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The NADPH oxidase of phagocytic cells is important for the efficient killing and digestion of ingested microbes. A very

unusual low-potential cytochrome b (b 245) is the only redox molecule to have been identified in this system. The FAD-
containing flavoprotein that binds NADPH and transfers electrons to the cytochrome has eluded identification for three
decades. We show here that the haem/FAD ratio in the membranes does not change significantly on activation of this
oxidase, indicating that the FAD is present in the membranes from the outset and not recruited from the cytosol. The
FAD content of membranes from cells of patients with X-linked chronic granulomatous disease (CGD) lacking the
cytochrome b was roughly one-quarter of that in normal subjects and in autosomal recessive CGD patients lacking the
cytosolic protein p47-phox. Similar low amounts of FAD were present in uninduced promyelocytic (HL60) cells,
suggesting that the low amount of FAD in cells from X-CGD patients was probably unrelated to this oxidase system.
Cytochrome b 245 appears to bind both the haem and FAD, in a molar ratio of 2: 1. The e.p.r. signal of the purified
cytochrome was weak and had an asymmetric g, peak at g = 3.31. The purified cytochrome could be partially reflavinated
(about 20%) in the presence of lipid. Amino acid sequence homology was detected between the f-subunit of this
cytochrome b and the ferredoxin-NADP+ reductase (FNR) family of reductases in the putative NADPH- and FAD-
binding sites. 32P-labelled 2-azido-NADP was used as a photoaffinity label for the NADPH-binding site. Labelling that
was competed off with NADP was observed in the region of the fl-subunit of the cytochrome. No labelling was seen in
this region in X-CGD in three subjects in whom this cytochrome was missing and in a third in whom it was present but
bore a Pro-His transposition in the putative NADPH-binding site. These studies indicate that cytochrome b 245 is a

flavocytochrome, the first described in higher eukaryotic cells, bearing the complete electron-transporting apparatus of
the NADPH oxidase.

INTRODUCTION

The primary phagocytes of the immune system, neutrophils,
monocytes and eosinophils, use an NADPH oxidase system to
generate superoxide and other reduced oxygen species when they
engulf microbes [reviewed by Segal (1989)]. The importance of
this oxidase process is best exemplified by the syndrome of
chronic granulomatous disease (CGD) in which its dysfunction
predisposes to serious bacterial and fungal infections (Holmes et
al., 1967). Although this oxidase was identified over three decades
ago, the molecules involved have proved difficult to identify. An
unusual, very-low-potential cytochrome b was discovered and
shown to be defective in the more common X-linked form of
CGD (Segal & Jones, 1978; Segal et al., 1983).

In addition to the two subunits of the cytochrome b (Segal,
1987; Parkos et al., 1987), a number of cytosolic proteins are

required for activity of this oxidase. p47-phox (Segal et al., 1985;
Lomax et al., 1989; Volpp et al., 1989; Rodaway et al., 1990) and
p67-phox (Leto et al., 1990; Volpp et al., 1988) were identified
through deficiencies causing autosomal recessive CGD. The
derived amino acid sequence of these proteins has revealed that
they both contain two src homology 3 (SH3; see Pawson, 1988)
domains, but gave no further insight into their function. The
small GTP-binding protein, p2lrac 1, and an associated GDP

dissociation-inhibition factor have been identified as components
of the activating mechanism (Abo et al., 1991), at least in the
'cell-free' reconstituted system in vitro (Bromberg & Pick, 1985).
However, the NADPH-binding flavoprotein that transports
electrons from the substrate to the cytochrome b has eluded
identification.

Apart from the almost universal observation that the
nucleotide-binding protein in electron-transport chains is a

flavoprotein, there is little doubt that an FAD-containing flavo-
protein is an essential component of this NADPH oxidase. FAD
enhances (Babior & Kipnes, 1977), and the analogue 5-deaza-
FAD inhibits, activity of the solubilized oxidase (Light et al.,
1981). Diphenylene iodonium, a potent inhibitor of electron
transport which is thought to act at the site of the flavoprotein,
is a potent inhibitor of this oxidase (Cross, 1987). Most con-

vincingly, an FAD semiquinone free radical was demonstrated
by e.p.r. after the addition of NADPH to membranes from
activated, but not from resting, neutrophils (Kakinuma et al.,
1986). Analysis of the flavin content of these membranes revealed
that it was almost exclusively FAD, and that this FAD was

released by denaturation. In addition, little covalently bound
flavin was detected. The amounts of FAD in the membranes of
neutrophils from patients with CGD lacking cytochrome b 245

have been found to be variable, but generally diminished when
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compared with normal cells or those with an autosomal recessive
pattern of inheritance (Cross et at., 1982b; Gabig & Lefker,
1984; Ohno et at., 1986; Bohier et at., 1986), suggesting an
association between the haem and FAD, possibly within a
flavocytochrome (Cross et at., 1982b; Bohler et at., 1986). Some
partially purified preparations of the solubilized oxidase were
found to contain both FAD and haem (Bellavite et at., 1983),
which were reduced on addition of NADPH (Cross et at., 1984).
Other preparations contained FAD but no haem (Markert et at.,
1985; Kakinuma et at., 1987), whereas Doussiere & Vignais
(1985) could detect neither FAD nor haem in their solubilized
oxidase.

