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Whether or not cytochrome b-559 is a necessary component of NADPH oxidase activity in neutrophils is 
still controversial. In highly purified plasma membranes isolated from resting neutrophils and lacking 
cytochrome b, addition of arachidonic acid induced an NADPH oxidase activity. This activity was similar to 
that of plasma membranes isolated from phorbol myristate acetate (PMA)-stimulated cells which possessed 
cytochrome b. Addition of arachidonie acid to the latter plasma membranes did not alter the oxidase activity. 
It can be concluded that plasma membranes isolated from resting neutrophils have, in the presence of 
arachidonie acid, an NADPH oxidase activity similar to ~hat of PMA.stimulated cells, except that it is 
independent of cytochrome b-559. 

Introduction 

Human polymorphonuclear neutrophils (PMN) 
stimulated with a variety of particles or soluble 
compounds undergo an oxidative burst that gener- 
ates large amounts of superoxide anion [1-3]. 
Superoxide anion (O~) results from the monova- 
lent redliction of oxygen through an NADPH-de- 
pendent enzymatic activity, the so-called NADPH 
oxidase. NADPH oxidase activity is not detected 
in membranes isolated from resting PMN, whereas 
it is clearly present in those isolated from stimu- 

Abbreviations: PMN, polymorphonuclear neutrophils; PMA, 
phorbol myristate acetate; FB1, floating band 1+ plasma mem- 
branes; S, supernalant, cytosol; P, pellet, granules; PBS-sucrose, 
2 mM phosphate-buffered saline (pH 7.4) (34 mosM) contain. 
in 8 0+34 M sucrose. 

Correspondence: N. Amit, INSERM U.294 Laboratoire 
d'H~matologie et d'Immunologie, CHU Xavier Bichat, Uni- 
versit6 Paris VII, 46 rue Henri Huchard, 75018 Paris, France. 

lated cells [1-3]. Among the mechanisms which 
may activate the oxidase, a stimulus-induced fu- 
sion of sterically distinct components has been 
proposed [4,5]. In particular, several lines of evi- 
dence suggest that a low-potential b cytochrome, 
designated cytochrome b-559 and located in the 
granules of resting PMN, translocates to the 
plasma membrane upon stimulation [6,7]. How- 
ever, the role of cytochrome b-559 in oxidase 
activity as wall as that of its translocation remain 
a matter of controversy [8]. It has recently been 
reported that the addition of arachidonic acid to 
plasma membranes isolated from resting PMN 
enables them to produce O~- in the presence of 
cytosol and NADPH [9-14]. Whether or not cyto- 
chrome b-559 is necessary for this oxidase activa- 
tion is not clear [15]. Using a technique [16] tO 
isolate highly purified plasma membranes, we 
measured NADPH oxidase activity as well as 
cyt~hrome b-559 in plasma membranes isolated 
from resting and phorbol myristate acetate 
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(PMA)-stimulated PMN. NADPH oxidase was 
measured in the presence or absence of arachidonic 
acid. Results showed that plasma ]~ embranes from 
lesth~g PMN possess neither o.~.ic~tse activity nor 
cytochrome b-559. However, an oxidase activity 
develops when arachidonic acid is added to these 
isolated pl~ma membranes. The kinetic parame- 
ters of this arachidonic acid-activated oxidase are 
similar to those of ,~e -~xidase found in plasma 
membranes isolated from PMA-stimulated PMN. 
Furthermore, the addition of arachidonic acid to 
plasma membranes isolated from PMA-stimulated 
PMN does not alter the .kinetic parameters of its 
oxidase activity. 

Materials and Mefl~3ds 

Reagents. Dextran T 500, Ficoll..Hypaque were 
purchased from Pharmacia Fine Chemicals (Up- 
psala, Sweden). PMA, diisopropylfluorophos- 
phate, superoxide dismutase, arachidonic acid and 
NADPH (type 1) were obtained from Sigma (St. 
Louis, MO). Ethanol and paraffin oil were from 
Merck (Darmstadt, F.R.G.). 57Co-labeled vitamin 
B-12 (100-300 /~Ci/mg) were purchased from 
Amersham. The arachidonic acid stock solution 
(7.66 raM) was prepared by dissolving 25 mg in 25 
ml absolute ethanol and then bringing the volume 
to 10 ml with H20. PMA was dissolved in di- 
methyl sulfoxide at 1 mg/ml and stored at 
- 8 0 ° C .  

