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SUt~ihRY: N A D P H - a y t o c b r o m e  e r e d u c t a s e a n d  c y t o c h r o m e  / ~ 5 9  w e r e  p u r i f i e d  
f r o m  t h e  m e m b r a n e  f r a c t i o n  o f  p h o r b o l  m y r i s t a t e  a c e t a t e - s t i m u l a t e d  
p o r c i n e  p o l y m o r p h o n u a l e a r  l e u k o e y t e s .  T h e  h i g h l y  p u r i f i e d  r e d u c t a s e  
o x i d i z e d  NADPH a n d  g e n e r a t e d  s u p e r o x i d e  w h e n  a o m b i n e d  w i t h  p a r t i a l l y  
p u r i f i e d  c y t o c h r o m e  bs59  i n  t h e  p r e s e n c e  o f  p h o s p h a t i d y l c : h o l i n e .  I n  t h e  
s a m e  s y s t e m ,  b u t  u n d e r  t h e  a n a e r o b i c  c o n d i t i o n ,  t h e  r e d u a t a s e  w a s  f o u n d  
t o  r e d u c e  c y t o c ~ o M e  b~59-  ~ i987 ACademic ~s~,  ~n0. 

Our previous papers (1-5) demonstrated t h a t  an NADPH-cytoehrome c 

reductase e x i s t e d  in  the  plasma membrane and phagosomes of  both guinea 

pig and poreine  polymorphonuelear leukoeytes  (PMN). The biochemical and 

immunological p r o p e r t i e s  of  the enzyme so f a r  examined were found t o  

be s i m i l a r  t o  those  of l i v e r  mierosomal NADPH-cytochrome P-450 reduc tase  

(4,5). As no d e t e c t a b l e  eytoehrome P-450 was found in  PMN, any 

phys io log ica l  e l e c t r o n  acceptor (s )  of  the  reduc tase  in the  c e l l s  has not  

been determined yet .  In t h i s  paper, we r e p o r t  t h a t  NADPH ox ida t ion  and 

superoxide ( 0 ~ )  genera t ion  were observed when  the  reduc tase  was 

combined with a b-type cytochrome of PMN, cytoehrome ~B9, in the  

presence of  phosphat idylehol ine .  A p o s s i b l e  r o l e  of  the  reduc tase  in t he  

r e s p i r a t o r y  burs t  i s  a l s o  discussed.  

• BBREVIATIONS: PMN, polymorphonuelear leukoeytes ;  0~, superoxide;  SOD, 
superoxide dismutase; PMSF, phenylmethylsulfonyl f l u o r i d e ;  DTT, 
d i t h i o t h r e i t o l ;  DFP, d i i sopropy l  f luorophosphate;  PMA, phorbol m y r i s t a t e  
a c e t a t e ;  HEPES, N-2-hydroxye thy lp ipe raz ine -N ' -2 -e thanesu l fon ie  acid.  
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MATERIALS AND METHODS 

M a t e r i a l s :  F e r r i c y t o e h r o m e  c ( T y p e  m ) ,  s u p e r o x i d e  d i s m u t a s e  (SOD),  
2 ' , 5 ' - A D P - a g a r o s e ,  p h e n y l m e t h y l s u l f o n y l  f l u o r i d e  (PMSF) ,  d i t h i o t h r e i t o l  
(DTT) a n d  d i l a u r o y l  p h o s p h a t i d y l e t h a n o l a m i n e  ( s y n t h e t i c )  w e r e  o b t a i n e d  