Neutrophils contain cytochrome P-450 reductase (Kojima et
at., 1987), which is capable of reducing cytochrome b 245 (Isogai
et at., 1991), and NADH-cytochrome b5 reductase (Badwey et
at., 1983), but neither has been shown to have any direcl
association with the NADPH oxidase.

Attempts have been made to identify the NADPH-binding
protein by affinity labelling with NADPH dialdehyde. This agent
produced rather non-specific labelling. Initially the relevant
labelled protein was thought to be a 66 kDa membrane protein
(Umei et at., 1986), but subsequently it has been suggested that
it is cytosolic, with a molecular mass of 66 kDa (Smith et at.,
1989) and more recently 32 kDa (Umei et at., 1991).
There have been a variety of studies in which it has been

claimed that the reductase has been purified. In all cases it was
free of cytochrome b. It was found to be associated with FAD
(Markert et at., 1985; Kakinuma et at., 1987; Yea et at., 1990;
Green & Pratt, 1990), and Doussiere & Vignais (1985) found it
to be free of all detectable redox molecules. A 45 kDa diphenylene
iodonium-binding protein has been purified which appeared to
match most closely the properties expected of the reductase of
the cytochrome b (Yea etal., 1990).

This study was undertaken to identify the NADPH- and
FAD-binding proteins of the NADPH oxidase because of the
lack of consensus between preceding investigations.

METHODS

Purification of cytosol and membranes

Neutrophils were isolated from 100 ml of blood by Dextran
sedimentation, Ficoll/Hypaque density-gradient centrifugation
and hypo-osmotic lysis of erythrocytes (Segal & Jones. 1980).

HL60 cells were cultured as described previously (Roberts et
al., 1982). The cells(1x 108-2 x 108) was suspended in 2 ml of
phosphate-buffered saline (PBS; 140 mM-NaCl, 9.2 mm-
Na2HPO4/1.3 mM-NaH2PO4, pH 7.4), divided into 2 x1 ml por-
tions and incubated at 37°C for 2 min. Phorbol myristate acetate
(PMA;1I,g/ml) was added to one portion. After 3 min, 20 ml of
ice-cold PBS was added to each sample and the cells were
pelleted at 900 g at 4 IC for5 min. The cells were suspended in
500gul of 'break buffer' [60% (w/w) sucrose containing Pipes
(6 mM, pH 7.3), KCI (60 mM), NaCl (1.8 mM), MgCl2 (2.3 mM),
di-isopropyl fluorophosphate (1 1uM), phenylmethanesulphonyl
fluoride (1 mM) and tosyl-lysylchloromethane (TLCK;1I g/ml)]
for 10 min at 4°C and then sonicated for 2 x 5 s (MSE 150 W,
amplitude 3, low power) and centrifuged at 250000 g for 30 min
on 0.5 ml gradients of 34 and 150% (w/w) sucrose in a Sorvail
TST55.5 rotor (these solutions contained the same additions as
the 60% sucrose, except that di-isopropyl fluorophosphate was
omitted). Membranes at the 15/340% interface were aspirated,
diluted with 2 vol. of relaxation buffer [Pipes (10 mM, pH 7.3)
with KOH, KCI (100 mm), NaCl (3 mm), MgCla (3.5 mm)]
(Borregaard et at., 1983) and pelleted by centrifugation as above.

Measurement of superoxide generation by membranes, and their
FAD and cytochrome b content

Pellets were sonicated for 2 x 1 s in 500 ,1 of break buffer.
Superoxide generation was determined in a dual-beam spectro-
photometer in 500 p.l cuvettes by superoxide dismutase
(50,u g/ml) inhibition of cytochrome c reduction (200 /tm in 60
sucrose) (Cross et at., 1984) in the presence of 200 ,um-NADPH
by the addition of 100,ulof membranes to each side.
Cytochrome b was measured in200,u1 of membranes by

dithionite-reduced-minus-oxidized difference spectroscopy. The
Soret band was used for quantification because of the small
amount of sample. The peak height at 427 nm over a line drawn
between the troughs at 410 and 440 nm was determined in a
purified preparation of the cytochrome as having an absorption
coefficient of121+ + 1 (mean±S.D., n = 7)cm-1 cm-' by com-
parison with that at 558 nm of 21 (Cross et at., 1982a).
FAD was measured by the reconstitution of the activity of

apo-(D-amino acid oxidase) (Fossati et at., 1980; Hinkkanen &
Decker, 1983). D-Amino acid oxidase was dialysed overnight at
4° C against KBr (1 m) sodium pyrophosphate (10 mm, pH 8.0).
It was then passed down a Hi-load 16/60 Superdex TM75 gel-
filtration column (Pharmacia) in the same buffer at 20 0C at
0.5 ml/min and then desalted through Sephadex G-10 equili-
brated with Tris/HCl(0.1M, pH 8.6). The assay mixture con-
tained D-proline (35 mm), 3,5-dichlorobenzenesulphonic acid
(20 mm), 4-aminoantipyrene (0.2 MM), D-amino acid oxidase
(0.2 unit/ml) and horseradish peroxidase (4 units/ml) in the Tris/
HCI buffer. A portion (50,ll) of the membrane suspension was
boiled for 3 mmn, centrifuged atO0000 g for 2 mmn at 4°C and
FAD concentration determined in 5-30,u of the supernatant.

