THE RESPIRATORY BURST IN PHAGOCYTIC LEUKOCYTES

F. Rossi
P. Bellavite
G. Berton

INTRODUCTION

One of the properties shared by granulocytes and macro-
phages is that of undergoing a dramatic increase in respiration
during phagocytosis or following the interaction with certain
membrane perturbing agents. This "respiratory burst" results
in the production of large quantities of superoxide anion (05)
and hydrogen peroxide (H505) and, indirectly, of hydroxyl
radical (OH') and singlet oxygen (102) (1 - 8). The phenome-
non, first described as an increment in oxygen uptake in 1933
(1), has been extensively investigated during the last 20
years. In spite of this, a number of problems remain to be
clarified, such as the nature of the triggering events at the
level of the plasma membrane, the enzymatic basis of the stimu-
lation of respiration, the mechanism of oxygen reduction, the
mechanisms of enzyme activation, deactivation and inactivation,
and the relationships to other responses (secretion, movement,
arachidonic acid cascade), etc.
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The recent appearance of excellent reviews (9 - 15) and
the vastness of the subject relieve one of the obligation of
giving a complete survey and free one to present only some
facts and problems concerning the enzymatic basis of the burst
and the relationships between the activation of the primary
oxidase and the oxygen balance in intact cells.

THE PRIMARY OXIDASE

At present all authors agree that an oxidase that utilizes
reduced nicotinamide adenine nucleotides as substrate is in-
volved in the activation of respiratory metabolism in all the
phagocytic cells studied. The disagreements or doubts concern
the identification of the physiological substrate (NADH or
NADPH) , the mechanism of its oxidation, the involvement of
other cofactors such as cytochrome b (16), the subcellular lo-
calization of the oxidase, and the process of its activation.

The reasons for these disagreements are very complex (14).
There is a general agreement on the criteria for the recogni-
tion of an enzyme responsible for the respiratory burst (Table
I). Bases on these criteria, some hypotheses concerning the
involvement of myeloperoxidase (3), of amino acid oxidase (17),
or of ascorbate oxidase (18) have been ruled out. On the con-
trary, based on the same criteria, two enzymes are currently
believed to be involved: a "soluble NADH oxidase" that can be
measured in the supernatant of homogenates of guinea pig and

TABLE I. Criteria for the Recognition of the Enzyme Re-
sponsible for the Respiratory Burst

1. The enzyme must consume oxygen and produce 0. and H202

2. The activity must be increased in homogenates or in
cell fractions derived from stimulated cells

3. The degree of activation of the enzyme should correlate
with the intensity of the respiratory burst of intact
cells

4. The Ky for the substrate should fall in the range of the
physiologic concentration of that substrate

5. The inhibition profile of the enzyme should be similar
to that of the respiratory burst of intact cells

6. The enzyme activity should account for the net oxygen
consumption by intact cells

7. CGD cells are expected to lack the enzyme or the enzymatic
activity
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TABLE II. Methods and Conditions Used for the Assay of
NAD(P)H Oxidase

A. .Source of enzyme(s) Cells in resting state or activated
by different stimuli and for dif-
ferent times

Disruption of the cells by different
procedures (Potter type homogenizer,
sonication, freezing and thawing,
vigorous pipetting)

whole homogenate in sucrose

Whole homogenate in KC1

20-30-100,000 g supernatants
20-30-100,000 g pellets (postnuclear
or total)

Cell fractions obtained by different
methods of fractionation

Extracts
B. Conditions Acid, neutral or weakly alkaline pH
Presence of KCN, NaN3 or other iIn-
hibitors

Buffers: Phosphate, HEPES
Concentration of substrate: from
0.025 to 2 mM

Others: presence of manganese,
sucrose, ethanol, catalase

C. Methods of assay Oxygen consumption

NAD(P)H disappearance (directly)
NAD(P)'? formation (indirectly and
directly)

05 formation (SOD-sensitive cyt c
reduction)

03 formation (SOD-sensitive NBT re-
duction)

Hy0, formation

Reduction of artificial electron
acceptors

human granulocytes in isotonic KC1 (19, 28, 29), and a membrane-
bound NADPH oxidase (6, 7, 9, 22, 25).