Isolation of PMN. Human PMN were obtained 
from venous blood (15 IU of lithium heparinate/ 
ml of blood). They were isolated by Dextran T 
500 sedimentation followed by Ficoll-Hypaque 
density centrifugation and hypotonic lysis of 
erythrocytes [7]. Leukocytes were washed with ice- 
cold Ca 2+- and Mg2+-free Krebs-Ringer's phos- 
phate buffer (pH 7.4) and resuspended in the 
same buffer at a concentration of (1.0-2.0)-10 s 
PMN per ml. The cell suspension contained more 
than 97% PMN. Cell viability was higher than 
98% as assessed by the trypan blue exclusion test. 

PMA-stimulation of PMN. 0.1/:g of PMA was 
added to 5 ml of PMN suspension equilibrated at 
37 ° C. After 3 rain incubation at 37 °C in a shak- 
ing water-bath (90 strokes per rain), the reaction 
was stopped by adding 15 ml of ice-cold 20 mM 
phosphate-buffered saline (pH 7A, 340 mosM). 

Resting PMN kept over an ice-cold bath were 
treated with 15 red of ice-cold buffered saline. 
PMA-stimulated ~auad resting PMN were then 
treated smfiiariy, with "all the steps conducted be- 
low 4°C. The PMN were pelleted by centg¢uga- 
tion for 6 rain at 200 x g. The supematant was 
discarded and the cell pellet was resuspended in 
phosphate-buffered saline containing 0.34 M 
sucrose (PBS-sucrose). To inactivate serine pro- 
teinases, cell suspensions were incubated with 1 
mM diisopropyl fluorophosphate for 15 min [17]. 
The PMN were then washed twice in PBS-sucrose 
and resuspended in the same PBS-sucrose buffer, 
except that it contained 2 mM MgCI 2. 

Disruption of PMN and plasma membrane isola- 
tion. Resting and PMA-stimulated PMN ,vere dis- 
rupted in paraffin oil as described [16]. Briefly, 
PMN (50.106/ml) were mixed with paraffin oil 
and mechanically (33 kg/cm 2 pressure) disrupted 
with a I, on-press (AB Biox. Stockholm, Sweden). 
The resulting homogenate was collected into 1 ml 

~ -~ , ,~  PBS-sucrose. After centrifugation, the 
paraffin oil separated from the aqueous medium. 
Two floating bands were observed, one above the 
oil (FB1) and the other (FB2) at the interface of 
the oil and aqueous phases. FB2 was discarded 
because, as previously reported, this fraction con- 
tains markers of both the granules and the plasma 
membranes [16]. A pellet below the aqueous phase, 
which comprised nuclei and unbroken ceils, was 
discarded. The aqueous phase, following centrifu- 
gation at 21000 x g for 20 min, ",fielded a super- 
natant (S) and a pellet (P). As previously reported 
for resting PMN and shown here for PMA-stimu- 
lated cells, FB1, S and P were composed mainly of 
plasma membranes, cytosol and granules, respec- 
tively. FB1 was washed and solubilized with 0.1% 
Triton X-100 and 0.1% deoxycholate as previously 
described [16]. The following markers were used to 
show that subcellular organelles isolated from 
PMN were plasma membranes, cytosol and gran- 
ules for FB1, S and P, respectively. Lactate dehy- 
drogenase, measured according to Beutler [18], 
was used to monitor percent disruption and fate 
of the cytosol. The granule enzyme, myeloperoxi- 
dase, and vitamin B-12 binding protein were as- 
sayed as described [19,20] in order to determine 
the fate of primary and specific granules, respec- 
tively. Alkaline phosphatase was assayed to follow 
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the fate of plasma membranes [21]. Protein was 
determined by the Bio-Rad method using bovine 
serum albumin as a standard [22]. In order to 
compare recovery of subcellular components from 
restin[; and stimulated PMN disrupted in paraffin 
oil, th~ content of the above markers was mea- 
sured ha resting p~,,~T d/s."upted by sonication in 
the presence of 0.2% Triton X-100 and 0.2% de- 
oxycholate. Addition of these detergents to soni- 
cated PMN either increased or did not alter the 
amou~:~t of protein and markers recovered. 

