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Summary 

1. The NADPH-oxidizing activity of a 100 000 × g particulate fraction of the 
postnuclear supernatant obtained from guinea-pig phagocytosing polymorpho- 
nuclear leucocytes has been assayed by simultaneous determination of oxygen 
consumption, NADPH oxidation and O~ generation at pH 5.5 and 7.0 and with 
0.15 mM and 1 mM NADPH. 

2. The measurements of oxygen consumption and NADPH oxidation gave 
comparable results. The stoichiometry between the oxygen consumed and the 
NADPH oxidized was 1 : 1. 

3. A markedly lower enzymatic activity was observed, under all the experi- 
mental conditions used, when the OF generation assay was employed as com- 
pared to the assays of oxygen uptake and NADPH oxidation. 

4. The explanation of this difference came from the analysis of the effect 
of superoxide dismutase and of cytochrome c which removes O~ formed during 
the oxidation of NADPH. 

5. Both superoxide dismutase and cytochrome c inhibited the NADPH- 
oxidizing reaction at pH 5.5. The inhibition was higher with 1 mM NADPH 
than with 0.15 mM NADPH. 

6. Both superoxide dismutase and cytochrome c inhibited the NADPH- 
oxidizing reaction at pH 7.0 with 1 mM NADPH but less than at pH 5.5 with 
1 mM NADPH. 

7. The effect of superoxide dismutase at pH 7.0 with 0.15 mM NADPH was 
negligible. 

* To whom correspondence should be addressed. 



435 

8. in all instances the inhibitory effect of cytochrome c was greater than that  
of superoxide dismutase. 

9. It was concluded that  the NADPH-oxidizing reaction studied here is made 
up of three components:  an enzymatic univalent reduction of O:; an enzy- 
matic, apparently non-univalent, 02 reduction and a non-enzymatic chain reac- 
tion. 

10. These three components  are variably and independently affected by the 
experimental conditions used. For example, the chain reaction is freely opera- 
tive at pH 5.5 with 1 mM NADPH but  is almost absent at pH 7.0 with 0.15 mM 
NADPH, whereas the univalent reduction of O2 is optimal at pH 7.0 with 1 mM 
NADPH. 

Introduction 

The activation of  an oxidase is regarded as the event responsible for the 
increase in 02 consumption and in O~ and H202 production by polymorpho- 
nuclear leucocytes during phagocytosis and when challenged with appropriate 
stimulatory agents [1--3]. This enzymatic activity oxidizes, in a cell-free 
system, NADPH, which is the physiologic electron donor, with production of 
O~, H202 and OH" [1,3~19].  The localization of the enzymatic activity has 
been reported to be either in the granules (azurophilic or granules with higher 
density than the azurophilic ones) [20--22] or in membrane fragments 
[23--25]. 

The assay of NADPH oxidase activity in cell-free systems of granulocytes is 
currently performed with different methods such as the spectrophotometric 
disappearance of NADPH [3,4,8,10,11], the oxygen consumption [3,8,14,18], 
the measurement of NADP ÷ formation [13,15,17,18] and the production of 
O~ [12,15]. The results obtained with these methods do not  always agree with 
each other; the main discrepancies concern the optimal pH of the enzyme, its 
affinity for the substrate, the extent of its activation with respect to the 
enzyme of resting cells and its subcellular localization. 

In this paper, the mechanism of the NADPH oxidation by a 100 000 × g 
pellet of postnuclear supernatants of homogenates from phagocytosing guinea- 
pig polymorphonuclear leucocytes has been re-evaluated by comparing three 
methods of assay (oxygen consumption,  O~ generation and NADPH disap- 
pearance) under different pH conditions and substrate concentrations. 

The results show that the reaction of NADPH oxidation includes at least 
three components,  namely: (i) an enzymatic generation of O~ (ii) a non-en- 
zymatic chain reaction initiated by O~ and (iii) an apparently non-univalent 
reduction of 02. The rate of each of the three components  varies depending on 
the pH and the concentration of NADPH. 