f r o m  S i g m a  C h e m i c a l  C o m p a n y ,  S t .  L o u i s ,  MO; S e p h a e r y l  S - 3 0 0 ,  
N - a m i n o - o c t y l - S e p h a r o s e  a n d  h e p a r i n - S e p h a r o s e  f r o m  P h a r m a c i a  F i n e  
C h e m i c a l s ,  U p p s a l a ;  d i i s o p r o p y l  f l u o r o p h o s p h a t e  (DFP) f r o m  K i s h i d a  
C h e m i c a l  C o . ,  O s a k a ;  T r i t o n  X - 1 0 0  a n d  T r i t o n  X - 1 1 4  f r o m  N a k a r a i  
C h e m i c a l s ,  K y o t o ;  NADPH a n d  NADH f r o m  O r i e n t a l  Y e a s t  C o . ,  T o k y o ;  DEAE- 
c e l l u l o s e  DE-52  f r o m  W h a t m a n  L i d ,  M a i d s t o n e ,  K e n t ;  B i o - G e l  HTP f r o m  
N i p p o n  B i o - R a d  L a b s . ,  T o k y o ;  p h o r b o l  m y r i s t a t e  a c e t a t e  (PMA) f r o m  LC 
S e r v i c e s  C o r p . ,  New B o s t o n ,  MA; d i l a u r o y l  p h o s p h a t i d y l c h o l i n e  
( s y n t h e t i c )  f r o m  Wako P u r e  C h e m i c a l  I n d u s t r i e s ,  O s a k a .  

Preparation o f  PMA-stimulated PMN: PMN were i s o l a t e d  from porcine  
blood as descr ibed p rev ious ly  (5). The c e l l s  (2x108 a e l l s / m l )  were 
s t imula ted  with PMA as descr ibed in (3), and suspended in 50mM 
Tris-HCl, pH7.4, con ta in ing  0.34M sucrose, ImM PMSF and 2mM DFP. 

P u r i f i c o t i o n  o f  NADPH-cytochro~ e r educ tase  from PMN: The NADPH- 
cytochrome c redue tase  was h igh ly  p u r i f i e d  from the  membrane f r a c t i o n  of  
PMA-stimulated PMN as descr ibed in a previous paper (5). Analysis of  the  
p u r i f i e d  enzyme by sodium dodecyl su l f a t e -po lyae ry l amide  gel  
e l e c t r o p h o r e s i s  r evea led  s u b s t a n t i a l l y  a s i n g l e  band (80kd). I t s  
apparent turn  over  number of  NADPH-dependent cytochrome c r educ t ion  on 
t h e  b a s i s  o f  t h e  FAD c o n t e n t  w a s  2 , 0 0 0  m i n  - 1 .  

P u r i f i c a t i o n  o f  cytochrome b~59 : Cytochrome ~s9  was p u r i f i e d  by 
combination of  the  methods descr ibed in (6-8) with some modi f ica t ions .  
Af t e r  s o l u b i l i z a t i o n  of  the  NADPH-cytochrome c reduc tase  in the  presence 
of  0.2~ Tr i ton  X-100  (5), r e s i d u a l  p e l l e t  was suspended in 50mM 
Tris-HC1, pHT. 4, con ta in ing  0. fl4M sucrose, I~ Tr i ton  X-l14, 0.15M NaC1, 
ImM EDTA, ImM DTT, ImM PMSF and 2mM DFP, and kept a t  4~ f o r  12h f o r  
s o l u b i l i z a t i o n  (7). Detergent phase sepa ra t ion  of  the e x t r a c t  was 
performed (7), and the  p a r t i t i o n e d  cytoehrome bss9  was subsequently 
(~romatographed on Bio-Gel HTP (7), Sephaeryl S-300 (8), N-amino-oetyl-  
Sepharose (6), 2 ' ,5"-ADP-agarose (to remove a t r a c e  amount of the  
reductase)  and heparin-Sepharose (6). All the  r e s i n s  were e q u i l i b r a t e d  
with 50mM Tris-HC1, pHT. 4, con ta in ing  20% g l y c e r o l ,  0.2% Tr i ton  X-100, 
0.15M NaC1, 0.1mM DTT, lmM PMSF and 2mM DFP.  The e l u a t e  of  
heparin-Sepharose was d ia lyzed  aga ins t  the  e q u i l i b r a t e d  buffer ,  and used 
as p a r t i a l l y  p u r i f i e d  cytoahrome ~s9 -  The p u r i f i c a t i o n  of cytoehrome 
bss9 (5.0 nmol/mg of p ro te in )  was 88-fo ld  with an o v e r a l l  y i e l d  of  
5.0%, r e l a t i v e  t o  the  membrane f r a c t i o n .  The s p e c i f i c  a c t i v i t y  i s  
comparable t o  those  repor ted  in (6-8). The eytoahrome ~s9  thus p u r i f i e d  
showed a t y p i c a l  d i f f e r e n c e  spectrum between the  reduced and oxidized 
forms of  the  cytoahrome (6-8) i n d i c a t i n g  the  absence of  any o the r  type 
of  cytoahrome. An amount of  cytoahrome b~s9 was determined by measuring 
a d i f f e r e n c e  speetrum between the  reduced and oxidized forms, and 
c a l c u l a t e d  by employing a value  of  21.6mM -I  • am -I  f o r  ~ E ssg-s40 (9). 