N~IDPH oxidase activity. NADPH-dependent 
oxida:;e activity was measured by two techniques: 
superoxide dismutase-inhibitable reduction of cy- 
tochrome C and luminol-enhanced chemilumines- 
cence. Cytochrome C reduction was monitored at 
25 °C with ~, Uvikon 810 dual beam spectropho- 
tometer (Kontron Roche, Switzerland). The refer- 
ence and sample cuvettes contained in a final 
volume of I ml: 0.1 M phoshate buffer (pH 7), 80 
/~M cytochrome C, 1 mM MgC12, 5-10/~g protein 
of FB1 and 0.25-0.75 mM NADPH. In addition, 
the reference cuvette comaine,:i 20 pg/ml  of su- 
peroxide dismutase. NADPH was added and the 
difference in absorbance at 550 nm (sample minus 
reference) was followed for several minutes. Initial 
rate of O~ production was c~dcolated ush~g 2L1 
mM as the absorption o~efficient of cytochrome C 
NADPH oxidase was aiso measured by luminol- 
enhanced chemilumine~:ence [23] using a Picolite 
model 6500 luminometer (Packard Corp). Activity 
was monitored at 37°C under magnetic stirring 
on program 2 (i.e., 10 s counting time, 18 counts 
sequence and zero background). The total chem- 
iluminescence (3 rain reaction) was recorded be- 
cause of the stability of photon emission during 
this period of time. Each assay vial contained in a 
total volume of 150 lal: 0.1 M phosphate buffer 
(pH 7.5), 1 mM DTPAC, 34 mM sucrose or 5-10 
pg protein of FB1, 1 ~tM luminol and NADPH at 
concentrations ranging from 0.25 to 0.75 mM. The 
reaction was started by injecting 65.6/~M AA or 
its solvent in the controls. 

Cywchrome b-559. Cytochrome b-559 was mea- 
sured in total PMN homogenate, FB1 and P frac- 
tions of resting and PMA-stimulated PMN. The 
technique used has been described in detail [24]. 
This technique routinely uses, before dithionite 
addition, bubbling of CO in aerated homogenate 

(i.e.: in which cytochrome b-559 is in its oxidized 
form and does not bind CO, whereas hemoglobin 
is in a reduced functional form and firmly binds 
CO). Unbound CO is evacuated after a further 
aeration and dithionite is added. As previously 
reported [24], in preparations devoid of hemo- 
globin, the peak at 558-559 nm (dithionite re- 
ducecl minus oxidized) did not change, whether or 
not CO was bubbled in the preparation. More- 
over, in membrane preparations from PMA- 
stimulated PMN that are not contaminated with 
any hemoglobin, meas,~lred values of cytochrome 
b-559 were similar, whether or not CO was bub- 
bled. In total homogenate, addition of detergents 
(Triton X-100 and deoxycholate), as routinely per- 
formed in membrane prep~:tions, did not alter 
the results of cytochrome b..559 measurements. 

Statistics. Results are given as means :1: S.D. 
Vm~ and apparent g m w e r e  calculated using a 
Lineweaver-Burk plot and th~ least-square method 
to establish regression lines. 