Materials and Methods 

Preparation of leucocytes 
Polymorphonuclear leucocytes were obtained from guinea-pig peritoneal 

exudates, elicited by an intraperitoneal injection of 1% sodium caseinate solu- 
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tion in 0.9% NaC1 as previously described [26]. The cells were washed, freed 
from contaminating erythrocytes by brief hypotonic treatment and suspended 
in Krebs-Ringer phosphate buffer, pH 7.4, containing 0.5 mM CaC12 and 5 mM 
glucose. 

Phagocy tosis 
Zymosan (Sigma Chemical Co., St. Louis, MO) was suspended in 0.9% NaC1 

to a concentration of 20 mg/ml and boiled for 10 rain. After washing, it was 
incubated with fresh guinea-pig serum at a concentration of 25 mg/ml for 30 
min at 37°C. After centrifugation and washing twice, this preparation of serum- 
treated zymosan was suspended in Krebs-Ringer phosphate buffer to a concen- 
tration of 20 mg/ml. 

Suspensions of leucocytes (15.  106--20 • 106 cells/ml) were prewarmed at 
37°C and then 0.5 mg/ml of serum-treated zymosan was added. After 3--4 min 
incubation under stirring, the suspension was diluted with ice-cold Krebs- 
Ringer phosphate buffer and the leucocytes were collected by centrifugation at 
200 X g for 7 min. 

Homogenization and fractionation of leucocytes 
The packed cells were suspended in ice-cold 0.34 M sucrose, containing 

1 mM NaHCO s (30 • 107--40 • 107 cells/ml) and were disrupted in a Potter-type 
homogenizer with a Teflon pestle until more than 90% of the cells were 
broken, as judged by light microscopic examination. The homogenate was then 
centrifuged at 400 × g for 5 min to remove cell debris, unbroken cells and 
nuclei. The supernatant was centrifuged at 100 000 × g for 30 min and the 
pellet, resuspended in 0.34 M sucrose containing 1 mM NaHCO3 was used for 
the assays. In each experiment, a small amount of 100 000 × g particles from 
resting cells was also prepared. The state of activation of the particles derived 
from phagocytosing cells was checked in each experiment by comparing their 
oxidase activity with that of particles from resting cells. 

Biochemical assays 
The rate of oxygen consumption by subcellular particles of polymorpho- 

nuclear leucocytes in the presence of NADPH was measured at 37°C with a 
Clark oxygen electrode, as previously described [8,26]. The assay medium con- 
rained 65 mM sodium phosphate/potassium phosphate buffer, pH 5.5 or 7.0, 
170 mM sucrose, 2 mM NaN3 and 1 or 0.15 mM NADPH (Boehringer-Mann- 
helm). When required, 200 pM cytochrome c (Type VI, Sigma) and 20/~g/ml 
superoxide dismutase (Truett Laboratories, Dallas, TX) were also added to the 
assay mixture. The reaction was started by addition of 0.5--1.5 mg protein. 
The volume was 2 ml. 

For the measurement of NADPH disappearance or of reduction of cyto- 
chrome c, aliquots of the mixture for the assay of oxygen consumption were 
withdrawn from the electrode chamber at suitable time intervals (including 
zero time) and were diluted ten times with ice-cold 0.1 M phosphate buffer, 
pH 8.0. After centrifugation at 8000 × g for 2 rain in an Eppendorf  3200 
microcentrifuge, the supernatant was used for the determination of reduced 
cytochrome c or NADPH. 
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An extinction coefficient of  21.1 mM -1 • cm -1 (reduced minus oxidized) at 
550 nm was used to calculate the  reduct ion of  cy tochrome c [27].  The genera- 
t ion of  O:  during the oxidation of  NADPH was calculated from the difference 
in the amount  of  cy tochrome c reduced in the absence and in the presence of  
superoxide dismutase. 