Assays: NADPH-oxidizing a c t i v i t y  was determined according to  the 
method f o r  assay of  benzphetamine-dependent NADPH oxida t ion  by l i v e r  
microsomal NADPH-eytoahrome P-450 reduotase  (5,10) except omission of 
benzphetamine and replacement of  eytochrome P-450 by cytochrome ~ s 9 .  
Assay was c a r r i e d  out a t  25~ using a Hitachi  Spectrophotometer 330. i 
The complete r e a c t i o n  mixture contained 2.3pmol (based on FAD content)  
of  the  NADPH-cytochrome c reduetase ,  40pmol of  eytochromo bss9, 30 ~ 
of  d i l a u r o y l  phosphat idylehol ine ,  50 ~mol of  HEPES buffer ,  pH7.4, 100 g g 
of  deoxycholate, 15 ~ mol of MgC12, 0. I ~mel of  EDTA and 0. I ~mol of 
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NADPH, i n  a f i n a l  volume o f  1.0ml. The r e a c t i o n  m i x t u r e  was i n c u b a t e d  a t  
2 5 ~ ,  and t h e  r e a c t i o n  was i n i t i a l e d  by a d d i t i o n  o f  NADPH. The o x i d a t i o n  
o f  NADPH was f o l l o w e d  c o n t i n u o u s l y  a t  340rim u s i n g  an  e x t i n c t i o n  
c o e f f i c i e n t  o f  6.11mM -I  * cm - I  0~- g e n e r a t i n g  a c t i v i t y  was d e t e r m i n e d  i n  
t h e  same c o n d i t i o n  a s  t h a t  f o r  a s s a y  o f  t h e  NADPH-oxidizing a c t i v i t y  
e x c e p t  a d d i t i o n  o f  0. I ~ mol of  f e r r i o y t o o h r o m e  c. An amount o f  O~ was 
d e t e r m i n e d  by measu r ing  S O D - i n h i b i t a b l e  r e d u c t i o n  o f  cy tochrome e a t  
Ass0 (11) u s i n g  an e x t i n c t i o n  c o e f f i c i e n t  o f  21.1mM - I  • cm - I  (12).  F l a v i n  
c o n t e n t  o f  t h e  enzyme was d e t e r m i n e d  by t h e  method o f  Faeder  and S i e g e l  
(13). P r o t e i n  c o n c e n t r a t i o n  was d e t e r m i n e d  by u s i n g  a p r o t e i n  a s s a y  
r e a g e n t  (Nippon Bio-Rad Labs . ,  Tokyo) w i th  b o v i n e  IgG a s  a s t a n d a r d .  

