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Studies were I~dormed to examine the lateral organization of the NADPH oxidase system in the p l a s m  membrane of 
human ~ql t rol~ |S.  Analysis of the subeellular fraetianation of human neutrophils by isopyente sedimentation of 
¢avitated cell lysates suggested that there may be more than one population of plasma membrane vesicles formed upon 
cell disnaption. One  populatkm (30-32¢~ sucrose) t'olllailled surface accessible wheat germ agglutinia binding sites, 
alkaline phosphatase activity, and cytochrome b. Another powJ!atiou (34-36% sucrose) contained membrane-bound 
flavin and, when the cells were prestimnlated with pho~bol myristate acetate (PMA), NADPH~lependent superoxide 
generating activity. Apln'oxlmately 25~ of the neutrophii cytochrome b cosedimented with the heavy polmlatlon, 
confirming our previous hypothesis (Parlkos et al. ( l~b'~ J .  Biol. Chem. 260, 6541-6547) that only a fraction of tke total 
cellular cytechrnnm b is invo|ved in supemxide production. The heavy phLsma membrane fractien was also en t i t l ed  in 

amociated actin and fot r in  as detected by Western blot analysis. After extraction oi  the plasma membrnne 
vesicles with ~ q e t ' g ~ t  ¢o~la i l~  the mjo rRy  of superoxide generating activity remained associated with the detergem 
inselnble pellet. Western blot analysis demonstrated that the pellets were also enriched in aetia. Further analysis of 
these l~qlets using rate-zmml detergent-eontalnlng sucrose density gradients indicated that the superoxlde germratlng 
complex had an aP l~x imate  sedimentatioa coefficient of 80 S, suggesting that the ~ s u l ~ x i ~  geaerating 
system may form a eomplex on the plasma memb~ae  which is assoelated with or somehow e e g e ~ e d  by the membrane 
skeletal nmtrix. This organization m y  be of ftmctional relevance not only to the actual ~ of superoxide, but 
also to the targeting of microbi¢idal oxidants. 

Introduction 

The role of the ~teutrophil in the body's defense 
against pathogens has been well documented [1-5]. 
Upon  exposure to a pathogenic stimuhis, the neutrophll 
responds by generating toxic oxygen metabolites such 
as superoxide anion (O2-) and hydrogen peroxide (H:02)  
[6,7]. This response, which is commonly known as the 
oxidative burst, is primarily due to the activation of a 

Abbreviations: CGD, ahronic ~'~ranulomatons disease; PMA, phorbot 
myristate acetate; NADPH, nlt-otinamid¢ adenine dinucleotide phos- 
phate (reduced); SDS, sodium dodecyl sulfate; 12SI-WOA, I~I~on- 
jugated wheat germ agglutinin; DPBS. Dulbecco's phosphate-buffered 
saline; PAGE, polya~:lylamide gel electrophoresis. 
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membrane-bound NADPH oxidase that is inactive in 
the unstimulated cell [8], Although the components of  
this oxidas¢ system have not yet been completely de- 
fined, current evidence suggests that it may be a multi- 
component electron transport system that includes a 
flavoprotein [9-11], which acts as an NADPH dehydro- 
genase, a low potential b-cytochrome which is thought 
to be the terminal component  that reduces 02 to O f  
[12-14], and possibly a ubiquinone which acts as an 
electron shuttle between the flavoprotein and cyto- 
chrome b [151. 

Support for the involvement of the b-cytochrome, 
specifically cytochrome b-559 (also known as cyto- 
chrome b-558 or cytochrome b-245), in the N A D P H  
oxidase system stems from several lines of  evidence: (1) 
neutrophils from patients with X chromosome-linkex] 
chronic granulomatous disease (X-CGD), a disease re- 
sulting from mutations in a g e n c  known to encode one 
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component  of the b-cytochrome [16,17], cannot  produce 
superoxide when stimulated [18]; (2) b-cytoehrome is 
spectrophotometrieally absent in neutrophils from cer- 
tain C G D  patients, and these neutrophils cannot  pro- 
duce a respiratory burst [19]; (3) genetic complementa- 
tion studies with monocyte hybrids from b-cytochrome 
positive and b-eytoehrome negative C G D  patients can 
regenerate oxidase activity [20]; (4) cytoehrome b-559 
copurifies with superoxide generating activity in deter- 
gent extracts of neutrophil  membranes [21]; (5) it has an 
unusually low ( - 2 4 5  mM) electrochemical potential  
[22]; (6) it has a very high kinetic capacity to reduce 
molecular oxygen under  aerobic condit ions [14]; and (7) 
purified b-cytochrome can reconstitute superoxide gen- 
erating activity when combined with detergent extracted 
membranes and ¢ytosol obtained from X-linked C G D  
patients [23]. However, a major issue that  still needs to 
be addressed is the precise biochemical role of the 
cytoehrome in this process. 

The primary arguments against the participation of 
cytochrome b-559 stem from the failure to achieve 
complete reduction of the cytochrome in broken cell 
preparations under  anaerobic conditions [11,21], the 
poor  recovery of cytochrome b in partially purified, 
NADPH-dependen t  superoxide generating activity 
[24,25], and the separation of most  b-cytochrome from 
superoxide-generating activity in detergent extracts 
using a cell free system for activation of N A D P H  
oxidase [26]. Yet, these arguments do  not  take into 
account organizational requirements for the production 
of superoxide in the intact  cell. 

In the studies presented here, we examine the organi- 
zation of the components  of superoxide production in 
the membrane of  unstimulatcd and PMA-stimulated 
human  neutrophils. We describe (1) the isolation of two 
plasma membrane microdomains (enriched or depleted 
in proteins of the membrane skeleton); (2) the de- 
tc,'xrdn~tion of the content  of eytochrome b-559, flavin, 
and superoxide generating activity in these a c t i n /  
fodrin-enriched vs. depleted domains;  and  (3) detergent 
extraction of the ac t in / fodr in- r ich  membrane  domains 
and sedimentation studies of superoxide generating ac- 
tivity. The results of these studies further suggested that  
only a fraction of the total membrane-bound cyto- 
chrome, that  fraction accessible to the flavoprotein and  
completed to a detergent insoluble matrix, may be  
involved in oxidant production. They also suggested 
that  the active components  of superogide production 
are laterally organized into functional domains [27] of 
the plasma membrane which are characteristically en- 
riched in cytoskele',al proteins. Finally, these studies 
suggested that  these structural proteins may be compo- 
nents of a supramolecutar complex with superoxide 
generating activity that is stable in detergent extracts. 

