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Cytochrome b : The Flavin-Binding Component 
of the Eagocyte NADPH Oxidase 

Daniel Rotrosen,* Choh L. Yeung, Thomas L. Leto, 
Harry L. Malech, Cheung H. Kwong 

The phagocyte respiratory burst oxidase is a flavin-adenine dinucleotide (FAD)-dependent 
dehydrogenase and an electron transferase that reduces molecular oxygen to superoxide 
anion, a precursor of mimbicidal oxidants. Several proteins required for assembly of the 
oxidase have been characterized, but the identity of its flavin-binding component has been 
unclear. Oxidase activity was reconstituted in vitro with only the purified oxidase proteins 
p47-, p67-, Rac-related guanine nucleotide (GTP)-binding proteins, and membrane- 
bound cytochrome b-. The reconstituted oxidase required added FAD, and FAD binding 
was localized to cytochrome b- Alignment of the amino acid sequence of the f3 subunit 
of cytochrome b,, (gp91ph003 with other flavoproteins revealed similarities to the nico- 
tinamide adenine dinucleotide phosphate (reduced) (NADPH)-binding domains. Thus 
flavocytochrome b, is the only obligate electron transporting component of the NADPH 
oxidase. 

Phagocytic white blood cells contain a 
multicomponent electron transfer chain 
that is responsible for production of rnicro- 
bicidal oxidants. To identify its proximal 
flavin and NADPH-binding component we 
explored the superoxide generating capacity 
of a cell-free system comprised solely of 
purified proteins. In this cell-free system, 
complete reconstitution of the oxidase re- 
quired the presence of the cytosolic factors 
p47phox, p67phox, and Rac-related GTP- 
binding proteins (I-3), and the membrane 
component cytochrome bSs8 (4-7) (Fig. 1). 
In the optimally reconstituted purified pro- 
tein system (8) the concentration of 
NADPH required for half maximal activity 
(30 to 40 p,M, n = 2) was identical to that 
observed with the enzyme reconstituted 
from crude cytosol and membranes (30 to 
40 phi, n = 3). This purified protein 
system produced superoxide only in the . 
presence of added FAD (Fig. 2), the con- 
centration of FAD required for half-maxi- 
ma1 superoxide production was from 1 to 20 
nM (n = 4). Neither p47ph" nor p 6 7 h  
bind flavin (2) and, on the basis of s a c -  
turd data from the Ras superfamily of low 
molecular weight GTP-binding proteins, 
binding of flavin to members of the Rat/ 
G25K family also seemed unlikely. Accord- 
ingly, we focused our attention on cy- 
tochrome b,,. 
biboratory of Host Defenses, National Institute of 
Allergy and Infectious Diseases, National Institutes of 
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Relipidated cytochrome b5, was incu- 
bated with FAD and subjected to gel filtra- 
tion to separate bound from free flavin (Fig. 
3A). A small peak of flavin fluorescence 
coeluted with the purified cytochrome b,,, 
which was well resolved from the major 
peak of free flavin. The early eluting peak of 
flavin was not detected when mixtures of 
the purified cytosolic components plus FAD 
or phospholipid vesicles, alone, plus FAD 
were subjected to gel filtration. 

A functional comparison of flavin-re- 
constituted or unflavinated cvtochrome 
bS1 was made in the cell-free a&y with the 
puded cytosolic components in the pres- 

