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Abstract—The formation of oxygen-derived free radicals by the phagocytes (neutrophils, eosinophils, monocytes
and macrophages) is catalysed by 4 membrane-bound NADPH oxidase which is dormant in resting cells and
becomes activated during phagocytosis or following interaction of the cells with suitable soluble stimulants. This
enzyme is under investigation in many laboratories but its molecular structure remains to be clarified. Possible
campaonents such as flavoproteins. cytochrome bs,;, and guinones have been proposed on the basis of enzyme
purification studies. effects of inhibitors. kinctic propertics and analysis of genetic defects of the oxidase. An
cxtensive discussion of the evidence for the participation of these constituents is reported. On the basis of the
available information on the structure and the catalytic properties of the NADPH oxidase. a series of possible
models of the electron-transport chain from NADPH to O, is presented. Finally, the triggering mechanism of the
respiratory burst is discussed, with particular reference to the stimulus-response coupling and the final modifi-
cation(s} of the oxidase (phosphorylation. assembly. change of tipid environment, etc.) which are involved in its
activation.
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INTRODUCTION

The generation of oxygen-derived free radicals such as
superoxide anion {Q,”), hydroxyl radical (OH-} and
singlet oxygen ('0,) and of hydrogen peroxide (H,0,)
represenis one of the main systems by which phago-
cytes kill invading organisms and tumor cells and may
cause other harmful effects in inflammatory pro-
cesses.'™® These intermediates of oxygen reduction are
formed by phagocytes (neutrophils, eosinophils,
menocytes, and macrophages) during the engulfment
of particulate matter or when the cells are stimulated
by a variety of soluble compounds. The peculiar met-
abolic pathway of activated phagocytes is called *'res-
piratory burst’* because it was first described as a sud-
den increase of oxygen consumption occurring a few

Born April 9. 1952 at Verona (Italy), Paolo Beilavite studied in
Classic Liceo secandary schools, then took a medical degree and a
specialization as hematologist at the University of Trieste. At present
he is employed as Associate Professor of General Pathology at the
University of Yerona. His reszarch area is the function, metabolism
and pathalogy of leukocytes. He is member of the European Socicty
for Clinical Investigation.

225

seconds after the interaction of the cell with the stim-
ulatory agent.”'? Early studies indicated that this ox-
ygen metabolic pathway is insensitive to cyanide and
therefore is independent of mitochondrial respira-
tion.'%"'? Following these observations, increasing ef-
forts were addressed to the investigation of the phag-
ocyte’s respiratory burst.

In spite of the great bedy of information accumu-
lated in the past 20 years, the nature of the free-radical
generating system has yet to be clarified. While there
is substantial agreement on the properties of the res-
piratory burst in intact cells and on its products and its
function in host defense and inflammation, there is
a series of newly generated questions concerning the
structure of the enzyme(s) involved and the mechanism
of its activation. Here the main body of knowledge
regarding phagocyte metabolism will be summarized,
consolidating detailed reviews which have been pub-
lished on this topic.'*!* Then, the most recent and
often controversial reports on the nature of the enzy-
matic system which is responsible for the respiratory
burst will be presented.
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1. THE RESPIRATORY BURST OF
PHAGOCYTIC CELLS

Oxidative metabolism was first studicd in intact
phagocytes. The increased oxygen consumption and
tree radical generation can be stimulated by a large
series of phagocytozable and soluble substances ca-
pable of reacting with specific receptors present on the
cell surface or by inducing other kinds of membrane
modification. A representative list of the compounds
and of the experimental conditions which activate the
respiratory burst is reported in Table |.

The increased respiration of phagocytozing cells is
accompanied by other metabolic modifications includ-
ing; (1) increase of glucose uptake® and catabelism
through hexose monophosphate pathway (HMP),*" (2)
decrease of the NADPH:NAD " ratio™ and GSH : GSS8G
ratio,® (3) production and release of hydrogen per-
oxide,* of superoxide anion,” of hydroxyl radical
of singlet oxygen,”” and (4) emission of photons of
light (chemiluminescence).”® Coincident with the
activation of these systems, the intracellular pH
undergoes rapid acidification. followed by gradual
alkalinization, due to extrusion of H™ through a re-
ceptor-activated Na*/H™ antiport.*-* All these bio-
chemical events are strictly interrelated and take place
almost simultaneously.™ A scheme of these interre-
lationships is proposed in Figure 1.

Virtually all the exira-oxygen consumption due to
functional activation by phagocytosis is converted first
to O, ", then to H,0, through the dismutation reaction:

02_ + 0:_ - 2H+_’02 “+ HgOg {].IJ

It has been calculated that only a minor portion of
O, that undergoes reduction can be recovered as O,
or H,0, in the extracellular environment, because
phagocytes utilize the products in phagocytic vacuoles
or destroy them through their powerful scavenger sys-
tems represented by superoxide dismuiase, catalase,
glutathione peroxidase, ascorbate and tocopherol. ™~

The extent of these phenomena and the stoichiom-
etries of 0,:0,7:H,™ vary according to the experi-
mental conditions, the cell type, and the stimulant em-
pleyed. Challenge of neutrophils with maximum doses
of opsonized zymosan or of phorol-myristate-acetate
{PMA, one of the most powerful soluble stimulatory
agents) triggers an oxygen consumption (and a corre-
sponding free-radical production) in the order of 5-10

pmol/min/10° cells.” It is a common experience of
investigators working with these cells to observe 10—
20 million neutrophils in the Clark-oxygraph, which
consume all the oxygen of the solution in a few min-
utes. Considerable differences in the extent of the ox-
idative metabolism among the various mononuclear

phagocytes have been reported.'”! Blood monocytes
arec more active than differentiated macrophages.® Par-
ticular types of tissue macrophages. such as liver Kupf-
fer cells. appear to be almost totally impaired in their
oxidative response.*' Release of O,~ and H,O, by pul-
menary alveolar macrophages is very low, due to the
high efficiency of their scavenger systems.* Under
appropriate stimuli such as inflammation, endotoxins,
or y-interferon, resident macrophages may maturate to
cell types which are more active in bactericidal and
cytotoxic functions. One of the characteristic modifi-
cations of “‘activated’ or “‘inflammatory™ macro-
phages is a higher production of oxygen-derived free
radicals. ™ * Interestingly. a phagoeytosis-associated
respiratory burst has been described even in protozoa
such as the amoebae 3

The time-course of the respiratory burst varies ac-
cording to the stimulant used. Some stimulants, such
as phagocytozable particles, induce a progressive in-
crease of respiration that accompanies the engulfing
act and ceases when phagocytosis is completed:™
chemotactic peptides trigger an almost instantaneous
increase of O, consumption that often shows biphasic
kinetics:* phorbol esters cause a progressive and ir-
reversible activation;® activation by sodium fluoride
shows a very long lag time.” The metabolic activation
is reversible upon removal of the activator, which can
be accompiished by washing the cells.” by displacing
the ligand from receptor with competitive sub-
stances.™* or by oxidative inactivation of the activator
itself.™ Once deactivated, the oxidative metabolism
can be reactivated by a second stimulus,™* but under
particular conditions a *‘desensitization’” of the system
may occur.”% Desensitization is stimulus-specific and
15 probably due to either down-regulation or uncou-
pling of the receptorial system. Different trom deac-
tivation is the termination of the respiratory burst tak-
ing place as a consequence of auto-inactivation of the
enzymatic system that generates free radicals. Such an
inactivation is due to toxic effects of hydrogen peroxide
and myeloperoxidase, which are released and accu-
muiate during the activation phase ™%

Considerable advances in the knowledge of the res-

Table |. Stimulants of the Phagecyte Oxidative Metabolism

Bacteria Opsonized 2ymosan
Latex particles N-formyl-peptides
Ol droplets Pyregen

Ca*" jongphores
Cytochalasins D and E
Phospholipase C
Concanavalin A
Leukotriene B,
Anti-leukocyte antibodics
Low-Na™ incubation buffer
Pilatelet activating factor

[gG-coated surfaces

{mmune complexes

Complement fragments C3a, C567
Fatty acids

Tumor necrosis factor

Phorbol mytistate acetate

Sodium fluoride

Diacylglycerol
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Fig. 1. Metabolic pathways of activated phagocytes. Perturbation of plasmamembrane (X) by various stimuiants {see text) leads
to activation of the primary oxidase (1) and of various cotrelated enzymaltic and nonenzymatic systems. (2a) spontangons
dismutation; (2b) superoxide dismuiase; (3) Haber-Weiss reaction; (4) myeloperoxidasc. (5) catalase; {6) glutathione peroxidase;
{7) glutathione reductase; {8) glucose transporter; (9) hexokinase: (10} glucese-6-phosphate dehydrogenase; (11} 6-phospho-
gluconate dehydrogenase; HMP = hexose monophosphate pathway.

piratory burst and of its mechanisms have been pro-
vided by studies on congenital and acquired defects of
phagacytic metabolism (Table 2). The prototype of the
congenital deficiencies is chronic granulomatous dis-
ease (CGD), a syndrome with many variants having in
common the complete lack of superoxide and hydrogen
peroxide generation by all types of phagocytes in the
homozygous form.*”~" For the biochemist and the ge-
netecist, CGD is a formidable nature-experiment which
is utilized for the investigation of the components of
the respiratory burst enzyme. Unfortunately, patients
affected by this disease (and also be severe glucose-6-
phosphate dehydrogenase deficiency) suffer serious in-
fections and often die in their early youth. Acquired
cellular defects are milder in their expression and do
not create severe clinical problems unless they are mul-
tiple or concomitant with leukopenija or with other im-
munodeficiencies. Table 2 also reports a list of drugs

that are known to inhibit the respiratory burst, Some
of them have a precise cellular target, while the effect
of others has not been explained yet. It should be pointed
out that many compounds that have been claimed to
be inhibitory were tested only in vitro and at concen-
trations far above those commonly used in therapy.

