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1. Inbioduction 

Superoxide anion (0;) is produced by polymorpho- 
nuclear leukocytes coincident to the respiratory burst 
which occurs in response to certain soluble and partic- 
ulate stimuli [ 1,2]. This univalently reduced form of 
oxygen plays a role directly or indirectly in the micro- 
bicidal function of leukocytes ]3,4]. The production 
of 0; by pulmonary macrophages following activation 
of the cells with soluble or particulate stimuli has also 
been demonstrated [5]. A membrane-bound flavopro- 
tein dormant in resting leukocytes but activated by 
specific stimuli catalyzes the reduction of molecular 
oxygen with NADPH as the source of electrons. En- 
zymes of this type have been demonstrated to reside 
in the subcetlular granules and plasma membrane of 
activated leukocytes [6-91. Cytochrome b involve- 
ment in this process has also been suggested [ 101. 

A superoxide-generating enzyme has also been 
reported to be present in the endoplasmic reticulum 
and mitochond~al membrane, but not the plasma 
membrane, of resting, non-activated pulmonary mac- 
rophages [ 111. Here, we describe a pyridine nucleo- 
tide-dependent superoxide generating activity with a 
high affinity for NADPH which may be solubilized 
from a mixed membrane preparation from resting rat 
pulmonary macrophages and ma~rophages stimulated 
with opsonized, killed yeast particles. 

2. Materials and methods 

Pulmonary macrophages were isolated from excised, 
minced lung tissue as in [ 123. Ceils were suspended in 
1 mM phosphate-buffered saline (PBS) and activated, 
as described for leukocytes, by incubation at 37°C 
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with opsonized killed yeast cells for 7 min in the pres- 
ence of 1 mM NaN3 [ 131. In control experiments, 
macrophages were incubated with unopsonized killed 
yeast cells. The mixed membrane, particulate fraction 
was isolated as described for leukocytes [ 143. Solubil- 
ization of the enzyme was accomplished by sonication 
of the mixed membrane particulate fraction at -5’C 
using three 1.5 s pulses at 75 W with a 45 s cooling 
period between pulses in an extraction buffer. The 
extraction buffer consisted of 0.34 M sucrose, 0.25% 
deoxycholate , 15% (v/v) DMSO, 0.1 M Tris-HCl at 
pH 8.0. This suspension was centrifuged at 105 000 X g 
for 30 min. The pellet was resuspended in extraction 
buffer and both pellet and supernatant assayed for 
superoxide production. Protein was determined by the 
Lowry method [ 15 J. Superoxide anion generation was 
monitored by measuring the rate of superoxide dis- 
mutase inhibitable ferricytochrome c reduction at 
550 nm. A millimolar extinction coefficient of 18.5 
was used for ferricytochrome c [ 161. Assay mixtures 
contained 75 PM ferricyto~hrome c, 50 ~1 mixed mem- 
brane~particulate fraction extract or resuspended pel- 
let (test sample), 1.8-90 ,uM NADPH, 1 mM KP04 
buffer at the stated pH in 1 ml total vol. This was read 
against an identical mixture which contained 250 units 
superoxide dismutase (Biotics Research). 

3. Results 

3.1. Production of superoxide anion by extract from 
resting and acrivated macrophages 

The m~mum activity of the solubihzed NADPH- 
oxidase was -6.8 nmol ferricytochrome c reduced . 

I -’ . mg protein-’ + 1.7 for the stimulated enzyme 
z”= 5) at pH 7.5. The maximum activity for the 
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enzyme from unstimu~ted macrophages was 6.9 nmol 
ferricytochrome c reduced . mm-” . mg protein-’ f 2 5 
(n = 3). There was negligible superoxide-generating 
activity in the pellet resuspended following extraction. 
The Km for NADPH for the stimulated enzyme was 
4.98 PM + 1.45 (n = 5) at pH 7 5. The Km for NADPH 
for the unstimulated enzyme was 21.7 PM rt: 3.90 
(n = 3) at pH 7 5. The quite different Km values for 
NADPH with very similar values for maximal velocity 
of superoxide production for the activities from stim- 
uhted and resting macrophages are presented graphi- 
cally in fig.1. The slope of Hill plots of the reaction 
catalyzed by the enzyme from stimulated cells ranged 
from 0.99-l .07 (n = 5). Hill plots of the reaction 
catalyzed by the enzyme from resting macrophages 
had slopes ranging from 0.89-l .O (n = 3). Addition 
of 250 units superoxide dismutase to the reaction 
mixture inhibited the reduction of ferricytochrome c 
by 90-l 00%. 