Flg. 1. Protein cnnpo- k~ 
nents of the NADPH ox- 24c- 
idase [SDS-polyacryl- 95- 
amide gradient gel (8 to 72- - 
16%) stained with - 
Coamassie Blue R-2501. 43- 
Lane 1, Superdex-75 22- - 
peak fraction (4 pl) 
showing the 26-kD and 
21 -kD bands identified 1 2 3 4  
by microsequencing as 
M D l  and Rac-related GTP-binding proteins, 
respectively (3); lane 2, recombinant p47ph0x 
(1.5 pg); lane 3, rembinant p 6 V  (1.5 pg); 
and lane 4, cytochrome b, (2.7 pg; 74 pmol). 
The specific content of peak cytochrome b,- 
containing fractions (1 8 to 33 nrnol of heme per 
milligram of protein) and the molar ratio of FAD 
to heme (c1:lOO) in three preparations of pu- 
rified cytochrome b, were comparable to 
reported values (4-6). 
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ence or absence of excess FAD added to the 
final assay mix (Fig. 3A). Activity of the 
FAD-incubated and gel-filtered cytochrome 
b,,, ranged from 20 to 40% (n = 3) of the 
activity of the identical column fraction 
measured in the presence of excess FAD 
added to the final assay mix. In contrast, 
cytochrome b558 preparations gel-filtered 
without prior exposure to FAD had an 
activity < lo% of that seen when excess 
FAD was added to the final assay mix (Fig. 

3B). Thus, "reflavination" of cytochrome 
b,,, restored, at most, only a third of the 
full potential of activity. 

The near absolute requirement for add-
ed FAD in the purified protein system 
contrasted with the marginal increase in 
activity when FAD was added to a cell-
free system containing purified cytosolic 
components and neutrophil membranes 
(Fig. 2B), suggesting that flavin was tight-
ly bound to the native cytochrome b,,,, 

Fig. 2. Protein and FAD requirements of the cell-free 3 
superoxide generating system. (A) Reactions con- E 
tained: lane 1 ,  recombinant p47phox(1.5pg), recom- 3 2.0 
binant p67phox(1.5 pg), rhoGDI/Rac-related GTP-
binding proteins (6 pI of Superdex-75 peak column .-
fraction),and relipidated cytochrome b,,, (0.5pmol) 
in buffer containing 10 pM FAD. In lanes 2 to 5 
individual protein components were omitted from the % 
reaction: lane 2, without p47phox;lane 3, without 0'5 

p67PhoX;lane 4, without rhoGDI/Rac-related GTP-
0,0

binding proteins; and lane 5,without cytochrome b,,,. 1 2 3 4 5 6 1 23 4 5 6 7 
In lane 6 relipidated cytochrorne b,,, was replaced 
with 2.5 x lo5 cell equivalents of deoxycholate-solu-
bilized neutrophil membranes (8, 20) containing 0.4 pmol of cytochrome b,,,. The oxidase was 
activated by addition of 30 pM arachidonate and superoxide generation was measured (20). (B) 
Reactions contained: lane 1, recombinant p47phox(1.5 pg), recombinant p67phox(1.5 pg), and 
Rac-related proteins (6 pI of Superdex-75 peak column fraction) and relipidated cytochrome b,,, 
(0.5 pmol) in buffer containing 10 pM FAD. In lanes 6 and 7 relipidated cytochrome b,,, was 
replaced with 2.5 x lo5 cell equivalents of deoxycholate-solubilized neutrophil membranes 
containing 0.4 pmol of cytochrome b,,,. FAD was omitted from lanes 2 to 5 and 7; in lanes 3 to 5 
cytochrorne b,,,-deficient neutrophil membranes from three patients with X-linked CGD (2.5 x lo5 
cell equivalents per well) were added as a potential source of free flavin. Data in (A) and (B) are 
means of triplicate wells in a single experiment representative of two and three similar experiments, 
respectively.Standard deviations were <lo% of the mean values shown. 