II. THE ENZYMATIC BASIS OF THE
RESPIRATORY BURST

The discovery of the peculiar oxygen metabolism
of phagocytes opened a large debate on its biochemical
basis. A variety of enzymes, such as NADH oxi-
dase,'®-" aminoacid oxidase,'™ myeloperoxidase,'®
NADPH oxidase, ™ !1%197 and NADH-NBT reduc-
tase,'%-11* have been proposed as the respiratory burst
enzyme.
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Table 2. Defects of Phagocyte Oxidative Metabolism

Reference
TFype of Defect Number
Hereditary diseases
Chronic granulomatous disease 67-72
Glucose-6-phosphate dehydrogenase deficiency 73
Glutathione peroxidase deficiency 74
Muol-glycoprotein deficiency 5
Acquired defects
Bums T76.77
Viral infections 78.79
Malnutrition 80
Iron deficiency Bl
Liver diseases 82-84
Type IV hyperlipuproteinemia 85
Anaesthetic agents 8688
Nonstercidal antiinflammatoery drugs 80-G3
Conicosteroids 94
Antimicrobial agents 9598
Busulphan, methotrexate 99,100

Most of these indications were not confirmed by
subsequent investigations, and NADH oxidase and
NADPH oxidase remained the sole candidate enzymes.
The debate over the true substrate (NADH versus
NADPH) was quite lengthy and various grguments in
support of each theory were reported,'>18/!711-113
Awaiting a definite clarification. frem time to time the
term NAD(P)H oxidase was also used.''*-!"7

In recent years, unequivocal evidence established
that the physiological substrate of the free radical gen-
erating oxidase is NADPH, although in the test tube
the enzyme is also capable of oxidizing NADH. The
main reasons for such a conclusion are as follows.

A. Coupling of the oxidase with HMP activity

The stimulation of HMP is supported by an increase
of the NADP* :NADPH ratio, i.e. by oxidation of
NADPH. Assuming that the respiratory burst was due
to NADH oxidase, the linkage between NADH oxi-
dation and HMP activity would be provided by ancil-
lary reactions, which oxidize NADPH to NADP*. The-
oretically, these reactions could be catalyzed by NADPH/
NAD™ transhydrogenase or by NADPH-dependent
lactate dehydrogenase. it has been shown that the ac-
tivity of these systems in phagocytes is too low to
account for a NADP™* production sufficient to sustain
all the glucose oxidation through the HMP.'® There-
fore, the HMP appears to be directly linked to oxygen
consumption through generation of NADP* by NADPH
oxidase. This is in agreement with the observation that
during phagocytosis the intracellular concentration of
NADPH decreases and that of NADP ™ increases, while
the NADH:NAD®' ratio does not significantly
change, '8 A gignificant contribution to NADPH con-
sumption in phagocytozing cells is provided by the

gluthatione cycle (see Fig. b3, which is an important
peroxide-scavenging system. However, the HMP is ac-
tivated even in conditions where the glutathione cycle
is not operative, as in guinea pig neutrophils.!!*-12!

B. Identification of the oxidase in
subcellular fractions

The superoxide-forming activity is detectable in
subcellular organelles (usually 27,000 X g pellet of
postnuclear supernatants, or membranes puritied through
sucrose or Percol] gradients) prepared from phagocy-
tozing cells. Both NADH and NADPH oxidase activ-
ities are triggered by phagocytosis or by soluble stim-
ulants. The Km for the substrate of the NADPH oxidizing
activity is close to the NADPH concentration in the
cell, whereas the Km of the NADH-oxidizing activity
is much higher, suggesting that the preferred physio-
logical substrate is NADPH, 1e-!13.117.018122

C. Adequacy of NADPH oxidase to account for the
respiratory burst

The activated oxygen consumption and the O, pro-
duction of intact neutrophils and macrophages is ac-
counted for by the oxygen-consumption and O, pro-
duction catalyzed by NADPH oxidase. This concordance
was demonstrated by a simple experiment where the
respiratory burst of PMA-stimulated macrophages was
monitored (Fig. 2).'222* After stimulation the O, pro-
duction increased until a linear rate was attained (trace
1). At this point the cells were lysed with deoxycholate
and the O, production ceased, but addition of NADPH
restored the activity at a rate similar to that sustained
by whole cells. A similar result was obtained by adding
NADP™ plus glucose-6-phosphate, which together with
glucose-6-phosphate dehydrogenase provided by the
cell lysate form a NADPH generating system (trace 2).
NADH was less effective than NADPH (trace 3), and
NADPH oxidase activity was undetectable in unsti-
mulated cells (trace 4). This experiment (and similar
results published by others)'®® demonstrated that both
the NADPH-dependent O, generating system and the
NADPH-generating system of phagocytes are compe-
tent for supporting the respiratory burst.

D. Studies of genetic defects

The primary molecular lesien in phagocytes of pa-
tients with CGD lies in the NADPH oxidase system,'*
while the deficiency of other enzymes in this disease
is controversial.'”~'¥ The absence of NADPH-de-
pendent O, formation in CGD could be due to (1)
lack of the oxidase or of one of is components, (2)
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Fig. 2. Spectrophotometric recording traces of 0, production by puinea pig peritoneal macrophages and by the cell lysate in
the presence of NADPH and NADH. O, was measured as ferricytochrome ¢ reduction at 37°C in a double beam spectropho-
tometer. Both the reference and the sample cuvette contained Krebs—Ringer—Phosphate buffer, pH 7.4, 0.15 mM cytochrome
¢, 2 mM NaN;, macrophages and the additions indicated in this figure. The reference cuvette contained also 0.03 mg of
superoxide dismutase (SOD). The final volume equaled 1 ml. DOC = sodium deoxycholate; DMSO = dimethylsulfoxide;
gluc -6-FP = plucose 6-phosphate. (Modified from Berton et al..'™ with permission),

structural abnormality, (3} defect of the activation sys-
tem. The following sections of this review will show
that all these possible defects have been found in var-
iant forms of the disease.

Additional evidence in favor of the NADPH oxidase
was provided by another genetic defect of leukocytes,
the deficiency of glucose-6-phosphate dehydrogenase.
Leukocytes of patients with severe expression of this
disease cannot regenerate NADPH and as a conse-
quence do not underge a metabolic burst during
phagocytosis.™”

IIl. MOLECULAR STUCTURE OF NADPH OXIDASE

In spite of a great number of investigations per-
formed during the past ten years, the structure and the
components of the free-radical generating NADPH ox-
idase have yet to be completely clarified. Several lab-
oratories, including ours, have attempted the extraction
and purification of the enzyme from neutrophils and
macrophages, in order to characterize its structure in

molecular terms. ' Ag a consequence of these stud-
ies, much information on the nature of NADPH oxidase
has been accumulated, but the data reported by the
various groups were often controversial. The main rea-
son for the difficulties of purifying the oxidase lies in
its extreme lability upon detergent extraction and
upon manipulation by the usual purification meth-
ods. 12114142 Eurthermore the NADPH oxidase is de-
tectable only when the enzyme is in the activated state,
and since little is known on the mechanism responsible
for this state, it is practically impossibie to reconstitute
the activity once it has been lost.

According to the most accepted hypothesis, the
NADPH oxidase activity is due to a membrane-bound
multicomponent system in which a flavoprotein, a &-
type cytochrome and possibly other cofactors (qui-
nones) are involved. These factors would be assembled
as an electron-transport chain capable of transferring
reducing equivalents from NADPH to molecular oxy-
gen with formation of O, 7.

Most of the data supporting this hypothesis (which
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will be detailed below) are based on indirect evidence,
because until now nobody has been able to purify the
complete system in a homogeneous and fully active
form. Nevertheless, various groups have investigated
the structure and the properties of individual compo-
nents of the system, even if these components were
devoid of enzymatic activity. This chapter deals with
both the attempts to purify the enzyme in active form
and the studies on the various putative components of
the system.

A. Extraction and purification of NADPH oxidase

Several groups have extracted and characterized in
solution the NADPH oxidase of neutrophils and mac-
rophages, ' 13-145-150 byt the first study reporting par-
tial purification of the enzyme from subcellular par-
ticles of activated human neutrophils was published by
Tauber and Goetzl in 1979."*' The NADPH-dependent
superoxide generating activity was extracted with de-
oxycholate and was partially stabilized in solution with
glycerol, ethylene glycol and Me,SO,. From the meth-
odological point of view, such 4 stabilization was very
important and was adopted by almost ail the following
investigators. The solubilized enzyme was resolved by
filtration through Sephacryl 5-200 in two peaks, one
of which appeared in the void volume (Mr > 300,000
daltons) and the other with apparent Mr of 150,000.
However, the mean specific activity of the two peaks
was very low, ranging from 1.2 to 2.4 nmol O, /min/
mg protein. The solubilized extract was also subjected
to isoelectric focusing and exhibited a peak of activity
with pl of 7.6-8.3 and 0.95 nmol O, /min/mg pro-
tein. The possible presence of heme or flavin cofactors
in these preparations was not investigated in this work.

Autor and Hoffmann'* solubilized with deoxycho-
late the NADPH oxidase from rat pulmonary macro-
phages, both unstimulated and treated with PMA. Fil-
tration of the solubilized preparation on a Sephacryl
S-300 column yielded several peaks of activity. All
the active peaks were electrophoresed on SDS-poly-
acrylamide gels and appeared to have in common two
polypeptide bands with Mr of 33,000 and 57,000.
However, the presence of other hands and the anom-
alous distribution of the activity in the column rendered
this report inconclusive.

The isolaticn of NADPH oxidase from guinea pig
polymorphonuclear leukocytes by nondenaturing gel
electrophoresis of Triton X- 100 solubilized membranes
was reported by Tamoto et al.'”” The enzyme was lo-
calized in the gel by NADPH-specific nitro blue tet-
razolium (NBT} reduction and exhibited a Mr of 150,000
in nondenaturing conditions. Biochemical characteri-
zation of this enzymatic activity showed that it was

trypsin-sensitive, insensitive to cyanide and inhibitable
by sulfhydryl reagents. Addition of microsomal cyto-
chrome b5 caused a dose-dependent increase of O, -
generating activity of the enzyme. On the basis of this
finding the authors suggzsted that probably NADPH
oxidase requires some cofactor for elicitation of its full
activity expression. However, the NADPH oxidase ac-
tivity of the purified preparations was not significantly
increased in the enzyme isolated from activated cells
as compared with the enzyme isolated from resting
cells. Therefore the criteria for an oxidase to be con-
sidered the true respiratory burst enzyme were not com-
pletely fulfilled.'® Moreover, it should be noted that
the detection of free radical formation by NBT-staining
procedures is not free of possible pitfalls, because
it has been shown that this reagent is reduced by O,
but may also generate O,  through nonenzymatic
reactions.'' %

Sakane et al'*%'% extracted from membranes of guinea
pig polymorphonuclear leukocytes a NADPH-cyto-
chrome ¢ reductase capable of forming O~ in the pres-
ence of menadione. The enzyme was purified over 110-
fold by gel filiration through Sephacryl §-300 and by
affinity chromatography on 2',5'-ADP-agarose. In the
gel filtration it exhibited an apparent Mr of 400,000,
but when analyzed by SDS-polyacrylamide gel elec-
trophoresis it gave a major band with Mr of 87,000.
It is conceivable that the higher Mr in nondenatoring
conditions was an overestimate due to aggregation and/
or to the presence of detergent bound to the protein,
The reductase contained FAD (5 nmol/mg protein) and
its O, -generating activity in the presence of mena-
dione had an optimal pH of 7.0-7.4, and a Km for
NADPH and for NADH of 25 wM and 230 pM, re-
spectively. The sensitivity to several inhibitors was
simmilar to that of NADPH oxidase in cell-free particles.
The enzyme also expressed 2,6-dichlorophenclinde-
phenol (DCIP)-reductase activity. On these bases, the
authors suggested that the purified NADPH-cyto-
chrome ¢ reductase is the putative flavoprotein of the
NADPH oxidase system responsible for the respiratory
burst. However the requirement of menadione for O,~
generation raises some doubt on the involvement of
this enzymatic activity in the respiratory burst. In fact,
since menadione can be reduced by a number of oxido-
reductases and rapidly autooxidizes, it cannot be ex-
cluded that apparent generation of O, by a flavopro-
tein in the presence of menadione is an experimental
artifact.'93-155