Materials and Methods 

Chemicals 
Diisopropylfluorophosphate, phorbol  myristate ace- 

tate (PMA), wheat germ agglutinin (WGA),  2,2-azino- 
di-3-ethylbenzthiazoline sulfonic acid (ABTS), disodium 
adenosinetriphosphate (ATP), aprotinin,  bovine serum 
albumin (BSA), superoxide dismutase, eatalase, glyeine, 
Lubrol  WX, Tri ton X-100 and cytochrome C (Type Vi)  
were purchased from Sigma (St. Louis, M e ) .  Gelatin,  
EDTA, suorose, and  dithionite were purchased from 
Fisher (Tustin, CA). Sodium dodecyi sulfate (SDS), 
bisacrylamide, sodium persulfate, TEMED,  Zeta-Probe 
blott ing membranes,  peroxidase conjugated goat  anti- 
rabbi t  and goat anti-mouse IgG, and peroxidase color 
developer (4-ehloro-l-naphthol)  were purchased from 
Bio-Rad (Richmond,  CA). Hepes was from U.S. Bio- 
chemical Corp. (Cleveland, OH). Ul t rapure  acrylamide 
and sucrose were purchased from S e h w a t z / M a n n  Bio- 
tech (Cleveland, OH). Normal  goat  serum was purchased 
from ICN ImmunoBiologicals (Lisle, It,). Prestained 
protein standards for SDS gels were purchased from 
Bethesda Research Laboratories (BRL) (Gaitherberg,  
MD). Renex 30 (polyoxyethylene tridecyl ether)  was 
obtained directly from the manufacturer ,  ICI Americas, 
Inc. Monoclonal  anti-actin ant ibody was purchased from 
Amersham (Arlington Heights, IL). Affinity purified 
• "abbit anti-aetin ant ibody ( IgG) was a k ind gift of  Dr. 
Keigi Fujiwara (Depar tment  of Biology, Harvard Uni-  
versity, Boston, MA). Rabbi t  an t i -human brain  fodrin 
antiserum was a gift of Dr. Jon  Morrow (Depar tment  of  
Pathology, Yale University School of Medicine, New 
Haven, CT). 

Buffer composition 
Cell resuspension buffer  was a modified Dulbeceo's  

phosphate-buffered saline containing 2.68 m M  KCI, 137 
m.M NaCI, 1.47 m M  KH2PO4, 8.1 m M  Na2HPO4,  0.9 
mM CaCI2, 0.49 m M  MgCI2, 0.1% giuoos¢, and  0.1% 
BSA (pH 7.4) (DPBS ( + ) ) .  Nitrogen cavitat ion buffer  
consisted of 0.34 M sucrose, 10 m M  Hepes, 1 m M  
EDTA, 0.1 mM MgCI 2, 1 m M  disodium adenosine 
triphosphate, and  1 /100  diluted aprot inin  (pH 7.4). 
Gradient  buffer  consisted of the appropriate  sucrose 
concentrat ion made  up in 10 m M  Hepes (pH 7.4). All 
sucrose solutions are given in a we igh t /we igh t  basis. 
The buffer  used for colorimetric assays was identical to 
the cell resuspension buffer except that  glucose and  
BSA were omitted (DPBS ( - ) ) .  

Preparation and fractionation of granuiocytes 
The methods of gtanulooyte isolation, cavitation, 

fractionation, and the buffers used are as described 
elsewhere [28] with slight modifications. Neutrophi ls  



were isolated from human blood using gelatin sedimen- 
tation followed by hypertcnic lysis of any remaining red 
blood cells. The resulting ceil suspension contained 
greater than 90~ neutrophils as determined by visuali- 
zation under light microscopy. The purified neutrophils 
were treated with 2.5 mM diisopropylfluorophosphate 
for 15 min at 4 °C ,  washed, and resuspended in cell 
resuspension buffer containing catalase (250 U / m l )  and 
superoxide dismutase (50 U / m l )  at 1 • 108 cells/ml.  The 
cells were then warmed to 37 ° C  and stimulated for 3 
min with 1 igg/ml PMA. The reaction was stopped by 
the addition of an equal volume of ice-cold DPBS ( -- ). 
The cells were then washed, resuspended in nitrogen 
cavitation buffer and lysed by N2 cavitation (400 psi /15 
rain at 4 ° C). The resulting homogenate was fractionated 
into a low speed (1000 x g for 5 min) supernatant 
(1KS) and foam-pellet (1KP) residue. The 1KP was 
resuspended in cavitation buffer and rehomogenized 
with 10 strokes in a glass dounce homogenizer and 
again fractionated into 1KS and 1KP. The 1KS frac- 
tions were pooled and fractionated either by isopycnic 
or discontinuous sucrose density gradient sedimenta- 
tion. The isopyenic sucrose density gradients were con- 
structed by layering a 20 ml 20-555 sucrose gradient 
on top of  a 4.0 ml 60~ sucrose cushion and allowed to 
set at 4 ° C  overnight. A 1.5 rat cushion of 15% sucrose 
was overlayed before application of 10 ml 1KS homo- 
genate to the gradients. The gradients were then sedi- 
mented at 163000× g for 45 min (4°C)  in a Dupont- 
Sorvall TV850 vertical rotor. 1.5-ml fractions were col- 
lected from each gradient. Discontinuous sucrose gradi- 
ents [29] were constructed by layering consecutively 5 
ml 60~ sucrose, 6 ml 40~ sucrose, and 8 ml 15% 
sucrose. After layering 15 mi 1KS homogenate on top 
of  the gradients, they were sedimented at 163000 × g 
for 30 rain (4°C)  in the TV850 rotor. 1.0 ml fractions 
were collected and the plasma membrane fractions were 
combined for the bulk plasma membrane preparations. 

Cell surface labelling 
tzSI-conjugated wheat germ agglutinin was prepared 

as described previously [28]. To label the cells, 
unstimulated neutrophils were incubated with ~ I-WOA 
(6- 104 cpm of 125I-WGA (2-107 ¢pm/ptg) per 10 s cells) 
in cell resuspension buffer at 0 - 4 ° C  for 5 min, washed, 
and resuspended in the same buffer. Surface 1251-WGA 
was assayed direrctly using a gamma radiation counter 
(Iso-Data). As reported previously [28], WGA at the 
levels used here does not interfere with normal stimula- 
tion of superoxide production and the cells remain 
functionally viable. In addition, WGA at these levels 
does not alter the sedimentation distributions of the 
other plasma membrane markers [301, 

Biochemical assays 
Cytochrome /7-559 was quantitated by reduced- 
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minus-oxidized difference spectroscopy on a Perkin- 
Elmer Lambda 4C dual beam spectrophotometer (Per- 
kin-Elmer Corp., Newark, N J) assuming an absorption 
coefficient of 2.16.104 M -~- cm -~ [31]. Samples were 
reduced by the addition of 5 ~! of a 1.0 M solution of 
sodium dithionite made up in H o e  immediately before 
use. Protein was measured by the Bradford method [32] 
and the BCA method as described by Pierce (Rockford, 
IL) using BSA as a protein standard. Total ravin con- 
tent was determined by the alkaline photohydrolysis of 
all ravin to lumiflavin followed by organic extraction in 
chloroform [33]. Alkaline phosphatase, myeloperoxi- 
dase, and other markers were measured as described by 
Jesaitis e ta l .  [28]. 

