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Abstract 
Purified cytochrome b,,, rehpldated with either a mixture of phosphatldylchohne and phosphatldlc acid or with phosphatldylcholme only exhlblts 

high and low superoxlde (C&J producmg ablhty. respectively, m the absence of cytosohc activators [Koshkm, V and Pick, E (1993) FEBS Lett 327, 
57-621 This system was used as a model for the study of the mechanism of NADPH oxldase actlvatlon It IS shown that, dependmg on the compositlon 
of the phosphohpld environment, cytochrome bsg9 bmds FAD with high or low affimty, this being accompamed by changes m flavm absorbance and 
fluorescence High affinity bmdmg of FAD to cytochrome b,,, rehpldated with phosphatldylchohne combmed with phosphattdlc acid IS associated 
with an enhanced NADPH-driven Gz producing capacity A kinetic study of 9 production by cytochrome b,,, reflavmated under stolchlometnc FAD 
bmdmg condltlons revealed an FAD/heme ratlo of 1 2 A further kmetlc study of 0, production by high- and low-actlvlty rehpldated and reflavmated 
cytochrome b,,,, at varymg substrate concentrations, and the determmatlon of steady-state difference spectra of such preparations, reduced by 
NADPH, mdlcated that Oz production IS activated by faclhtatlon of electron transfer from NADPH to FAD rather than by an enhancement of 
NADPH bmdmg 
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1. Introduction 

Cytochrome bSS9 1s an essential component of the elec- 
tron transferring enzyme complex, known as NADPH 
oxidase, which catalyzes the NADPH-supported pro- 
duction of superoxide (0;) by phagocyttc cells [l-3] It 
is the only cytochrome capable of one-electron reduction 
of oxygen In addition to cytochrome b,,,, the NADPH 
oxidase complex consists of three cytosohc components 
(p47-phox, p67-phox and the small G protein racl p21 
or rac2 ~21) The mduction of 0; production 1s thought 
to be the consequence of the assembly of the isolated 
components mto an organized complex Such assembly 
is elicited m the intact cell, followmg specific membrane 
receptor-hgand mteractions, by a yet poorly understood 
transductional mechanism(s) [l]. In a cell-free system, 
consistmg of the isolated NADPH oxtdase components 
derived from restmg cells, 0; production can be ehcited 
by certam amomc amphtphtles such as arachtdonate [4] 
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Abbrewatrons O;, superoxlde, SDS, sodmm dodecyl sulfate, EGTA, 
[ethylenebls(oxyethylenemtnlo)]tetracetlc acid, PMSF, phenylmethyl- 
sulfonylfluonde, SOD, superoxlde dlsmutase, LIDS, hthmm dodecyl 
sulfate 
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or sodium dodecyl sulfate (SDS) [5] The commonly ac- 
cepted view 1s that cytochrome b559 functions as the ter- 
minal 0, reducmg component ([l-3], but see [6] for a 
dissident vtew) and the existence of an NADPH-bmdmg 
flavoprotem transferrmg electrons from NADPH to cy- 
tochrome bjSg was proposed [7] The failure to Identify 
this flavoprotem among either membrane or cytosohc 
components led to the idea that cytochrome bSSg IS a 
flavocytochrome also possessmg the NADPH-bmdmg 
sue and, therefore, bearmg the complete electron trans- 
port apparatus of the NADPH oxidase. The expertmen- 
tal evidence on which this proposal rests 1s less than 
exhaustive and mcludes. ammo actd sequence alignment 
of the large subunit of cytochrome bSP9 with other fla- 
voprotems, affinity labelhng with NADPH and bmdmg 
of FAD [8-l 1 J. Recently, we provided dnect experimen- 
tal evidence for this proposal by demonstrating that pu- 
rified and rehptdated cytochrome b559 1s capable of 
NADPH-driven, FAD-dependent 0; production m the 
absence of the cytosohc components of NADPH oxidase 
[ 121 The catalytic potency of cytochrome b559 was found 
to vary over a wide range depending on the nature of 
phosphohptds utilized for reliptdatton The most effec- 
tive acttvtty supportmg hptd was a 1 1 (w/w) mixture of 
phosphatidylchohne with phosphattdtc acid and tt was 
felt that this system represents a useful model for the 
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Fig 1 Gel filtration of reflavmated cytochrome b,,, Purified cytochrome bS59 (1 17 ,uM) was supplemented with phosphohplds (A, 290 &ml 
phosphatldylchohne and 290 &ml phosphatldlc aad, or B, 500 @ml phosphatldylchohne), 30 ,uM LIDS and 2 7 ,uM FAD m a final volume of 
151~1, dduted with 550~1 of buffer B, lackmg cytochrome c and contammg 2,uM FAD, and kept on ice for 20 mm These preparations were subjected 
to gel filtration on PD-10 columns (Pharmacla) eqmhbrated with buffer B, lacking cytochrome c, and the eluate was analyzed for cytochrome b,,, 
concentration (dashed hne) and FAD concentration (solid line) 