The concentrat ion of  NADPH was determined enzymaticaUy using oxidized 
glutathione and glutathione reductase. The optical density of  an aliquot of the 
supernatant was read at 337 nm before  and after the addition of  1 mM oxid- 
ized glutathione and 0.5 units/ml of  glutathione reductase (Boehringer-Mann- 
heim). Variations in the relative concentrat ions of  the two redox states of  
cy tochrome c had no effects on the A readings at 337 nm (from which the 
NADPH oxidation was calculated), since at this wavelength the oxidized and 
reduced forms of  cy tochrome c have an isosbestic point.  

Protein was determined by  the method of  Lowry  et al. [28] with bovine 
serum albumin as standard. 

Results 

Comparative results of  NADPH oxidase assayed with different methods 
The NADPH oxidase activity of  the 100 000 × g pellet o f  the postnuclear 

supernatants f rom phagocytosing polymorphonuclear  leucocytes was assayed as 
oxygen uptake,  NADPH disappearance or  O~ generation at two different pH 
values and two NADPH concentrations.  The results reported in Table I show 
that: (1) when measured as oxygen consumed or as NADPH oxidized, the 
oxidase activity is higher at  pH 5.5 than a t  pH 7.0, particularly at 1 mM 
NADPH concentrat ion;  (2) the oxygen consumption is stoichiometric (1 : 1) to 
the NADPH oxidized in all the conditions; (3) when assayed as O:  generation, 
the oxidase activity is higher at neutral than at acid pH at both  NADPH 
concentrations and (4) the  oxidase activity expressed in terms of  O~ generation 
is always lower than when expressed as oxygen consumption or NADPH oxida- 
t ion. 

The variability of  the values of  the NADPH oxidase measured in different 
condit ions and, particularly, the discrepancy in the results expressed as oxygen 
consumption or NADPH oxidation on one hand and as O~ generation on the 
other,  suggest a role of  O~ as an intermediate.  

T A B L E  I 

O X Y G E N  C O N S U M P T I O N ,  N A D P H  O X I D A T I O N  A N D  S U P E R O X I D E  A N I O N  P R O D U C T I O N  BY 
P A R T I C L E S  F R O M  P H A G O C Y T O S I N G  P O L Y M O R P H O N U C L E A R  L E U C O C Y T E S  

The e x p e r i m e n t a l  c o n d i t i o n s  are descr ibed  in Mater ia ls  and M e t h o d s .  The  values  are given as n m o l / m g  
pro te i n  per  2.5 min .  T h e  m e a n  o f  f o u r  e x p e r i m e n t s  ± S.E.M. are repo r ted .  

N A D P H  p H  5.5 p H  7.0 
( raM) 

0 2  N A D P H  O~ 0 2  N A D P H  O~ 
c o n s u m e d  o x i d i z e d  d e t e c t e d  c o n s u m e d  o x i d i z e d  d e t e c t e d  

1 72.7  + 9.7 84 .3  ± 6.4 9.4  ± 2.0 42 .0  ± 4 .0  45 .5  ± 4 .0  22.1 ± 4 .5  
0 .15  22 .9  + 1.2 23.6 ± 0 .5  7.6 ± 1.7 16 .0  ± 2.9 19 .7  ± 5.4 12 .4  ± 3.4 
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Reactions involved in the oxidation o f  NADPH 
For a more detailed investigation of the role of O~, the effect of superoxide 

dismutase and/or cytochrome c on both the oxygen consumption and the 
NADPH oxidation has been exploited. The rationale of this approach is based 
on the ability of these two compounds to remove O~ with two different mecha- 
nisms: superoxide dismutase catalyzes the dismutation of 02 (20~+ 2H ÷-~ 
H202 + 02), and cytochrome c oxidizes O~ to molecular oxygen (ferricyto- 
chrome c + O~ -> ferrocytochrome c + O2). 