Protein concentrations were determined by the BCA micro-
assay procedure (Pierce, Rockford, IL, U.S.A.).

Patients
Six patients with X-linked, and four with autosomal recessive,

CGD were studied. Neutrophils from all these subjects demon-
strated the complete absence of the PMA-induced respiratory
burst. The X-linked-CGD cells were lacking the haem spectrum
of the cytochrome b, and neither of the cytochrome subunits
could be demonstrated by Western immunoblotting. Cells from
two of these patients had been used in a previous study (Cross et
al., 1982b) of FAD concentration.

Cells from the autosomal recessive patients were all totally
deficient in p47-phox on Western immunoblots of cytosol.

Purification and reflavination of cytochrome b 245
The cytochrome b was purified as described previously (Harper

et al., 1984; Segal, 1987). Neutrophil membranes were pre-
extracted with cholate, and the cytochrome was passed through
a mixed bed of DEAE, CM- and N-amino-octyl-Sepharoses,
chromatographed in heparin-agarose and centrifuged into a
sucrose gradient, yielding a specific activity of 11.2 nmol of
haem/mg of protein. The cytochrome was bound to a small
(2 ml) column of heparin-agarose, washed with 20 ml of 40 mm-
octyl glucoside in buffer A [Tris/acetate, pH 7.4 (100 mM), KCI
(O.1M), glycerol (20%, v/v), dithiothreitol (1 mM), EDTA
(1 mM), phenylmethanesulphonyl fluoride (1 mM) and TLCK
(l1ug/ml)] and then eluted in the same buffer containing 0.5M-
NaCl. Phosphatidylethanolamine and phosphatidylcholine
(400,ug of each) were dried under a stream ofN2, solubilized in
ml of the octyl glucoside buffer, mixed with the cytochrome in

2 ml of buffer A and FAD (30 /zM), and dialysed against buffer A
for 48 h at 4°C. The precipitated lipid and cytochrome were then
layered on a 3 ml cushion of sucrose (20%, w/w) in sodium
phosphate (10 mm, pH 7.4) and centrifuged at 300000 g for 1 h
at 4 'C in a Kontron TST 41.14 head. The red cytochrome pellet
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was sonicated for 5 x I s in buffer A (2 ml) without detergent and
then centrifuged through 2.5 ml of the same sucrose at 300000 g
at 4°C for 15 min in a Kontron TST 55.5 head. In control
experiments with lipid alone, the dialysed cytochrome and the
lipid were pelleted at 300000 g for 1 h, and the pellets were
resuspended in 4.5 ml of buffer A and repelleted. For recordings
of e.p.r. spectra the final pellet was resuspended in buffer A
(300 ,ll) at a concentration of 270 /tM.
E.p.r. spectroscopy

E.p.r. spectra were recorded with a Jeol RE1X ESR spec-
trometer fitted with an Oxford Instruments cryostat.

Structural analysis
The sequence of the a- (C24A$HUMAN) and ,-

(C24B$HUMAN) subunits of cytochrome b-245 were used in
searches for homology with proteins in the Swiss Protein database
(version 18) and PIR databases. The proposed glycine-rich
NADPH-binding domain common to Bacillus megaterium and
rat cytochrome P-450 reductases and Salmonella typhimurium
sulphate reductase (Hurst et al., 1991) GXGXGXXPF, was used
to search the Swiss Protein database using the program Scrutineer
(Sibbald & Argos, 1990).
The Swiss database was also searched for common protein

motifs with PROSITE (A. Bairoch, University of Geneva,
Geneva, Switzerland; release 7.0, 1991) and specifically for
nucleotide-binding sites (Bork & Grunwald, 1990).

Secondary-structure prediction was performed using
SEQANAL programs (Professor A. R. Crofts, University of
Illinois, Urbana, IL, U.S.A.).