It is likely that the main reasons for disagreement stem
from the methods and the conditions employed for the assay of
the enzymatic activity, and from the source of the enzymatic
preparation (different cell types, different state of their ac-
tivation, nature of the stimulating agents).
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TABLE III. Contribution of a Chain Reaction to the
NAD(P)H Oxidizing Activity of Cell-Free Particles from Phago-
cytosing Guinea Pig Granulocytes

NADPH . Chain reaction
DpH (mM) Total activity Absolute? % of total
5.5 1.0 72:7 58.6 80.6
7.0 I:0 42.0 22.1 52.6
5.5 Q.15 2809 10.1 44.1
7xQ 0.15 16.0 0.7 4.4

NADH

(mM)
5.5 1.0 38.7 26.2 67.8
7.0 1.0 37.0 19.3 52.1
5s5 0.15 2.1 0.32 15.2
7.0 0.15 52 0.32 6.2

anmoles O, consumed /2.5 min/mg protein.
Oxygen consumption was measured at 37°C with a Clark oxygen
electrode connected with a plastic chamber (27). The assay
medium contained 65 mM Na/K phosphate buffer, 170 mM sucrose,
2 mM NaN3 and NAD(P)H. The reaction was started by addition
of 0.5 to 1.5 mg protein. The volume was 2 ml. The contribu-—
tion of the chain reaction in the NAD(P)H oxidizing activity
was estimated by the inhibition of Oy consumption caused by
20 wg/ml of superoxide dismutase (26).

The Mechanism of NAD(P)H Oxidation Related to the
Conditions of the Assay

Table II summarizes the methods and the conditions more
frequently used for the measurement of the NAD(P)H oxidase ac—
tivity. We have compared the main methods of assay in cell-
free particles from phagocytosing guinea pig granulocytes (26).
The results can be summarized as follows: (1) at least three
components of the NAD(P)H oxidizing reactions can be identi-
fied, a univalent reduction of 0y, a divalent_reduction of 0y,
and a chain reaction, probably initiated by Op; (2) the rate
of these reactions and their reciprocal relations vary depend-
ing on the experimental conditions (pH, substrate concentra-
tion). Table III reports the percentage contribution of the
chain reaction in the oxygen consumption in the presence of
NADPH and of NADH by cell-free particles from stimulated guinea
pig granulocytes. It can be seen that the importance of this
reaction varies greatly depending on the experimental condi-
tions. For example, its contribution is very relevant (ex-
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pressed as absolute values or percentage) at acidic pH and at
high substrate concentrations. At neutral pH and at concen-
tration of substrates approaching the physiological ones, the
contribution of chain reaction is practically negligible.

These findings are worthy of some comments.

1. Some of the discrepancies on the kinetic properties of
the NAD(P)H oxidase can be explained by the difference in the
conditions and methods of the assay used. For example, a pH
optimum of 5.5 has been reported for the activity measured as
0O consumption or NADPH oxidation (27 - 29) and a pH optimum
of 7.0 when the activity has been measured as OE generation
(30 - 32). From the data presented above it is clear that at
acidic pH the chain reaction accounts for most of the oxygen
consumed and of NADPH disappearance. Thus the assay of the
oxidase at this pH might give erroneous information.

2. When the kinetic properties of the oxidase are to be
studied or when its activity must be compared with the respi-
ration of intact cells, it is advisable to choose conditions
in which the chain reaction is not operative. The best are:
pH 7.0 with 0.15 mM substrate by measuring the formation of
OE or the consumption of O,.

3. When the experimental goal is only the detection of
the activity of the enzyme, as, for example, in different cell
fractions separated with various methods of fractionation,
anyone of the procedures can be used. In some cases it might
be quite useful to favor the chain reaction. For example,
when the activities of the true enzymatic reaction (the uni-
valent reduction of 02) are low, the detection of a difference
in the activity between preparations from resting and from ac-
tivated cells might be facilitated by using conditions where
the rate of the chain is high. In some cases, the use of
manganese, which is known to greatly potentiate the chain reac-
tion (33, 34), might be very useful.

The Activity of the "Soluble" and of the Membrane-Bound
Oxidase(s) 1in Guinea Pig Granulocytes

Since 1964 we have shown, by using different conditions of
assay (acid and neutral pH, presence and absence of manganese,
different concentration of substrates) and by measuring the
oxygen consumption or the NAD(P)H disappearance (6, 7, 13, 27,
35 - 37), that in granulocytes and in macrophages of many mam-
malian species the primary oxidase is a membrane-bound NADPH
oxidase.