Anaerobic condition= Anaerob ic  c o n d i t i o n  was a c h i e v e d  i n  a Thunberg-  
t y p e  c u v e t t e .  The s e a l e d  c u v e t t e  c o n t a i n i n g  sample was c y c l i c a l l y  
e v a c u a t e d  and e q u i l i b r a t e d  w i th  n i t r o g e n  gas  which had been p a s s e d  o v e r  
a Deoxso p u r i f i e r  (Osaka Sanso Kogyo, Osaka) t o  remove a t r a c e  amount o f  
c o n t a m i n a t i n g  oxygen v i a  a c l o s e d  t h r e e - w a y  s t o p c o c k  system. T h i s  c y c l e  
was r e p e a t e d  f i v e  t i m e s .  A f t e r  d e g a s s i n g  on t h e  f i n a l  c y c l e ,  t h e  
r e a c t i o n  was i n i t i a t e d  by a d d i t i o n  o f  NADPH from a s i d e  arm o f  t h e  
auvette. 

R E S U L T S  

Reoons t i tu t ion  o f  a 07-generating e n z y ~  system: W h e n  h i g h l y  

p u r i f i e d  NADPH-eytoehrome c r e d u e t a s e  was combined w i th  p a r t i a l l y  

p u r i f i e d  eytochrome b~59 i n  t h e  p r e s e n c e  of  d i l a u r o y l  p h o s p h a t i d y l -  

c h o l i n e ,  NADPH o x i d a t i o n  was found t o  p roceed  (Tab le  I ) .  When 02 was 

omi t t ed ,  no d e t e c t a b l e  NADPH o x i d a t i o n  o c c u r r e d .  Omission o f  t h e  

r e d u e t a s e ,  eytoohrome ~ s 9  o r  p h o s p h a t i d y l e h o l i n e  s u b s t a n t i a l l y  r e s u l t e d  

i n  no NADPH o x i d a t i o n .  To d e m o n s t r a t e  whe the r  O2 i s  g e n e r a t e d  o r  

no t ,  t h e  r e a c t i o n  was per formed i n  t h e  p r e s e n c e  o f  cy toehrome o. 

The amount of  O~ formed was 1.84 nmol/min,  when e s t i m a t e d  by m e a s u r i n g  

Table I. Requirements f o r  NADPII oxidat ion 

Reaction mixture NADPH oxidat ion 

(nmol/min) 

Complete 

- Cytochrome /~s9 

- NADPH-oytoehrome o reduetase  

- Phosphatidylcholine 

1 . 0 5  

O. 03  

O. 07  

O. 0 4  

- NADPH <0L01 

- 02 (anaerobic condit ion)  <0.01 

NADPH oxidat ion was assayed as described in "Materials and Methods" 
except omission of indica ted  component from the  r eac t ion  mixture. 
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F i g u r e  1. E f f e c t s  o f  c o n c e n t r a t i o n  o f  N A D P H - e y - L o c h r o m e  e r e d u e t a s e ,  

eytochrome ~ 9  a n d  phosphat idylehol ine on NADPH oxidation. NADPH 
oxidat ion was assayed as described in "Materials and Methods" except 
t h a t  the  concentra t ion  of NADPH-eytochrome c reduetase (A), cytochrome 
~59 (B) or phosphatidyleholine (C) was var ied as shown. A ,  NADPH was 
replaced by the  same concent ra t ion  of NADH. • ,  pbosphatidylcholine was 
replaced by the  same concentra t ion  of phosphatidylethanolamine. 

S O D - i n h i b i t a b l e  r e d u c t i o n  o£ eytoahrome o. Thus, t h e  NADPH consumpt ion  

may r e s u l t  i n  c o n c o m i t a n t  O~ g e n e r a t i o n  i n  an a pp rox ima te  1:2 molar  

r a t i o .  Omission of  cytochrome ~ s 9  o r  p h o s p h a t i d y l a h o l i n e  r e s u l t e d  

i n  d i r e c t  r e d u c t i o n  of  aytoahrome c by t h e  r e d u a t a s e  a lone ,  i n d i c a t i n g  

no O~ g e n e r a t i o n  ( d a t a  n o t  shown). As b o t h  t h e  NADPH-oxidizing and 

O ~ - g e n e r a t i n g  a c t i v i t i e s  were a z i d e - i n s e n s i t i v e  ( d a t a  no t  shown), t h e y  

were n o t  d e r i v e d  from any m i t o e h o n d r i a  enzyme system, i f  c o n t a m i n a t i n g .  