2-Azido-NADP+ photoaffinity labelling of cytosol and
membranes
2-Azido-NAD+ was synthesized as described previously (Kim

& Haley, 1990) and labelled with 32P by using NAD+ kinase
(specific radioactivity between 2 and 20 mCi/,umol). 2-Azido-
NADI (208 fM) was incubated with [y-32P]ATP (430 /aM,
4.0 mCi; ICN Biomedicals) and NADI kinase (19 units; Sigma)
in 0.6 ml of Tris (30 mm, pH 7.5) containing MgCl2 (5 mM) for
2 h at 25°C. The 2-azido-NADP was purified by ion-exchange
chromatography on benzyl-DEAE cellulose (Kim & Haley,
1990). Membranes (100,ug of protein, 1 mg for purification of
cytochrome) or cytosol (100,ug of protein in 10u1 of break
buffer) were made up to 50 ,ul in Hepes (20 mm, pH 7.4) and
MgCl2 (2 mM) in 1.5 ml micro-centrifuge tubes. The probe
(40 Ci/mmol) was dried down from a methanol solution, re-
suspended in water and added to the incubation mixture in a
volume of 10 ,tl at a final concentration of 20 /uM. After 2 min at
4 °C the samples were illuminated for 1 min from a distance of
4 cm with a 6 mW/cm2 u.v. lamp (UVP, San Gabriel, CA,
U.S.A.; model UVG-54, short-wave u.v. with filter removed).
Sample buffer was added and the samples were electrophoresed
on 10%- or 12.5%-acrylamide slab gels. The gels were stained
with Coomassie Brilliant Blue, destained and autoradiographed
at -70 °C with intensifying screens with Hyperfilm MP (Amer-
sham International) after preflashing. In Fig. 5, samples in (a)
and (b) were exposed for 18 h and those in (c) and (d) for 7 days.
Low-molecular-mass standards were from Bio-Rad.

All reagents were from Sigma unless otherwise stated.

RESULTS AND DISCUSSION

FAD and haem in membranes from resting and activated cells

Our initial aim was to determine the origin of the FAD
component of the NADPH oxidase. The active oxidase is present
in neutrophil membranes, and FAD was measured in this

compartment to establish whether it was present there in resting
cells, or recruited in part or in whole from the cytosol on
activation.
The activated membranes demonstrated a marked increase in

the capacity to generate superoxide, indicating the presence of an
active NADPH oxidase system (Table 1). Fig. I shows that the
concentration ofFAD in the membranes of resting cells was very
similar to that in activated cells. The slight increase in specific
activity of the FAD on activation was mirrored by a similar
increase in that of the haem, so that the ratio of FAD/haem
remained fairly constant. The slight increase in specific activity of
both FAD and haem could result from PMA-induced degranu-
lation of the specific granules (Garcia & Segal, 1984), resulting in
the incorporation of their membranes, possibly with a higher
specific activity of redox molecules, into the membrane pool.
The haem spectrum of the cytochrome b is associated with the

membranes, and the maintenance of a constant ratio of FAD/
haem on activation indicates that the FAD, like the haem, is
present in the membranes from the outset, and that no detectable
FAD is recruited from the cytosol. These results support similar
experiments with membranes purified from activated porcine
cells, indicating a primary location of the flavoprotein in the
membranes (Kakinuma et al., 1986), and studies involving the
cell-free system in which it was shown that cytosolic components
functioned well, although almost free of flavins (Chiba et al.,
1990).
The concentrations of FAD in membranes from patients with

X-linked CGD were then measured. We (Cross et al., 1982b)
and others (Gabig & Lefker, 1984; Bohler et al., 1986; Ohno et
al., 1986) had previously observed a decrease in the FAD content
of membranes of neutrophils from these patients to about half of
the normal levels. Some of these studies had produced in-
consistent results (Ohno et al., 1986; Bohler et al., 1986), possibly
because the measurements were made by fluorescence on rela-
tively small amounts of material. Using the more sensitive and
specific D-amino acid oxidase assay, we observed markedly
decreased concentrations of FAD to less than 30 % of normal in
six patients with X-CGD lacking the haem spectrum of cyto-
chrome b 245. Normal concentrations of FAD were detected in
membranes from the four patients with autosomal recessive CGD
whose cells were deficient in the cytosolic factor p47-phox (Fig. 1).
To determine the role of the small amount of FAD in X-CGD

membranes, FAD was measured in membranes from uninduced
HL60 cells. This is a human promyelocytic cell line that can be
induced to differentiate into cells resembling neutrophils. Unin-
duced cells lack, or are markedly depleted of all known specialized
components of the oxidase, which accumulate on differentiation
in association with the development ofNADPH oxidase activity
(Roberts et al., 1982). Concentrations ofFAD in undifferentiated
HL60 cells, with very low oxidase activity, and the haem spectrum
associated with the cytochrome b, were similar to those observed
in cells from X-CGD patients. This suggests that the low
concentrations of FAD found in the membranes of uninduced
HL60 and X-CGD cells are probably unrelated to the NADPH
oxidase.

