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Formation of reactive oxygen species by 
phagocytic cells: functions and dysfunctions
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Neutrophilic granulocytes (in short: 
neutrophils), also called polymorpho­
nuclear leukocytes (PMN), defend 
our body against invading micro-or­
ganisms. About 13X1010 neutrophils 
are produced each day in the bone 
marrow of a healthy, 70-kg human 
individual. These cells take 14 days to 
completely differentiate into func­
tionally m ature neutrophils, which 
then leave the bone marrow and pass 
through the  blood on their way to the 
tissues. Here, the neutrophils survive 
only a few days before being destro­
yed by local macrophages.

During infections, small molecules 
are produced both by the invading 
micro-organisms and by complement 
activation (e.g. C5a). These molecules 
diffuse in to  the surroundings of the 
infected area and posses the capacity 
to a ttrac t neutrophils (and mono­
cytes) to  the site of infection. This is 
the process of chemotaxis (directed 
movement). Other molecules, such as 
the complement fragment C3a, cause 
histamine release from m ast cells, thus 
inducing blood vessel dilatation. As a 
result, circulating antibodies leak into 
the infected area and cover the inva­

ding micro-organisms. Complement 
fragm ents C3b and C3bi also a ttach  
to  the  micro-organisms. Together, this 
is called the process of opsonization 
(“ m ake f it  for eating” ).

Thus, when the neutrophils move 
in, they  encounter opsonized micro­
organism s. Contact between the  neut­
rophils and the opsonized m icro-orga­
nisms is then established through Fc 
and C3 receptors. This contact initiates 
three independent processes in the 
neutrophils. Phagocytosis results in 
com plete internalization of the  a t ta ­
ched micro-organisms in closed vesic­
les (phagosomes) within the  neutro­
phils. Second, fusion of neutrophil 
granules with the phagosomal mem­
branes causes liberation of microbista- 
tic and  microbicidal proteins in to  the 
phagosomes, in close proxim ity to  the 
phagocytized micro-organisms. And 
th ird ly , activation of a membrane- 
-bound oxidase enzyme s ta r ts  the 
generation of reactive oxygen com­
pounds, also within the phagosome. 
These three processes cooperate in 
the  intracellular killing and  degra­
dation of the invading m icro-orga­
nisms.
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This communication will now be 
restricted  to the characteristics of the 
oxidase enzyme.

C h r o n i c  g r a n u l o m a t o u s  

d i s e a s e

The oxidase enzyme should actually 
be called NADPH: 0 2 oxido-reductase, 
because it catalyzes the  reduction of 
oxygen to  superoxide (O') with re­
ducing equivalents derived from 
NA DPH. Much inform ation regarding 
this enzyme has been obtained from 
studies with neutrophils from  patients 
w ith chronic granulom atous disease 
(CGD). Such patients lack NADPH 
oxidase activity in their phagocytic 
leukocytes, and as a result suffer from 
recurrent, serious infections of the 
skin, the respiratory and  gastro-intes­
tina l trac t, the lym ph nodes, the liver, 
the bones and sometimes of other 
organs. Granuloma form ation may 
lead to  obstructions, especially of the 
gastro-intestinal and the  urinary tract. 
Thus, a clear relation exists between 
the  occurrence of such infections and 
a dysfunction of the N A D PH  oxidase.

CGD is a clinical syndrom e caused 
by different molecular defects. This 
has been known for a long time al­
ready from the occurrence of an 
X -linked as well as an  autosom al form 
of the  disease [4]. B y cell fusion ex­
perim ents with monocytes from pairs 
of different CGD patien ts, we have 
shown complementation of NADPH 
oxidase activity [10]. This proved the 
existence of two genetically different 
forms of CGD. Subsequently, we have 
discovered a th ird  complementation

group w ith  CGD [22]. This m eans th a t 
the ac tiv ity  of N A D PH :02 oxidore- 
ductase depends on at least th ree dif­
ferent gene products.

C y t o c h r o m e  6 558

N A D P H :0 2 oxidoreductase is a 
m ulti-com ponent enzyme. This was 
indicated  already by the experim ents 
m entioned above, although the  com­
plem entation studies do not differen­
tia te  between structural components 
of the  oxidase, proteins involved in 
the activation  of the enzyme, or pro­
teins involved in post-translation mo­
difications of the enzyme. W ork from 
m any laboratories has recently pro­
ven, however, that a t least three 
s tru c tu ra l oxidase components exist.