An a p p a r e n t  t u r n  ove r  number of  t h e  O~ g e n e r a t i o n  on t h e  b a s i s  of  

ey tochrome ~ 9  c o n t e n t  i n  t h e  enzyme sys tem was 46 min -I  Th i s  v a l u e  

i s  abou t  o n e - f o u r t h  of  t h a t  of  t h e  membrane f r a c t i o n  from PMA-st imulated 

PMN (200 m i n - l ) .  The s p e c i f i c  a c t i v i t y  o f  t h e  enzyme system (230 nmo] 

of  O~ /min/mg of  p r o t e i n )  was abou t  t e n  t i m e s  h i g h e r  t h a n  t h a t  o f  t h e  

membrane f r a c t i o n .  

F i g u r e  I shows t h e  e f f e c t s  of  v a r y i n g  t h e  c o n c e n t r a t i o n  o f  each  

component on t h e  NADPH o x i d a t i o n .  The r a t e  of  r e a c t i o n  was p r o p o r t i o n a l  

t o  t h e  c o n c e n t r a t i o n  of  t h e  r e d u c t a s e ,  eytoehrome ~ 5 9  and p h o s p h a t i d y l -  

c h o l i n e ,  r e s p e c t i v e l y .  The e f f e c t  o f  p h o s p h a t i d y l e h o l i n e  r e ac he d  t o  a 

maximum a t  15 ~ g (Fig. IC). The r e p l a c e m e n t  of  d i l a u r o y l  p h o s p h a t i d y l -  

c h o l i n e  by d i l a u r o y l  p h o s p h a t i d y l e t h a n o l a m i n e  reduced  t h e  NADPH 

o x i d a t i o n  t o  28%. The o x i d a t i o n  of  NADH was on ly  28% of  t h a t  of  NADPH 

(Fig. lB).  
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I ~.A=O.O01 

4~ 450 5~ 550 6~ 

Wavelength (nm) 

Figure 2. Reduction of eytoohrome bssa by NADPH-eytoehrome e reduetase. 
Reaction was carried out anaerobically at 25~ using Thumberg euvettes 
as described in "Materials and Methods". Sample mixture (l. Sml) 
contained ll.4pmol of NADPH-eytochrome e reduetase, 75pmol of cytoohrome 
bssf, 45 ~g of phosphatidylcholine, 75 ~mol of HEPES buffer, pH7.4, 
150 ~g of deoxycholate, 22.5 ~mol of MgCI2, 0.15 ~mol of EDTA and 
0.15 ~ mol of NADPH. Reference mixture was identical with sample except 
omission of NADPH-eytochrome e reduetase. After a base line was 
recorded, the reaction was initiated by addition of NADPH from a side 
arm. The upper line is a scan 8min after addition of NADPH. The lower 
line is a scan after reintroduction of air at 2h. 

Reduction of eytoehrome b559 by NADPH-eytochrme c reduetase: We 

attempted to examine whether the reduetase actually reduces eytoehrome 

~ss or not. When the O~- generating enzyme system was incubated 

anaerobically, two peaks at 427 and 559 nm developed, which are 

characteristic to the reduced minus oxidized difference spectrum of 

cytoebrome ~s9 (Fig. 2). The amount of cytoehrome /~s9 reduced within 

8min by the reduetase was 51~ of that fully reduced by dithionite, and 

scarcely increased even after prolonged incubation (2h). The spectrum 

thus developed disappeared immediately after reintroduction of air. When 

phosphatidylaholine was omitted from the enzyme system, the reduction of 

cytochrome b~59 was not observed (data not shown). Thus, 02 may be 

~enerated by autooxidation of the eytochrome ~9 reduced by the 

ceductase. 