The protocol of a typical experiment at pH 5.5 with 1 mM NADPH is shown 
in Fig. 1. The addition of superoxide dismutase causes a strong decrease in 
oxygen consumption (trace 2), indicating that the O~ produced is subsequently 
involved in other reactions, thus giving rise to a chain reaction. Marked inhibi- 
tion of oxygen consumption is caused also by cytochrome c (trace 3). The 
greater inhibitory effect of cytochrome c with respect to superoxide dismutase 
is due to the fact that in the dismutation reaction half the O~ is converted to 
H202 and, hence, oxygen is consumed, whereas the reaction of O~ with cyto- 
chome c does not cause oxygen consumption. In fact, in the presence of both 
cytochrome c and superoxide dismutase (which prevents O~ from reacting with 
cytochrome c), the inhibition of O2 consumption equals the inhibition caused 
by superoxide dismutase alone (trace 4). 

Table II reports the mean of the results of four such experiments (panel A). 
By applying appropriate calculations, at least three components of the NADPH 
oxidizing reaction can be identified (panel B). One is given by a 'chain reaction' 
which corresponds to the inhibition by superoxide dismutase of the oxygen 
consumption or the NADPH oxidation. This aliquot is calculated from the dif- 
ference between the values of line 1 (total activity) and those of line 2. A 
second aliquot, referred to as 'residual oxygen consumption', corresponds to 
the amount of oxygen consumption left after the addition of cytochrome c 
(line 3). The third aliquot corresponds to the superoxide dismutase-inhibitable 
cytochrome c reduction and is accounted for by the 'univalent reduction' of 

÷ C Y T  C 

3 ÷cvT c 4 + s ° °  

Fig.  I .  P o l a r o g r a p h i c  r e c o r d i n g  t r a c e s  o f  t h e  N A D P H - o x i d i z i n g  activity of I 0 0  000  × g pa r t i c l e s  f r o m  
p h a g o c y t o s l n g  po lymorphonuc lear  l eucocytes  in the absence a n d  in  the presence of  superoxide d l s m u t a s e  
a n d  of  c y t o c h r o m e  c.  A s s a y  m e d i u m :  6 5  m M  s o d i u m  phosphate /Potass ium phosphate  buffer, pH 5.5 ,  1 7 0  
m M  s u c r o s e ,  1 m M  N A D P H ,  2 m M  N a N 3  a n d ,  w h e r e  i n d i c a t e d ,  2 0  ~ g / m l  s u p e r o x i d e  d i s m u t a s e  ( S O D )  a n d  
2 0 0  ~M c y t o c h r o m e  c ,  V o l u m e ,  2 ml ,  t e m p e r a t u r e ,  3 7 ° C .  1 m g  o f  1 0 0  0 0 0  X g pa r t i c l e s  f r o m  phagocytos-  
ing p o l y m o r p h o n u c l e a r  l e u c o c y t e s  was  a d d e d ,  w h e r e  i n d i c a t e d  b y  the  a r r o w s ,  v :  n m o l  O 2 / m g  p e r  2 .5  
m i n .  



439 

T A B L E  I I  

C O M P O N E N T S  O F  T H E  N A D P H - O X I D I Z I N G  A C T I V I T Y  O F  P A R T I C L E S  F R O M  P H A G O C Y T O S I N G  

P O L Y M O R P H O N U C L E A R  L E U C O C Y T E S  C A L C U L A T E D  ON T H E  B A S I S  O F  T H E  E F F E C T  O F  
S U P E R O X I D E  D I S M U T A S E  A N D  O F  C Y T O C H R O M E  c 

For assay cond i t i ons  see Fig.  I .  The  values  are given as n m o l / m g  prote in  per  2 .5  min .  The  m e a n  of  four  
exper iments  ± S.E.M.  are reported .  