The best characterized of these is 
cytochrom e &558. This heme pro tein  is 
present in  large amounts in all cell 
types th a t  express NADPH oxidase 
activ ity . In  the phagocytes from  p a ­
tien ts w ith  the X-linked form  of 
CGD, however, the heme spectrum  of 
this pro tein  is undetectable [18]. In  
the phagocytes of most patien ts with 
the  autosom al form of CGD, th is he­
me spectrum  is detectable, b u t the 
cytochrom e in these cells is no t redu­
ced upon anaerobic stim ulation of 
these cells (as it is in norm al phago­
cytes) [20]. This points to cytochrom e 
6S58 as a  component of the N A D PH  
oxidase.

Cytochrom e 6558 has been purified 
and cloned. This protein consists of a 
heterodim er, with an alpha chain 
(non-glycosylated) of 23 kD a and  a 
beta  chain  (heavily glycosylated) of
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Cytochrome b558 in 
three CGD potients
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F io . 1. Im m u n o b lo t o f cy to ch ro m e  ft558 from  th re e  CGD p a tien ts . N e u tro p h ils  w ere 
e x tra c te d  w ith  1% T riton  X -100  in  th e  presence o f  p ro tea se  inh ib ito rs. T h e  ex tr  a c t  was 
c en tr ifu g ed  a n d  th e  su p e rn a ta n t w as m ixed  1 : I w ith  a n  equal vo lum e o f  L aem m li 
sam p le  b u ffe r con ta in ing  20%  SD S a n d  in c u b a te d  fo r 20 m in t a t  60 °C. A  sam p le  o f  th e  
m ix tu re  w as sub jected  to  S D S -P A G E  (5 — 15% ). N ex t, th e  p ro te in s  w ere b lo tte d  o n to  
n itro ce llu lo se  and  incuba ted  w ith  a  m ix tu re  o f  M cAb 449 (an ti-a-ohain  o f  o y t. b658) an d  
M cA b 48 (anti-/)-i'hain o f c y t. b568) follow ed by  s ta in in g  w ith  ho rse-rad ish -perox idase-

-co n ju g a ted  g o a t-an ti-m o u se -Ig

91 kDa [13, 15 — 17]. The beta chain 
is a transmem brane protein ; the alpha 
chain m ight be the heme-carrying 
protein. The primary defect in X-lin- 
ked CGD lies in the gene th a t encodes 
the  beta chain of cytochrome 6558 
[8, 21]. In  the rare, autosomal, cyto- 
chrome-6558-negative form of CGD 
[22], the prim ary defect m ay be loca­
ted  in the gene th a t encodes the alpha 
chain of cytochrome &558 [14].

Recently, we have succeeded in rai­
sing monoclonal antibodies against 
the  two peptide chains of cytochrome 
&5S8. One of these monoclonals, McAb 
449, reacts with the alpha chain of 
cytochrome 6558, as shown by its reac­
tion with a 23 — 26 kDa band in a

protein blot of control neutrophils and 
of purified cytochrome b a fte r SDS- 
-polyacrylaminde gelelectrophoresis 
(SDS-PAGE). The other monoclonal, 
McAb 48, reacts with the beta  chain 
of cytochrome 6558 (reaction with a 
68 — 92 kDa smear in a  protein blot 
after SDS-PAGE). W ith these mono­
clonals, we have investigated the pre­
sence of the two cytochrome-6558 subu­
nits in the various forms of CGD. Fig. 
1 shows th a t both subunits are present 
in the neutrophils from healthy donors 
and in those from patients with the 
common, autosomal, cytochrome-65S8- 
-positive (Ab + ) form of CGD. Both 
subunits are lacking, however, in the 
rare, autosomal, cytochrome-6558-ne-
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Lack of A7-kDa protein phosphorylation 
in Ab' CGD neutrophils
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F ig . 2. L a c k  of 47-kD a p ro te in  p h o sp h o ry la tio n  in A b + CGD  neu tro p h ils . C ytosol from  
c o n tro l (Co) o r A b + CGD n e u tro p h ils  w as in cu b a ted  fo r 5 m in  a t  30 °C w ith  32P -gam m a- 
-A T P  a n d  liposom es c o n ta in in g  phospha tidy lse rine , p h o sp h a tid y lch o lin e  an d  phorbol- 
-m y r is ta te  ace ta te  to  a c tiv a te  th e  endogenous p ro te in  k in ase  C in  the  n eu tro p h il cytosol. 
T h e re a f te r , th e  reaction  w as s to p p e d  b y  ad d ition  o f L aem m li sam ple  buffer an d  in cu b a ted  
a t  80 °C for 10 m in. S D S -P A G E  (5 —15% ) w as follow ed b y  au to rad io g rap h y . T he  resu lts  
show  a  lack  o f p h o spho ry la tion  a t  th e  47-kD a position  in  th e  A b  + CGD n eu troph il cytosol. 
A  s im ila r  defect is seen w hen  in t a c t  n eu tro p h ils  a re  lo ad ed  w ith  32P -o rth o -p h o sp h a te  an d  
s t im u la te d  w ith  an  a c tiv a to r  o f  th e  N A D PH  oxidase. S u b se q u e n t experim en ts  h ave  ru led  