Subtracting this presumed unrelated FAD from the total
membrane FAD provided a concentration of presumed oxidase-
specific FAD which can be related to the haem concentration in
the oxidase-specific cytochrome b. This comparison yielded a
ratio of FAD/haem of roughly 1:2 in membranes from un-
stimulated and stimulated normal neutrophils and those from
patients with autosomal recessive CGD. A very similar ratio of
FAD/haem was obtained by Bellavite et al. (1983) in peak
fractions of a partially purified solubilized oxidase, although in
later purifications the ratio fell to 1:19-39 (Bellavite et al., 1984),
possibly because of loss of FAD as the purification proceeded.
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Table 1. FAD, haem spectrum of cytochrome b 245 and protein concentrations in, and NADPH oxidase activity of, membranes from neutrophils of normal
subjects, patients with X-linked CGD (X-CGD) and autosomal recessive CGD (AR-CGD) and uninduced HL60 cells

PMA refers to activation with phorbol myristate acetate, and ND means not detected.

Normal
X-CGD HL60 AR-CGD

Number... 12 12 9 4 4

PMA
FAD (pmol/mg of protein)
Haem (pmol/mg of protein)
Oxidase (nmol of 02-/mg of protein)
Protein (mg/ml)

436+ 190
656+198
4.5 +2.0
653 + 266

481 + 100
770+ 111
91.4 + 50
616+ 172

128 + 37
ND

2.3+1.8
712+364

153 +93
133 +44

575 +296

383 +92
536+44

997 +462
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Fig. 1. FAD (-) and haem ([1) concentrations (pmol/mg of protein) in
membranes from neutrophils of normal subjects before (A) and after
(B) activation with PMA, from activated cells from patients with X-
linked (C) and autosomal recessive (E) CGD, and from uninduced
HL60 cells (D)

An FAD/haem ratio of 1:2 is important because it provides a
mechanism by which the two electrons donated by NADPH and
carried by FAD could be separately donated to oxygen to form
superoxide, perhaps each being transported by one of the two
haems.

E.p.r.
Previous attempts to identify e.p.r. signals from cytochrome

b_245 have proved inconclusive, mainly because the signals were
obtained from impure cytochrome preparations. Kakinuma et
al. (1986) characterized a g = 2.004 signal in neutrophil mem-
branes as a neutral flavosemiquinone radical and suggested that
its relaxation properties indicated a nearby transition-metal
centre. They subsequently suggested (Hata Tanaka et al., 1987)

that a high-spin haem signal present in partially purified prep-
arations was from this cytochrome b. This indicated a possible
five-co-ordinate iron with oxygen able to bind as the sixth ligand.

Recent studies have cast doubt on some of these findings.
Hurst et al. (1991), in a study using e.p.r. and Raman spec-
trometry, failed to detect an e.p.r. signal from the partially
purified cytochrome. This suggested interactions between, for
example, two nearby haems, that might decrease or eliminate the
expected signal. Their Raman study of the haem environment
indicated a low-spin six-co-ordinate haem with axial imidazole
or imadazolate ligands. The stability of the ferric state showed
strong donation from the axial ligands which in turn indicated a
degree of covalency. It was suggested that the high-spin signal
previously described (Hata Tanaka et al., 1987) was due to a
damaged protein or to contamination.
Ueno et al. (1991) have investigated the e.p.r. properties of

whole neutrophils at 4.2 K, and, setting aside signals due to
myeloperoxidase, ascribed signals with g values of 2.85, 2.17 and
1.67 to this cytochrome b. On this rather uncertain basis they
speculated that this cytochrome is a low-spin six-co-ordinate
haem with bis-imidazole ligation, possibly involving both sub-
units.

In concentrated samples of purified cytochrome b-245 we have
now detected a low-spin e.p.r. signal as shown in Fig. 2. The low-
spin haem has a gz peak at g = 3.31. Additional signals were seen
near g = 2 and g = 1.5, but no signals were observed near g = 6
from high-spin haem. The g-value of the gz peak is high for a
simple bis-histidine-liganded cytochrome, indicating either a
deviation from parallel orientation of axial histidine ligands
(Babcock et al., 1985; Safo et al., 1991) or perhaps an axial
ligand which is not histidine. Our results are consistent with
those of Hurst et al. (1991), as the signal was probably below
their level of detection. The gz value is unlike any previously
attributed to this cytochrome in impure preparations, suggesting
that previous assignments were to impurities or damaged com-
plexes.
Yamaguchi and colleagues appeared to have dissociated and

partially separated the a- and f-subunits and demonstrated the
association of the haem with the smaller a-subunit (Yamaguchi
et al., 1989). However, the amino acid composition they obtained
from the purified a-subunit was incompatible with that of the
amino acid sequence derived from the cDNA (Parkos et al.,
1988). Subsequently they have obtained a closer matching
composition from a purer sample and have demonstrated that
the 22 kDa haem-binding protein cross-reacts with an antiserum
to the a-subunit of cytochrome b (T. Yamaguchi, personal
communication). The radiation-inactivation analysis that we
conducted on the haem-binding component pointed to its as-
sociation with a molecule of slightly more than 20 kDa (Nugent
et al., 1989) which could implicate the a-subunit itself or the
20-25 kDa hydrophobic domain of the fl-subunit.
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Enzyme

(1) NADH-nitrate reductase

(2) NADH-cytochrome b5 reductase

(3) NADPH-cytochrome b-245, fl-chain

(4) NADPH-sulphite reductase

(5) Ferredoxin-NADP+ reductase

(6) NADPH-cytochrome P-450 reductase

(7) NADPH-cytochrome P-450 reductase

172 322 472
Modulation-amplitude (mT)

Fig. 2. E.p.r. spectrum of purified cytochrome b&245
The oxidized-minus-reduced e.p.r. difference spectrum of the cyto-
chrome is shown. E.p.r. conditions: microwave power 5 mW,
modulation amplitude 1.25 mT and temperature 11 K. Cytochrome
concentration 270 ZM.