In our laboratory the purification of a free-radical
generating NADPH oxidase that is active in the absence
of exogenous cofactors and therefore endowed with all
its putative components was pursued. 7140144147148 /e
could not achieve complete purification owing to the
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instability of the activity in the presence of strong de-
tergents. but the analysis of partially purified prepa-
rations provided information on the nature of this en-
zyme. In the first series of experiments we extracted
with deoxycholate the NADPH-dependent O,  farm-
ing activity from PMA-activated ncutrophils of the
guinea pig."*H7-19% The solubilized enzyme was puri-
fied by chromatography on Ultroge! AcA22, by iso-
pycnie glycerol gradient centrifugation and by treat-
ment with 0.4 M NaCl. The distribution profiies of the
various fractionation procedures clearly showed that
the purification of NADPH oxidase was accompanied
by parallel purification of the [ow petential cytochrome
b. Therefore, we suggested that oxidase activity and
cytochrome b are closely associated. SDS-electropho-
retie gel analysis of the enzyme samples at increasing
purification states indicated that a protein band with
Mr of 32,000 progressively increased in the prepara-

tions as the purification proceeded. This protein was
absent in fractions of glycerol gradient, which were
devoid of oxidase activity.

We carried out further studies on pig neutrophils, a
particularly convenient source when large amounts of
starting material are required.'™** The enzyme was
extracted from membranes by treatment with a mixture
of deoxycholate and Lubrol-PX and the solubilized ex-
tract was chromatographed through an Ultrogel AcA34
column. As it can be seen from the elution profile
reported in Figure 3. the first protein peak contained
mostly NADPH oxidase activity and cytochrome b,
This peak corresponded to the void volume of the col-
umn, indicating that the enzyme was isolated as a high
molecular weight comptex (Mr > 350.000 daltons)
containing O, -forming activity (up 10 572 nmeles O,/
min/mg protein} and cytochrome b (up te 1.9 nmoles/
mg protein). This peak contained also phospholipids
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Fig, 3. Gel filtration of the solubilized extract from the plasma membranes of PMA-activated pig neutrophils. Membranes were
suspended in glycerol-phosphate buffer (530 mM sodivm phosphate buffer, pH 8.0, containing 20% glycerol, 2 mM EGTA, |
mM Mg80Q,. 2 mM NaN,. 2 mM phenylmethansulphonyl fluoride} and solubitized with 0.4% Lubrol-PX and .4% deoxycholate,
4 m!} of the extract (protein = 3.3 mg/ml: cytochrome by, = 2.31 nmoles/ml: FAD = (.03 pmoles/ml: NADPH oxidase =
601 nmoles O, /min/ml; NADH cytochrome ¢ reductase = 475 nmoles cytochrome ¢ reduced/min/ml) were chromatographed
theough an Ultregel AcA34 (LKB) column equilibrated with glycerol-phosphate bufier containing 0. 15% Lubrol-PX and 0.15%
deoxycholate and eluted with the same buffer. 1.5 ml fractions were collected at 2 flow rate of 18 ml/h. (From Bellavite et

al.."" with permission}.
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(=0.3 mg/mg protein) and very little FAD (=0.05
nmales/mg protein). A second broader peak was eluted
in the included volume. This peak contained most of
FAD and of the diaphorase enzyme NADH cytochrome
¢ reductase, Therefore this experiment indicated that
the bulk of FAD present in the membrane extract was
not related with the NADPH oxidase-cytochrome b-
phosphaolipids active complex, but was related with
other flavoprotein oxido-reductases. Electrophoretic
analysis of the active preparations from pig neutrophils
showed that a polypeptide with Mr of 32,000 strictly
paralleled the purification of the NADPH oxidase and
of cytochrome b.'“

Similar procedures of isolation were adopted for
preliminary investigations of the oxidase from guinea
pig peritoneal macrophages.'”” Owing to technical
probiems due to scarcity of starting material, the pu-
rification achieved with these cells was lower than that
achieved with neutrophils, but the results indicated that
the structure of the enzyme in the two phagocyte types
is qualitatively similar. The NADPH oxidase complex
isolated from macrophages contained cytochrome b (0.47
nmoles/mg protein) and FAD (0.09 nmoles/mg pro-
tein), in a ratio of 5.3: 1. The cytochrome b was char-
acterized by a midpeint potential (Em, ;) of — 247 mV,
similar to that of neutrophil's cytochrome { — 245 mV), '™
The solubilized and partiatly purified enzyme from
macrophages was insensitive to mitochondrial inhibi-
tors, was inhibited by p-chloromercuribenzoate and by
bathophenanthroline sulfonate and was specific for
NADPH as substrate.

Markert et al.’** and Glass et al.'"* reported the pu-
rification of the *‘respiratory burst oxidase’” of human
neutrophils by dye-affinity chromatography on Red-
agarose. The purified preparations were endowed with
very high enzymatic activity (5-10 pmoles O, /min/
mg protein) and this activity was elicited in phago-
cytozing neutrophils. It is therefore conceivable that
these authoss have purified the *‘true’” oxidase. The
SDS-gel electrophoretic pattern of these preparation
showed three major bands with Mr of 65-67,000, 48,000
and 32,000. Assuming that all these proteins are sub-
units of the enzyme, the overall molecular mass would
be =150,000 daltons. The oxidase preparations con-
tained a lot of FAD (20.4 nmoles/mg protein), whereas
heme was present in minimal amount (0.1 nmoles/mg
protein) and ubiquinone couid not be detected. The
authors gave two possible interpretations of these re-
sults: **1} the oxidase is a flavoprotein that requires
neither quinone nor heme for the catalysis of O, pro-
duction, or 2) the oxidase is actually an electron trans-
port chain from which we have purified the first com-
ponent—i.e. the pyridine nucleotide dehydrogenase.””
Whichever the correct interpretation may be, the pro-

duction of O, by a flavoprotein in the absence of
cytochrome & would seriously question the participa-
tion of this hemeprotein in the oxidase activity and
would contrast with our finding of copurification of
the cytochrome with the enzyme.'*%%* We therefore
repeated the procedure of purification by dye-affinity
chromatography and we looked at the possible presence
of heme chromophores.' Qur results indicated that
these enzyme preparations contained cytochrome b, of
which the absorption spectrum was disclosed by highly-
sensitive spectrophotometric techniques. We therefore
ascribed the reported lack of cytochrome & detection'*
to the sensitivity problems that could have affected the
assays of diluted samples. In the second paper from
the same group, the authors used a sensitive fluori-
metric method for the measurement of heme and reached
the conclusion that their preparations were devoid of
cytochrome b.'** However, carefui inspection of their
data reveals the presence of a substantial amount of
heme associated with the oxidase. In fact, from the
traces presented in Figure 2 of the quoted paper, it may
be calculated, on the basis of the standard traces of the
hemoglobin (which contains 4 heme/molecule), that
the purified oxidase with 8.9 pg protein contained about
0.0039 nmoles of heme. Therefore, the specific cy-
tochrome & content of that preparation was about (.44
nmoles/mg protein, a value that is higher than that of
whole cells (=0.1 nmoles/mg protein).” In ¢onclu-
sion, the participation of cytochrome b as a cofactor
in the human oxidase purified by dye-affinity chro-
matography cannot be ruled out.

The discrepancy between the literature data report-
ing high flavin and low cytochrome content with those
reporting high cytochrome and low flavin content is
remarkable. It would be desirable for other independent
groups to repeat the procedures published by the var-
ious laboratories in order to clarify this important point
regarding the components of NADPH oxidase.

In this context, surprising results were reported by
Doussigre and Vignais,'*! who purified a NADPH ox-
idase from bovine neutrophils by extraction with Triton
X-100, ion exchange chromatography, gel filtration
and isoelectric focusing. The final preparation was very
pure, as judged from SDS-electrophoretic analysis,
which showed only one major band with Mr of 65.000.
The purified enzyme was devoid of both cytochrome
b and flavin and still produced O, ™. The K,, for NADPH
was 30 uM, the activity was inhibited by the thiol
reagent, mersalyl, and by cibacron blu, but not by
cyanide. All these properties are compatible with a
function in the respiratory burst. A major criterion of
specificity that remains to be clarified is whether the
activity was increased in preparations from stimulated
cells. Another consideration concerning this important



0O,-forming NADPH oxidase

paper regards the marked inactivation of the enzyme
activity induced by detergent extraction and by frac-
tionation procedures. Even if the final enzyme prep-
aration was endowed with some residual O, -forming
activity, it is conceivable that the inactivation was due
to temoval of some other component in the presence
of which the activity would have been much higher.
One could speculate that the protein of Mr 65,000,
which is the only polypeptide present in the preparation
of Doussiere and Vignais,'' corresponds te one of the
subunits found by other investigators in their oxidase
preparations. '™ Interestingly, Doussieére and Vig-
nais concluded that “‘one cannot entirely exclude that
this molecule is the core protein with a redox center
of an oligomeric complex which would contain addi-
tional redox components capable of reacting rapidly
with O, to give O, . Possible candidates are a flavo-
protein and, less probably, the b-type cytochrome. In
our preparations these putative redox components could
be present in spectroscopically undetectable amounts,
but their turnover would be high enough to account for
the rapid production of Q;°.""

The results thus tar published concerning the at-
tempts of purification of NADPH oxidase are sum-
marized in Table 3. It can be seen that some resuits
from different faboratories are in substantial agreement
{i.e. the molecular mass of 150.000 of the whoie en-

(3]
(8]
Lt

zyme, the presence of subunits of 65,000 and of 32,000,
the absence of quinones), wiile others are different or
even opposite. This situation is a further suggestion
that the system is formed by several components, which
are loosely assembled so that different extraction and
purification metheds can dissociate them in a different
fashion. At present it is difficult to exclude the partic-
ipation of individual components or cofactors because
the apparent lack of flavin or of heme in a preparation
could be due either to sensitivity limits of the assays
(the reported protein concentration of the most purified
fractions was often very low) or to loss during some
experimental steps. Clearly, further efforts are required
in order to optimize the purification procedures and,
most important, to compare the results of different
ilaboratories in standard conditions. Perhaps only re-
constitution experiments will definitely solve the prob-
lem of the participation of constituent subunits in the
catalysis of the O, -forming activity. Until now, no-
body has suecceeded in this aim.