o u t a  lack  o f  p ro te in -k in a se  a c tiv ity  in  A b + CGD neu troph ils

gative (Ab- ) form of CGD as well as 
in th e  X-linked, cytochrome-/;55f5-nega­
tive (X b- ) form of CGD. This indi­
cates th a t  the two subunits need each 
o ther for stabilization, and  confirms 
the results obtained w ith polyclonal 
an tisera  [14]. Moreover, Fig. 1 also 
shows the presence of a sm all amount 
of alpha chain protein in X b -  CGD 
neutrophils. This is in accord with the 
p rim ary  defect of beta chain synthesis 
in these cells [8, 21]: as a result, alpha 
chains cannot form a stable complex 
w ith  beta  chains and are probably 
degraded more rapidly th a n  in nor­
m al cells. Thus, only little  alpha chain 
m ateria l is detectable in X b -  CGD

neutrophils. In reverse, A b-  CGD 
neutrophils m ight contain some beta 
chain protein, bu t this was not detec­
table w ith our present staining techni­
que of McAb 48. Finally, Fig. 1 also 
shows th a t  McAb 449 reacts not only 
with a protein band a t 23 — 26 kDa, 
bu t also w ith an additional band at 
about 40 kDa. W hether this last pro­
tein represents an immature form or a 
dimer of alpha chains is not known.

T h e  4 7 -k D a  p h o s p h o p r o t e in

As m entioned above, the phagocy­
tes of A b + CGD patients do contain 
cytochrome 6558, but this component
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does not function in the NADPH: 0 2 
oxidreductase. Moreover, it has been 
found th a t A b+ CGD phagocytes 
show a defect in the phosphorylation 
of a 47-kDa protein during cell activa­
tion [12, 19]. When normal phagocytes 
are treated  with an agent th a t activa­
tes the  NADPH oxidase, a number 
of proteins are phosphorylated. In 
X b _ and in Ab “ CGD phagocytes, 
this reaction proceeds normally, des­
pite the lack of subsequent oxidase 
activation. In  A b+ CGD phagocytes, 
however, the phosphoprotein pattern 
lacks a band a t 47 kDa (Fig. 2).

The question arises whether this 
47-kDa protein isalsoa structural com­
ponent of the NADPH: 0 2 oxidore- 
ductase. We have studied this prob­
lem by means of the so-called cell-free 
activation system. In  this system, a 
membrane fraction and a cytosol frac­
tion of neutrophils are combined with 
NADPH (200 pM) and SDS (100 pM). 
As a result, the m ixture starts to gene­
rate superoxide [2]. The physiological 
relevance of this system is proven by 
the lack of superoxide generation in 
fractions derived from CGD neutrophils 
[3]. W ith this system, the defect in 
Xb “ and Ab “ neutrophils has been 
localized in the membrane fraction of 
these cells, whereas Ab + CGD neutro­
phils show a defect in the cytosol 
fraction [5, 7]. Fig. 3 exemplifies the­
se results by oxygen consumption me­
asurements.

The cell-free activation system can 
also be used to  study  more closely 
the cytosolic component(s) involved 
in the NADPH oxidase activity. We 
have fractionated neutrophil cytosol

over carboxymethyl (CM) Sepharose, 
and tested  the activity of the fractions 
in a system  with normal neutrophil 
m em branes, NADPH and SDS. Fig. 
4 shows th a t we obtained two protein 
peaks, each with very little  activ ity  
in the  SDS system. Combination of 
protein th a t did not bind to  CM Se­
pharose with protein th a t eluted at 
0 — 200 mM NaCl from the CM Se­
pharose resulted in NADPH oxidase 
ac tiv ity  in the SDS system. This indi­
cates th a t  a t least two cytosolic 
components are involved in the 
N A D PH  oxidase of hum an neutro­
phils. W e called these two proteins 
Soluble Oxidase Component (SOC) I 
and SOC II , respectively. The peak of 
SOC-II activity  eluted a t abou t 125 
mM NaCl from the CM Sepharose.