Results 

Plasma membrane isolation and its" cytochrome b.559 
content 

Optimal conditions for disluption of PMA- 
stimulated PM2q were found to be similar to those 
previously reported for resting PMN [16]. Table I 
shows the distribution of the organelle markers 
found in FB1 (plasma membrane), S (cytosol) and 
P (granules) fractions after disruption of resting 
and PMA-stimulated cells. PMN plasma mem- 
branes of stimulated cells were contaminated by 
less than 3% of granule markers (myeloperoxidase 
and vitamin B-12 binding protein). No contamina- 
tion of granule markers or cytochrome/)-559 was 
detected in FB1 isolated from resting PMN (Fig. 
1). Based on the sensitivity of our technique, this 
means that the plasma membranes of resting PMlq 
contain less than 3~ of the total cell cytochrome. 
In resting PMN, cytochrome b was recovered in 
fraction P. It was $8 :t: 7.4% of the total PMN 
cytochrome b. This low recovery is in part linked 
to the fact that the FB2 fraction as well as the 
pellet were discarded. The absence of cytochrome 
b=559 in the FB1 fractions suggests that the resting 
PMN were not activated during membrane pre- 
paration. FB1 of PMA-stimulated PMN contained 
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Fig. i. Reduced-minus oxidized spectra of cytochrome b-559. 
(a) FB1 (membranes); Co) P fraction (granules) from 30. l0 s 
resting PMN per ml. Cytochrome b was determined as de- 

sc.dhed under materials and Methods. 

26 + 14% of  total eytoehrome,  whereas the content  
of  cytochrome in granules decreased to 16 + 6%. 

NADPH.dependem d~-forming activity of FBI 
In FB1 isolated from resting PMN,  no O~-for- 

ming activity was found  either by  tire superoxide 
dismutase-inhibitable reduct ion of  cytochrome C 
or by the luminol-enhaneed chemiluminescence 
methods.  This absence of  Of- forming activity 
shows that, under  our  experimental  condit ions of  
FB1 preparat ion,  the P M N  were not  activated. By 

contrast ,  a N A D P H - d e p e n d e n t  O~'-forming activ- 
ity was found with bo th  techniques when FB1 
were isolated from PMA-st imula ted  cells. The 
kinetic parameters  of  the enzymatic activity were 
the following: Vm~ x was 200 nmoI O~- per rain per  
mg of protein; the apparent  K m for N A D P H  was 

3 5 . 1 0  -6 M. The N A D P H  oxidase activity was 

not  expressed when denatura ted  protein (boiled 
for 5 min) was subst i tu ted for the FB1 fraction or  
when N A D P H  was omit ted  from the reaction 
mixture. 

TABLE I 

."-~COVERY OF PROTEIN AND MARKERS IN SUBCELLULAR FRACTIONS OF HUMAN PMN 

Values obtained after Lox-press disruption in paraffin oil of resting (R) or PMA-stimulated (S) PMN. Subce|lular fractions were 
obtained as explained in Materials and Methods. The recovery values do not take into account the pellet and the FB2 fractions that 
were discorded in most experiments (see Materials and Methods). These fractions contain about 30% of the total protein and about 
30-35~$ of cytochrome b-559 m resting or stLmulated PMN. Values above are means+ S.D. of six different experiments, and units are 
indicated in parentheses, u.d., undetectable. 

Total FBI S P Recovery (~) 
PMN (membranes) (cytosol) (granules) 

R S R S R S R S 

Protein (mg/109 PMN) 124 2.24 2.54 49.6 50.3 13.2 11.7 
+ 22 + 0.4 + 0,3 + 2.1 + 1.8 + 1.2 + 2.0 

Alkaline phosphatase 86 42.3 46.1 2.24 2.38 6,9 6.6 
(units/106 PMN) ±12 +2.3 +2.5 0.17 0.36 2.24 0.55 

Lactate dehydrogenase 75 0.5 0.5 55 53 0.75 0.93 
(units/106 PMN) +18.9 +0,1 ±0,1 ±2,5 ±3.0 +0,2 ±0.3 

Mycloperoxidase 137 1 3,8 3.0 3.8 89 78 
(units/106 PMN) ±26.7 +0.2 ±02 ±0.I ±0.2 ±4,2 ±3.0 

Vitamin 11-12 binding 
activity (mg B-12 490 5 15 42 35 276 85.2 
foand in 109 PMN) -j: 160 +0,2 +0,5 +5 ±6 ±7,8 +3.0 

Cytodtrome b-~59 8,1 u.d. 2.1 u.d. u.d. 4.7 1.3 
(pmol/106 PMN) ± 1.3 ± I.I ± 0.6 + 0.5 

52.5 

59,8 

75 

67 

51.5 

64.0 

72 

62.5 

27.5 

42 
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TABLE II 
EFFECT OF ARACHIDONIC ACID ON NADPH-DEPEN. 
DENT 02 ACTIVITY MEASURED ON MEMBRANES 
FROM RESTING PMN 

Chemiluminescence and superoxide dismutase-inkibitable cy- 
tochrom¢ C reduction of the membrane fraction from resting 
PMN, determined in the presence of NADPH and arachidonic 
acid (see Materials and Methods). Vm~ and K m were calcu- 
lated from a Lineweaver-Burk plot. 