Recently Karnovsky's group (21) has extracted and charact-
erized from guinea pig neutrophils an oxidase specific for
NADH, with K, of 0.4 mM, pH optimum at 4.5 to 5.0, inhibited by
a variety of nucleotides and polyvalent anions. This enzyme is



A3TAT20® JO 2bhuRI SP passazdxa azp e3yEp B3 ‘A3TTIqRTIIRPA UYBTY 243 O3 ongy
TSjusuwTIodXs ¢ JO S T Sursw oIp elep ayyg .SN@@OHQ‘@E\EHE\wO Sorouu se usATHb aIe A3TATI
-0 9SPPIXO H(J)Q¥N FO sanrey "DoLE @Injersduay  *qos Fo bH ¢ OSTP pBUTPIUOD 5338AND 90U

-I3J8I ayj "HddQ¥N IO HOVN ‘o suwoxyo03ho i 0ST “(0°/ HA) SHITH W 06 :uws3shAs mmmw@w

NI TO°0 F £G0°0 WU 700°0 ¥ LTO"0 R W 9700 ¥ 9710°0 HdAQvN EM
W TT 0 F P9°0 waz £0°0 ¥ 97170 T Wiz £0°0 F 84T7°0 HAvN EM
0°8T T 0°5S 9°0 F z€°T -- 8€°0 F €470 maavn *F¥x
L8T F 6729 4570 F 46T -- 82°0 F 95°T gavn XFH
9°GT ¥ 62769 ECTO0 F 2670 69°0 - 0 9E°0 F vL°0 HdQ¥N wua 0°T
78 * 0/L°GP L0 ¥ vL°0 P00 - 0 6C°0 F 99°0 HdAVN WuW GT°0
E°9T ¥ 0p-€¢ ET°0 ¥ 88°T Ss°T -0 S0 F g2°T HQVN wu Q"7
79 ¥ 64787 LT°0 F T€"T LT - 0 20 ¥ LL°0 HQVN Wi GT°Q
seror3aed juejeuzadng gserorized juejeuzadng
9917-TT3D 99IF-TT9D
P3IPATIOC-H T ST792 burjysay

pNWd BTd ©ourny po3eAr31oy-wig pue buryssy woiy sjuejzeuzsdng pu® So[oT3IPgd 99I4-TTOD
hq uotzonpoxg Cp Juspusdsq-f (d)G¥N oy3 Jo ser319doid OT389UTY pue AITATIOV ‘AT TTIVI



The Respiratory Burst in Phagocytic Leukocytes 173

believed to function as a peripheral membrane protein in asso-
ciation with cytoplasmic surface of the cell membrane and to
have the potential to account for all the increase in Oy uptake
observed during phagocytosis of a wide variety of particles
(21) . We have reinvestigated the matter by measuring the oxi-
dase in HEPES medium and at pH 7.0, as OE forming activity in
supernatants, and in 100,000 g cell-free particles from resting
and PMA-treated guinea pig granulocytes of peritoneal exudates.
The cells were disrupted in alkaline KCl, a condition that has
been shown to solubilize the NADH oxidase from the membrane
(15, 38, 39).

The results (Table IV) are as follows:

1. The supernatants of resting granulocytes contain a
very low Oa—forming activity both in presence of NADH and of
NADPH; the pH optimum is between 7.0 and 7.5; the Ky is 0.18 mM
for NADH and 0.016 mM for NADPH.

2. The enzymatic activity and the kinetic properties do
not vary in supernatants of PMA-treated granulocytes.

3. The cell-free particles from resting granulocytes have
also a very low activity both with NADH or NADPH as substrates.
Because of the wide scatter of experimental data due to a very
low activity and to the turbidity of assay systems, the Ky
values for both the substrates have not been measured. The
feeling is that the oxidase activity is substantially in a dor-
mant state in resting guinea pig granulocytes, as it has been
shown in human neutrophils (40).

4. The oxidase activity of cell-free particles from PMA-
treated granulocytes is very high both with NADH and NADPH.

The K, is 0.6 mM for NADH and 0.05 mM for NADPH. Similar re-
sults have been obtained by measuring the oxidase as oxygen
consumption and NAD(P)H disappearance.