Subsequently, SOC I and SOC II  
were analyzed with an in-vitro pho­
sphorylation assay [12]. This assay 
involves treatm ent of the fractions 
with purified protein kinase C, a lipo­
some m ixture of phosphatidylserine, 
phosphatidylcholine and phorbol-my- 
rista te  acetate to activate the  protein 
kinase, and 32P-gamma-ATP. There­
after, the mixture was subjected to 
SDS-PAGE and autoradiography. The 
results showed that SOC I I  contained 
a 47-kDa phosphoprotein. Similar 
analysis of SOC II from A b + CGD 
neutrophils revealed a lack of activ ity  
and a lack of 47-kDa phosphoprotein 
in th is fraction. Moreover, the  defect 
in cytosolic NADPH oxidase activ ity  
of A b + CGD neutrophils was over­
come by addition of SOC II , b u t not 
by addition of SOC I from  normal 
neutrophils (Table I). Thus, our re-
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Membranes Cont Ab* Cont Ab' Xb Xb~ Cont
F i g . 3. N A D P H  oxidase a c tiv ity  in  a  cell-free re c o n s ti tu tio n  system . N A D P H  ox idase  
a c t iv i ty  w a s  m easu red  w ith  a n  o x y g en  elec trode in  a  m ix tu re  of neu troph il m e m b ra n e s  
( 2 х Ю 6 ce ll equ iva len ts), n e u tro p h il cytosol ( 2 x l 0 6 cell equ ivalen ts), N A D P H  (200 //M ) 
a n d  S D S  (100 //M). M em branes a n d  cytosol w ere o b ta in e d  from  n eu tro p h ils  o f  e ith e r  
h e a l th y  in d iv id u a ls  (cont), A b+  C G D  p a tie n ts  (Ab + ) o r  X b -  CGD p a tien ts  (X b -  ). S im ila r 
re s u lts  a s  th o se  show n w ith  X b -  CGD n eu tro p h il f ra c tio n s  w ere ob ta in ed  w ith  A b -

CG D  n eu tro p h il f ra c tio n s

F ig . 4. F ra c t io n a t io n  o f n e u tro p h il cytosol on c a rb o x y m e th y l Sepharose. C y to so l fro m  
3X  Ю 9 n e u tro p h ils  w as d ia lyzed  a g a in s t e lu tion  b u ffe r (M ES buffer o f p H  6.8, c o n ta in in g  
p ro te a s e  in h ib ito rs )  an d  ap p lied  to  CM Sepharose e q u ilib ra te d  w ith  th e  sam e  e lu tio n  
b u ffe r. A  lin e a r  g rad ien t o f 0 — 200 m M  N aCl w as a p p lie d  (в  —в ) . F ra c tio n s  o f  8.8 m l 
w ere c o lle c te d . T he frac tio n s w ere  assayed  for p ro te in  c o n te n t a t  280 nm  (O — O) a n d  fo r 
N A D P H  o x id a se  a c tiv ity  in  a  sy s te m  w ith  m e m b ra n e s  fro m  norm al n e u tro p h ils  (3.5 X 
106 ce ll eq u iv a len ts ) , N A D P H  (200 /iM ) an d  SD S (100 /tM). □  —□  0 2 co n su m p tio n  o f 
75 /d  o f  th e  frac tio n s  te s te d  in  th is  sy s tem ; ■  —H, 0 2 consum ption  of 75 fA o f  th e  

fra c tio n s  te s ted  in  th is  sy s tem  in  th e  p re sen ce  o f  75 yl o f frac tio n  4
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T a b l e  I

E ffec t o f  SOC I an d  SOC TL on N A D P H -d e p e n d e n t 0 2 co n su m p tio n  in  a  
re c o n s titu te d  sy s tem  o f norm al n eu tro p h il m e m b ra n e s  and  cytosol fro m  A b + CGD

n e u tro p h ils

S ource of m e m b ran es  
(2 X 10* cell eq .)

S ource of cy to so l 
(2 X 10* cell eq .)

A d d itio n  
( 2 x 1 0 *  cell eq.)

N A D P H - 
d ep e n d en t 

0 2 c o n su m p tio n  
(nm ol/m in /2  x  1 0 e 

cell eq .)