Method Vm~ k,, (/~M) 
Chemilumi. 1.6.10 e cpm/min 38.4:1:1.6 
nescence per mg protein 

Spectropho- 300 nmol O~'/min 37 + 2.1 
tometer per mg protein 

Effect of arachidonic acid on NADPI-!-depe.~dznt 
O~ofonn#~g activity 

Addition of arachidonic acid to FB1 from rest- 
ing PMN allowed generation of 02 in amounts 
similar to those generated by FB1 isolated from 
PMA-stimulated PMN. Moreover, kinetic parame- 
ters (Vma x and apparent K m for NADPiI) in the 
0~ generation of FB1 from resting PMN were 
similar to those of FB1 from PMA-stimulated 
cells (Table II). It is noteworthy that in these 
membranes cytochrome b-559 was not detectable. 
In contrast to its effect on FB1 isolated from 
resting cells, arachidonic acid did not modify the 
02 production by FB1 from PMA-stimulated cells. 
Furthermore, the Vm~ and the apparent Kr, for 
NADPH were not modified by the addition of 
arachidonic acid to FB1. The spectropi~otometric 
and the chemiluminescence a~says, used to mea- 
sure NADPH oxidase activity in the FBI fraction, 
are very sensitive to the KCN or azide levels 
currently used to demonstrate that the PMN 
NADPH oxidase is cyanide-insensitive. In order 
to circumvent this difficulty, we measured the 
cyanide (1 mM)-insensitive 02 uptake by two FB1 
fractions prepared from resting PMN and 
activated with arachidonic acid. Results were simi- 
lar to those found with FB1 fraction prepared 
from PMA-stimulated PMN (not shown). 

Discussion 

The NADPH-oxidase system of human PMN is 
a subject of extensive research and debate con- 

cerning its components. Most investigators believe 
that two species, an unusual, low-potential b-type 
cytochrome, b-559, and a flavoprotein, take part 
in the electron transfer system. Cytochrome b-559 
is located in the granules of the resting PMN and 
translocates to the plasma membranes upon 
stimulation [6,7]. Recently, the activation of the 
human neutrophil NADPH oxidase has been 
shown to occur in plasma membrane preparation 
from PMN which had not been stimulated befo~'e 
fractionation [9-14], Here, we show that the 
activation of the membrane NADPH oxidase by 
arachidonic acid is not dependent on spectropho- 
tometrically detectable cytochrome b. In particu- 
!ar, the apparent K m and Vm~ of the activated 
NADPH oxidase are similar whether ¢~ytochrome 
b-559 is present, as in membranes isolated from 
PMA-stimulated PMN, or not detectable, as in the 
membrane isolated from resting, in vitro 
arachidonic acid-activated PMN. This letter re- 
suit, showing a similar enzymatic activity in cell 
activation by PMA L~r isolated plasma membrane 
activated by ar~chi~,~c acid, strongly suggests 
that all components of the NADI~I! oxidase sys- 
tem are present :in the plasma membrane oi' rest- 
ing PMN. This is further supported by the fact 
that the enzymatic activity in the intact, 
PMA.stimulat~d PMN is not altered further by 
additional treatment of the plasma membrane with 
arachidonic acid. Activation of intact PMN under 
our experimenta~ conditions was performed using 
20 ng/ml (0.1 ~tg for 5 ml). Under ~hese condi- 
tions of suboptiwal PMN activation, the G~- p~o- 
duction is about 30 nmol 02 per rain per mg of 
protein. Because plasma membrane proteins 
account for about 3-4~ of total proteins, the 
theoretical production of O~" by isolated plasma 
proteins should be about 3-times that found in our 
membrane preparation isolated frora PMA-stimu- 
lated cells or from resting, subsequently 
arachidonic acid-activated cells. This relatively low 
recovery of NADPH oxidase activity might be due 
to our conditions of membrane preparation. These 
could select a membrane fraction with NADPH 
activity lower than that of discarded membrane 
fractions, such as FB2 and pallet, or other frac- 
tions in which NADPH oxidase activity was no~ 
measured, such as P [13]. Further measuremen*,~ 
of NADPH oxidase activity ~n these fractions are 
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needed. However, th,~ NADPH oxidase activity 
observed in the membrane fraction is similar or 
even higher than those reported by others under 
conditions involving the presence of cytosol 
[11-14]. 