Detergent extraction of membranes and ~edimentation 
analysis 

Membranes prepared from sucrose gradients (discon- 
tinuous) were extracted with several detergents above 
their respective critical micelle concentrations at deter- 
gen t /pro te in  ratios in excess of 5 :1 .  Extraction was 
carried out at 4 ° C  for 30 to 60 rain in buffer originally 
employed by Lenk et aL [34] to isolate cytoskeletons 
from HeLa cells and applied to neutrophifs by Jesaitis 
e t a l .  [35]. Subsequent to extraction the membranes 
were sedimented in a Beckman 50Ti rotor at 45000 rpm 
( 1 8 0 0 0 0 x g  at rrr.~ ) for 2 h at 4 ° C .  Pellets were 
carefully decanted by gentle aspiration of all but 100/.tl 
of  the original volume (2 ml). Pellets were then resus- 
pended in the original e×traction buffer by sonication 
using a Heat Systems-Ultrasonics sonicator (Heat Sys- 
tems Ultrasonics, Inc., Plainville, FlY) for three 5-s 
bursts and then analysed for superoxlde generating 
capacity, ravin,  cytochrome, aetin, and protein content. 
The pellets were also further fractionated by sedimenta- 
tion in rate zonal, detergent-containing sucrose gradi- 
ents 00-40% w/w) .  The sedimentation was carried out 
in a Dupont-Sorvall TV865 vertical rotor at 45 000 rpm 
(180000 x g a t  ray ) for 36 rain. Fractions (0.3 m!) were 
collected for further content analysis. An estimate for 
the sedimentation coefficient for the superoxide gener- 
ating system was derived from application of the rele- 
vant "SEA" chart for the TV865 rotor. 

Measurement of superoxide anion generation 
Superoxide generation was measured in two ways. 

The first method employed ELISA microtiter p~ te  wells 
as cuvettes and reaction chambers. 200 /tl reaction 
buffer (0.65 m g / m l  cytochrome C, 2 mM MgC! 2. 2 mM 
NaN 3, and 10 mM Hopes (pH 7.4)) with and withoL~t 
100 U / m l  superoxide dismutase (SOD) were aliquoted 
into ELISA plates. 5-/tl samples of the gradient frac- 
ti:Jns were then mixed into the reaction buffer and the 
reaction was started by the addition of 10 / t l  2.3 mM 
NADPH. The absorbance at 550 nm was recorded as a 
function of time in 1-rain intervals in the 'Repeated 
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Reads' mode on a Biotek Model EL310 ELISA plate 
reader with a 550 nm interference filter. Alternatively, 
activity was measured in conventional 1.6-ml micro- 
euvettes utilizing 650 pl  reaction buffer and 50 /tl 
gradient sample. The reaction was initiated by the 
addition of 10 /~1 10 mM NADPH (140 ,aM final 
concentration) and monitored at 550 nm on the Perkin- 
Elmer Lambda 4C dual beam spectrophotometer. After 
5 min, 10 ~1 of 50000 U / m l  SOD were added to the 
reaction and the reaction was again monitored, SOD-in- 
sensitive activity was constant over the entire time 
interval studied) even if it was measured at t = 0. The 
rate of superoxide dismutase inhibitable eytochrome C 
reduction was calculated using a value of 1.85-104 
M -1-  cm - ]  for the absorption coefficient of the 
reduced-minus-oxidized forms of cytochrome C. 

The stabifity of the suporo~,ide generating activity in 
our plasma membrane preparations was also investi- 
gated. PMA-stimulated neatrophii membranes prepared 
from discontinuous sucrose gradients as described above 
were assayed immediately for SOD inldbitable super- 
oxide generating activity on the Perkin-Elmer Lambda 
4C dual beam spectrophotomcter using the conven- 
tional method as described above. Aliquots of the mem- 
branes were then stored at 4 ° C  and - 7 0 ° C  and mea- 
sured for superoxide generating activity at specified 
times. For time points of  0, 1, 4, and 7 days, the 
superoxide generating activity was measured for each of 
the two storage conditions. The membranes stored at 
4 ° C  had specific activities of 45.4 ~ 2.1, 33,1-4- 2.0, 
20.6 + 5.8, and 16.8 :k4.6 n m o l / m i n  per rag, respec- 
tively (expressed mean _+ S.D.; n = 3), and those mem- 
branes stored at - 7 0 ° C  had activities of 45 .0+ 1.6, 
42.7 _ 1.7, 42.5 :[: 1.0, and 41.7 :t: 1.0 n m o l / m i n  per me, 
respectively (mean -4- S.D.; n = 3 ) .  Thus, there was 
marked instabifity of the oxidase system if the samples 
were stored nt 4°C,  but the activity could be stabilized 
by storing them at - 7 0  ° C  if immediate assay was not 
possible. 

Eiectrophoresis 
SDS-polyacrylamide get electrophoresis was carried 

out at room temperature using 9% polyacrylamide slab 
gels or 7-18% gradient gels containing 0.1% (w/v)  SDS 
[36]. Fraction samples were mixed with an equal volume 
of sample buffer (1 part 10% SDS (w/v)  in H20, 1 part 
0.5 M Tris base (pH 6.8), 1 part glycerol, 0.03~ 
Bromophenol blue, and 500 mM 2-mercaptocthanol) 
and then applied to the gel. The electrophoretic mobil- 
ity of the samples was compared with the mobility of  
prestained standard proteins. Proteins were visualized 
on the gels by first staining for 30 min with 0.1~ 
Coomassie blue G in 50% methane! and 10% acetic 
acid. Gels were then destaincd in 25% isopropaao!/10% 
acetic acid and hydrated in 8 2 0  for two days. Hy- 

drated gels were then silver stained under basic condi- 
tions as described by Wray et al. [37]. 