li 
Fraction 

Fig. 3. Reconstitution of flavin binding to cytochrome b,,,. (A and B) Relipidated cytochrome b,,, 
(5)(50 pI, 20 pmol) was incubated (30 min, 4°C) with 1 pM FAD (A) or with buffer alone (B) and 
applied to a 2-ml desalting column (excelluloseGF-5,Pierce Chemical Co.,equilibrated with 75 mM 
potassium phosphate, pH 7, 4 mM MgCI,, 1 mM EGTA)to separate bound from free flavin. Fractions 
(four drops, =80 pl) were collected and aliquots (20 pl) of each fraction were assayed for 
superoxide production by complementationwith purified cytosolic components (8) in the presence 
(triangles,dotted line) or absence (circles,solid line) of 10 pM FAD added to the final assay mix. 
An aliquot (20 pl) of each fraction was diluted with two volumes of 0.15%Triton X-100 in 0.15N HCI, 
heated for 3 min in a boiling water bath, and assayed for FAD (x's, dashed line) by fluorescence 
spectroscopy (28).The threshold for detection of flavin was <1 n M .  (C) Relipidated cytochrome 
b,,, (10 pI, 2 pmol) was mixed with p47phox(1.5 kg), p67phox(15 kg), and rhoGDI/Rac-related 
GTP-binding proteins (6 pI of peak Superdex-75 column fraction) and brought to a final volume of 
50 pI with 75 mM potassium phosphate, pH 7 ,4mM MgCI,, 1 mM EGTA +/- 1 pM FAD. Assembly 
of the oxidase was initiated by addition of arachidonate (80 pM) and the mixture was immediately 
applied to a 2-ml desalting column and fractionated,as above.Aliquots (20pI) of each fraction were 
assayed for FAD (x's,dashed line) and for superoxide production initiated by addition of 200 pM 
NADPH in the presence (triangles,dotted line) or absence (circles,solid line) of 10 pM FAD added 
to the final assay mix. 

but was released during purification. 
Alternatively, the native membrane could 
carrv free flavin. which could become 
available to a soluble apoprotein during 
activation of the oxidase. The latter nos-
sibility was excluded by mixing experi-
ments. Neutro~hilsof individuals with 
X-linked cytochrome b,,,-deficient 
chronic granulomatous disease (CGD) 
lack a normal respiratory burst response. 
Membranes from these neutrophils were 
added, as a potential source of flavin, to a 
cell-free system that contained purified 
protein components, including normal cy-
tochrome b,,,. Inclusion of membranes from 
three such patients did not eliminate the 
requirement for exogenous FAD (Fig. 2B). 

The initial stem in the ~urificationof 
cytochrome b5,, use detergents that effect a 
separation of flavin and heme (9, 10). Thus, 
weak binding of flavin to the purified cy-
tochrome b,,,, relative to its counterpart in 
native membranes. could reflect conforma-
tional changes in the cytochrome b558that 
persist despite relipidation. Because full ac-
tivity was seen when flavin was added to the 
assay during activation, we anticipated that 
binding of flavin might be stabilized by an 
induced fit between a cytosolic component 
and the relipidated cytochrome b,,,. Sup-
port for such a mechanism comes from ex-
periments in which assembly of the oxidase 
from purified protein components was initi-
ated by arachidonate in the presence of 
excess FAD, followed by gel filtration to 
remove free flavin. Under these conditions, 
there was no requirement for additional 
FAD in the final assay mix (Fig. 3C). 

Biological rodox chains generally employ 
a flavoprotein intermediate to couple a re-
duced nicotinamide, a two-electron donor, 
to the strictly one-electron-canying heme or 
iron-sulfur proteins '(11). The crystal struc-
tures of several flavoproteins are known and 
the regions of their polypeptide chains that 
participate in binding flavin and NADP 
have been characterized. Regions of the P 
subunit of cytochrome b558 were aligned 
with five peptide segments that participate 
in nucleotide-binding in spinach ferredoxin-
NADP+ reductase (FIR), nitric oxide syn-
thase (NOS), and cytochrome P-450 reduc-
tase (CPR) (12-15) (Fig. 4A). The basis for 
the conserved order and relative s~acinaof. -
these peptide segments can be understood 
from the published crystal structure of the 
nucleotide-binding domains of FNR (12, 
13). NADP is coordinated by hydrogen 
bonding to short peptide loops that emerge 
from the COOH-termini of five strands of a 
parallel P-sheet core. Thus, it is the loop 
segment amino acid composition and the 
spacing and coordinated alignment of the 
loops relative to each other that are impor-
tant for binding NADP. 