Besides the purification story, a series of indirect
evidence and of kinetic studies on both normal and
CGD neutrophils has provided additional insights into
the composition of NADPH oxidase. These studies are
the object of the following paragraphs which report the
evidence both in faver and against the involvement of
single cofactors in the oxidase system.

Table 3. Molecular Properties of NADPH Oxidase as Indicated by Purification Studies

Mr of Presence of
Enzyme M of Reference

Cell Type Complex Subunity Cytochrome & FAD Quinone Number

Human = 150,000 n.r, n.r. f.r, n.r. 131
neutrophils (and =300.000)

Rat alveolar nr. 52.000 nr n.r. 133
macrophages 57000 nr.

(Guineu pig 150,000 70000 M.r. o.r. n.r. 137
neutrophils

Guinea pig 406,000 87,000 n.r. Yes n.r. 136
neutrophils

Guinea pig High-Mr 32,000 Yey nr nr. 140
neutraphils complex

Pig High-Mr n.r. Yes Little No 138
ncutrophils complex

Pig 350,000 31.300 Yeu Litie n.r. 144
neutrophils

Hurman nr, 65,000 No Yes n.r. 142
neutraphils

Human =1 503,000 67.000 No Yes Ne 143
neulrophils 48,000

32,000

Human n.r. n.r. Yes Little n.r. 157
neutrophils

Bovine n.r. 63.000 No No n.r, 141
neutrophils

Guinea pig n.r. n.r. Yes Little n.r. 139
peritoneal
macrophages

Mole: n.r. = nol reporied.
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B. Cyviochrome by role and properties

All the phagocyte types express a membrane-bound
b-type cytochrome with unique properties.'™'* This
hemeprotein was discovered by Hattori'® and by Shin-
agawa et al.' and was called cytochrome b _ 445 from
its peculiar midpoint potential,’*® which is much lower
than that of most b-cytochromes. Others recommended
the name cytochrome bssy, from the a peak of the re-
duced-exidized spectrum.'®” Here the original namg
cytochrome bys'*'—or simply cytochrome b—will be
used. As judged from potentiometric titrations, the low-
potential cytochrome b is the predominant chromo-
phore in the membranes of neutrophils!®- 4183 and
macrophages.'” According to some authors,'®'%
cytochrome b is also present in specific granules of
neutrophils and translocates to the cell membrane
during the cell activation process (see Section V).

The evidence suggesting that cytochrome b.q is a
primary component of the O, -forming system is as
follows: (1) Patients affected by the X-linked form of
CGD have no cytochrome b in their leukocytes,’ 10
17 Moreover, variant cloned macrophage cell hines de-
fective in O, production exhibit structural or func-
tional abnormalities of cytochrome 4.7 (ii) Hybridi-
zation of monocytes from a cytochrome b negative
CGD patient with monogytes from a cytochrome & pos-
itive CGD patient reconstitutes the O, " -forming activ-
ity." (iii) During myelocyte differentiation, the cy-
tochrome b appears in parallel with the development
of the ability to perform the respiratory burst."*1% (jv)
Cytochrome bysy has the very low midpoint potential
(Em;q) of —245 mV,'*® —235 mV,'® —225 mV,'"?
—247 mV™®. This property suggests that the cyto-
chrome could be involved in the reduction of O, to
0, '3 gince the Em,, for the couple 0./0." at
Po: = 1 atm. is of about —330 mV, as recalculated
by Wood.'” (v) Cytochrome & in the membrane be-
haves as a terminal oxidase, since it binds carbon mon-
oxide, 1077 gt jg reduced in anacrobiosis,”” ™ and
it is rapidly reoxidized by oxygen.!” The anaerobic
reduction does not occur in neutrophils from cyto-
chrome b pesitive CGD patients, indicating that in this
variant of the disease the cytochrome does not function
as electron carrier.'™ (vi) Pyriding and imizadole, which
bind to heme of cylochrome bss; as judged by the spec-
tral changes they induce, inhibit the respiratory burst
in intact neutrophiis and NADPH oxidase in lysates.'®™

In apparent conflict with the previously reported
data, two lines of evidence have questioned the in-
volvement of cytochrome by in the oxidase activity.
the first one regarding the reduction of cytochrome b
by NADPH, the second one regarding the binding of
carbon monoxide. As far as the first question is con-
cerned, it has been observed that the rate of anaerobic

reduction of cytochrome » by pyridine nucleotides,
in subcellular particles,'#®-183183.158 or golubilized en-
zyme'**'¥7 is very slow and does not account for the
rate of O,  generation by the same preparation. This
discrepancy would argue strongly against any model
including the participation of cytochrome b as an oblig-
atory electron carrier in the O, -forming reaction.'®
It was therefore suggested that the oxidase works as a
branched electron transport chain, where only part of
the electrons that flow from NADPH to oxygen pass
through the cytochrome b.'% A relevant clarification
of this problem came from the work of Cross et al,'*
They were able to determine the rate at which cyto-
ctirome & is reduced by NADPH under aerobic con-
ditions, based on the extent of reduction at the steady
state and of the rate of oxidation by O,. It appears that
the cytochrome b reduction in aerobiosis is much faster
than in anaerohiosis and is very close to the measured
overall rate of NADPH dependent O, production. These
results demonstrate that oxygen is apparently required
for rapid electron flow into the oxidase complex, and
that cytochrome & is kinetically competent to act as
part of the O, -generating complex.

The second controversial question regards the bind-
ing of CO to the cytochrome bsy. The formation of a
CO complex, consisient with the proposed role as a
terminal oxidase, was demonstrated by many investi-
gators.!47.15{‘1.Jﬁ|.|63.[?3.m7 bu[ not by Others‘ll‘s,lﬁg More]
et al."*'"™ observed only limited changes in cyto-
chrome & absorption spectrum of CO-treated neutrophil
membranes, indicative of a poor reactivity to CO. This
is in agreement with the data of Cross et al..'"™* who
estimated that the concentration of CO giving 50%
binding is 1.18 mM, much higher than the Km for O
of the oxidase, which is of 0.01-0.03 mM, " PH-1%
The question was complicated by the demonstration
that the respiration of activated neutrophils is not af-
fected by CO, even at very low concentrations of O,
in the assay mixture.™ " Assuming that the cyto-
chrome b is a CO-reacting pigment and is the terminal
oxidase, it is difficult to explain why CO does not
inhibit the respiratory burst, Therefore, one is faced
with the following dilemma. which was well expressed
by Morel and Vignais:™ **Either cytochrome b is the
terminal oxidase, but it is not CO-sensitive; or cyto-
chrome & is sensitive to CO and cannot be the only
termipal oxidase’".

A possible explanation of these discrepancies could
be found in the paper of lizuka et al.'"® By using low-
temperature (77°K) absorption spectroscopy of whole
cells, the authors provided convincing evidence that
cytochrome by, at least in siti, does not form a com-
plex with CO (it should be noted that the studies re-
porting evidence of CO binding were done on subcel-
lular fractions or solubilized enzyme). According to
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these authors the absence of CQ binding does not rule
out a function as an oxidase, but only argues against
the formation of a cytochrome—oxygen complex. In
fact, the possibility of a transfer of electrons w0 Os,
not by way of the oxygenated form, but through the
heme edge of reduced cytochrome b could be taken
into consideration. '¥2 The present status of knowledge
of cytochrome b function does not allow any conclu-
sion about this particular aspect. The anomalous be-
haviour with respect to CO binding must be added to
the list of unusual properties of phagocytes’ cyto-
chrome bsqy.

Additional characteristic features of cytochrome b
that merit mentioning are the following: (i) the o band
of the spectrum scanned at 77°K shows a fine structure
with two components at 538 nm and at 556 nm.'* Only
the peak at 558 nm emerges upon stimulation of neu-
trophils in anaerobiosis. These data could suggest the
presence of two heme cofactors with distinct proper-
ties. (ii) Electron spin resonance of cytochrome b re-
veals an atypical spectrum that could indicate the pres-
ence of some nonheme metal.'®"*-'** (jii) The midpoint
potential exhibits a pH-dependency with a change of
approximately 25 mV per pH unit.”™ The Em,, was
modified from —245 mV to — (80 mV by | mM p-
chloremercuribenzoate, suggesting a structural or
functional role for -SH groups.'V

A number of groups have attempted the purification
and characterization of cytochrome b from neutro-
phils, #4.162.182.093-1% {Jpfortunately, even in this ficld
the various reports were often controversial. The first
claim of a purification of cytochrome &5, from human
neutrophils was from Segal’s group.'® The cytochrome
was isolated from neutrophils of patients with chronic
myeloid leukemia (their blood contains high concen-
tration of neutrophils, which aren’t much different from
the nermal ones), by a procedure involving solubili-
zation with Triton N-101, hydrophobic chromatogra-
phy and final purification on heparin-agarose column
etuted with NaCl gradient. The most purified fractions
had a specific content of 11-16 nmoles cytochrome b/
mg protein, representing a 140-200-fold purification.
On SDS-polyacrytamide gel electrophoresis, the pur-
ified material gave a broad band with Mrof 68—78,000.
Subsequent studies from the same group' showed that
cytochrome b is a glycoprotein and cleavage of car-
bohydrates changed the Mr to 55,000,

Pember et al.'® reported the purification of cyto-
chrome Bss from bovine neutrophils by using phase
partitioning with Triton X-114, followed by hydrox-
ylapatite- and hydrophobic-chromatography. Phase
partitioning demonstrated that cytochrome & is an in-
tegral membrane protein, in accord with another re-
port."" The final specific content was 20 nmotes
cytochrome b/mg protein, and SDS-urea gel electro-

phoresis showed three principal protein bands with Mr
of 14,000-12,000-11,000.

Lutter et al. *? purified cytochrome by, from human
neutrophils by solubilization with Triton X-100, fol-
lowed by chromatography on Blue Sepharose and Se-
phacry] 8-300. The specific content was 5.3 nmoles/
myg protein. The apparent molecular mass, estimated
by gel filtration, was 235,000 daltons, while SDS-gel
electeophoresis indicated a Mr of 127,000.