Western blotting experiments 
Electrophoretic transfer of proteins from SDS-poly- 

acrylamide gels onto Zeta-Probe blotting membranes 
was performed according to Bio-Rad instructions. 
Briefly, the gel was equilibrated in transfer buffer (25 
mM Tris, 192 mM glycine) for approximately 20 rain. 
At the same time, the zeta-probe membrane, filter paper, 
and fiber pads were also soaked in transfer buffer. The 
transfer cassette was then assembled and transferred for 
approx. 200 volt-h with cooling (15°C)  in a Bio-Rad 
Trans-Blot cell, After transfer, the Zeta-Probe mem- 
branes were first incubated for at least 1 h in blocking 
buffer consisting of 10% goat serum and 3% BSA in 0.5 
M NaCI and 10 mM Hepes (pH 7.4). The transfers were 
then incubated for 3 h with 1 ~tg/ml dilutions of rabbit 
IgG (anti-actin or anti-fodrin) or 1/1000 dilutions of 
mouse lgM (monoclonal anti-aetin) in DPBS ( - )  plus 
3~ goat serum, 1% BSA, and 0.2% Twecn 20. After 
rinsing the Zeta-Probe five times with wash buffer (0.25 
M NaCI, 10 mM Hepes, 0.2~ Tween 20 (pH 7.4)), it 
was then incubated for 1 h at 2 0 ° C  with 1 Ftg/mol of  
peroxidase conjugated goal ant i-rabbit  IgG (or 
anti-mouse IgM) in DPBS ( - )  plus 3% goat serum, 1% 
BSA, and 0.2% Tween 20. After rinsing five times with 
wash buffer, the transfers were color developed for 
5-30 rain in a solution of developer consisting of 30~[ 
methanol, 0.5 m g / m l  peroxidage color developer (4- 
chloro-l-naphtbol),  and 5 mM H202 in 0.25 M NaCI, 
10 mM Hepes (pH 7,4). The reaction was terminated by 
the transfer of the Zeta-Probe membrane to distilled 
H20. 

Results 

Subcellulor distribution of the components of superoxide 
generation in PMA-stimulated human neutrophiis 

To study the molecular organization of the super- 
oxide generating system in the plasma membrane of  
stimulated human neutrophils, highly purified plasma 
membranes were prepared by N 2 cavitation and sucrose 
density gradient sedimentation. The subcellular distri- 
bution of organelles was analyzed by assaying for the 
presence of distinct organelle markers in the sucrose 
density gradient fractions. The peak activities of the 
plasma membrane markers, alkafine phosphatase and 
izSI-wheat germ agglutinin surface label; the specific 
granule marker, lactoferrin; and the azurophil granule 
marker, myeloperoxldase, sedimented to approximately 
the same density as has been previously reported by our 
laboratory for unstimulated human neutrophils [38]. 
The peak Golgi markers sedimented at 26-28% sucrose 
for the light Golgi and at 41-43% sucrose for the heavy 
Golgi which was coinciden~z with the specific g ranule /  
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of the acti-.'ity appUed to the gradients was recovered. One of three experiments. 

cy tochrome b peak activities (not  shown).  As noted 
previously [38], the dis t r ibut ions of  alkaline phos-  
pha tase  and  surface marker  ~zSI-WGA were essentially 
coincident (not  shown).  

Closer  inspoction o f  the p lasma  membrane  distribu- 
t ion and compar i son  to that  obta ined  f rom uns t imu-  
tared cells revealed significant and reproducible dif- 
ferences. In  uns t imula ted  cells, the tzs I -WGA surface 
marker  completely sedimented into the gradient  in a 
un imoda l  dis t r ibut ion (Fig. 1). The location of  the peak 
t2SI-WGA occurred at essentially the same density for 
PMA-st imulated ceils. However,  in the latter case a 
shoulder  became evident in the denser  fractions (34-44% 
sucrose) possibly suggesting a reorganization of  p lasma 
m e m b r a n e  glycoproteins to a denser  subpopula t ion  of  
p l a sma  m e m b r a n e  vesicles analogous  to those recently 
repor ted in ou r  laboratory [27]. In addition, this re- 
dis t r ibut ion was observed over  a wide range of  PMA 
concentra t ions  m e m b r a n e  ( 0 . 1 - 5 / ~ g / m l ) .  

Analysis  of  the content  of  cytochrome b-599 in the 
sucrose  gradient fractions suggested a dual localization 

(Fig, 1) with one peak cosedimenting with the p lasma 
membrane  markers  (30-32% sucrose) and the o ther  in 
the region containing the specific g r a n u l e / G o l g i  
markers  (41-43% sucrose). A p p r o x i m a t d y  20-30% of 
the total b-cytochrome coisolated with the p lasma mem-  
brane  in control  cells, while there was  a significant 
increase in b-cytochrome cosedimenting with the p lasma 
m e m b r a n e  after s t imulat ion o f  the cells with PMA. A 
corresponding decrease in b-cytochrome associate, d wi th  
the specific ~' ,ranule/Golgi fraction was  observed. These 
results are in agreement  with those of  Borregaard et at. 
[39] and Borregaard and Tauber  [40] who  previously 
reported a PMA induced redistr ibution of  b-cyto- 
chrome.  Because the membrane -  and specific g r a n u l e /  
Golgi-derived cy tochrome profiles overlap significantly 
in the region of  the dense p lasma m e m b r a n e  fractions, 
it is possible only to give a rougl', est imate of  the 
m a x i m u m  amoun t  of  cytochrom¢ b-559 available in 
those fraetionb (approx.  25~ of  the total cellular cyto- 
chrome or  approx.  39% of the total p lasma  membrane -  
bound  cytochrome).  
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Analysis of  the neutrophit r av in  also resulted in a 
bimodal distribution with the majority of  rav in  cosedi- 
menting with eytosolic fractions (Fig. 1). Approximately 
8-10% of the ravin  sedimented at a dc~,sity of 1.15-1.16 
(approx. 34-36% sucrose) which was slightly higher 
than the density wh~re the peak activity of the plasma 
membrane  markers were located. This membrane  asso- 
ciated rav in  activity sedimented at the same location 
(34-36% sucrose) in both control and PMA-stimulated 
cells and matched the density observed for the new 
shoulder of t2~I-WGA. Th~s result confirms the previous 
work of Parkos et al. [38] and indicates that the r av in  
cosediments more closely with elements found in the 
dense plasma membrane  fraction, 

Subcellular locolization of superoxide production 
The sedimentation patterns of the two putative com- 

ponents  of superoxide generation appear to have slightly 
differing distributions on the sucrose gradients. Thus,  it 
was essential to determine where superoxide generating 
activity was localized. Purified human  neutrophils were 
stimulated with 1 /~g/ml PMA and fractionated on  
isoDycnic sucrose density gradients as described under  
Materials and Methods.  On typical sucrose gradients in 
which superoxide was measured, the average recovery of 
superoxide generating activity was 12.9 _+ 1.5 and 25.3 
+_ 1.8 n m o l / m i n  per mg (mean :[: S.D., n = 2) for the 
1KS homogenate and peak gradient fraction, respec- 
tively. Given that  the membrane  activity was not  mea- 
sured in the presence of detergent, which increases 
activity by approximately a factor of  two for all the 
gradient or crude fractions [21], the reported values 
conform to those previously reported for membranes  
isolated from PMA-stimulated neutrophils. 