Addi t ions  A B C 

0 2  N A D P H  c y t o -  Calculat ions  Results  % of  
c o n s u m e d  o x i d i z e d  c h r o m e  c tota l  

reduced  

1. N o n e  72 .7  ± 9 .7  84.3  ± 6 .4  

2. S u p e r o x i d e  14.1  ± 1 .9  14 .8  ± 3 .9  
dismutase  

3. C y t o c h r o m e  c 9 .2  ± 2.6 24 .7  ± 7 .8  22 .6  ± 2 .2  

4. C y t o c h r o m e  e 

+ superox ide  
dtsmutase 

13 .9  ± 1 .9  28 .2  ± 7 .2  13 .2  ± 1 .2  

T o t a l  a c t i v i t y  0 2  = 72 .7  I 0 0  
(as 0 2  or  N A D P H )  N A D P H  = 84.3  i 0 0  
= l i n e  1 

Cha in  r e a c t i o n  0 2  = 58.6  81 

(as 0 2  or  N A D P H )  N A D P H  = 69 .5  82 
= l ine 1--1ine 2 

Residual 0 2 0 2 = 9.2 13 

c o n s u m p t i o n  
(as 0 2  c o n s u m e d )  = 

Hne 3 

Univalent  reduct ion  O~ = 9.4  

(as O2 de tec ted)  
= c y t  c reduced  on  0 2  = 4.7  6 

ll ine 3- - l ine  
(as 0 2  c o n s u m e d )  
ffi ½ 0 ~  detec ted  

oxygen (cytochrome c reduction shown in line 3 minus cytochrome c reduc- 
tion shown in line 4). In terms of  oxygen consumed, this aliquot corresponds 
to half the O~ generated, according to the dismutation reaction of O~. 

Panel C of  Table II shows the absolute and relative values of the three reac- 
tions at pH 5.5 with 1 mM NADPH. Under these conditions, most of  the activ- 
ity is contributed by the chain reaction (more than 80%). The remainder 
reflects the enzymatic oxidation of  NADPH of  which at least 30% proceeds 
via O~ formation. 

Effect of  pH and NADPH concentration on the reactions involved in NADPH 
oxidation 

The experiments described in Fig. 1 and Table II have been repeated in dif- 
ferent conditions, i.e., at pH 7.0 with 1 or 0.15 mM NADPH and at pH 5.5 
with 0.15 mM NADPH. Table III reports the results of  these experiments and 
Table IV shows the calculations made on the basis of  these results, according 
to the procedure shown in Table II. The contribution of  each of three aliquots 
to the NADPH-oxidizing activity varies depending on the experimental condi- 
tions. The rate of  the chain reaction, as indicated by the inhibitory effect of  
superoxide dismutase, decreases by increasing the pH and by decreasing the 
substrate concentration. Particularly at pH 7.0 with 0.15 mM NADPH, the con- 
tribution of  the chain reaction is negligible. 
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T A B L E  I I I  

E F F E C T  O F  S U P E R O X I D E  D I S M U T A S E  A N D  OF C Y T O C H R O M E  ¢ ON T H E  N A D P H - O X I D I Z I N G  
A C T I V I T Y  OF P A R T I C L E S  F R O M  P H A G O C Y T O S I N G  P O L Y M O R P H O N U C L E A R  L E U C O C Y T E S  A T  
D I F F E R E N T  p H  A N D  N A D P H  C O N C E N T R A T I O N S  

The  e x p e r i m e n t a l  cond i t i ons  are  desc r ibed  in Materials  a nd  Methods .  Th e  values  are given as n m o l / m g  pro-  
te in  pe r  2.5 ra in .  T he  m e a n  of  fou r  e x p e r i m e n t s  ± S.E.M. are r e p o r t e d .  Cyt . ,  c y t o c h r o m e .  

p H  5.5 p H  7.0 

0 2  N A D P H  Cyt .  c O~ 0 2  N A D P H  Cyt .  c O2 
con-  ox id ized  r e d u c e d  con-  ox id ized  r e d u c e d  
s u m e d  s u m e d  