In our faboratory a method for purification of cy-
tochrome by, from pig neutrophils was developed.'*
We extracted the cytochrome b component from the
partially purified and active oxidase (see above) by
dissociation of the proteolipid complex with KCl, de-
oxycholate and Triton X-100. The activity was lost,
but the heme spectrum was still detectable, so that
cytochrome b could be purified through gel filtration
chromatography on Ultrogel AcA34 carried out in the
presence of KC| and detergents. The cytochrome-b
containing fractions were eluted in the included volume
of the gel filtration column, with an apparent molecular
mass of 170-230,000 daltons and a specific content
of 10.3 nmoles/mg protein. No flavin was associated
with purified cytochrome. SDS-electrophoretic anal-
ysis showed one definite band with Mr of 31,500 and
a light and broad protein smear at 90-100,000 daltons.
We therefore suggested that the 31,500-daltons pep-
tide. previously shown to be a component of the oxi-
dase complex,'*® actually belongs to cytochrome b or
15 one of its subunits. Subsequent attempts to improve
the purification of the 31,500 daltons peptide were
unsuccessful and invariably resulted in copurification
of protein bands around 100,000 daltons (P. Bellavite,
unpublished experiments). It is therefore conceivable
that these high molecular weight components also
belong to cytochrome b, and this could partially
reconciliate our data with those from other laborator-
ies.li'f.l‘.l‘:‘.1

Recently the cytochrome byss was purified from hu-
man neutrophils by Parkos et al.'**!* by solubilization
with octylglucoside, fellowed by affinity chromatog-
raphy on wheat germ agglutinin and then on heparin
ultrogel. The nondenatured protein had a molecular
weight of 202,000 daltons. SDS-gel electrophoresis.
revealed a broad band with Mr of 91,000 and a lower
molecular weight species with Mr of 22,000, Cleavage
of n-linked carbohydrates caused a change of Mr of
the larger species to 48,000 daltons. The authors were
also able to immunoprecipitate the hemoprotein with
specific antisera.

The literature data on the structure of the hemopro-
tein component of NADPH oxidase are summarized in
Table 4. A striking correspondence of the results from
several investigators can be seen as regards the mo-
lecular weight estimated in nondenaturing conditions,
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Table 4, Molecular Propetties of Cytochrome &y

Mr in
Nonderaturing Mr iz SDS- Reference

Cell Type Conditions Electrophoresis Number

Human Agprepate 68-78,000 193
neutrophils

Human n.r. 55,000+ 194
neutrophils

Bovine n.r. 14--12-11.000 162
neutrophils

Human 235,000 127,000 187
neutrophils

Pig = 200,000 31,500 id4
neutrophils

Human 202,000 91,000 195.196
neutrophils 22,000

48 000*

“After enzymatic removal of carbobydrate.

Note: n.r, = not reported.

i.e. about 200.000 daltons. Even if this value includes
the bound detergent and residual lipids, it indicates
either the presence of a relatively large protein (with
respect to other b-type cytochromes),'” or association
of subunits. The latter seems to be the case, as judged
by the variety of polypeptide bands that has been de-
scribed on SDS-electrophoretic analysis, The identi-
fication of the cytochrome & structure by SDS-gel elec-
trophoresis was very difficult due to a number of factors,
including dissociation of heme from apoprotein, pos-
sible proteolytic cleavage due to the abundance of pro-
teases in neutrophils, easy aggregation of the
cytochrome!? and differences among animal species
and purification procedures employed by the various
laboratories.

The preliminary amino acid analysis of purified cy-
tochrome & was also reported!®®!#%1* and is compar-
atively shown in Table 5. It can be seen that there is
a substantial agreement between the three groups, with
marked discrepancy for only a couple of amino acids
(Pro and Tyr). The finding of similar amino acid com-
position is encouraging, because it suggests that the

same cytochrome was purified by separate groups, even
if the SDS-electrophoretic analysis gave controversial
patterns.

Additional work is required for unequivocal char-
acterization of this cytochrome with its unusual struc-
ture and behaviour. Probably protein sequencing of
candidate subunits, gene cloning and production of
specific monoclonal antibodies will clarify any ques-
tions and facilitate the comparison of results obtained
in different laboratories.

C. Flavoproiein

Besides the data derived from purification experi-
ments (see above), a series of studies carried out on
crude enzyme preparation have produced important in-
sights on the possible role of a flavoprotein in the
NADPH oxidase system. Assuming either the involve-
ment of cytochrome bss; as the terminal oxidase of an
electron transport chain, or the direct formation of O~
by the oxidase, participation of a flavoprotein would
be theoretically obligatory, since no redox transfer be-
tween the two-electron donor NADPH and the one elec-
tron acceptor cytochrome & {or O, in the case of direct
formation of O,7) could be performed without an in-
termediate electron carrier.'®?

The first demonstration of a flavin cofactor require-
ment for the O, -forming enzyme came from experi-
ments showing that NADPH oxidase activity of cell-
free particles assayed in the presence of Triton X-100
required FAD ' Other cofactors (FMN, riboflavin,
ADP, AMP) were without effect. The FAD-require-
ment for NADPH-dependent O, -formation was
confirmed in preparations solubilized with Triton
X-100,"%22% with Tween 20, but not with deoxy-
cholate. 1147

Additional evidence suggesting the participation of
a flavoprotein is as follows. (i) According to Light et
al.,'* the enzyme activity is inhibited by micromolar

Table 5. Preliminary Amino Acid Composition of Cytochrome &y,

Reference Number

Reference Number

Hydrophilic Hydrophobic
Amino Acids 187 162 194 Amino Acids 187 162 194
Asx 2.0 7.4 8.2 Pro 5.4 14.1 1.4
Glx 9.8 5.8 9.0 Gly 9.1 0.8 9.4
His I.5 3.3 4.9 Ala 8.0 6.6 9.2
Lys 5.7 4.6 5.0 Val 5.3 5.5 7.2
Arg 5.1 4.2 5.7 Met 0.9 1.4 1.7
Ser 8.5 6.2 58 lie 4.4 5.8 6.1
Thr 5.0 8.6 ol Leu 8.5 9.2 10.3
Tyt 9.4 30 3.5
Phe 4.4 4.2 5.6

Total hydrophilic 4.6 30.8 443

Note: Values are mole percent.
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concentrations of 5-carba-5-deaza-FAD, a flavin an«
alogue that is only competent for two-clectron trans-
fers. On the basis of this finding the authors suggested
that this analogue completely displaces residual FAD
from the apoenzyme and that the physiological oxidant
of the flavoenzyme is a one-electron acceptor. How-
ever, it must be pointed out that other interpretations
of the effect of 5-deaza-flavin are possible, because
this compound appears to be a nicotine analogue as
well as a flavin analogue.”™ (ii) According to Cross et
al.,'*¥ addition of NADPH to anaerobic preparations
of solubilized NADPH oxidase caused reduction of
FAD with kinetics similar to those of cytochrome b
reduction. The initial rates of reduction of each pros-
thetic group were higher in preparations from PMA-
treated ceils as compared with those from unstimulated
cells. (iii) Gabig and Lefker® were able to resolve the
flavoprotein from cytochrome b by differential cen-
trifugation of solubilized membrane extracts. The re-
solved flavoprotein was anaerobically reduced by
NADPH and was rapidly reoxidized upon addition of
oxygenated buffer. The cytochrome b was anaerobi-
cally reduced by NADPH in the intact particulate ox-
idase, whereas reduction did not occur in the cyto-
chrome reselved from the flavoprotein. (iv) Electron
spin resonance studies on both stimulated and resting
neutrophil membranes®™ showed formation of flavin
free radical with spectrum at g = 2.004, with a peak
to peak width of 19 G, suggesting that the redox in-
termediate is a newtral semiquinone. The authors could
alse calculate the Em, ; of the couples FADH, = FADH"
and FADH' = FAD, which were —256 mV and — 304
mY, respectively. Interestingly. the flavin free radical
was generated by reduction with dithionite in both rest-
ing and activated membranes, while it was generated
by NADPH reduction only in active preparations. (v)
O, generation by NADPH oxidase is inhibited by
antibodies to an homologous liver flavoprotein
(NADPH-cytochrome P450 reductase).”™ (vi) In neu-
trophils of some CGD patients, a deficiency of flavo-
proteins has been found.?*5-27 According to Borre-
gaard and Tauber,'"” the defect would be in regard only
to a flavoprotein species that is present in the specific
granule fraction of unstimulated cells and is function-
ally associated with cytochrome bys;. Larger statistics
were published by Bohler et al.' and by Ohnoetal.,'”
who found a decrease of FAD content in 4 of 28 and
4 of 25 CGD patients studied, respectively. Both groups
noted that most of cytochrome & negative patients had
normal amounts of FAD, all CGD patients with re-
duced FAD also lacked cytochrome & and all CGD
patients with normal amounts of cytochrome b had
normal FAD, The simultaneous deficiency of both fla-
voprotein and hemeprotein raises the question of the
mechanism by which a presumed single gene defect

(see Section lI1.E.iv) results in a dual protein abnor-
mality. The possibility has been suggested that the
oxidase is actually a flavocytochrome & where the de-
fect in CGD may touch the common apoprotein, the
heme or the FAD.'""' The hypothesis is attractive, but
is in conflict with other evidence indicating that fla-
voproteins and cytochrome b can be physically dis-
sociated by detergents.'®” 22 Until further characteri-
zation of the genetic background of CGD syndrome
and of the genetic NADPH oxidase gene(s) expression,
transcription and translation is accomplished, any ex-
planation must remain speculative.

Taken together, the above data provide overwhelm-
ing evidence implicating a flavoprotein in the NADPH
oxidase of activated neutrophils. The only criticism
that may be raised to the studies regarding the prop-
erties of the flavoprotein is that the investigations have
been done on crude subcellular particles or detergent
extracts and not on purified enzyme. Of course, this
was often an obligatory choice due to technical prob-
lems or to scarcity of material. However, while cy-
tochrome bss, represents the predominant and perhaps
the only cytochrome species of neutrophil membranes,
a variety of flavoprotein species are present in the par-
ticulate fractions of neutrophils and can be extracted
by detergents, '%146.197, 208209 Amgng these flavoproteins
there are oxidoreductase enzymes which have nothing
to do with the true respiratory burst enzyme,'?#20%210
Therefore, the finding of FAD reduction in membranes
or in crude detergent extracts does not demonstrate that
reduced flavoproteins belong to NADPH oxidase. Sim-
ilarly, the finding of a FAD : cytochrome & ratio ranging
from 0.5:1 to 2:1 in membranes or phagocytic
vacuoles'®?-202.205. 208211 does not demonstrate that this is
the actual stoichiometry in the oxidase complex.