We have also compared the effect of various inhibitors on
the oxidase (s) of supernatants and of cell-free particles of
PMA-stimulated granulocytes, and on the stimulation of respi-
ration in intact cells. The oxidases of supernatants and of
cell-free particles, in presence of both NADH or of NADPH, and
the respiratory burst induced by PMA are insensitive to cya-
nide, azide, and rotenone. Furthermore, the respiratory burst
of intact cells as well as the oxidase activity, with NADPH, of
supernatants and of cell-free particles and the oxidase activi-
ty with NADH of cell-free particles are inhibited by 0.1 and
1 mM sulfhydryl reagent N-ethylmaleimide (NEM) (Table V and
Fig. 1). On the contrary the NADH oxidase of supernatants is
stimulated by N-ethylmaleimide.

A brief comment is appropriate. These results seem to us
very strong evidence that neither NADH nor NADPH oxidase of
supernatants of guinea pig granulocytes take part in the mechan-
ism responsible for the increased respiratory activity of these
cells. In fact, these activities do not fulfill the requirement
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TABLE V. Effect of Cyanide and N-Ethylmaleimide on
NAD(P)H-Dependent Op Production by Supernatants and Cell-Free
Particles from PMA-Activated Guinea Pig Granulocytes

Supernatant Cell-free particles
Additions NADH NADPH NADH NADPH
None 100 100 100 100
0.5 mM KCN 85 91 90 87
0.1 mM NEM 188 /il i =
1 mM NEM 179 36 17 23

dAssay system: see Table IV.

listed in Table I. In particular their activity (1) is very
low, (2) is not increased in the cell fraction derived from
stimulated cells, (3) is not adequate to account for the res-
piratory burst of intact cells, (4) is activated by NEM in
presence of NADH while the respiration of intact cells is in-
hibited.

We do not know whether the oxidation of NADH and of NADPH
by supernatants is performed by a unique or by different en-
zymes. The different effects of some inhibitors might favor
the second possibility. Also we do not know whether the ac-
tivity (or the activities) found in the supernatants is (or
are) due to enzyme(s) solubilized from the membrane. Some dif-
ferences in K, and in the sensitivity to inhibitors might be
an indication against this possibility. It is likely, how-
ever, that changes of some properties are due to solubilization.

The data presented up to now seem to us a good confirma-
tion of the results that we (6, 7, 27, 35, 36) and others (9,
22 - 25, 40) have published in the last 20 years. 1In other
words, we have shown here that the Og—forming activities bound
to some membranous structures of the granulocytes are involved
in the respiratory burst. In fact this NAD(P)H oxidase ful-
fills the requirements listed above (Table I). The comparison
between the values of K, and the concentration of NADH and of
NADPH inside the cells (Table VI) clearly indicate that the
physiological substrate is NADPH. A more complete survey of
the evidence in favor of the role of NADPH as substrate has
been published elsewhere by us (7, 13) or by others (9, 11).

The Primary Oxidase in Macrophages
Our knowledge of the enzyme(s) responsible for the respi-

ratory burst in mononuclear phagocytes is rather poor. We are
investigating this problem by measuring the "soluble" and the
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TABLE VI. Kﬁ for NADPH and NADH with Respect to the
Oxidase Activity of Cell-Free Fractions from PMA-Activated
Guinea Pig PMN, Compared with the Intracellular Concentration
of Reduced Nicotinamide Adenine Dinucleotides

NADPH NADH
(mM) (mM)
Ky, of supernatant 0.017 0.116
Ky of cell-free particles 0.057 0.64
Intracellular concentration
Sharra's group (41) 0.136 0:172
Rossi's group (27) 0.273 0.076
Frei's group? (42) 0.100 0.160

9Values calculated by Badwey and Karnovsky (21).

membrane-bound NAD(P)H oxidase activity in resident and in
elicited peritoneal macrophages of the guinea pig in resting
and in activated states.

In elicited macrophages (Table VII) the oxidase activity
of supernatants is very low and not modified in PMA-stimulated
cells. On the contrary, the oxidase activity of cell-free
particles is increased following the activation of the cell.
It is worthy to note that, practically, only the oxidation of
NADPH is increased. This finding and the values for their
avidity for substrate (Kp) clearly show that in the macrophage
only the activation of the NADPH oxidation is involved in the
respiratory burst.