1 m M  N A D P H  
I .  Con t ro l  72 .7  84 .3  

± 9.7 ± 6.4 
2. + supe rox ide  14.1 14 .8  

d i r m u t u e  ± 1.9 ± 3.9 
3. + c y t o c h r o m e  c 9 .2  24 .7  22 .6  

± 2.6 + 7.8 ± 2 . 2 ~  9 .4  
4 .  + c y t .  c + super-  13 .9  28 .2  13 .2  / ± 2.0 

ox ide  d i sm u t a se  ± 1.9 ± 7.2 ± 1.2 

0 .15  m M  N A D P H  
1. C on t ro l  22 .9  23 .6  

± 1.2 ± 0 .5  
2. + supe rox ide  12 .8  12 .5  

d i sm u t a se  ± 1.9 ± 1.4 
3. + c y t o c h r o m e  c 7 .2  16 .3  12 .4  

± 1 . 0  ± 4 . 8  ± 1 . 7 ~  7.6 
4. + cy t .  c + super-  11 .4  11 .0  4 .8  J ± 1.7 

ox ide  d i smutase  + 1.2 ± 3.2 ± 0.1 

42 .0  45 .5  
± 4 .0  ± 4 .0  
19.9 20.9 
± 2.9 ± 5.0 
11 .8  32 .0  
± 2.5 ± 4.3 
21 .2  34.1 
± 3 . 8  ± 5.6 

16 .0  19.7 
± 2.9 ± 5.4 
15.3 16 .5  
± 3.3 ± 4.1 
6.9 23.6 
± 2.2 ± 9.4 
13 .9  23 .7  
± 3.1 ± 8.9 

41 .0  
± 6 . 7 ~  22.1 
18 .9  ~ / ±  4.5 
± 3.5 

25 .9  
± 5 . 0 ~  12.4  
13.5 / ± 3.4 
± 4.6 

The rate of the so-called 'residual oxygen consumption', as indicated by the 
oxygen consumption left after the addition of cytochrome c, is not affected 
appreciably either by pH changes or NADPH concentration. 

The rate of the 'univalent reduction' of oxygen, as indicated by the super- 
oxide dismutase-sensitive cytochrome c reduction, increases by increasing the 
pH and decreases by lowering the NADPH concentration. 

T A B L E  IV 

C O M P O N E N T S  O F  T H E  N A D P H - O X I D I Z I N G  A C T I V I T Y  OF P A R T I C L E S  F R O M  P H A O O C Y T O S I N G  
P O L Y M O R P H O N U C L E A R  L E U C O C Y T E S  A T  D I F F E R E N T  p H  A N D  S U B S T R A T E  C O N C E N T R A -  
T I O N S  

The  values  in Resul t s  a re  de r ived  f r o m  the  da t a  o f  Table  I I I  an d  are expressed  in t e r m s  of  n m o l  0 2 / r a g  
p ro t e i n  pe r  2.5 ra in .  F o r  exp l ana t i on ,  see the  t ex t .  

Assay cond i t i ons  Resu l t s  % of  to ta l  ac t iv i ty  

p H  N A D P H  To ta l  Un iva l en t  Res idua l  Chain Uni- Reld- Chain  
( m M )  ac t iv i ty  r e d u c t i o n  o x y g e n  r eac t i on  va len t  dual  

c o n m l m p -  
t i on  

5.5 1 72.7 4.7 9.2 58.6 6 .5  12.6 80.6 
7.0 1 42 .0  11 .05  11 .8  22.1 26.3 28.1 52.6 
5.5 0 .15  22 .9  3.8 7.2 10.1 16.6 31 .4  44.1 
7.0 0 .15  16 .0  6 .2  6.9 0.7 38 .7  43.1 4 .4  
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From the values reported in the right-hand columns of  Table IV, it appears 
clear that  the various experimental condit ions used greatly influence the per- 
cent  contr ibut ion of  each of  the three aliquots to the overall NADPH oxida- 
tion. The chain reaction is the most  affected,  both  in terms of  reaction rate and 
percent of  total  activity. 