The distribution of superoxide generating activity on 
isopycnic sucrose gradients is shown in Fig. 2 (panel B). 
The  peak activity oc,=urred at a density of  1.15-1.16 
(approx. 34-36% sucrose). This peak activity cosedi- 
mented with the neutrophJl flavin but  only exhibited 
alignment with a shoulder of the b-cytochrome. Since 
PMA-sfimu!ated superoxide generating activity has  been 
previoasly :d~owt'~ to be surface in origin [38], the distri- 
bution rcported here confirms that this activity is in- 
deed located to a distinct populat ion of plasma mem-  
brane vesicles sedimenting at a higher density than the 
buIk plasma membrane.  This result also suggests that  
superoxide generation is restricted to a populat ion of 
plasma membrane  vesicles which either contain both 
flavin and b-cytochrome or contain a mixture of flavin- 
bearing and cytochrome-bearing vesicles. 

Distribution of actin and fodrin 
Recent studies by Jesaitis et al. [27] have demon-  

strated the presence of ac t in / fodr in- r ich  plasma mem- 
brane mierodomains in subcellular fractions prepared 
from human  neutrophils. The presence of a denser 
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Fig. 2. Sul0celiular localization of HADPH oxida_~c components and 
superoxide generating activity from PMA-stlmulated neutrophils. 1- 
l0 s neutrophils were stimulated and fractionated on isopycnic sucrose 
density gradients as described in Fig. 1 and under Materials and 
Methods. Flavin (panels A and B), b-cytochrome (panel A), and 
superoxide activity (panel B) were measured in fractions as described 
under Materials and Methods. Percent of ~uaximal activity recovered 
from the gradients is plotted as a function of percent sucrose (w/w). 
100~ activity levels represent 62.2 pmoles flavin, 160.3 pmo]es c~to- 
chrome b, and 95 pmoles 02.  The specific activity o f  the peak 
fraction was  27 nmol O~'/min per m_g protein. 85-110~ of the 
activity applied to the gradients was recovered. One of three experi- 

ments. 

subpopulat ion of p lasma membrane  vesicles in the pre- 
sent studies suggested that  these vesicles may  also be 
enriched in cytoskeletal proteins such as actin a n d / o r  
fodrin. Therefore, the sucrose gradient fractions were 
analyzed for actin and  fodrin using SDS-PAGE and  
Western blotting techniques as described under  Materi- 
als and  Methods.  The  top panel  of  Fig. 3 shows a 
silver-stained polyacrylamide gel of the gradient  frac- 
tions. The  locations of the peaks of the various organelle 
markers and superoxide generat ing activity are indi- 
cated. Western btots using anti-fish skeletal muscle act in 
ant ibody [41] and an t i -human  brain fodrin an*~body 
[42] are also shown in Fig. 3 (middle and  lower panels,  
respectively). As shown, the peak actin (34-36% sucrose) 
and peak fodrin (34-36% sucrose) bearing particles 
sedimented at appro:dr.mtely the same location in the 
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Fig. 3. Cosedimentation o f  act in and foddo with N A D P H  oxidase act iv i ty on isopycnic sucrose density gradients. ] - ] 0  s ncutrophils were 
st imulated with 1 p g / m l  P M A  and f racdonated as described in Fig. l and  under Materials  and Methods. Fract ions were subjected to 
SDS~po[ya~'vlandde get electrophoresis on 9e$ gels. The  gels were fixed and silver stained as described under  Materials  and Methods. The  upper  

panel shows the silver-stained profile. Fractions were also analyzed for actin (middle panel) and fodrin (lower panel) conlent using Western blotting 
te~lmiques with anti-fish skeletal muscle actin antibody and anti-human brain todrin antibody, respectively, as described under Materials and 
Methods. The positions of the peak activities of the subcel|ular organelI= markers and supcroxide activity are, shown above the gel and between the 
blots: Azurophil granules (AG). specific granules (SG). superoxide activity (S). alkaline phosphatase activity (AP), and cytosol (CS). Fraction 
number is indicated at the bottom of the figure with fraction I representing 59~ sucrose (w/w) and fraction 27 representing 15% sucrose (w/w). 

One of two experiments, 

sucrose density gradient  as the peak flavin and  peak 
superoxide producing  fractions, 

Detergent insalubility of the superoxide generating cam- 
plex 

The  distr ibut ion of  flavin and  sup¢roxide generating 
activity appears  restricted to an a c t i n / f o d r i n  enriched 
subpopu la t ion  of  vesicles, suggesting that the m e m b r a n e  
skeleton might  be part icipating in organizing these com- 
p o n e n t s  on  the cell surface. Such part icipat ion may 
result  f rom the direct or  indirect interaction of  super-  

oxide generat ing componen t s  with componen t s  of  the 
membrane  skeleton. To test this hypothesis,  purif ied 
p lasma membranes  were prepared  o n  step gradients  as 
described in Materials and Methods.  These m e m b r a n e s  
were then exposed to several different detergent cocktails 
previously used to prepare  ¢ytoskeleton~ f rom inta¢~ 
cells [35]. After  incubat ion for  30 -60  main at 4 ° C ,  these 
extracts were sedimented at 180000 x g for 2 h at  4 ° C  
in an  ultracentrifuge. The recoveries of  fla~in, cyto- 
chrome b, and  supcroxide generat ing activity in the 
pe!let and superna tan ts  are shown  in Table l. Ap-  
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TABLE I 
Coisolation of sut;~:~i.~ do Q enerating octiuity and oxida~e com~onPntv from stimulated neutrophils with the detergent-insoluble membrane ~keletal matrix 