study of cytochrome b,59 enzymology In the past, 0; 
production by purified cytochrome b,,g could be demon- 
strated only m coqunction with an exogenous reductase, 
such as NADPH cytochrome P-450 reductase [13,14]. 
Rehpidated cytochrome bssg also offers a valuable sys- 
tem pernnttmg to distmgmsh between two alternative 
mechanisms of NADPH oxidase activation. facihtation 
of NADPH bmdmg and the enhancement of electron 
transport [1,3] In the present study, we demonstrate that 
cytochrome b,,, provided with a hpid environment lead- 
mg to high or low 0; generating states, bmds FAD with 
high or low affinity, respectively. In reflavmated htgh- 
activity cytochrome b,,,, an FAD/heme ratio of 1.2 was 
measured. Finally, we offer evidence m support of cyto- 
chrome bss9 ‘activation’ being the result of enhanced elec- 
tron transport from NADPH to FAD 

2. Materials and methods 

2 I Purzficatlon of cytochrome b,,, 
Cytochrome b,,, was punfied as described by us m the past [12,15] 

The prmclpal purrficatlon steps included solublhzatlon of gumea pig 
pentoneal macrophage membranes, prewashed with 1 M NaCI, with 
40 mM octyl glucoslde m buffer A (0 05 M Na-phosphate, pH 7 4, 
1 mM MgCl,, 1 mM EGTA, 2 mM NaN,, 1 mM dlthloerythntol, 1 mM 
PMSF, 1 &ml leupeptm, 20% glycerol), batch absorption with DEAE- 
Sepharose, affimty chromatography on hepann-agarose, and gel filtra- 
tion on Superose 12 The concentration of cytochrome b,,, was deter- 
mined from the difference spectrum of sodmm dlthlomte-reduced mznus 
oxldlzed samples, using the extmctlon coefficient (427411 nm) = 200 
mM_’ cm-’ [16] For expenments mvolvmg 4 generatlon and FAD 
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Fig 2 Dependence of the Oj-producmg actlvlty of cytochrome bss9 on 
the concentration of added FAD Punfied cytochrome (0 75 PM) was 
supplemented with phosphohplds (a, 250 &ml phosphatldylchohne 
and 250 &ml phosphatldlc acid, b. 500 .&g/ml phosphatldylchohne) 
and 5 ~1 ahquots were added to 1 ml assay mixture containing variable 
concentrations of FAD After 3 mm mcubatlon, the reactlon was 
started by addition of 400 ,uM NADPH 
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bmdmg, punfied cytochrome b,,, with a specific content of 8-l 1 nmol 
heme/mg protem was used, partially punfied cytochrome bss9, with a 
specific content of 1 5-3 nmol heme/mg protein, was used for spectros- 
copy 

2 2 Reconstltutlon of cytochrome b 5Jp with phosphohpzds and reflavma- 
tzon wuh FAD 

These procedures were performed essentially as described before 
[12,17] L-a-Phosphatldylcholme II-S or IV-S, from soybean, and L-U- 

phosphatldlc acid, sodium salt, from egg yolk leclthm (all from Sigma) 
were dissolved m buffer A at a concentration of 4 mg/ml Cytochrome 
b,,g preparations were supplemented with the desired amounts of phos- 
phohpld and allowed to stand on ice for l&15 mm This was followed 
by 6- to I-fold dilution m (for Oz production assays) or by dlalysls for 
16-20 h against 200 volumes of octyl glucoslde-free buffer A (for spec- 
troscopy) [17] When intended for the performance of steady state 
reduction expenments, dialysis was against buffer A lacking NaN,, m 
order to avoid interference with the actlvtty of catalase added to the 
assay buffer Reflavmatlon with FAD (described m detail m the legends 
to figures) was performed m the presence of 30 PM hthmm dodecyl 
sulfate (LIDS), that was shown by us earlier to enhance Oz production 
by cytochrome b559 [12] 

.? 3 0: production 
This was assayed by the rate of superoxide dlsmutase (SOD) mhlblta- 

ble cytochrome c reduction as described before [5,12] The assay buffer 
(buffer B) consisted of 65 mM K, Na-phosphate buffer, pH 7 0, 1 mM 
MgCl,, 1 mM EGTA, 2 mM NaN,, 0 1 mM ferncytochrome c and 
30 PM LIDS Measurements were performed with a Uvlkon 860 spec- 
trophotometer (Kontron) usmg a ‘time dnve’ program and rate values 
were obtained using the ‘denvatlve overlay’ program 