Indirect evidence that these criticisms on the study
of flavoproteins in unpurified fractions are well-grounded
derivatives from the observation that in CGD patients
the flavoprotein deficiency is, where present, only par-
tial, while the cytochrome b deficiency is total . '"!172.19%.205

In the course of our studies on pig neutrophil oxi-
dase, we analyzed the flavin content of enzyme prep-
arations. '™ The main finding were as follows: (i) mem-
branes and crude detergent extract from pig neutrophils
contain flavoproteins (containing FAD and not FMN)
in a ratio of 1:2 with respect to cytochrome b; (1) most
of the flavoproteins of the membrane extract may be
chromatographically dissociated from NADPH oxidase
activity and cytochrome &; (iii) the flavoproteins, which
may be separated from NADPH oxidase activity and
cytochrome b, have NADH- and NADPH-dependent
cytochrome ¢ reductase activity and 2,6-dichlorophen-
olindophenol (DCIP) reductase activity (disphorase ac-
tivitics). Probably these activities are not involved in
the respiratory burst enzyme, as judged from their dif-
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ferent substrate specificity (NADH instead of NADPH)
and different Km for NADPH ** (iv) the ratio FAD:
cytochrome & in the partially purified and active en-
zyme complex is about 1:20. We advanced two pos-
sible explanations for these rather unexpected find-
ings."**" First, the oxidase would be composed of one
flavoprotein surrounded by many cytochrome & mol-
ecules. A similar model was proposed for explaining
the nonequimolar concentration of flavoprotein and cy-
tochrome P450 in liver microsomes.?'* The second paos-
sibility is that the small amount of FAD found by us
in the oxidase complex actually represented a contam-
ination by NAD(P)H diaphorases due io incomplete
purification. If this is the case, one should conclude
that NADPH-dependent Q,~ formation may be cata-
tyzed by a FAD-independent pathway. The latier hy-
pothesis seems to agree with some results of Doussiére
and Vignais (see Section II),"" but contrasts with all
the above reported evidence in favor of participation
of FAD and does not explain how a two electron donor
(NADPH) reduces a one electron acceptor (the heme
group or O, in the case that O, is formed). Theoret-
ically, such a function could be accomplished by other
electron carriers involving either thiyl and phenoxyl
free radicals,” or metal atoms such as iron, molyb-
denum or copper." The inhibitory effect of sulfhydryl
reagents'* and of bathophenanthroline sulfonate, '™+
a lipophilic iron chelating agent, is compatible with
this possibility, which at present cannot be excluded.
In conclusion, most evidence is strongly in favor of
the flavoprotein nature of the NADPH oxidase and
therefore of the participation of a FAD-containing
NADPH dehydrogenase in the catalysis. However, some
indications coming from purification studies point out
that the situation is probably more complex than that
predicted by an equimolar FAD: cytochrome b ratio.

D. Quinones

In analogy with the mitochondrial respiratory chain,
quinones have been implicated in the hypothetical elec-
iron transport chain responsible for O, production,
where they could mediate the electron transfer between
flavoprotein and cytochrome &, which are embedded
in the lipid milieu of the membrane. However, the
experimental evidence supporting this hypothesis is
controversial, since apparently clear-cut data both in
favor and against the participation of these electron
carriers have been published.

Presence of quinone, identified as ubiquinone-10
(Q10), was discovered in lipid extracts of human neu-
trophils.?""%'® The concentration of ubiquinone (0.06
nmeles/mg protein was close to a 1:1 stoichiometry
with cytochrome 5.2'? Similar values (0.1 nmoles/mg
protein) were reported by Crawford and Schneider,?®

who subsequently found enrichment of ubiquinone in
phagolysosomes, possibly due to translocation from a
ubiquinene-rich granule pool.’ Gabig and Lefker??
analyzed the content of electron carriers in neutrophil
membranes, where they discovered FAD, ubiquinone
10 and cytochrome bys ina 1.3:1:2 molar ratio, 60%
of quinone was reduced by NADPH under anaerobic
conditions, irrespectivé of whether the membranes were
obtained from sttimulated or from resting cells. Since
cytochrome & reduction by NADPH could only occur
in the membranes from stimulated neutrophils, the au-
thors propesed a model where the activation of the
oxidase consisted in the “*unblocking’’ of electron flow
from QQ,, to the cytochrome b, thus allowing the ter-
minal exidase component to reduce oxygen.

On the other hand, Cross et al.?** showed that the
ubiquinone in neutrophils is almost exclusively asso-
ciated with mitochondria, and Lutter et al.?! did not
find any ubiquinone- 10 in neutrophil cytoplasts {neu-
trophil subceltular fractions which are devoid of nuclei
and of organelles but contain an intact, activatable ox-
idase system). No quinone could be extracted from
partially purified and active NADPH oxidase.'*'** Fi-
nally, Green and Beck {personal communication) de-
pleted neutrophil membranes of ubiquinene-10 by pen-
thane extraction, but the NADPH-dependent O,
formation was not significantly altered by this treatment.

The above data lead to the embarrassing alternative:
are the findings of quinones due to the contamination
of the preparations by other quinone-rich organelles,
or are the negative results due to sensitivity of the
assays and/or inefficient extraction? Of course, we
agree upon the former explanation, since our analysis
of partially purified enzyme was negative, 138, but
one must acknowledge that the alternative explanation
cannot at present be excluded.

The second line of debate about the role of quinones
concerns the effect of these compounds or of their
inhibitors on NADPH oxidase activity. Ubiquinone was
proposed as a possible electron carrier on the basis of
the stimulatory effect exerted by short-side-chain qui-
nones (ubiquinone 5 and duroquinone) on the oxygen
consumption by both intact cells and homogenates in
the presence of NADPH.?*® Oxygen metabolism was
mhibited by a number of compounds with ubiquinone-
like structures, such as Juglone, quercetin, and nor-
dihydroguaiaretic acid (NDGA).** Furthermore, mem-
branes and phagocytic vesicles of neutrophils contain
NADPH-dependent quinone reductase activity *'7-24.23

In our opinion, the above reported effects of qui-
nones are too indirect to be considered as positive evi-
dence of the involvement of these electron carriers in
O, production. The inhibitors could have other un-
related targets, as has been shown for NDGA, quer-
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cetin and menadione. 22 The NADPH oxidase ac-
tivity, which was stimulated by duroquinone,*?® exhibited
kinetic properties (Km for substrate) much different
from these which are characteristic of the respiratory
burst enzyme. Finally, the addition of exogenous qui-
nones to membrane preparations that contain diaphor-
ase enzymes is expected to divert electrons from the
normal acceptors towards molecular oxygen.'™!> In
conclusion, the involvement of certain quinones in the
phagocyte NADPH oxidase cannot be ruled out, but
should be carefully reevaluated.

E. Other candidate, components of the oxidase

Additional factors or proteins possibly involved in
the structure or function of the enzyme have been sug-
gested on the basis of the following experimental
findings:

(i) A role for phospholipids was first suggested by
Gabig and Babior,'* who showed that phosphatidyl-
ethanolamine (but not phosphatidylcholine or phos-
phatidylserine) is able to stimulate O, formation by
the Triton X-100 solubilized enzyme. The NADPH
oxidase extracted with deoxycholate contained consid-
erable amounts of phospholipids,'®!** mainly phos-
phatidylethanolamine and phosphatidylchotine. In ad-
dition, cytochrome by, was shown to be an integral
membrane protein, which is large enough to span the
liptd bilayer.'®-"%7 All these data are consistent with a
structural requirement of phoespholipids for O, form-
ing enzyme. The possibility that the lipid milieu also
plays a role in the triggering of the oxidase will be
discussed in Section V.

(ii) Cross and Jones™ reported that a novel inhibitor
of O, production from the solubilized oxidase (di-
phenylene iodonium, DPI) specifically bound to a pro-
tein of 45,000 daltons. The binding was competitively
inhibited by NADPH. Since DPI also abolished the
NADPH-dependent reduction of both cytochrome b,
and flavoprotein in anaerobiosis, the authors suggested
that the site of action of DPI is at the level of (or
possibly before) the flavoprotein, and that the flavo-
protein contains a polypeptide with Mr of 45,000,

(tii) A possible component of the oxidase was de-
scribed by Umei et al.,' who used the 2’,3'-dialde-
hyde derivative of NADPH as an affinity labeling re-
agent of NADPH oxidase. The analogue competitively
inhibited NADPH-dependent O, formation by solu-
bilized enzyme preparations, and the inactivation was
protected by excess NADPH, indicating that the com-
pound did effectively interact with the binding site of
the enzyme. The labeling of the dialdehyde-derivative
treated oxidase was carried out by irreversible reduc-
tion with sodium cyanoboro [*Hlhydride. 8DS-gel

electrophoresis of the labeled enzyme allowed the iden-
tification of a major peak of radioactivity with Mr of
66,000, It is conceivable that the 66,000 daltons poly-
peptide is the NADPH-binding component of the ox-
idase system. It is worth pointing out that a protein
with the same molecular weight was found by others
in purified oxidase preparations.™'"* Unfortunately,
Umei et al.>*! could not demonstrate whether their la-
beled protein contained flavin and heme because the
method dissociated any putative cofactor, if present,
According toapreliminaryreportfromthe samegroup,™?
the NADPH analogue bound to the 66,000 daltons pro-
tein in CGD patients with both X-linked and autosomal
recessive forms, indicating that the NADPH-binding
domain is intact in this disease. The identification of
a protein with Mr of 65,000 as the NADPH-binding
component of the enzyme was also recently reported
by Doussiére et al.™*

(iv) An interesting approach to the nature of the
respiratory burst enzyme was followed by the Orkin’s
group, 3% who identified a gene locus involved in
CGD on the short arm of the X chromosome. The gene
was ¢loned and found to be defective in one patient
with X-linked CGD and abnormally transcribed in an-
other three. The nucleotide sequence of complemen-
tary DNA clones predicted a translation product of 468
amino acids with an estimated Mr of 54,000. In the
aminoacid sequence, four potential N-linked glycosi-
lation sites and one extensive hydrophobic segment
were evident, indicative of a membrane-bound gly-
coprotein. The authors® suggested that the protein
(designated as **X-CGD protein'’) is an essential com-
ponent of the oxidase system of the phagocyte, but
they couldn't find significant homology to other known
sequences, The aminoacid composition was also dif-
ferent from that reported for purified cytochrome bssg.
So it could be another redox component of the oxidase
system or a protein involved in the process of synthesis
and assembly of the oxidase. Afterwards, others pointed
out that the predicted X-CGD sequence contained a
region similar to the heme-binding region of cyto-
chrome P450.%¢ This observation seems to revive the
possibility that the X-CGD protein is actually the cy-
tochrome bss,. Certainly the genetic approach will make
important contributions to the understanding of NADPH
oxidase in the near future.