The results obtained with resident peritoneal macrophages
are substantially similar to those obtained with granulocytes
as far as the activity, the activation and the kinetic proper-
ties (Ky) of the oxidase(s) of supernatant and of cell-free
particles in the presence of NADH and of NADPH are concerned.

The Localization of the Oxidase

In the last few years indirect and direct evidence on lo-
calization of the primary oxidase on the plasma membrane has
increased (31, 43 - 47). Data have been also published on in-
tracellular localization of the NADPH oxidase (48 - 50). It
is likely that the discrepancies depend on the methods of frac-
tionation of cell homogenates, on the different state and de-
gree of activation of the cells, and on the methods of assay
of the oxidase.
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We have reinvestigated the problem (50) by using PMA-
activated guinea pig granulocytes and macrophages and dif-
ferent methods of fractionation of cell homogenates (isopycnic
equilibration, rate zonal centrifugation in continuous sucrose
gradient, rate zonal sedimentation in discontinuous sucrose
gradient). The results (not shown here) demonstrate that the
distribution of the activated oxidase follows that of 5'-
nucleotidase and of acid pNPPase, enzymes that are markers of
the plasma membrane.

We are now measuring the oxidase in the membrane of the
isolated phagosomes from phagocytosing guinea pig granulocytes
and elicited peritoneal macrophages. We are performing this
investigation in order to make clearer the localization of the
Og—forming enzyme and also to understand whether the activation
of the oxidase takes place only in the invaginated portion of
the plasma membrane that is in the wall of phagosomes, or in
the entire plasma membrane. Preliminary results, of which one
example is reported in Table VIII, seem to indicate that the
activated NADPH oxidase is located only in the portion of the
plasma membrane that forms the phagosomes. In fact the enrich-
ment of the oxidase in the phagosomal fraction, expressed by
the relative specific activity, is much higher than that of
5'-nucleotidase, the typical marker of the plasma membrane.
This localization of the activated O3-forming enzymes is a
strategic one for the intravacuolar use of the radical and of
hydrogen peroxide.

RELATIONSHIP BETWEEN THE ACTIVITY OF NADPH OXIDASE AND THE
RESPIRATORY METABOLISM OF INTACT CELLS

One of the requirements to be fulfilled for the recogni-
tion of an enzyme responsible for the respiratory burst is
that its activity should account for the extra oxygen consump-
tion by intact cells. When we deal with this matter we are
faced with a number of problems. The main ones are the mechan-
isms of the activity of the oxidase on one hand, and the com-
plexity of the reactions involved in the oxidative metabolism
of the phagocytes, that is, in the Op balance of intact cells,
on the other.

The Stoichiometry of the Oxidase Reaction
On the basis of the overall reaction of the oxidase

(2 0, + NADPH —> 2 O, + NADP*) postulated by Babior et al.
(24), for every nmole of NADPH oxidized 2 nmol of O, are pro-
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duced. Under the conditions employed in the experiments re-
ported in Table IV we have found 0.4 - 0.8 nmol of OE produced
for 1 nmol of NADPH or of NADH oxidized. This defective meas-
urement of OE could be interpreted to mean (1) that there are
two pathways of oxygen reduction, a univalent one with forma-
tion of 05, and a divalent with direct formation of H,0,; or
(2) that there is only the univalent pathway but part of OE is
formed in a crevice of the enzyme or in a site not fully ac-
cessible to cytochrome c.

I shall now present some evidence against the first pos-
sibility, at least as far as the oxidation of NADPH is con-
cerned. The results reported in Fig. 2 show, in fact, that
the addition of deoxycholate (DOC) increases the production of
07 by cell free particles in presence of NADPH 2- to 3-fold.
The detergent increases the oxidation of NADPH only slightly
(+20%) . Therefore, under these conditions the ratio: 03
produced versus NADPH oxidized approximates the theoretical one.
These results indicate that the oxidation of NADPH in vitro by
cell-free particles involves mainly an univalent reduction of
0o with formation of 03. Thus the oxidase activity should be
assayed in presence of DOC in order to make a comparison with
the extra respiration of intact cells. Alternatively, the
values of NADPH-oxidase should be corrected by a factor calcu-
lated on the basis of the insufficient recovery of OE with re-
spect to the theoretical value. In our case the factor varies
between 5 and 2.5.