Sample Pelleted superoxide Distribution of flavin Distribution of cytochrome Pellet ravin/  Pelleted 
generating activity (pmole) (pmoIe) cytovhrome protein 

ratio (~g) 
nmol/min % total pellet supt. pellet supt. 
per mg 

Control 20.3 + 3.4 (100) 9.6± 4.3 2.9=[=1.7 26,04-8.1 0±0  1:2.94-0.5 30.24-6.4 
0.l~ Lubrol 20.7=[=1.4 96.521=8.5 3.84-1.0 4.44-1.0 21.54-0.7 0:i:0 1:6.04-1.4 23.54-4.5 
0.l~ Renex 19.6+4.9 95 .3 -1 -8 .6  4.14-2.3 9.2=[=3.5 16.44-0.8 13.5=l= 2.0 1:5.0+3.7 21.74-4.7 
0,5 • Triton 7.2 4-1 .b 35.0 4- 2.2 3.b 4- 2.0 7.2 :i: 3.i 13.6 4- 4.3 13.0 ± S.0 1 : 5.5 :l: 3.6 20,7 ± 4,4 

Human neutrophils (1-10S/ml) stimulated with 5/ tg/ml  PMA as described under Materials and Methods were disrupted by N 2 c.~vitation and 
fraetionated using, a discontinuous sucrose density gradient. Similar r e s u l t s  w e r e  obtained "-'sing ! pg/n~ and 100 ng/ml PMA (not shown). 
Purified plasma r~,lembr~.-~c fractions were collected and treated for 30 min at 4°C with detergents as indicated, and the mixture was then 
centrifuged at l~0000x g[t:." 2 h g( 4°C. Control membranes were treated identically but without detergents. The supernatants and pellets were 
collected and assayed for SOD-inhibitable O~- activity, ravin, cytochrome b, and proetin as described under Materials and Methods. Iqegfigible 
O~- activity was recovered in the supernatants for all samples. 71-985 of applied ravin and 80-1005 of appfied cytoc~ome and protein was 
recovered in the samples. The results are expressed as mean-I- slandard deviation, n = 3~ 

p rox imate ly  8 5 - 1 0 5 ~  of  the  superox ide  genera t ing  ac-  
t ivity was  recovered in the  pellet  f ract ion o f  R e n e x  
ext rac ts  sugges t ing  tha t  the  act ivi ty was  coupled  tc  a 
large s ed imen tab l e  ma t r i x  genera l ly  in te rpre ted  as  the  
m e m b r a n e  skeletot~. Ext rac t ion  wi th  Tr i ton  X-100 
resul ted  in lower recovery o f  superox ide  genera t ion ,  
poss ib ly  because  the  integr i ty  o f  the  m e m b r a n e  skeletal  
ma t r ix  was  be ing  des t royed.  Indeed ,  shor te r  ex t rac t ion  
t imes  (15 rain) wi th  T r i t on  X-100 resul ted  in  a grea ter  
recovery o f  act ivi ty (approx .  5 0 ~  recovery).  A recent  
abs t rac t  by  Babior  a n d  co-workers  [43] r epor t ing  the  
assoc ia t ion  o f  ox idase  activity,  cy tochrome ,  a n d  m e m -  
bers  o f  the  48 k D a  p h o s p h o p r o t e i n  fami ly  wi th  the  
T r i t on  X-100 inso luble  pellet  f rom P M A - s t i m u l a t e d  
neu t roph i l s  s u p p o r t s  these  f indings .  N o  act ivi ty  was  
recovered af ter  deoxycho la te  t r ea tmen t .  

In  the  R enex  t reated samples ,  app rox ima te ly  70 -80% 
of  the  m e m b r a n e - b o u n d  f lavin was  no t  sed imentab le ,  
sugges t ing  tha t  on ly  20 -30% was  re levant  to supe rox ide  
p roduc t ion .  Since the  solubi l iza t ion  was  p e r f o r m e d  o n  
f rac t ions  ob ta ined  f rom bu lk  p l a s m a  m e m b r a n e  pre -  
pa r a t i ons  ob t a ined  f ro m d i s c o n t i n u o u s  suc rose  gradi-  
en t s  (see. Mater ia l s  a n d  Methods ) ,  m u c h  of  t he  b-¢yto-  
c h r o m e  was  der ived f ro m the  l ight  p l a s m a  m e m b r a n e  
frac~tion. Th us ,  i ts solubi l iza t ion wou ld  be  cons i s t en t  
with  the  lack o f  cytoskele ta l  in te rac t ions  in those  frac-  
t ions.  Indeed ,  a h igher  pe rcen tage  o f  c y t o c h r o m e  b is 
solubil ized f rom the  l ight  f rac t ions  t han  f rom the  heavy  
m e m b r a n e  f rac t ions  (da t a  no t  shown) .  A l t h o u g h  m u c h  
of  the cy toch rome  f rom the heavy  m e m b r a n e  f rac t ions  
r ema ins  inso luble  u n d e r  cond i t i ons  wh ich  m a i n t a i n  the  
integr i ty  of  the  superox ide  gene ra t ing  sys tem,  it  can  be  
comple te ly  solubi l ized u n d e r  app rop r i a t e  cond i t ions ,  i.e., 
when  eytoskeletal  ma t r ix  p ro te ins  are  r emoved  b y  1 M 
NaC I  wash  o f  the  m e m b r a n e s  [44]. 

Approx ima te ly  30% of  the  total  p ro te in  was  solubi -  
iized by  our  ex t rac t ion  procedure ,  as j u d g e d  by  pro te in  

de t e rmina t i on  a n d  S D S - P A G E  o f  the  pel le t  a n d  supe r -  
n a t a n t  f rac t ions  o f  the  de t e rgen t  ex t rac t s  r e t a in ing  su -  
pe rox ide  activity,  i nd ica t ing  tha t  m u c h  of  the  p ro t e in  
r e m a i n e d  assoc ia ted  wi th  t he  cytoskele ta l  ma t r i x  u n d e r  
these  condi t ions .  Fig. 4 ( u p p e r  panel ) ,  wh i ch  s h o w s  the  
p ro te in  c o m p o s i t i o n  o f  pel le ts  a n d  s u p e r n a t a n t s  (a t  
10-fold h igher  d i lu t ion) ,  d e m o n s t r a t e s  the  ex t r ac t ion  o f  
a n u m b e r  o f  ma jo r  p ro t e in  species  (e.g., a t  M r = 180000., 
85000 ,  70000 ,  42000 ,  22000 ,  18000) .  O n e  o f  the  m o s t  
a b u n d a n t  b a n d s  in  the  pel le t  f rac t ions  w h i c h  a p p e a r s  
en r i ched  in  t he  R e n e x  a n d  T r i t o n  pel le ts  is o f  Mf  = 
42000 ,  the  mo lecu la r  weight  o f  ac t in .  W e s t e r n  b lo t  
ana lys i s  o f  such  f rac t ious  u s i n g  m o n o c l o n a l  an t i - ac t in  
a n t i b o d y  ind ica ted  t ha t  th is  b a n d  d id  indeed  c o n t a i n  
act in ,  as  is s h o w n  in  Fig.  4 ( lower  panel) .  