Sequence homology
The absence of both the haemocytochrome b and FAD in X-

linked CGD suggested that these two redox centres were likely to
be located on the same proteins, namely a- and fl-subunits of
cytochrome b_245, which are absent in this condition. Recent
studies have demonstrated strong homologies in flavin- and
NADPH-binding domains in the nitrite reductase family of
proteins (Karplus et al., 1991; Porter, 1991; Bredt et al., 1991).
We therefore examined the sequences of these proteins for
homology with these nucleotide-binding domains.

Initial searches on general homology, and against libraries of
common nucleotide-binding sites (Bork & Grunwald, 1990) and
general motifs (PROSITE), were unrewarding. However, a search
specifically with the conserved glycine-rich region in the proposed
NADPH-binding site of the FNR flavoenzyme family (Porter,
1991) was more productive, showing close homology between
the fl-subunit of cytochrome b 245 and other members of this
family (Fig. 3). All the NADPH-binding proteins exhibited
homology with Gly-Xaa-Gly-Xaa-Gly-Xaa-Xaa-Pro-Phe, where-
as in the sequence from the two NADH-binding proteins, nitrite
and sulphite reductase, the sequence started Gly-Gly and the
proline was followed by methionine rather than phenylalanine.

In addition, there was evidence for the presence of the other
conserved sequence in the NAD(P)H-binding site, Cys-Gly, in
the ,8-subunit, in which it was located roughly 130 amino acids to
the C-terminus of the first glycine rather than the approx. 100
amino acids found in the FNR family.
Homology was also detected in the region of the FAD-

isoalloxazine-binding site approx. 90 amino acids upstream of
the NADPH-ribose-binding site. Although direct homology was

Source

Tomato

Human

Human

Salmonella typhimurium

Spinach

Bactillus megaterium

Rat

(8) NADPH-nitric oxide synthase Rat
Fig. 3. Sequence alignment of reductases and the «I-subunit of cytochrome

b-245 in the proposed conserved FAD- (A) and NAD(P)H- (B and
C) binding sites

Sequences are from the Swiss Database, except (8) (Bredt et al.,
1991). The site of the Pro-His mutation in the patient with X-CGD
(Hurst et al., 1991) is indicated (V).

weak, the amino acids in this region corresponded closely to
those in the FNR family in charge, size and function. The highly
conserved tyrosine residues in this region and in the Cys-Gly
dipeptide NADPH-binding segment of the FNR family have
both been replaced by phenylalanine in the cytochrome b. The
structural differences in the FAD-binding domain might explain
the relative instability of FAD binding in the cytochrome b as
compared with other members of this family.
Apart from these specific binding sites, a general comparison

between the alignment of the distal 250 amino acids in the
hydrophilic region of the cytochrome b with the FNR family of
reductases indicated overall homology, the alignment score was
greater than ten S.D.s above the mean value obtained for
alignments when the sequence of the cytochrome was ran-
domized. (P. A. Karplas, personal communication).
A single patient with CGD (Dinauer et al., 1989) has been

described in whom the pattern of inheritance was clearly X-
linked, and yet the cytochrome b was clearly present, dem-
onstrating normal light and Raman spectra and mid-point
potential, indicating little if any abnormality of the haem
environment of the cytochrome (Hurst et al., 1991). FAD
concentrations in the membranes were normal (320 pmol/mg). A
point mutation has been identified in his fl-chain gene resulting
in the substitution of histidine for proline at amino acid 414 (415,
including N-terminal methionine) (Dinauer et al., 1989). It is
significant that this substitution is located in the glycine-rich
region of the predicted NADPH-binding pocket, a change that
would be expected to impair its affinity for this nucleotide
severely.
One X-linked patient has been identified whose membranes

contained normal amounts of haem but were deficient in FAD
[patient MK in Gabig & Lefker (1984)]. It seems probable that
his mutation would involve the FAD-binding site.
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Fig. 4. Schematic representation showing the main predicted structural
features of cytochrome b_ 245 a- and «i-subunits

(a) a-subunit showing predicted membrane spans. No information is
available on the orientation in the membrane but our prediction
suggests that the C-terminus is located towards the exterior. (b) ,-
subunit showing membrane spans. The C-terminal hydrophilic
region is known to be located in the cytosol (Rotrosen et al., 1990).
This locates the consensus NADPH- binding site (N) and the
possible FAD-binding site (F) on the cytosolic side of the membrane.
The possible glycosylation site (G) motif N-X-(T/S) has been
located towards the outside of the membrane and possible
phosphorylation motif R-X-S-S towards the cytosol (P). Both these
sites are located on predicted turns at the membrane surface.