Discussion 

A comparative evaluation of  different methods  of  assaying the NADPH- 
oxidizing activity by  subcellular particles from stimulated cells has revealed 
that  the  results vary according to the method  used. 

The measurement  of  oxygen uptake or of  NADPH oxidation give compara- 
ble results, with a s toichiometry of  1 : 1. 

When cy tochrome c (both in the presence or absence of  superoxide dismu- 
tase) is included in the  medium, the NADPH oxidized exceeds the oxygen con- 
sumption.  This may be due to anaerobic oxidation of  NADPH by NADPH- 
dependent  cy tochrome c reductase present in the preparation. 

When O~ generation is taken as a measure of  the oxidase activity, the values 
are much lower than those obtained with the measurement  of  the oxygen con- 
sumption or the NADPH oxidized. This difference is due to the complex nature 
of  the NADPH oxidase reaction assayed as oxygen uptake.  In fact, in this paper 
we show that  this reaction can be broken down to at least three components ,  
namely,  an enzymatic univalent reduction of  oxygen, an enzymatic non-uni- 
valent reduction of  oxygen,  which has been referred to previously as residual 
oxygen consumption,  and a non-enzymatic chain reaction. An analysis of  the 
properties of  each of  these three components  has been carried ou t  under dif- 
ferent experimental conditions, i.e., by  varying the pH and the substrate con- 
centration. 

The univalent reduct ion accounts for the enzymatic generation of  O~ and 
is measured as superoxide dismutase-inhibitable cy tochrome c reduction. Pro- 
duct ion of  O~ during the oxidation of  NADPH by subcellular particles from 
activated polymorphonuclear  leucocytes has been demonstrated by  Patriarca et 
al. [11] and Babior et  al. [12,15] .  We show here that  the rate of  the univalent 
reduction of  oxygen is higher at neutral than at acid pH and that  it is affected 
slightly by changing the substrate concentrat ion from 0.15 to 1 mM. These 
kinetic properties are in agreement with those reported by  Babior et al. [15] 
for  the human enzyme. 

A second aliquot corresponds to the  oxygen consumption which is detect- 
able even in the presence of  cy tochrome c. The rate of  this 'residual oxygen 
consumption '  is not  appreciably affected by  changes in pH or NADPH concen- 
tration. This might be an indication that the  enzyme responsible for this resi- 
dual oxygen consumption differs from the O~ generating enzyme. It can be 
postulated that  this enzyme calayzes a divalent reduction of  02 according to 
the  following reaction 

NADPH + H ÷ + 02 oxidas~ NADP÷ + H202 • 

However,  the fact that  the residual oxygen consumption is at tr ibutable to 
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the same enzyme which produces O2 cannot be excluded. In this case it must 
be admitted that 02 is formed within a space inaccessible to cytochrome c 
which is large enough to allow some spontaneous dismutation in the time 
required for the radical to diffuse out of this space. The extent of diffusion 
would be modulated by pH conditions known to influence the rate of spon- 
taneous dismutation [29]. At acid pH, where the dismutation rate is high, the 
ratio between the residual oxygen consumption and the univalent reduction 
should be higher than at pH 7.0. The results shown in Table IV demonstrate 
that this is the case under our experimental conditions. It is noteworthy that 
a similar explanation has been given by Fridovich [30] to account for the cyto- 
chrome c-insensitive oxygen consumption by the xanthine-xanthine oxidase 
system. 

