear leukocytes do not
contain cytoplasmic superoxide dismutase (9) and that
phagocytizing leukocytes produce and release super-
oxide (10) appeared in the literature at approximately
the same time and seemed quite compatible. The most
reasonable explanation seemed to be that if the cells
had no cytoplasmic scavenging system, any superoxide
produced in the cytosol by the various reactions of
aerobic metabolism might well survive long enough to
diffuse through the cell membrane and into the me-
dium. Our present finding that leukocytes do indeed
possess a cytoplasmic superoxide dismutase makes this
hypothesis less attractive. One explanation for the dis-
crepancy might be that since all the laboratories in-
volved used different methods for isolating leukocytes,
perhaps two different populations of leukocytes were

being studied. That is, some cells may lack cytoplasmic
enzyme and therefore release superoxide, while other
morphologically similar cells may possess the cyto-
plasmic enzyme and therefore would not release any
cytoplasmically generated superoxide. It was obviously
important to determine if our superoxide dismutase-
containing preparation of cells was capable of releasing
02- into the medium when the cells were phagocytizing.
The results of an experiment to answer this question
are shown in Fig. 2. Superoxide production was mea-
sured by the rate of superoxide dismutase-inhibitable
cytochrome c reduction taking place in the suspending
medium. E. coli were used to stimulate phagocytosis.
The cells produced O2- at a rate of 1 nm/min/107 cells.
This rate is 15 times the rate originally reported when
latex particles were used to stimulate phagocytosis
(10), but is comparable to more recent observations
which also used bacteria to stimulate the cells (12). If
our preparation represents a single homogenous popu-
lation of leukocytes, then cells which contain cytoplas-
mic superoxide dismutase do release O2- into the
medium when phagocytizing. It is also possible, how-
ever, that our preparation contains the two hypo-
thetical populations of cells, some of which contain
cytosolic superoxide dismutase and release no O2-,
others of which contain no cytosolic dismutase and do
release 02-. At present, we cannot conclude which situ-
ation exists.

One further possibility was considered which might
lead to two populations of leukocytes of differing super-
oxide dismutase content. It is established that phago-

minutes
FIGURE 2 Superoxide production by human polymorpho-
nuclear leukocytes. Each of the two reaction mixtures con-
sisted of 1 ml of Ringer-phosphate buffer, pH 7.4, con-
taining 5% autologous serum, plus 107 freshly prepared
human leukocytes, 5 X 107 E. coli, and 0.1 mMferricyto-
chrome c. The reaction mixture labeled +SOD received
in addition 100 ,mg bovine superoxide dismutase. The ordi-
nate represents superoxide detectable in the medium by
virtue of cytochrome c reduction.
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cytizing leukocytes produce hydrogen peroxide in ap-
preciable quantities (16) and that hydrogen peroxide
inactivates the cuprozinc dismutase at concentrations
of 0.1 mMor less (5, 6). Therefore, once a leukocyte
is metabolically activated, as a certain fraction of
peripheral leukocytes are at any given time, one might
expect to see the cytoplasmic enzyme activity rapidly
decrease due to inactivation by peroxide. To test this
hypothesis, a preparation of leukocytes was induced to
phagocytize E. coli under conditions similar to those
described in Fig. 2, except that no cytochrome c was
present. At 30-min intervals, aliquots of the incubation
mixture were treated with 0.2% Triton X-100 to re-
lease the leukocyte superoxide dismutase and centri-
fuged. The supernates were assayed for cyanide-sensi-
tive and cyanide-insensitive superoxide dismutase ac-
tivity. No decrease in either activity was observable
after 2 h, relative to the aliquot taken at zero time.
We conclude that hydrogen peroxide concentration in
the cytosol of phagocytizing leukocytes never reaches
levels high enough to cause inactivation of the cupro-
zinc enzyme, or that the time required for such in-
activation is longer than our period of observation.

DISCUSSION
The hypothesis that all oxygen-metabolizing cells must
possess superoxide dismutase in order to survive in the
presence of oxygen (4, 17) seems to be supported by
the present findings. From the published findings of
Beckman et al. (9) it appeared that polymorphonuclear
leukocytes might represent an exception to the rule,
but an exception with purpose. A prime objective of
the phagocyte is to kill bacteria. Superoxide, probably
via generation of OH secondarily, is bactericidal (18)
and leukocytes which cannot produce the radical cannot
kill bacteria (12). Thus, if a leukocyte generated 02-
in its cytoplasm by normal aerobic reactions but had
no cytoplasmic scavenging system, one might expect
that a bacterium held in a phagocytic vacuole might
be exposed to a lethal amount of superoxide. One might
also expect the leukocyte to be killed more quickly
than the bacterium, which is not the case. Our finding
of superoxide dismutases in leukocytes consistent in
type and subcellular localization with all other tissues
examined necessitates a refinement of this killing hy-
pothesis. If cytoplasmic superoxide dismutase exists
in the leukocyte, the 02- produced for bactericidal pur-
poses and detectable in the medium could not be gen-
erated in the cytoplasm, but must be generated outside
the cytoplasm, either specifically in the phagocytic
vacuole, or on the outer surface of the cell membrane,
which invaginates to line the phagocytic vacuole. Since
large amounts of superoxide are released from phago-

cytically activated leukocytes, we suggest that the site
of production includes the outer surface of the cell
membrane, in part or in toto. Granulocyte 5'-nucleo-
tidase has recently been shown to be located in such
a manner on the outer surface of the membrane (19).

Whether the bactericidal mechanism hypothesized
above is a physiological reality remains to be proven.
The relative merits of this scheme as an alternative
or additional killing mechanism to the proposed hydro-
gen peroxide-myeloperoxidase-halide mechanism (20)
likewise remain to be seen.
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