Secondary-structure prediction using the amino acid sequences

of both the a- (Parkos et al., 1988) and fi- (Royer-Pokora et al.,
1986; Teahan et al., 1987) subunits indicate that both subunits
have transmembrane helical spans. There are up to six helical
hydrophobic regions in the fl-subunit, suggesting up to six
possible membrane spans, and probably two membrane-spanning
helices in the a-subunit. A schematic representation of the
general structural features of the two subunits is shown in Fig. 4.
The initial 240 amino acids of the 569 in the fl-subunit form a

hydrophobic domain. Included within this are several histidines
that could bind haems and a pair of histidines at residues 208 and
209 which are identified by PROSITE as a potential copper-

binding site. By analogy with cytochrome oxidase, cysteines,
which would be required to bind to the copper, are present in an
appropriate position on the transmembrane spans at residues 58,
63 and 184. From approximately residue 240 the character of the
protein then changes to a predominantly hydrophilic sequence

containing the NADPH consensus binding site and possibly the
site of FAD binding.

NADPH affinity labelling of membranes and cytosol
Having identified the probable NADPH-binding site, we

attempted to strengthen this evidence by demonstrating direct
binding of the nucleotide to the fl-subunit of the cytochrome.
Dialdehydes ofNADH and NADPH have been used as inhibitors
of, and affinity ligands to, the binding sites of dehydrogenases
(Coleman, 1983). A number of attempts have been made to
identify the nicotinamide nucleotide-binding site by the use of
NADPH dialdehyde followed by reduction with NaB3H4. Many
proteins in membranes and cytosol have been labelled by this

method. Minakami and co-workers thought that the major
binding protein in membranes, which they took to represent the

oxidase nucleotide-binding site, had a molecular mass of 66 kDa
on SDS/PAGE (Umei et al., 1986). Babior, Curnutte and

colleagues believe the NADPH-binding site to be in a cytosolic
protein that translocates to the membrane, and initially identified

a 66 kDa protein (Smith et al., 1989), and more recently one at
32 kDa (Umei et al., 1991).

-g93

Fig. 5. 2-Azido-NADP photoaffinity labelling of (a) cytosol, (b) mem-
branes, (c) semi-pure cytochrome b-245 and (d) membranes from
normal subjects and patients with X-CGD

In (a) and (b), labelling was in the absence (lane 1) or presence (lane
2) of 1 mM-unlabelled NADP+. In (c), the intact membranes from
unstimulated (lane 1) and PMA-stimulated (lanes 2-4) cells were
separated, labelled in the absence (lanes 1 and 2) or presence of
unlabelled NADP+ (100 /tM in lane 3 and 500 ,UM in lane 4), and the
cytochrome b was partially purified as described previously (Segal,
1987). (d) Labelling of the ,-subunit of cytochrome b 245 in
membranes from two normal subjects (lanes 2 and 4), which is not
labelled in a patient with classical X-linked CGD missing the
cytochrome b (lane 1) or the patient with an X-linked inheritance
whose cells contained the f-subunit, in which there has been a
proline to histidine mutation in the putative NADPH-binding site
(lane 3, see Fig. 3). SDS/PAGE was in 100% acrylamide in (a) and
(c) and 12.50% acrylamide in (b) and (d). The arrows identify the
location of the ,-subunit of cytochrome b 245. It is heavily glyco-
csylated (Harper et al., 1985) and runs as a broad ill-defined band just
above the upper molecular-mass marker. The location of molecular-
mass markers (in kDa) is shown.

In view of the previous uncertainties about NADPH di-
aldehyde, we decided to use the photoaffinity ligand 2-azido-
NADP+ (Kim & Haley, 1990; A. J. Chavan & B. E. Haley,
unpublished work). In cytosol this agent almost exclusively
labelled two bands with molecular masses of about 67 kDa (Fig.
Sa). The probe was partially displaced from the upper band by
unlabelled nucleotide at a concentration of 200 ftM, whereas
labelling of the lower band was enhanced.