The inhibitory effect of superoxide dismutase on the NADPH oxidase activ- 
ity, measured either as oxygen consumption or NADPH oxidation, indicates 
the existance of a chain reaction initiated by 02: 

r--* O~ + NADPH + 2 H ÷ -~ NADPH" + H202 

," NADPH" + 02 -~ NADP ÷ + 0,~ + H+ 
L - - ~ - - _  . . . . . .  I 

This 'chain reaction' is the third component of the NADPH oxidase activity. It 
is greatly influenced by pH and by the concentration of NADPH. Thus, when 
the NADPH oxidase activity is measured at pH 5.5 with 1 mM NADPH, the 
high activity is accounted for mostly by the chain reaction. On the contrary, at 
pH 7.0 with 0.15 mM NADPH, the contribution of the chain reaction is negli- 
gible and the activity measured is due almost completely to enzymatic reac- 
tion(s). 

From the analysis of the mechanisms of the NADPH-oxidizing reaction the 
following conclusions can be drawn: 

(1) Some of the discrepancies found in the literature on the kinetic proper- 
ties of the NADPH oxidase can be explained by the different assay methods 
used. For example, a pH optimum of 5.5 has been reported for this activity 
measured as oxygen consumption [8,14,26] or NADPH oxidation [4,11,13, 
16,18]. Instead, a pH optimum of 7.0 has been found when assaying the 
enzyme as O2 generation [15]. In this paper we have shown that at pH 5.5 the 
chain reaction accounts for most of the oxygen consumed. Therefore, this pH 
provides optimal conditions for the study of the properties of the chain reac- 
tion but not for the enzymatic part of the reaction. 

(2) Since the components of the NADPH oxidizing reaction are influenced 
greatly by the experimental conditions used, it is important to carefully select 
appropriate procedures. For example, when the properties of the enzymatic 
reaction(s) are to be studied it is advisable to choose conditions in which the 
chain reaction is not operative. Such conditions are provided by the 02 assay 
at pH 7.0 or by oxygen consumption at pH 7.0 with 0.15 mM NADPH. The 
02 assay, however, does not allow an evaluation of the residual 02 consump- 
tion, which can be detected instead by using the oxygen consumption method. 
If the experimental goal is only the detection of the activation of the enzyme, 
any one of these procedures can be used. To this end, the use of conditions 
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which favor the chain reaction may make the detection of a difference in activ- 
ity between preparations from resting and activated cells easier, particularly 
when the activities are low. 

(3) It is widely accepted that the respiratory burst of polymorphonuclear 
leucocytes is due to the activation of a NADPH-oxidizing system [1,3--19]. 
The problem then arises of the physiological relevance in intact cells of the 
mechanisms described here for the oxidation of NADPH by subcellular particles. 
One of the basic requirements for assessing the physiological importance of an 
enzyme in the respiratory bust is that its activity is sufficient to account for the 
extra oxygen consumption of intact cells. The average value of the extra respi- 
ration of phagocytosing polymorphonuclear leucocytes used in the present 
experiments was 99.0 + 12.1 S.E.M. nmol O2/4 • 107 cells per 2.5 min (8 experi- 
ments). The oxygen consumed by the NADPH oxidase activity of particles 
(1 mg particle protein is obtained from 4 • 107 leucocytes) accounts for the 
extra respiration of intact cells only under conditions where the chain reaction 
is fully operative. At first sight, this might suggest that a chain reaction func- 
tions in the cell also. However, the intracellular concentration of NADPH, 
0.1--0.3 mM [8,13,32] and the presence of superoxide dismutase in the cell 
[ 33] are not expected to favor a propagation reaction initiated by 02. If this is 
the case, the extra oxygen consumption should be sustained exclusively by the 
enzymatic component of the NADPH-oxidizing reaction, which is referred to 
in this paper as 'univalent reduction' and 'residual oxygen consumption'. How- 
ever, the present results show that the rate of this enzymatic oxidation of 
NADPH does not account for the extra respiration of whole polymorpho- 
nuclear leucocytes. Since the activation of the NADPH oxidase is not a per- 
manent state [34], it is likely that the enzymatic activity decays in the time 
required for homogenization and fractionation and, therefore, the activity of 
the particles does not reflect the levels of activation attained in intact cells. 
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