2 4 Other assays 
Steady-state difference spectra of NADPH-reduced vs oxidized re- 

flavmated cytochrome b,,g were obtained m the presence of au using 
a Uvlkon 860 spectrophotometer at a scanning rate of 500 nm/mm, the 
content of the assay cuvette bemg stirred between repeated scans The 

extent of reduction of the redox centers of cytochrome b,,, was deter- 
mmed from absorbance differences at 559-540 nm, for heme [ 181, and 
45&540 nm, for FAD [19] and calculated m relation to the Na dl- 
thlomte-reduced state Noncovalently bound flavm was assayed by the 
fluorometnc method of Faeder and Siegel [20] This and other fluores- 
cence measurements were performed with a FP-770 spectrofluorometer 
(Jasco) Protein concentration were determined by the method of 
Bradford [21], with bovine gamma globulin as the standard 

3. Results and discussion 

We have recently shown that purified cytochrome b,,, 
exhibits varying levels of electron transport (0; produc- 
tion) activities, depending on the nature of the phosphol- 
ipids serving for rehprdation [12]. In order to elucidate 
the btochemical basis responsible for the high- and low- 
activity states, two types of cytochrome b,,, preparations 
were mvestigated High-activity cytochrome b559 was ob- 
tamed by rehpidation with a mixture of phosphati- 
dylcholine and phosphatidic acid (details of the rehpida- 
non condmons are recorded m the legends of Figs 1-5) 
and expressed a turnover rate of 15-30 mol OJmol cyto- 
chrome b,,&. Low-activity cytochrome bSs9 was ob- 
tamed by rehpidatton with phosphatidylchohne only and 
expressed a turnover rate of 4-7 mol O;/mol cytochrome 

b,,ds. 

3 1 Binding of FAD to rehppldated cytochrome b5,, 
Bmdmg of FAD to cytochrome b559, rehpidated to 
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Fig 3 Determmatlon of the FAD/heme stolchlometry m activated cytochrome b5% (A) Dependence of 0; production activity by cytochrome bSss 
on the ‘added FAD’/heme ratlo Punfied cytochrome &ST (0 75 PM) was rehpldated with 250 &ml phosphatldylchohne and 250 @ml phosphatldlc 
acid, 10 ~1 ahquots of this preparation were supplemented with vanable amounts of FAD (1~1) and diluted m 50 ~1 of buffer B, containing 30 PM 
LIDS After 5 mm mcubatlon, the reaction was started by the addltlon of these samples to an NADPH-contammg assay mixture Initial rates were 
calculated using a ‘denvatlve overlay’ program (B) O,- productlon by cytochrome b559 containing a half-eqmmolar amount of FAD Partially purtied 
rehpldated cytochrome bS59 (1 05 PM heme, 100 &ml phosphatldylchohne, and 100 &ml phosphatldlc acid, dialyzed as described m section 2) was 
supplemented with 30 PM LIDS and 0 52 PM FAD After 3 mm of mcubation a 10 ~1 ahquot was added to 1 ml complete assay mixture (Indicated 
by arrow marked 1) and at the time indicated by arrow marked 2, a saturatmg amount of FAD (1 PM) was added Thm tracing, ongmal record 
of absorbance at 550 nm, thick tracing, Its first denvatlve 
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Fig 4 Dependence of the Oi producmg actlvlty of cytochrome b,,, on 
the concentration of NADPH Purllied cytochrome b,,, was combined 
with phosphohplds (a, 100 pg/ml phosphatldylchohne and 100 @ml 
phosphatldlc acid, b, 200 kg/ml phosphatldylcholme) and 15 11 ahquots 
were added to 1 ml assay mixture containing 1 FM FAD The reaction 
was started by the addition of variable amounts of NADPH 

achieve either the high- or the low-activity state, was 
demonstrated by separation of FAD-reconsitituted cyto- 
chrome bSS9 from free FAD by gel filtration (Fig 1) 
High-activity reflavmated cytochrome b,59 exhibited an 
0; producing capacity amounting to 70% of the activity 
measured under conditions of an excess of free FAD m 
the assay medium Low-activity reflavmated cytochrome 
b,,, produced only 20% of the amount of 0; measured 
m the presence of an excess of free FAD m the assay 
medium Further mdications of FAD bmdmg were de- 
rived from the analysis of the absorbance and fluores- 
cence spectra of reflavmated cytochrome b,,+ de- 
monstrating a shift of the 450 nm absorbance maximum 
to 460 nm, and a decrease m fluorescence intensity by 
50% (results not shown) These changes suggest the ex- 
posure of flavm to an apolar environment [22] and its 
mteraction with aromatic ammo acid residues [23] The 
affinity of the cytochrome b,,,-FAD mteraction, esti- 
mated by saturation kmetics measurements [24,25] and 
expressed as the concentration of FAD supportmg half- 
maximal 01 production, was found to be 8 0 + 2 4 nM 
(number of cytochrome preparations, n = 4) and 
23 5 ? 5 6 nM (n = 3), for high- and low-activity cyto- 
chrome b,,, preparations, respectively (Fig 2) This dem- 
onstrates that high-activity cytochrome bSS9 preparations 

have a higher affinity for FAD and suggests that tighter 
bmdmg of FAD to cytochrome b,,, leads to an enhanced 
catalytic capacity 