In membranes (Fig. Sb), the strongest bands were in the region
of the 43 kDa and 67 kDa markers, and at about 35 kDa.
Weaker bands were observed in the region of the large subunit of
the cytochrome at the 93 kDa marker, and at about 32 kDa.
However, labelling in the 93 kDa and 32 kDa regions was almost
completely inhibited by 1 ,UM unlabelled NADP+, indicative
of specific labelling, whereas that at 43 kDa was partially
decreased, and that at about 67 kDa was unaffected. Although
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Association of FAD and NADPH with cytochrome b 245

identification and signal intensity were hampered by the diffuse
band of migration observed with this heavily glycosylated protein
(Harper et al., 1985), the fl-subunit was found to be labelled after
the cytochrome had been labelled in situ in the membranes, and
then partially purified (Fig. 5c). This labelling was not influenced
by the state of activation of the membranes, but was almost
completely obliterated by 100 LM unlabelled NADP. We then
attempted to label the membranes from patients with X-CGD
lacking this cytochrome b. Because of the relatively small amount
of material, the proteins were electrophoresed into higher-
percentage acrylamide in order to concentrate the high-
molecular-mass bands and improve their visual detection. No
labelling in the region of the large subunit of the cytochrome was
detected in membranes from all three such individuals (one
example is shown in Fig. 5d).
We then examined the labelling of this molecule in the X-CGD

patient in whom this protein is present, but bearing a point
mutation in the putative NADPH-binding site which would be
predicted to disrupt severely the topology of this region and
prevent the binding of NADPH. A radiolabelled band of the
appropriate molecular mass was clearly missing from his mem-
branes (Fig. Sd).

Refiavination of cytochrome b
Solubilization of membranes with Triton X-100 and NIOI,

octyl glucoside or dodecyl maltoside released most of the
membrane cytochrome b and FAD. However, the FAD was not
associated with protein, being almost entirely included in
Sephadex G-10 desalting columns. Attempts to stabilize the
protein-bound FAD by cross-linking with l-ethyl-3-(3-
dimethylaminopropyl)carbodi-imide, which has been shown to
stabilize the solubilized oxidase (Tamura et al., 1989), were
unsuccessful. Pick and co-workers had shown that the cyto-
chrome b, which was free of FAD, could alone replace whole
membranes in the cell-free system, but only if it was relipidated
before use (Knoller et al., 1991). We therefore attempted to
reflavinate this molecule after purification, by incubation with
FAD and detergent-solubilized lipid followed by removal of the
detergent by dialysis. The cytochrome b was then separated from
free FAD on sucrose gradients.
We were able to obtain the association of FAD with the

cytochrome in a flavin/haem ratio of 0.10+0.08:1 (n = 8),
indicating reflavination of 20% of the cytochrome in the case of
a ratio of 0.5:1 in membranes. The FAD did not associate with
the cytochrome in the absence of lipid, or with lipid in the
absence of the cytochrome.

Conclusion
Although none of the approaches described above indepen-

dently provides conclusive proof, together they provide strong
evidence that the NADPH-binding flavoprotein of the NADPH
oxidase is cytochrome b 245* Further evidence against the in-
volvement of any other specialized redox proteins comes from
the analysis of patients with CGD. All of the approximately 150
patients with CGD described in two large studies (Clark et al.,
1989; Casimir et al., 1992) could be classified in terms of a lesion
of the two components of cytochrome b 245* In addition, Pick
and co-workers have shown that in the cell-free system the only
required membrane component is the cytochrome b (Knoller et
al., 1991). This would identify this molecule as the first flavo-
cytochrome to have been described in higher eukaryotic cells,
adding to its unusual features of a very low mid-point potential
and the ability to bind CO, in common with microbial cyto-
chromes o (Poole, 1983).
The f-subunit of this flavocytochrome appears to be distantly

related to the FNR family of reductases which are constructed

on a modular basis (Porter, 1991), with the different modules
representing binding sites for FMN, FAD and NADPH. In the
case of this flavocytochrome b an additional module containing
the haems has been added, on the a-subunit, on the hydrophobic
N-terminal region of the f-subunit or between the two.

It is of considerable interest that weak homology at about
200% extending over the whole molecule has been identified
between yeast ferrireductase, an NADPH-binding FAD-con-
taining flavoprotein, and the f-subunit of this flavocytochrome
(A. Dancis, personal communication). A close comparison of
these two molecules should greatly assist structural analysis of
flavocytochrome b, in particular with regard to the haem-binding
regions of the molecule.

Having located the complete electron-transport chain within
this flavocytochrome b, it will be of considerable interest to
define the role of the two specialized cytosolic components of the
system, p47-phox and p67-phox. It could be that, together with
kinases and other regulatory proteins such as p2lrac 1 (Abo
et al., 1991), they govern conformational changes in the cyto-
chrome that facilitate electron transport. These observations
provide explanations for the difficulties that have been experi-
enced over the years in identifying the proximal redox molecule
in this electron-transport chain (Rossi, 1986; Cross & Jones,
1991). The essence of the problem has been that the physio-
logically activated oxidase is an efficient electron-transport
chain requiring the integrated function of the flavocytochrome b
and the two specialized cytosolic factors, as well as the as yet
undefined activating mechanisms. Both reductase and oxidase
activity are undetectable before activation, after which electron
transport is coupled and diaphorase activity absent (Rossi,
1986). The oxidase is very unstable after solubilization of the
membranes with detergents, particularly in the presence of salts.
The reason for this instability is unclear, one possibility being
dissociation of the different components of the oxidase. In the
light of this study, it seems likely that at least one cause of this
instability is dissociation of the FAD on solubilization.
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