Our results were obtained with a technique [16] 
recently shown to isolate highly purified mem- 
branes from resting PMN [16]. We show (Table I) 
that the technique is also efficient for isolation of 
plasma membranes from PMA-stimulated cells. 
Cytochrome b-559 has been reported to be located 
in the granule and plasma membrane fractions of 
resting PMN [6]. The differential spectrum (di- 
thionite-treated minus oxidized) of cytochrome b- 
559 shows three absorption bands, a, fi and 3t at 
557-559, 529-531 and 427-429 nun, respectively. 
The a band is specific for the cytochrome, but its 
height was much lower than that of the 7 band. In 
the plasma membrane (FB1) of resting PMN, 
neither the a nor the "t' band could be seen. 
Dilution of total PMN homogenate assured tt:at 
down to 3% of total, the cytochrome could be 
clearly seen by its V band (results not shown). 
This indicates that the plasma membrane of the 
resting PMN contains less than 3~ of its total 
cytochrome b. Upon PMA stimulation, ey- 
tochrome b is lsanslocated from the granules to 
the plasma membrane, in parallel with the de- 
granulation of the specific granules. 

In a ceil-free system, as described by a number 
of authors [9-14,25], the NADPH oxidase of hu- 
man neutrophil membrane can be activated by 
arachidonic acid without previous activation be- 
fore fractionation. Under our experimental condi- 
tions, cytochrome b was not spectrophotometri- 
cally detected in the membrane of resting PMN. 
Therefore, the activation by arachidonic acid of 
resting PMN membranes did not require the pres- 
ence of cytochrome b, in agreement with results 
on bovine PMN [26]. Furthermore, Kakinuma et 
al. [27] and Pick et al. [28] did not find any heme 
protein in the oxidase of pig PMN. In variance 
with Curnutte et al. [11] and Clark et al. [13], we 
find that the activation of NADPH oxidase by 
arachidonic acid does not require the presence of 
a cytosolic factor. Curnutte et al. found that the 
required cytosolic factors has two peaks of activity 
(200 and 40 kDa), whereas Clark et al. found a 
single peak of 10 kDa. In another report [12], the 

cytsolic factor was found not to be protein kinase 
C, since H-7 inhibition of protein kinase C had no 
effect on the induced oxidase activity. Our tech- 
nique, using lactate dehydrogenase activity as a 
marker of cytosolic factor contamination into 
membranes, allows us to exclude such contamina- 
tion. This method of plasma membrane prepara- 
tion differs from that used by others [11-14]. It 
thus cannot be excluded that during paraffin oil 
disruption, a selective adherence of a required 
cytosolic factor for NADPH oxidase activity oc- 
curs. In fact, addition of cytosol to the membrane 
fraction (FB1) did not increase arachidonic acid- 
induced NADPH oxidase activity (results not 
shown). Another difference is that in the present 
study, FB1 was treated with Triton X-100 and 
deoxycholate to allow complete separation of FB1 
proteins from paraffin oil. It cannot be excluded 
that such treatment may have effects similar to 
those resulting from addition of cytosol. Further 
efforts axe now being devoted to understanding 
the reason(s) why our membrane preparation pos- 
sesses an axachidonic acid-inducible NADPH 
oxidase activity, independent of a cytosofic factor. 

In conclusion, the in vitro activation of NADPH 
oxidase by arachidonic acid in plasma membranes 
lacking cytochrome b-559 suggests that human 
intact PMN possess a superoxide-anion-forming 
activity which is cytochrome b-independent and 
whose mechanism of activation needs to be studied 
further. 
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