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Abstract

The leukocyte NADPH oxidase catalyzes the reduction of oxygen to
O2- (superoxide) at the expense of NADPH. The O2- then dismutes to
H2O2, which serves to oxidize Cl- to HOCl, a potent microbicidal agent
that is used by leukocytes to kill invading microorganisms. This
oxidation is catalyzed by myeloperoxidase. O2 is also used to make
other microbicidal oxidants, some in reactions with nitric oxide. The
oxidase itself is highly complex, consisting of four unique subunits and
Rac2. In the resting cell, two of the subunits, p22PHOX and
gp91PHOX, are located in the membrane, and the other two,
p47PHOX and p67PHOX, are in the cytosol. The electron-carrying
components of the oxidase are located in gp91PHOX; the NADPH
binding site is generally regarded to be in gp91PHOX as well, but there
is some evidence that it may be in p67PHOX. When the oxidase is
activated, p47PHOX is phosphorylated at specific sites, and the
cytosolic components plus Rac2 migrate to the membrane to assemble
the active oxidase.
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NADPH oxidase is an enzyme that catalyzes the reduction of oxygen

to superoxide at the expense of NADPH [1]

NADPH + O2 ? NADP+ + H+ + O2
-

The O2
- then reacts with itself, either spontaneously or under

catalysis by superoxide dismutase, to form hydrogen peroxide and

oxygen [2]

2O2
-
? O2 + H2O2

In the neutrophil and the monocyte, H2O2 is then used to oxidize

Cl- in a reaction catalyzed by myeloperoxidase, a green heme

enzyme of unusual structure [3], to form HOCl (hypochlorite) [4],

which according to most researchers is used to kill the bacteria. (An

alternative hypothesis is held by the Segal laboratory in London,

that the secretion of O2
- from the phagocytic vesicle, an

electrogenic process, results in the influx of K+ into the vesicle

accompanied by the entry of microbicidal peptides, which do the

killing [5]. Eosinophils also contain the NADPH oxidase [6], but

have their own peroxidase that is unable to catalyze the oxidation

of Cl- but instead catalyzes the oxidation of Br- to HOBr

(hypobromite) [7], another microbicidal agent. Additional reactive

oxidants include 1O2 (singlet oxygen) [8], produced by the reaction

between H2O2 and a hypohalite, and OH (hydroxyl radical) [9],

made when H2O2 oxidizes Cu+ or Fe++:

H2O2 + Fe++ ? Fe+++ + OH- + OH

Hydroxyl radical in turn reacts with other compounds to produce

a whole panoply of radicals, for example,

OH + RH ? H2O + R

In addition, nitric oxide plays a role in killing. Little NO is made

by neutrophils, but abundant quantities are produced by activated

macrophages [10]. NO, a radical, reacts with O2
- to produce

peroxynitrite (ONOO-) [11], which combines with CO2 to form the

reactive O2N-O-CO2 [12]. NO also oxidizes to NO2, which in turn

oxidizes to the toxic NO2
-. NO2

- can react with HOCl to produce

NO2Cl [13], another highly toxic compound. This partial listing of

the reactive products of phagocytes indicates the wide variety of

agents employed by these cells to kill bacteria (though of course

not according to Segal).

The oxidase itself is highly complex, not only in the number of

subunits required by the enzyme but also in the structure and

interaction of the various subunits. Four subunits are unique to the

enzyme: p22PHOX (PHOX for phagocyte oxidase) [14], p47PHOX [15],

p67PHOX [16] and gp91PHOX (gp because it is a glycoprotein) [17].

gp91PHOX and p22PHOX are associated with the membrane, the

association occurring through the N-terminal half of gp91PHOX,

which has four transmembrane loops that are glycosylated facing

out. The combination of gp91PHOX and p22PHOX is known as

cytochrome b558, and resides in the membranes of the secretory

vesicles and the specific granules [18]. (If either gp91PHOX or

p22PHOX is lacking, neither appears in the membrane.) On

gp91PHOX are two hemes [19] whose 5th and 6th coordination

positions are occupied by histidine residues, and a flavin binding

site [20]. There is also a sequence alleged to be homologous to

NADPH binding sites, but there is some question as to whether

such homologies exist. p47PHOX and p67PHOX are cytosolic proteins,

the former containing 2 SH3 domains in the middle of the

polypeptide and the latter containing an SH3 domain in the middle

and an SH3 domain near the N-terminus of the polypeptide.

p67PHOX also contains a binding site for NADPH [21]. There is

another cytosolic protein, p40PHOX, that co-purifies with p67PHOX,

but its function is not clear.

Finally, the small G protein rac1 or rac2 is necessary for oxidase

activity [22]. G proteins are proteins that bind GTP in their active form

but inactivate themselves by slowly hydrolyzing GTP to GDP. They are

acted on by catalysts that activate the G proteins by exchanging GTP

for GDP (guanidine nucleotide exchange factors, or GEFs) and

inactivating the G proteins by accelerating the hydrolysis of GTP to
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GDP (GTPase accelerating proteins, or GAPs). Rac1 has many

functions besides activating the oxidase, but Rac2 chiefly activates

the oxidase. Rac2 is the major oxidase-activating protein in humans.

Rac appears to be necessary for the transfer of electrons through

cytochrome b558, the electron-carrying component of the oxidase.

Activation of the oxidase is a complex process. Looked at simply,

the two cytosolic components move to the plasma membrane

where they bind to cytochrome b558 [23]. Looked at in more detail,

however, the key to the activation of the oxidase is the

phosphorylation of p47PHOX [24]. When phosphorylated by protein

kinase C (i.e., by activation of the neutrophil with phorbol myristate

acetate), the protein is phosphorylated on serines S303 or S304 and

serines S359 or S370. Phosphorylation of one member of each of

the two groups is necessary for oxidase activation. In unpublished

work, we showed that Akt is able to activate the oxidase,

phosphorylating serines S304 and S328. Calmodulin kinase is also

able to activate the oxidase (unpublished), but casein II kinase has

no effect. These findings indicate that the NADPH oxidase can be

activated by many routes, as would be expected for an enzyme

involved in host defense.

Phosphorylation undoubtedly causes a change in the conforma-

tion of p47PHOX. The nature of the change in conformation has not

been proven experimentally. Because of a polyproline domain near

the N-terminus of p47PHOX, however, it has been postulated that

the resting p47PHOX is folded over so that one of its SH3 domains is

associated with the polyproline domain, and that when the protein

is phosphorylated it flops open, exposing the formerly occupied

SH3 and polyproline domains as well as a PX domain that binds to

phosphoinositide-3-phosphates [25] and may help to hold the

cytosolic components of the oxidase to the membrane. The final

player is p67PHOX, which contains two SH3 domains one of which

may bind to the polyproline domain liberated by the phosphoryla-

tion of p47PHOX, an activation domain (amino acids 200-210) whose

function is unknown, and the very interesting but as yet poorly

understood NADPH binding site [21]. (I would like to think that the

NADPH binding site carries NADPH to the flavin of cytochrome b558,

but evidence is lacking.) Alternatively, the liberated polyproline site

may bind to the SH3 domain of p22PHOX. It is this fully assembled

enzyme that manufactures O2
-.
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