IV. MECHANISM OF CATALYSIS OF FREE
RADICAL FORMATION

Owing to the uncertainties about the structure of
NADPH oxidase, any model of the reaction catalysis
ts still hypothetical. Assuming that the oxidase is a
multicomponent system, enzymatic activity is the re-



244 P. BELLAVITE

sult of the three distinguishable events, i.e. formation
of enzyme-NADPH complex, electron iransfer
throughout the elements of the complex, interaction
with O, to give O, and H,0,. The available knowledge
on these points is reviewed in the present chapter. Fur-
thermore, some general properties of the reaction
mechanism will be outlined.

A. NADPH binding

The probable identification of the NADPH binding
site on a protein with Mr of 63-66,000 has been men-
tioned in the preceding section. Elegant experiments
showed that the NADPH binding site of the oxidase is
located on a portion of the oxidase extending into the
cytoplasm, while the rest is buried in the lipid bi-
layer.%7#* This portion of the oxidase was explored
by nonpenetrating inhibitors, which were effective only
on subcellular fractions but not on intact cells. The
inhibition exerted by p-chloromercuribenzoate®’ also
indicated that the portion of the enzyme which is lo-
cated on the inner surface of the membrane contains
important — SH groups, while the inhibition exerted
by cibacron blue®® suggested that the NADPH-binding
site has a dinucleotide fold.

The affinity for the substrate NADPH (Km) ranges
from 0.015 to 0.2 mM, according to cell type and
experimental conditions,?*!2132.239-342 The Km for
NADPH may increase as a consequence of the manip-
ulation and the storage of the enzyme.'"

Since NADPH oxidase may be activated and deac-
tivated upon cell stimulation (see Section 1), the pos-
sibility that modification of the NADPH-binding site
was important in regulation of the functional level of
the catalysis was investigated. Early studies demen-
strated that after initiation of phagocytosis the kinetic
parameters of NADPH change, with an increase of
affinity for substrate so that the expression of enzyme
activity would be allowed at physiological concentra-
tions of NADPH.""*#2'29 Thege studies were carried
out by measuring oxygen consumption or NADP™ pro-
duction at acidic pH. By assaying the enzyme activity
at neutral pH as superoxide production, or NADP*
production in the presence of SOD, such an effect
couldn’t be demonstrated, possibly because the O; -
formation of unstimulated NADPH oxidase is almost
undetectable and as a consequence the Km is not mea-
surable. " 2#4295 1t hag been suggested that in the case
of the enzyme in resting membranes, the redox center
is completely shielded by some mechanism and cannot
come in contact with NADPH.?® The O, -forming ac-
tivity assayed on membranes of cells which were sub-
jected to different stimnlants or to different doses of

the same stimulant exhibited marked differences in
maximal velocity, but about the same Km for
NADPH . ***2% Thesge results suggest that the activation
of NADPH oxidase is an all-or-nothing event at the
molecular level, and the activation of the respiratory
burst in neutrophils is due to the recruitment of in-
creasing numbers of enzyme units which enter into the
play. Once activated, the single enzyme would work
with a fixed Km for NADPH.

A molecular defect of the NADPH-binding site of
the oxidase has been identified in a rare variant of
CGD.'#¥.2% Neutrophils of these patients produce su-
peroxide at a rate that is significantly higher than zero
and give a slight positivity at the NBT text. The disease
in this variant is clinically mild. It has been shown that
the defect of O, production is associated with a mark-
edly altered Km for NADPH (1 mM in the patients
compared with 0.05-0.08 mM in controls}. It remains
to be explained why in this CGD variant the leukocytes,
whose molecular defect would be at the level of NADPH
binding compenent of the oxidase, lack cytochrome
bss4 heme spectrum. Two possibilities exist, i.e. either
the cytochrome b also carries the NADPH binding site,
or the neutrophils are affected by multiple molecular
lesions of the oxidase complex,

The NADPH binding site could be relevant in the
regulation of macrophage oxidative functions. In fact,
differences in the kinetic properties of NADPH oxidase
have been found in macrophages at different states of
immunological activation.’® Resident macrophages,
which produced little O, in response ta PMA, were
compared with corynebacteritm-parvum-activated
macrophages. which produced much more O, in re-
sponse to the same dose of PMA. While the two mac-
rophage populations had a similar content of cyto-
chrome b5 and a similar number of receptors for PMA,
corynebacterium-parvum-activated macrophages had a
NADPH oxidase with a Km much lower than that of
resident macrophages. Similar differences of enzyme
kinetic parameters were found by others on different
types of mononuclear phagocytes with variable ability
to produce oxygen free radicals.>®**? Even the treat-
ment of human monocyte-derived macrophages in cul-
ture with y-interferon caused a decrease of Km for
NADPH and an increase of the extent of the respiratory
burst.?™

B. Electron transfer between the components

On the basis of the available information on the
structure and the kinetic properties of the NADPH ox-
idase, a series of hypothetical models of the mechanism
of electron transfer between NADPH and O, may be
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proposed:
Model 1.

NADPH —— Flavoprotein —
cytochrome & — O,

This mode]'**-293230-2% gqygpests that the reducing
equivalents are taken up by a flavoprotein acting as
NADPH-cytochrome bss; oxidoreductase, Probably a
FAD-semiquinone intermediate is involved in the re-
duction of the obligate one-electron acceptor cyto-
chrome b. The cytochrome is the terminal oxidase of
the electron transport chain.

Modet 2.

NADPH —

/cytochrome b—— 0,
cytochrome b —> O,
Dehydrogenase 4cytochr0me b—— 0,
{(FADD i‘ cytochrome & — O,
cytochrome b — O,

This is a variant proposed by us on the basis of the
low FAD:cytochrome b ratio found in the partially
purified oxidase.'***" If this is the case, the flavopro-
tein would have a faster turnover than the hemeprotein
and would be able to reduce a number of neighbouring
cytochrome b molecules. Alternatively, the excess of
cytochromes could indicate that only a few of them are
functionally coupled with the dehydrogenase and
undergo cyclic oxido-reduction.

Model 3.

NADPH —

Unidentified
electron carrier
(Mr 65-66,000) — O,

— (cytochrome b) — O,

In this model, the NADPH dehydrogenase function
would be performed by a component with Mr of 65—
66,000 whose prosthetic group, if present, was not
identified.'*!-#*2** Since Doussiére and Vignais™' did
not find heme spectra in their purified preparations,
the possibility of O, formation bypassing cytochrome
b could be also considered. These authors, however,
did not exclude the possibility that in the whole mem-
brane the reaction proceeds through cytochrome & at
a faster rate.

Model 4.

NADPH —
Flavoprotein — ubiquinone — (Q,,)
cytochrome b — O,

Similar models have been proposed by several au-
thors,2#- 22222 Ag it has been discussed above, the
involvement of quinones in the electron transport chain
is controversial but, at present, cannot be excluded, at
least for the oxidase in vitro. Assuming that ubiguinone
participates in the catalysis, its position in the sequence
of the chain could also be between cytochrome b and
oxygen.

Model 5,

NADPH —

Flavoprotein —* Crtechomeb)—+(;
—_— 02

A branched-electron transport chain was proposed
on the basis of the slow kinetics of cytochrome b re-
duction by NADPH in anacrobiosis. **%* If this is the
case, the flavoprotein would act as a NADPH: O, ox-
idoreductase, i.e. as a classical oxidase, as well as
NADPH: ¢ytochrome bssy oxidoreductase. For a dis-
cussion on this particular point, see Section III. A
hypothetical model of NADPH oxidase considered as
a single flavoenzyme with some similarity to glutathi-
one reductase has also been proposed.*”

Whatever the precise sequence of the electron-trans-
port chain may be, the problem arises of whether the
flavoprotein component is specific for the oxidase sys-
tem or belongs to other oxido-reductases of the neu-
trophil membrane. One such flavoprotein is cyto-
chrome b; reductase,'*™ but this enzyme cannot be
invelved in reduction of cytochrome by, both because
it is specific for NADH and because it has a subcelular
localization different from that of the cytochrome bs.,-
associated flavoprotein.'”’ Furthermore, NADH dia-
phorase activity was chromatographically resolved from
NADPH oxidase."® "2 The ¢ytochrome b, reductase
of human neutrophils was purified by Tauber et al.?*®
and exhibited a Mr of 45,000. A NADH-dehydrogen-
ase of bovine neutrophils with Mr of 17,500 was re-
cently purified and characterized by Nisimoto et al.?*®
The functions of these oxidoreductases of neutrophil
membranes are unknown, but they could include proton
translocation or reduction of lipid peroxides which are
expected to be produced in activated neutrophil
membranes, >®
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It was proposed that the activity of the flavoprotein
component of NADPH oxidase complex may be de-
tected as NADPH-diaphorase activity, i.e. as NADPH-
dependent reduction of exogenous dyes such as 2,6-
dichlorophenolindephenel (DCIP), ferricyanide, or
ubiquinone (Q;), 2?5728 According to this hypoth-
esis, these acceptors would intercept the electron flow
from the dehydrogenase to cytochrome b and, as a
consequence, would inhibit oxygen consumption and
superoxide production:

NADPH —

Flavoprotein—, \\r’ cytochrome b — O,
exogenous
electron acceptors

This model entails that dye reduction by the fla-
voprotein is insensitive to superoxide dismutase. If this
is the case, the NADPH-dependent, SOD-insensitive
diaphorase would reveal the flavoprotein moiety of the
enzyme complex and would be an effective device for
understanding the mechanism of the electron transport
chain,

A contention on this subject has developed in the
literature. It was reported that subcellular fractions
from stimulated but not from resting cells catalyze
SOD-insensitive DCIP reduction and that DCIP inhib-
its O, production.?*? DCIP reductase appeared to
be absent in CGD patients.?” Others showed that DCIP
reductase activity of phagocytic vesicles is specific for
NADPH (Km of 25 uM), is inhibited by flavin ana-
logues and is enhanced by FAD when extracted with
detergents ¥® It was therefore suggested that the
NADPH-dependent DCIP reductase activity is cata-
lyzed by a flavin-containing component of the O, -
forming system. Subsequently, it was reported that
phagocytic vesicles catalyze NADPH-dependent,
SOD-insensitive, reduction of Q,, with optimal pH and
Km values identical to those of the superoxide-forming
oxidase.?25:2%¢

Contrary to these findings, early work of Gabig and
Babior'*? showed that no diaphorase activities are as-
sociated with NADPH oxidase. We therefore reinves-
tigated the matter by using our preparations of partially
purified NADPH oxidase, which were almost devoid
of unspecific diaphorases."***? We compared cyto-
chrome ¢ reduction and DCIP reduction both in the
presence and in the absence of SOD and we found that
(i) most of cytochrome ¢ and DCIP reduction was in-
hibited by SOD and by anaerobiosis, indicating that it
was carried out by superoxide; (ii) the SOD-insensitive
(diaphorase) activities were very low as compared with
the G, "-forming activities; (iii) only the SOD-sensitive
reduction was increased in enzyme preparations from

PMA-activated cells; (iv) DCIP did not significantly
inhibit NADPH-dependent oxygen consumption mea-
sured in the presence of SOD (the SOD was included
to hinder a pseudo-inhibition due to oxygen given
back during the reduction of the acceptor: dye ox +
0~ — dye red + O,). Based on this, we concluded
that the preferential and perhaps obligate acceptor of
the oxidase is molecular oxygen.