~)ISCUSSION 

PMN e x h i b i t  an enhanced  p r o d u c t i o n  of  O~ w i t h  a m e t a b o l i c  e v e n t  

~nown as  t h e  r e s p i r a t o r y  b u r s t ,  which p l a y s  an i m p o r t a n t  r o l e  i n  t h e  
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miorobioidal  a c t i v i t y  (14). This O~ production i s  the r e s u l t  of 

a c t i v a t i o n  of an NADPH oxidase embedded in  the plasma membrane. The 

NADPH oxidase has been supposed to be a new e l e c t r o n  t r anspo r t  chain 

composed of a f l a v o p r o t e i n  (15,16) and aytoohrome b5s9 (17,18). However, 

direct evidence for a biochemical entity of the NADPH oxidase, 

especially the flavoprotein involved, is still lacking due to its marked 

instability on various procedures for its purification. In the present 

study, we found first that PMN NADPH-oytoohrome o reduotase, which 

markedly resembles liver mierosomal NADPH-oytoohrome P-450 reduetase 

(5), is able to reduce oytoohrome ~sg, resulting in O~ generation. 

When the NADPH-oytochrome c reductase was combined with oytoohrome 

~59 in the presence of phosphatidylcholine, NADPH oxidation as well 

as O~ generation were observed (Table I and Fig. l). Moreover, the 

reductase  was found to  reduce anae rob ica l ly  eytoahrome ~59 (Fig. 2). By 

analogy with oytoehrome P-450 reduct ion by l i v e r  reduetase (19), the 

enhancing e f f e c t  of phosphat idylchol ine  on the  0~- genera t ing  enzyme 

system r e c o n s t i t u t e d  may be exp la inab le  by the fol lowing mechanism: 

Appropriate complex formation of the NADPH-oytoohrome o reduotase with 

cytoohrome ~59 through phosphat idylehol ine  i s  required for  e l ec t ron  

t r a n s f e r  from the reduotase to the cytoehrome. This poss ib l e  meohanis~ 

may be supported by the  f i n d i n g  tha t  the NADPH-eytoehrome P-450 

reductase  highly p u r i f i e d  from l i v e r  miorosomes e x h i b i t s  a 0~- generat ing 

a c t i v i t y  w h e n  coupled with oytoohrome ~s9  in  the presence of 

phosphat idylahol ine  (data not shown). 

As described in  t h i s  paper, we succeeded f i r s t  in  r e c o n s t i t u t i n g  3 

0~- genera t ing  enzyme system by coupl ing the NADPH-oytochrome 

reduotase with oytoohrome b~s9. This r e s u l t  suggests s t rong ly  that 

oytochrome ~59 may be a physiological  e l e c t r o n  aoeeptor of the 

reduatase  in  PMN, and a l so  t h a t  the reductase may be a p u t a t i v e  

f l a v o p r o t e i n  of the r e s p i r a t o r y  burs t  NADPH oxidase. 

On the other  hand, the  f l avop ro t e in  involved in  the NADPH oxidase 

has been supposed to  con ta in  only FAD (14-16), d i f f e r i n g  from the 

reduotase con t a in ing  both FAD and FMN (5). In addi t ion ,  several  p ro te ins  

d i f f e r i n g  from the reduotase with regard to  molecular weight have bee~ 

proposed for  candidates  fo r  the  f l a v o p r o t e i n  of the oxidase by others  
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~ 0 - 2 2 ) .  T h e r e f o r e ,  i r r e f u t a b l e  e v i d e n c e  f o r  p a r t i c i p a t i o n  o f  t h e  

~ d u c t a s e  i n  t h e  r e s p i r a t o r y  b u r s t  NADPH o x i d a s e  m u s t  a w a i t  f u r t h e r  

~ v e s t i g a t i o n .  
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