No reduction of ferricytochrome c occurred at any 
pH X.0 when either NADPH or test sample was 
omitted from the assay mixture. However, at pH 5.5 
and 6.0 si~ific~t reduction of ferricytochrome c 
occurred in the presence of test sample but absence 
of NADPH. This rate was subtracted from the rate 
obtained following addition of NADPH for the calcu- 
lation of NADPH oxidasecatalyzed 0; production. 

5.5 6.5 7.5 8.5 9.5 
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F&l. Comp&son of double reciprocal plots of superoxide 
production as a function of NADPH concentration by deter- 
gent extracts of unstimulated (0) and stimulated (a) puhno- 
nary macrophages. Ma~oph~es were stimulated with opso- 
nized killed yeast cells. NADPHQx~a~ activity was solubil- 
ized from macrophage preparations and superoxide produc- 
tion was measured as in section 2. Velocity of the reaction is 
measured as nanomobs of superoxide produced per minute 
per mg of protein added to the assay mixture. 

Fig.2. Superoxide production of the solubilized preparation 
from unstimulated and stimulated pulmonary macrophages as 
a function of pH. Superoxide production was assayed as in 
section 2. The buffer was adjusted to the indicated pH by 
mixing 1 mM solutions of monobasic (pH 4.0) and dibasic 
(pH 9.0) potassium phosphate. 

3.2. pHdependence of fhe NADPH oxidase 
The enzymes from yeast-stimulated and resting 

pulmonary macrophages maintain activity over a 
broad pH range (fig.2). A relative ma~um occurs at 
pH 6.5-7 5 for the enzyme from st~ulated cells, At 
higher pH the NADPH-oxidase continues to exhibit 
significant activity, and a second smaller relative max- 
imum in enzyme activity occurs at pH -9 .O. The sol- 
ubilized enzyme preparation from resting pulmonary 
macrophages exhibits maximal activity at pH -7 5, 
which declines sharply at lower pH. 

4. Discussion 

A superoxide~enerating NADPH oxidase activity 
can be solubiliied from a mixed membrane particulate 
fraction of pulmonary macrophages. The activity is 
present in both resting cells and those stimulated by 
opsonized killed yeast cells. The Km of the NADPH- 
oxidase from resting macrophages for NADPH, how- 
ever, is 4.fold greater than that from stimulated mac- 
rophages. The low Km for NADPH (4.98 PM) of the 
enzyme from stimulated macrophages is in marked 
contrast to Km values -S-fold higher which have been 
reported for the NADPH-oxidase from leukocytes 
19,171, as well as the Km of 8.3 mM for NADPH 
reported for the enzyme in ER and mitochond~al 
membranes from resting pulmonary macrophages [ 111. 
This suggests that the enzyme activity described here 
which is solubilized from a preparation containing a 
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mixture of cellular membranes from pulmonary mac- 
rophages is unlike the enzyme activity isolated and 

described by others. 
The equality of the maximal rate of superoxide 

production from resting and striated macrophages 
may indicate that the same enzyme or enzymes in the 

same amount are present both before and after activa- 
tion. However, the much lower Km and the apparent 
shift in pH dependence of the enzyme after stimula- 
tion would indicate that a change in the enzyme has 
occurred during stimulation which is stable enough to 
survive the fractionation and solubilization procedures. 
It has been suggested that transformation of leukocyte 
NADPH-oxidase from allosteric to normal hyperbolic 
kinetics occurs following stimulation of leukocytes, 
thus effectively lowering the Km [8]. Allosteric kinet- 
ics were not a characteristic of the solub~ized NADPH- 
oxidase obtained in this study from resting pulmonary 
macrophages as indicated by the slope of the Hill plot 
and the linearity of the double reciprocal plot. How- 
ever, it is possible that the pulmonary macrophages 
may be partially stimulated by the cell isolation pro- 
cedure or may reside in the lung in a partially activated 
state because of their constant contact with the exter- 
nal environment. Partial activation of the macrophages 
by any means would obscure a change in the kinetics 
of the NADPH from allosteric to hyperbolic. 

It can be concluded from these data that: 
(1) Pulmonary macrophages possess an NADPH-0x5 

dase which in the presence of substrate generates 
superoxide anion; 

(2) The apparent Km of this enzyme for NADPH 
decreases upon stimulation of the cells, which 
would have the effect of increasing enzyme activ- 
ity under conditions of unchanged substrate con- 
centration. 
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