Following our paper, the problem was reinvesti-
gated by the two groups whose work was in conflict
with our data.?**® [t was therefore established that
DCIP and cytochrome c¢ are actually inefficient in in-
tercepting the electron flow from the oxidoreductase
complex®™ and that NADPH-dependent Q, reduction
is SOD-sensitive, providing that the dismutase is pres-
ent in sufficiently high concentration.’® These results
are substantially in agreement with ours and confirm
the statement that molecular oxygen is the preferential
electron acceptor in the NADPH oxidase. Therefore it
appears that the enzyme is *“protected”’ from the with-
drawal of electrons, which are fully utilized for O,
formation. in keeping with the role of the oxidase in
the phagocyte function.

On the other hand, it has been unequivocally shown
that in particular conditions (very high concentration
of ferricyanide®®® or high concentration of Q, under
strict anaerobiosis)®® a SOD-insensitive reduction of
these acceptors could occur, However, this observation
does not mean that the electrons are taken up from the
flavoprotein, because it is more conceivable that the
reduction of electron acceptors takes place at the ter-
minal oxidase site, where these compounds could com-
pete with oxygen for reducing equivalents.

Taken together, the above considerations indicate
that the putative flavoprotein moiety of the oxidase
cannot be studied as a NADPH-dye reductase because
the particular structure of the enzyme complex does
not allow easy leakage of electrons.

A second approach to the investigation of electron
transfer into the oxidase was provided by the analysis
of kinetics of NADPH-dependent reduction of cyto-
chrome b5 and of FAD. These studies were conducted
on membranes or crude extracts and therefore are af-
fected by the limitations previously exposed (Section
I11. C). Nevertheless, some findings are of interest: (i)
reduction of cytochrome £ may be driven by photo-
reduced flavin;'™'* (ii) p-chloromercuribenzoate,
which reacts with cytochrome b, inhibits reduction of
cytochrome b more than reduction of flavoprotein, sug-
gesting that the cytochrome follows the flavin in the
sequence of the putative chain;'® (iii) the rate of aero-
bic NADPH-dependent cytochrome b reduction in an
active preparation (up to 12.9 nmoles/s/mol cyto-
chrome &) is close to the rate of O,™ production (up
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to 13.0 nmoles O, /s/mol cytochrome b), indicating
that the overall electron flux from NADPH to O, passes
through the cytochrome;'*® (iv) titration of stimulated
cell membranes in anaerobiosis with NADPH leads to
equilibration at — 267 mV, a value which seems to be
a middle potential between that of the low potential
flavin (—280 mV) and cytochrome & (—245 mV),*®
Albeit indirect, all these data provide new insights on
the relationships between flavoprotein and cytochrome
b in the O, -forming chain.

C. Oxygen reduction

Most evidence supports the cytochrome byse as the
site of oxygen reduction, even if the controversial data
on CO binding awaits a clarification (see Section III
B). The final product of the electron transport chain is
0,7, which is released on the outer side of the plasma
membrane and diffuses into the extracellular environ-
ment or into the phagocytic vacuole where it undergoes
dismutation and/or reaction with other targets. The
averall reaction of the oxidase:*¥

NADPH oxidase
_— s

NADPH + 20, + H*
NADP* + 20, + 2H* {4.1)

predicted an NADPH: O, stoichiometry of 1:2, which
was confirmed by subsequent studigs,*®!'7143.146.263.266
In this respect, it is worth peinting out that the phag-
ocyte NADPH oxidase is the sole biochemical system
which is *‘professionally’” addressed to univalent ox-
ygen reduction, while other oxidases usually form
either H,0,, or both H,0, and O,~, or H,0.*"*

It was reported that NADPH oxidase also produces
H,0,"2%27 and OH".2% However, we and others have
shown that H,O, production may be generated by a
nonenzymatic chain reaction which is operative al

acidic pH and at guite high substrate concentra-
tions:263.269—27]

NADPH + O, — NADPH' + H,0, (4.2)
NADPH' + O,— NADP* + O," + H* {4.3)

Whether this chain reaction works in intact cells is
unknown, but since phagocytes contain a lot of SOD
in their cytosol,”* this series of reactions should be
prevented.

We have demonstrated the occwrence of divalent
reduction of oxygen to H,0; even in the absence of the
chain reaction, i.¢. at neutral pH and at low NADPH
concentration.””!

NADPH oxidase

NADPH + O; + Hf
NADP* + H,0, (4.4)

However, in these experiments we used subcellular
particles (100,000 X g pellet from postnuclear super-
natants), When the particles were treated with deoxy-
cholate in order to lyse any aggregate and to break
closed vesicles, the ratio of NADPH oxidized to O,~
formed approximated the theoretical one of 1:2.* Re-
cently Green et al.?’”? showed that fresh solubilized
enzyme ¢xhibits a univalent reduction of O; to O,
while during storage the stoichiometry changes to-
wards a divalent reduction with formation of H,0, in-
stead of O,

As far as OH" is concerned, the formation of this
radical by NADPH oxidase was clearly demon-
strated.?®%*"* However, OH"' formation required addi-
tion of H,O; and Fe* *-chelates, suggesting that the
radical was not a primary product of the oxidase but

a product of a secondary Haber—Weiss reaction;?

0, + H,0,—> OH + OH- + 0, (4.5)

The apparent Km for 6xygcn of the oxidase was
reported to be from 10 1o 30 uM. #1901 [nierestingly,
Edwards et al.'”! showed that the Km for oxygen mea-
sured on intact cells decreases after stimulation of the
respiratory burst. The authors suggested that this mod-
ification may be functionally relevant since consider-
able oxygen gradients exist in tissues, and at sites of
inflammation oxygen concentration can be less than
12 uM.#

D. Other general properties of the NADPH
Oxidase activity

The catalytic mechanism of the NADPH oxidase
reaction was also investigated by the effect of particular
inhibitors. A list of the compounds that have been
shown to affect the NADPH oxidase activity is reported
in Table 6. The list includes many inhibitors, which
nave been already mentioned with regard to their effect
on particular components of the system. Owing to the
difficulty in the interpretation of the effect of exoge-
neous compounds, only generic informations on the
properties of the enzyme may be drawn from these
studies: (i) the inhibitory effect of strong detergeats
indicates either that an assembly of various components
is required for the activity or that the lipids in whom
the enzyme is embedded play an important regulatory
role; (ii) the effect of p-chloromercuribenzoate, of so-
dium thiomalate and of mersalyl suggest that the ac-
tivity is dependent on free sulfhydryl groups, but this
is not a peculiarity for an oxidoreductase; (iii) the in-
hibition by EDTA and the reversal of inhibition by
Mg?* indicates that this divalent cation is required for
optimal expression of catalytic activity.?’®2¥ It was
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also reported that besides Mg®*, Ca?* also enhances
the NADPH oxidase activity?’”-*#2% but this latter ef-
fect was not observed by others."*?"® (iv) On the basis
of the inhibition by calmoduiin binding drugs such as
trifluoperazine, it was proposed that calmodulin is
essential for the function of NADPH oxidase,'**!
but the specificity of calmodulin antagonists is
questionable.

V. ACTIVATION MECHANISM

The fact that NADPH-dependent Q,~ formation is
triggered only in cells engaged in phagocytosis or
otherwise stimulated has attracted the attention of in-
vestigators for a long time. However the activation
mechanism of the oxidase remained a mystery until
few years ago, when the biochemical events invelved
in the stimulus-response coupling in phagocytes began
to be clarified.

The change of the electron transport chain from an
inactive to a functioning state is linked to a complex
series of modifications occurring in the membrane and
in the cytosol of phagocytes, following the binding of
external stimulants to their receptors. The ligand-re-
ceptor interaction triggers a cascade of biochemical
events—known as the transduction systems—involyv-
ing calcium entry and mobilization from intracellular
stores, phospholipid hydrolysis, transmembrane ionic
fluxes, cyclic nucleotide variations, protein phospho-
rylation, intracellular translocation of enzymes, acti-
vation of proteinases and of GTP-binding proteins.
Such a series of modifications is essential for coupling
of external signals with the final modification of the
effector enzyme that leads to its activation:

Stimulant A

Stimulant B ——_, Transducticn
Stimulant C— Systems

Stimulant D l

Meodification of —— Respiratory
NADPH oxidase Burst

This scheme implies that different stimulatory agents
are capable of activating the same NADPH oxidase
through a series of reactions, which may be in com-
mon. On the other hand, the activation of the respi-
ratory burst is only one of the multiple functions that
are triggered by a stimulant in phagocytes. The trans-
duction systems are then involved in the intracellular

Table 6. Inhibitors of NADPH Oxidase Activity

Reference

Compound Number
Quinacrine and other flavonoids 138,149,276
EDTA 277
Batophenanthroline sutfonate 139,149
S-carba-deaza FAD 134
Quinone analogues 220,227
Pyridine, imidazole, buty! 1socyanide 149,182
Diphenylene iodonium 230
Gold sodium thiomalate, thiomalic scid, 141,279

mersalyl

p-chloromercuribenzoate 131.237
Cibacron blue 238
Vitamin E 230
Trifluoperazine 148.281
Detergents 141,144 258 282

diversification of the signal in order to reach various
targets:

Stimulant X
1 /, Target A —— Locomotion
Target B —— Phagocytosis
e > Target C —— Release of granules
system \
\ Target D —— Respiratory burst

Target E — Aggregation

The multiplicity of stimulants, transduction systems
and targets makes their interrelationships a very com-
plicated network. In addition, much evidence indicates
that some stimulants also generate inhibitory signals,
others may bypass one or more steps of the transduction
pathways, and others may have different effects ac-
cording to the concentration (for recent reviews on this
matter see Refs.260.287),

Since the knowiedge of the transduction apparatus
is relevant for the understanding of the final modifi-
cation leading to the activation of the respiratory burst
enzyme, a survey of the principal systems involved is
presented here.,

A, Calcium entry and mobilization

One of the early molecular events elicited by extra-
cellular ligands is the rise in Ca?* concentration of the
cytosol ([Ca®'],}, due both to increase of influx and
to rapid mobilization from intracellular membraneous
stores. Several lines of evidence have suggested that
intracellular calcium changes may be important for the
activation of NADPH oxidase: (i) the stimulation of
the respiratory burst by Ca®* ionophores A23187 and
X537A:2 (ii) the inhibitory effect of intracellular cal-