Control PMN Control PMN none 8 .8 ± 0 .7
Control PMN Ab+ CGD PM N none 0.1 ± 0 .7
Control PMN Ab+ CGD PM N SOC I 0.44- 0.2
Control PMN Ab+ CGD PM N SOC II 7 .7 ± 0 .8

Control PMN none SOC I 0.1 ± 0.1
Control PMN none SOC II 0 .4 ± 0 .2

Values are m ean ±  S.D. obtained with cytosol from  neutrophils o f three unrelated  donors 
and three unrelated CGD patients. SOC I and SOC I I  were derived from norm al neutrophils.

suits indicate th a t of the two (or 
more) cytosolic NADPH oxidase com­
ponents of hum an neutrophils, only 
one is defective in A b + CGD; this 
component is probably identical with 
the 47-kDa protein th a t fails to 
be phosphorylated upon NADPH oxi­
dase activation of A b + CGD neutro­
phils. Most likely, this protein is also 
a structural component of the 
NADPH: Oj, oxidoreductase, altho­
ugh its function in this enzyme re­
mains to  be established.

C o n c l u s i o n s

Table I I  summarizes the  present 
ideas about the molecular defects tha t 
lead to  the syndrome of CGD. From 
these and other studies a  picture of 
the N A D P H :02 oxidoreductase of 
hum an phagocytic leukocytes emer­
ges as a multicomponent system . Its 
components are localized in different 
com partm ents of the cells when the 
N A D PH  oxidase is “a t re s t” . During 
activation by particulate or soluble

T a b l e  I I

M olecular ch a rac te riza tio n  o f  ch ro n ic  g ran u lo m ato u s d isease

CG D
ty p e

N A D P H
o x id a se
a c tiv i ty

C ell-free sy stem
P h o sp h .
47 -k D a
p ro te in

C ytochrom e 6558

cy toso l
a c t iv i ty

m e m b ran e
a c tiv i ty

a su b u n it ß s u b u n i t

p ro te in m R N A p ro te in m R N A

х ь - __ + __ + ± + __ __ *

A b + — — + __ * + + + +
A b - — + — + — __* ? — +

* indicates the primary defect leading to  the defect in  N A D PH  oxidase a c t iv ity
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NADPH : 0 2 ox idoreductase of phagocytes : 
integration of cytoplasmic and m em brane-bound

F i g . 5. N A D P H : 0 2 o x id o red u c ta se  o f phagocytes: in te g ra t io n  o f cytoplasm ic a n d  m e m ­
b ra n e -b o u n d  com ponen ts. S ch em a tic  rep resen ta tio n  o f  tra n s lo c a tio n  of co m p o n en ts  o f 
th e  N A D P H  oxidase d u rin g  a c tiv a tio n  o f phagocy tes . C y toch rom e 6 558 (a lpha  c h a in  o f 
23 k D a  a n d  b e ta  chain  o f  a b o u t 90 kD a) are  tra n s lo c a te d  fro m  th e  specific g ra n u le s  to  
th e  m e m b ra n e  th a t  c o n s titu te s  th e  developing p h ag o so m e . T he cytosolic co m p o n en ts  
SOC I  a n d  SOC I I  tra n s lo c a te  fro m  th e  cytosol to  th e  ph ag o so m al m em brane. T o g e th e r , 
th e se  c o m p o n e n ts  form  a n  a c tiv e  N A D P H  oxidase c o m p le x  th a t  accep ts e lec tro n s fro m  
N A D P H  a t  th e  cy toso lic  side o f  th e  m em brane a n d  re d u c e s  0 2 to  0 2 a t  th e  p h ag o so m al

side o f  th e  m em b ran e

stim uli, translocation of these compo­
nents take  place, and an active, su­
peroxide-generating N A D PH  oxidase 
is assem bled in the plasm a membrane 
and/or the  phagosomal membrane. 
Fig. 5 shows this concept in a schema­
tic way. Form ation of an active 
N A D PH  oxidase in the membrane 
had been shown earlier [6, 9, 11] by 
superoxide formation in a cell-free 
system  w ith activated m em branes and 
N A D PH , without the need of cytoso­
lic components. Translocation of cy­
tochrom e 655g from the specific granu­
les in resting neutrophils to  a mem­
brane fraction in activated cells had 
been shown earlier byB orregaard et al.

[1]. Our results indicate th a t a t least 
two cytosolic components are also 
involved and  need to be translocated 
from the  cytosol to the membrane for 
the form ation of an active N A D PH  
oxidase. A ltogether this constitutes a 
unique biochemical system w ith an 
essential function in the host defense 
against invading micro-organisms.
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