The FADlheme stoichiometry was determined by 
studying 0; production by rehpidated high-activity cy- 
tochrome b,,, as a function of the ‘added FAD’lheme 
ratio (Fig 3A) From the mitral linear part of the curve, 
representing the region of stoichrometric FAD bmdmg 
([FAD] << [heme]) [26], a FAD/heme ratio of 1 2 was 
calculated Concentrated preparations of high activity 
rehpidated cytochrome b,,, (above 1 ,uM; therefore, 
>> KdlSh of FAD) provided with a half-equimolar amount 
of FAD exhibited a nearly maximal mitral rate of O? 
productron (Fig 3B) The finding of an FADlheme ratio 
of 1 2 m cytochrome b,,g IS m agreement with the ratio 
reported by Segal et al [9] for total neutrophil mem- 
branes, and provides functional proof for earlier propos- 
als of a multi-heme nature of cytochrome b559 [27,28] 
Our finding is also relevant to the proposal of parallel 
reduction of two one-electron centers by flavm as a IZ = 2 
to 12 = 1 step-down mechanism [29,30], taking mto ac- 
count the finding that the flavosemiqumone m phagocyte 
membranes is unstable [31,32] 

3 2 Electron transfer by rejlavmated cytochrome b,,, 
In order to distmguish between an increase m sub- 

strate bmdmg and enhanced electron transport as being 
responsible for the high-activity state of cytochrome b,,g, 
we performed a kinetic mvestigation of 0; production by 
high- and low-activity cytochrome b,,, preparations 
Typical results are shown m Fig 4 and demonstrate a K, 
for NADPH of 124 + 23 and 146 f. 57 ,uM for high and 
low activity cytochrome b,,g preparations, respectively, 
whereas the V,,, of these preparations was 32 7 ? 8 4 
and 7 6 & 2 0 mol O;/mol cytochrome b,,,ls (data de- 
rived from 3 experiments) These results suggest that 
activation of cytochrome b,,, IS the result of an enhance- 
ment m its electron transport capability rather than facil- 
itation of substrate bmdmg to it. 

The state of electron transferring centers during 0; 
production by cytochrome b,,, was estimated from the 
steady-state difference spectra of NADPH-reduced cyto- 
chrome b,,g under aerobic conditions (Fig 5) Addition 
of NADPH to high-activity cytochrome bSS9 led to the 
reduction of 10% of heme and 40% of FAD, that de- 
creased gradually m the course of the reaction No meas- 
urable reduction of either heme or FAD was detected 
upon addition of NADPH to low-activity cytochrome 
b,,, (Fig 5) These results indicate that the ‘switch’ for 
cytochrome b,,, activation is located between NADPH 
bmdmg and FAD reduction A similar situation is 
known to exist m the complete NADPH oxidase system 
derived from stimulated intact phagocytes [32], confirm- 
mg that identical processes are taking place m the native 
enzyme complex and m purified rehpidated and reflav- 
mated cytochrome b,,, 
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Fig 5 Difference spectra of NADPH-reduced reflavmated cytochrome 
h 559 Partially punfied cytochrome bSS9 (1 6 PM) was combined with 
phosphohplds (spectrum a, 100 pg/ml phosphatldylchohne and 100 
pg/ml phosphatldlc aad, spectrum b, 200 pg/ml phosphatldylchohne) 
and dialyzed as described m sectlon 2 To the final cytochrome bs5, 
preparation (1 32 PM) were added 30 pM LIDS, 0 66 pM FAD, 
10 U/ml SOD, 130 U/ml catalase After the oxldlzed spectrum was 
recorded, the reactlon was started by addltlon of0 58 mM NADPH and 
the spectra were scanned at 1 mm Intervals Typical mltlal spectra after 
NADPH addition (mmus oxldlzed spectra) are presented 

We conclude that cytochrome b559 IS a flavocyto- 
chrome with a 1.2 FAD/heme stoichiometry. Its 
NADPH-dependent 0, reducing capacity is determined 
by the state of the FAD group; high affinity binding of 
FAD, associated with a specific phosphohpid envtron- 
ment, results in facihtation of electron transport from 
NADPH to FAD and, consequently, m enhanced 0; 
production at a constant affinity for the substrate It 
appears likely that a similar mechanism underlies activa- 
tion of the complete NADPH oxidase system m the m- 
tact cell. 
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