The Oxygen Balance of Whole Cells

The complexity of the oxygen balance has been extensively
discussed by us (51) and by others (14).

Briefly, the measurements of respiration on whole cells
refer to net oxygen uptake and give no indication of the total
amount of oxygen actually turned over. The net oxygen consump-
tion is the result of several reactions: reduction to 05
catalyzed by the oxidase, on one side, and reactions of dismu-
tation of 03 and of degradation of H50,, on the other (Table
IX) .

In the reaction of dismutation and in the catalytic degra-
dation of H,0, part of the oxygen consumed originally is re-
covered. Then the ratio between the extent of reaction 1 (that
is the amount of 03 formed) and the net oxygen consumption
varies depending on the extent of the oxygen returned, that is,
mainly through the agency of the degradation of H,0,. We have
shown (51) that in guinea pig granulocytes the ratic of O
formed to net O, consumed is 2.6. This means that in these
cells the activity of the NADPH oxidase measured after breaking
the cells would be adequate to account for the respiratory
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TABLE IX. Reactions Involved in Oxygen Consumption in
Whole Cells?®

1. 2 0, + NADPH Dz dase 2 o; + NADP'T + H'
= + dismutation
3, + 2H "
2 02 H2O2 02
catalase
3. 2 H2O2 2 HZO + 02
peroxidase
. +
4 H2O2 RH2 2 HZO + R
5. o+ X . o. + X
02 oxid 2 red
. O.+HO © o+ OH +
6 02 H2 2 OH OH O2
aj + 2 + 3 =2 05 formed, % Op consumed = Ratio 4 : 1.
1+ 2 + 4

=2 05 formed, 1 Oy consumed = Ratio 2 : 1.

burst only if its activity is at least 2.6-fold greater than
the net oxygen consumed by the cells.

Reaction 6 is very low as is shown by the very low amount
of hydroxyl radical measured during the respiratory burst (52).
Reaction 5 is excluded from the calculation. Assuming that
this reaction takes place, the ratio of 05 formation by the
oxidase to net Oy consumption would be even greater.

On the basis of the complexity in evaluating the real
occurrence of the reactions involved in the oxygen balance
in whole cells, it is clear that the estimation of adequacy
based on the comparison between the measurement of the oxidase
on cell-free particles and of the net oxygen consumption in in-
tact cells might be rather difficult. With this consideration
in mind, we now analyze the problem of the adequacy of NADPH
oxidase.

Adequacy of the NADPH Oxidase

Table X shows the comparison between the O, consumption
of activated cells and the activity of the NADPH oxidase ex-
pressed as 05 formation.

The data clearly show that the activity of the oxidase is
inadequate to account for the respiratory burst of intact cells.
The inadequacy remains or becomes even more relevant if the
values of oxygen consumption and of 05 formation by the oxidase
are corrected as discussed before, that is, by correcting the
first value by a factor of 2.6, and the second by 5 or by 2.5.
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TABLE X. Comparison Between O, Uptake by Intact Guinea
Pig Granulocytes and NADPH Oxidase Activity of Cell-Free
Particles

Experimental Corrected
Net O, uptake 4.7 + 1.35 12.29
(nmoles/min/106 cells)
NADPH oxidase 0.766 * 0.140 3.8b
(nmoles O}/min/cell—free 1.9%

particles from 106 cells)

dExperimental (4.7) X 2.6, that is the ratio OE formed/Oy
consumed (see reference 51). 12.2 are nmoles of O} actually
formed for a net Oy consumption of 4.7 nmoles.
bExperimental (0.766) x 5 (stoichiometry OE/NADPH 0.4 in-
steadcof 2 :0) &
Experimental (0.766) X 2.5 (stoichiometry O5/NADPH 0.8
instead of 2.0).

This inadequacy could be explained in different ways. One
is that, besides NADPH oxidase, other enzymes or other respi-
ratory systems are involved in the respiratory burst. Another
reason for the inadequacy is that we underestimate the oxidase
activity because the enzyme is inactivated or deactivated dur-
ing the procedures of cell disruption and the time of homogeni-
zation. It is known in fact that an inactivation of the oxi-
dase takes place during the burst (53) and that proteolytic
processes on the plasma membrane are activated by homogeniza-
tion (54). Thus, if the oxidase is measured soon after the
activation has taken place, and by using a procedure that al-
lows complete accessibility of thg substrates to the enzymatic
site and of cytochrome ¢ to the O, generating site, one would
expect that the actual activity of the enzyme could be fully
revealed. This expectation has been verified by using the ex-
perimental model described in Fig. 3.