S e d i m e n t a t i o n  o f  s u p e r o x i d e  g e n e r a t i n g  actio[~y in  de te r -  
g e n t - c o n t a i n i n g  suc rose  g r a d i e n t s  

i n  o rde r  to ga in  a r o u g h  e s t i m a t e  o f  the  size o f  the  
superox ide  gene ra t i ng  par t ic les ,  t he  pel le ts  o f  t he  above  
R e n e x  ext rac t  were  r e s u s p e n d e d  in the  ex t r ac t ion  buffer ,  
layered on to  0.1% R e n e x - e o n t a i n i n g  1 0 - 4 0 ~  suc rose  
g rad ien t s  a n d  s e d i m e n t e d  for  0.6 h a t  180000  x g in  a 
Dupon t -So rva l l  TV865  vert ical  rotor .  T h e  f rac t ions  were  
then  ana lyzed  for supe rox ide  gene ra t i ng  act ivi ty,  r a v i n ,  
a n d  c y t o c h r o m e  b. Fig. 5 ( uppe r  pane l )  s h o w s  t he  
d i s t r ibu t ion  o f  these  act ivi t ies  n o r m a l i z e d  to m a x i m a l  
activity.  Clear ly ,  the  r a v i n ,  c y t o c h r o m e ,  a n d  supe rox ide  
gene ra t ing  act ivi ty peaks  c o s e d i m e n t e d ,  a n d  the  peak  
f rac t ion  h a d  specific act ivi ty  o f  approxLrnately 49 
n m o l / m i n  pe r  m g  wh ich  was  over  twice tha t  o f  t he  
or iginal  de te rgen t  inso lub le  pel le t  ( approx .  22 n m o l / m i n  
pe r  me) .  The  r a v i n  to  c y t o c h r o m e  m o l a r  ra t io  in the  
peak  f rac t ion  was  1 : 3.5. F r o m  the  s e d i m e n t a t i o n  rate ,  
an  a p p r o x i m a t e  a p p a r e n t  s e d i m e n t a t i o n  coeff ic ient  o f  
80S was  es t ima ted ,  sugges t ing  tha t  the  ox idase  c o m p o -  
n e n t s  were par t  of  a h igh  molecu la r  weight  c o m p l e x  o f  
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Fig, 4. SDS-PAGE and Western blot analysis of supcrnatants and pellets from detergent solubilized ncutrophil plasma ~ b r a n e s .  PMA-stimu- 
latcd neutrophil membranes isolated by discontinuous sucrose density gradients (see Methods) were solubifizcd for 30 rain at 4 ° C in solubilization 
buffer (2/~M CaCI2, 2 mM MgCI2, and 10 mM Hopes (pH 7.4)) containing 0.1% Lubrol WX. 0.1% Renex 30, or 0.5% Triton X-100. The mixture 
was centrifuged at 180000x g for 2 h (4°C) and supematant and pellet fractions were collected. Control membranes were treated identically but 
without detergents. In every case. 80-90% of the total applied protein was recovered. The samples were then subjected to SDS-PAGE on 7-18% 
gradient gels (upper panel) or 9% slab gels (lower panel) as described under Materials and Methods. The upper panel shows the silver-stained 
profile of the supematant.s (S) and pellets (P) from each of the scpaurate conditions as well as the profile of the original, untreated membranes (O), 
The lower panel shows the same fractions analyzed for aetin content using Western blotting techniques with monoclonal anti-act/n antibody as 

described under Materials and Methods. One of two experiments. 

p ro t e in s  rough ly  the size of  r ibosomes .  S D S - P A G E  
ana lys i s  of  the g rad i en t  f rac t ions  showed tha t  a n u m b e r  
of  a d d i t i o n a l  p ro te ins  d id  no t  s e d i m e n t  wi th  the m a i n  
p e a k  sugges t ing  tha t  they  h a d  been  ex t rac ted  a n d  were, 
therefore ,  i r re levan t  to  supe rox ide  gene ra t ing  ac t iv i ty  in  
the  de te rgen t  extracts .  A c t i n  d i s t r ibu t ion  was  ana lyzed  
by  dens i tome t r i c  s c a n n i n g  of  the  42 k D a  ac t in  b a n d  in 
the S D S - p o l y a c r y l a m i d e  gels. As  shown  in Fig. 5 (mid-  
d le  panel) ,  a la rge  p a r t  o f  the ac t in  d id  not  sed iment ,  
p a r t  w a s  pel le ted,  a n d  the  rest (approx.  17% of  the total)  

s ed imen ted  wi th  the  superox ide  gene ra t i ng  act iv i ty .  
Westecn b lo ts  of  the g rad ien t  f rac t ions  us ing  an t i - f i sh  
skele ta l  musc le  ac t in  a n t i b o d y  [41] (see M e t h o d s )  con-  
f i rmed the ac t in  d i s t r i bu t ion  shown  in Fig. 5 (da ta  not  
shown).  Such a d i s t r i b u t i o n  sugges ts  tha t  some  of  the  
ac t in  was  assoc ia ted  wi th  even  la rger  complexes  tha t  d id  
not  inc lude  the above  supe rox ide  c o m p o n e n t s  a n d  tha t  
some select ivi ty  in s t ruc tu re  was  re ta ined .  The  d i s t r ibu-  
t ion of  p ro te in  on the  g rad i en t  (Fig.  5, lower  pane l )  a l so  
ind ica ted  a wide  range  of  pa r t i c l e  sizes d i s t r i bu t ed  across  



the gradient; however, only a small fraction of  the total 
protein was associated with the active peak. 

Discussion 

Previous studies on neutrophi ls  and other  ceil sys- 
tems provide evidence that  the plasma memb-anes  o f  
unpolarizecl cells are regionalized and laterally differen- 
tiated These include early sthdies of  patching and 
capping [45], localization of  specific receptor and eyto- 
skeletal proteins to focal contac[_¢ [46], restriction of  
surface proteins to specific regions of  sperm cells [47], 
and g*.udies --'f ptatelet membrane  organizat ion [48]. In  
the neutrophil ,  Tsunawaki  [49] observed m e m b r a n e  het- 
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e r o g e n e i t i e s ,  s u f ~ e s t i n g  t h e  p o s s i b l e  ¢ ~ s t e n c ¢  of d i f f e r -  

e n t  p o p u l a t i o n s  o f  p l a s m a  m e m b r a n e  f r a g m e n t s  i n  c e l l  
homogenates  o f  activated neutrophils .  O u r  recent s tud-  
ies [27] suggested a lateral segregation of  occupied 
chemotactic  peptide receptors to p l a sma  m e m b r a n e  mi- 
c rodomains  enriched in eytoskeletal pro te ins  bu t  de- 
pleted of  t ransducing proteins.  This  segregation ap- 
peared functionally relevant since it correlated wi th  the 
homologous  desensit ization of  the cell. Consequently~ 
the investigation repor ted here was  irdtiatcd to explore 
whether  an analogous  organizat ion of  p lasma  mem-  
brane  componen t s  of  superoxide p roduc t ion  existed and  
whether  it could possibly be relevant to the funct ion o f  
the. respiratory burst .  