Alignment of the amino acid sequence 
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of gp91ph0xreveals similarities to these loop 
regions in the FNR family. The glycine-rich 
loop of FNR (beginning at Met'67) hydro-
gen bonds to the pyrophosphate moiety of 
NADP and contains the sequence motif, 
Gly-Xaa-Gly-Xaa-Xaa-Pro, which is struc-
turally similar to the canonical dinucleotide 
binding helix, Gly-Xaa-Gly-Xaa-Xaa-Gly 
(16, 17). In FNR, the conserved Pro"6 lies 
in the cleft between the NADP and flavin-
binding domains, where it approaches the 
flavin ring involved in electron transfer. 
The corresponding region of gp91ph0x(be-
ginning at Leu406) contains the identical 
sequence motif; the equivalent residue of 
gp91ph0x,Pro415,is replaced by His4', in an 
individual with an atypical form of chronic 
granulomatous disease due to a nonfunc-
tional cytochrome b,,, (18). 

In FNR the nearby Valzo4 hydrogen 
bonds to the NADP ribose moiety and the 
amino acid composition of the corre-
sponding region of the cytochrome resem-
bles that of the FNR family members, 
particularly CPR. In the next loop region 
of FNR, Tyr246hydrogen bonds to the 
nucleotide ribose 2'-phosphate and the 

spacing between this invariant tyrosine 
and the downstream cysteine-glycine cou-
plet (Cys272-Gly273of FNR) is conserved in 
FNR family members and in gp91~h0x.In 
FNR, CysZ7' approaches the nicotinamide 
C4 atom that may participate in hydride 
transfer to the flavin. It is likely that these 
spatial relationships are perturbed in an un-
usual patient with chronic granulomatous 
disease due to a nonfunctional cytochrome 
b,,, (19). This patient has an in-frame 
deletion that predicts a protein lacking ten 
amino acids (Ala488-G1~497)in an adjacent 
region of gp91~h0x. 

An aromatic amino acid is the final or 
penultimate residue in COOH-termini of 
the FNR family members. Tyr314of FNR 
may occupy the nicotinamide binding 
pocket in the absence of NADP, maintain-
ing the enzyme structure and protecting the 
flavin (12). If the equivalent residue of 
gp91ph0x,PheS7O, is similarly positioned, 
then it could regulate the oxidase by serving 
as a pseudosubstrate; p47ph0xprobably has a 
functional interaction with the COOH-
terminus of gp9lphoXduring activation of 
the burst (20). 

A NADP 2'-phosphate Possible 
NADP NADP NADP ribose 2'-phosphate Nicotinamide flavin 

pyrophosphate ribose adenine ring C-4 atom shielding - 0 P n I 

GxGxxP Y CG N. 