The respiratory activity of intact cells stimulated by
PMA was measured as O, production. During the linear part of
the respiration, the cells were lysed and their respiratory
activity was abolished by adding deoxycholate (DC). At this
point, NADH 1 mM or NADPH 0.15 m¥ were added. The addition of
NADPH induces an instantaneous resumption of 05 production at
a rate similar to or even higher than that of the stimulated
cells. After the addition of NADH the 073 production also re-
sumed, but at rates much lower with respect to that of the
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Fig. 3. Continuous monitoring of O, production by guinea

pig PMN and by the NAD(P)H oxidase activity of the same cells
lysed with deoxycholate (DC). Assay mixture: 5 X 105 PMN in-
cubated in 1 ml KRP containing 0.5 mM CaCly, 5 mM glucose, 2 mM
NaN, and 150 uM cytochrome c. Temperature 37°C.
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stimulated cells. DC has no stimulatory activity on NAD(P)H
oxidase of resting cells.

Similar results have been obtained by measuring both the
respiratory burst of intact cells before the addition of DC,
and the oxidase activity after the addition of DC, as Oy con-
sumption with Clark oxygen electrode.

The validity of this experimental approach, that at the
same time avoids the inactivation and allows a good substrate-
enzyme interaction and a physiological fate of the inter-
mediates, is also shown by the data presented in Fig. 4. It
can be seen that the rate of respiration resumed after the ad-
dition of NADPH strictly parallels the extent of the activation
of the respiratory metabolism of intact cells induced by dif-
ferent doses of PMA.

These results indicate that the activity of the primary
oxidase that oxidizes NADPH, when measured in appropriate con-
ditions, is adequate to account for the respiration of whole
cells.

CONCLUSION AND SUMMARY

In conclusion the findings presented here are, in our
opinion, convincing evidence that the primary oxidase mainly
responsible for the respiratory burst in guinea pig phago-
cytes is an enzyme associated with the plasma membrane, whose
physiological substrate is NADPH and which fulfills all the
required criteria. In fact this oxidase (1) consumes O5 and
produces O, and H,0, after dismutation of 0,, (2) is activated
in cells stimulated by phagocytosis or by soluble membrane-
perturbing agents, (3) has a degree of activation that cor-
relates with the intensity of the respiratory burst of intact
cells, (4) has a K, that is in the range of the physiological
concentration of the substrate, (5) has a profile of inhibition
by various compounds similar to that of the burst of intact
cells, (6) accounts for the net oxygen consumption of the in-
tact cell.

Furthermore, the site where the activated enzyme works,
during phagocytosis, seems to be the portion of the membrane
that forms the endocytic vacuole.

The results presented here confirm also the existence of an
enzyme that oxidizes NADH in the supernatant of leukocytes homo-
genized in isotonic, alkaline KCl as described by others (19,
28, 29). This oxidase consumes O, and forms 05 and H,0,, but
does not fulfill the criteria required for an involvement in the
respiratory burst. In fact this enzyme (1) is not activated in
stimulated cells, (2) has a Ky for the substrate higher than
the physiological concentration of NADH inside the cells, (3) is
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assay conditions see Fig. 3.

activated by a sulfhydryl reagent while the respiratory burst

of intact cells is inhibited,

(4) has an activity that is very

low and does not account for the net oxygen consumption of in-
tact cells.

For the
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We have also shown in this presentation the existence of
a NADPH oxidase in supernatants of leukocytes homogenized in
isotonic alkaline KCl. It is likely that this enzyme is dif-
ferent from that which oxidizes NADH, i.e., the one isolated by
Karnovsky's group (19). In fact (1) the oxidase of Karnovsky
is specific for NADH (19), (2) the K we have measured in super-
natants for NADPH is one order of magnitude lower than that for
NADH, (3) the activity with NADPH is inhibited by sulfhydryl
reagents while that with NADH is activated.

In any case, the fact that the NADPH oxidase of supernatant
has a very low activity that does not change upon stimulation of
the cells with PMA indicates that this "soluble" NADPH oxidase
also has nothing to do with the respiratory burst.
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