The  results of  our  studies demons t ra te  the presence 
of  two distinct subpopu la t ions  of  p lasma  m e m b r a n e  
vesicles formed u p o n  ni t rogen cavitat ion o f  pho rbo l  
myristat¢ acetate-st lmulated h u m a n  neutrophils .  The  
light popula t ion  (30-32% sucrose)  conta ins  the major i ty  
o f  alkaline phospha tase  activity, ~zs I - W G A  surface label, 
and cytochrome b-599. The  heavy popula t ion  (34-36% 
sucrose) contains  mos t  m e m b r a n e  b o u n d  flavin, actin, 
and fodrin. I t  also conta ins  a small  fraction o f  the 
p lasma  m e m b r a n e  markers  and  cy tochrome b, b u t  the 
limits of  resolut ion on  the gradients  precluded precise 
quant i ta t ion of  the relative a m o u n t s  belonging to each 
vesicle populat ion.  The  p lasma m e m b r a n e  whea t  ge rm 
agglutinin binding sites and  alkaline phospha ta se  activi- 
ties appear  to increase in this heavy fraction u p o n  
activation with phorbo l  ester, bu t  flavin content  is in- 
variant.  In  addition, N A D P H - d e p e n d e n t  superoxide 
generat ing activity is associated only with the heavy 

Fig. 5. Cosedimentat ion o f  superomd© generating activity, ¢ytochrome 
b ,  and navin in detergent-contalning sucrose gradients. Membranes 
(200 t~l) prepared from discontinuous sucrose gradients as described 
under Materials and Methods were extracted with a detergent cocktail 
containing 0.1% Renex 30 and sedimented at 180000× g (%ax) for 2 
h at 4oC. The detergent insoluble pellets were resuspended in extrac- 
lion buffer by sonication and further fraclionated in rate-zonal, 
detergcnt-contalning sucrose gradients as described under Materials 
and Methods. The fractions were analyzed for superoxide generating 
activity, cytochrom© b+ and gavin as described under Materials and 
Methods (upper panel). Percent of maximal activity recovered from 
the gradients is plotted as a function of percent sucrose (w/w). 100~ 
activity levels represent 0.75 pmole gavin. 2.6 pmoles cylochrome b, 
and 87.9 pmoles O~'/min. The specific activity of the peak fra0tion 
was 49 nmole Oz/min per mg protein. 87% of the gavin and 90~b of 
the cylochrome b applied to the gradients was recovered, Fractions 
were subjected to SDS-polyacrylamide gel electrophorcsis on 7-18~ 
gradient gels. The gels were fixed and silver stained as described 
under Materials and Methods. The gels were then photographed and 
the negative was scanned using a Zeineh |ascr densitometer (Biomed 
Instruments, Inc., Chicago, IL). The middle panel shows the distribu- 
tion of the 42 kDa actin band as determined densilometrically. The 
lower panel shows the protein profile plotted as percent of total 
protein recovered in the gradient as a function of percent sucrose 
(w/w). 26A ~g protein was added per gradient and approximately 
90-95% of the added protein was recovered. One of two experiments. 



fraction. Recent studies by Borregaard el al. [50] sug- 
gested that a novel intraeelhilar vesicular pool of  al- 
kaline phosphatase  activity was localized to fractions 
slightly more  dense than the p lasma membrane;  how- 
ever, this populat ion of  vesicles was fused to the p lasma 
m e m b r a n e  after PMA-st imulat ion and cosedimented 
with surface alkaline phosphamse  activity. In contrast,  
the heavy p lasma membrane  vesicles we obse=-¢c are 
present  even after s t imulat ion and are, theref( ,e, dis- 
tinct f rom thos~ reported by Borregaard a.~d ~,o- ~'/orkers 
150], 

The  localization of  N A D P H  oxidase activity to a 
p lasma  m e m b r a n e  popula t ion  containing all membrane-  
b o u n d  flavin bu t  only a minor  fraction of the cyto- 
chrome b-559 impfies that  only a small fraction of  the 
cytochrome is involved in superoxide production.  This  
sub-fract ion p robab ly  complexes with the flavin bearing 
c o m p o n e n t  in a larger, rapidly scdimenting detergent 
s table complex. Fur thermore ,  since N A D P H - d e p e n d e n t  
superoxide product ion  is absent  in the lighter p lasma  
m e m b r a n e  popula t ion  (which contains  a significant 
a m o u n t  of  b-cytochrome),  we conclude that an  organi-  
zational f ramework may be necessary to p r o m o t e  and 
control  interaction of the componen t s  of superoxide 
generation. Fur the r  suppor t  for the role of  an  organiza- 
tional requirement  for superoxide generat ion in intact 
cells is suggested by  studies in which superoxide pro-  
duc t ion  was  reconsti tuted in specific granule fractions 
[51] and  in light p lasma  m e m b r a n e  fractions [26,52,53] 
us ing  cytosol and  m e m b r a n e  per turb ing  concentra t ions  
of  SDS and arachidonate  (approx.  100 t~M), 

O u r  results fur ther  s t rengthen the a rgument  that 
there is a direct part icipat ion of  neutrophi l  cytochr0me 
b in superoxide generat ion and eIectron t ransport .  Since 
a relatively small  percentage of  the cy tochtome is neces- 
sary  for  superoxide product ion  in membranes ,  argu- 
ments  employing low cytochrome recoveries in purified 
I q A D P H  oxidase  p repa ra t ions  are weakened.  In  
addit ion,  ou r  studies add an organizational d imension 
to this discussion. This  organizational  aspect may be of  
critical impor tance  in the intact cell when it is consid- 
ered that  superoxide product ion  should be vectorlally 
targeted to microbial  surfaces in contact  with the neu- 
trophil.  The  oytochrome, being a t r ansmembrane  heme 
prote in  [16,43], would  be the logical electron transferase 
[54]. 
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