1 6 7  2 0 1  234 270  3 1 1  
FNR MLGTGTGIAPF..23... .FLGVP..28.. ..SREQTNEKGEKMYIQ..22....YMCG..37. .  ..VEVY 

1 2 4 6  1280  1313  1347  1392  
NOS LVGPGTGIAPF..23....VFGCR..28... .SREPDR---PKKYVQ. .24... .YVCG..41.. ..EDIFG 

5 2 9  5 62 595  626 672 
CPR MVGPGTGVAE'F. .22... .YYGCR..28....SREQS----HKVYVQ. .20....YVCG..42....LDVWS 

4 0 6  442 504 535 567 
gp9lphox LVGAGIGVTPF..25... .YWLCR. .57.  .. .GLKQ-----KTLYGR..21.. . .FLCG..28.. . .KENF 

ADH 
LDH 
AR 
pHBH 
GR 

gp9lphox 

A A G A A - - - R  
M K D L A D - - E  
K H H S R A - - H  
K A G I - - - - D  
E L G A - - - - R  

T A E S L A V H N  

K-
V D I  
V D V  
Y E K  
L E R  
V E S  

Fig. 4. (A) Comparison of the amino acid sequence of gp91Phoxand NADP-binding domains of 
spinach ferrodoxin NADP+ reductase (FNR) and related flavoproteins. Peptide sequences corre-
sponding to nucleotide-binding loops identified in the crystal structure of FNR (12, 13) are aligned 
with the corresponding regions of the FNR family members nitric oxide synthase (NOS) and 
cytochrome P-450 reductase (CPR).The integers between peptide segments indicate the number 
of intervening amino acid residues not shown; uppercase numbers refer to the positions of the 
residues at the NH,-terminus of each peptide segment. In FNR,  residues in the loop regions 
hydrogen bond to or approach the nucleotide at the positions on the nucleotide indicated above the 
horizontal bars. Residues or sequence motifs that are important in nucleotide binding in FNR are 
indicated above the FNR sequence. Regions of gp91phoxthat share a similar spacing and many of 
the structural elements that are responsible for nucleotide binding to FNR are discussed in the text. 
(B) Alignment of gp91phoxresidues Vala3 to G 1 r - 1 ~ ~ ~with amino acid residues comprising the NAD-
and FAD-binding folds of alcohol dehydrogenase (ADH),lactate dehydrogenase (LDH), adreno-
doxin reductase (AR),phydroxybenzoate hydroxylase (pHBH), and glutathione reductase (GR) 
(17, 26). Features that characterize the "fingerprint sequence" of the prototypical nucleotide 
binding pap-fold (17) are boxed or indicated by symbols and discussed in the text. 

Thus, there are significant sequence 
correlations between the NADP binding 
domains of FNR family members and can-
didate regions of gp91~h0x.Regions equiv-
alent to the FAD binding domain of FNR 
are not apparent in gp91ph0x. However, 
the region of gp91~h0xat Gly2'8-Leu-Ala-
Ile-His-Gly (Fig. 4B, arrow) resembles the 
canonical dinucleotide binding helix, 
Gly-Xaa-Gly-Xaa-Xaa-Gly, which forms 
hydrogen bonds to the dinucleotide pyro-
phosphate in the context of a compact 
pap-fold (16, 17). Models of secondary 
structure according to Chou-Fasman and 
Garnier-Osguthorpe-Robson predict a 
Pap-fold in this region of gp91~h0x(21). 
Structural features are conserved in these 
compact loop regions and a characteristic 
"fingerprint" for the amino acid sequence 
of the dinucleotide binding pap-fold has 
been deduced (16, 17). Three glycines 
(Fig. 4B, solid circles) within the se-
quence motif, Gly-Xaa-Gly-Xaa-Xaa-Gly 
connect the first p-strand and the a-helix. 
Only the first of these glycines is strictly 
conserved, as the absence of a side chain 
at this position is essential for close ap-
proach of the dinucleotide. Substitution of 
alanine for either of the two remaining 
glycines, as occurs in gp91~h0x,has been 
noted infrequently in other members of 
this family (17, 22). Six conservatively 
spaced, predominantly hydrophobic resi-
dues (boxed in Fig. 4B) that form the core 
of the Pap-unit are present in this region 
of gp9lphoX.A conserved acidic residue 
(glutamic acid in FAD-binding folds and 
aspartic acid in NAD-binding folds) that 
hydrogen bonds to the adenine ribose 
2'-hydroxyl (16) is located near the 
COOH-terminus of the second p-strand 
(Fig. 4B, asterisk). 

Taken together,' our functional studies 
obviate a requirement for any of several 
candidate flavoproteins that were thought 
to be components of the oxidase based on 
inhibitor and affinity labeling studies (23) 
or based on their ability to transfer elec-
trons from NADPH to artificial acceptors in 
the absence of cytochrome b5,, (24). Our 
findings are, however, entirely consistent 
with the close correlation between the fla-
vin and cytochrome b558 content of the 
neutrophil-specific granule-enriched frac-
tion and the virtual absence of flavin from 
this subcellular fraction in cytochrome 
b,,,-deficient chronic granulomatous dis-
ease (10). Our data define the essential 
elements of a model system of the oxidase 
in which the a - and P-subunits of cy-
tochrome b558 together incorporate the 
NADP-binding site and both the FAD and 
heme electron transfer moieties. 

Note added in proof: Cytochrome b558was 
found by Segal (25) to bind FAD and 
analogs of NADPH. 
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