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SUMMARY 

The relationship between the interconversion of microsomal cytochrome P-45 o 
and P-42o and the hydroxylation and demethylation activities of the P-45 o oxidase 
system was studied. The hydroxylation and demethylation activities could only be 
part ly restored by complete reconversion of P-42o to P-45o by  addition of polyols, 
by dilution or by  washing. The P-42o produced by detergents, monohydric alcohols 
or anilines did not retain hydroxylation and demethylation activities. Cytochrome 
P-45o is not rate limiting in the overall reaction for hydroxylation and demethyl- 
ation of compounds such as anilines, nitroanisoles and aminopyrine. 

The substrate specificities of the hydroxylations and demethylations bv the 
P-45 o oxidase systems of different tissues differ. 

The rate of hydroxylation of anilines at the p-position was influenced by not only 
the hydrophobic character, but also by electronic and steric effects of the substrate. 

The magnitude of the spectral changes of the microsomes induced by the sub- 
strate corresponded to the ESR signal height at gm 2.25 of microsomal Eex rather 
than to the absorption peak of the CO complex of P-45o at 45o m#. The hydroxylation 
and demethylation activities were observed with either NADPH or NADH. Evidence 
is presented that  microsomal NADPH cytochrome c reductase is reduced by  NADH 
and the Km for the reductase with NADH is greater than the Km for NADPH. 

INTROI)UCTION 

I t  is known that  tile hydroxylations and demethylations of drugs and steroids 
are mediated by  mixed function oxidase systems in microsomes and mitochondria 
of several animal tissues ~ 11. These systems generally contain cvtochrome P-45 o as 
tile oxygen-activating enzyme 12-14. Cytochrome P-45o is very readily converted to 
P-42o by organic compounds and under various conditions ls-1". 

We found that  the P-42o produced by various mild t reatments  can be recon- 
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verted to P-45o by polyols and reduced glutathione under appropriate conditions2°, ~l. 
On the basis of this, the relationship between the interconversion of P-45o and P-42o 
and the hydroxylation and demethylation activities was studied to elucidate the 
mechanism of the metabolic reactions of the cytochrome P-45o oxidase system. 

MATERIALS AND METHODS 

Preparation of microsomes 
Adult male albino rabbits weighing about 2.5 kg were sacrificed by  injecting air 

into the ear vein. The livers, lungs and kidneys were immediately removed and care- 
fully perfused through the main blood vessels with ice-cold 1.15% KC1 solution. Then 
these organs were each cut with a pair of scissors, and microsomes were obtained from 
various tissues by the method as described previously 2~. Cow adrenal glands obtained 
at a local slaughterhouse, carried to the laboratory on ice and homogenized within 
30 rain by  the same procedure except that  tissues were washed several times by  centri- 
fugation to remove as much extraneous hemoglobin as possible. I t  was noticed that  
microsomes from frozen tissues bound hemoglobin more tightly than those from fresh 
tissues. 

The microsomes obtained as firmly packed pellets were stored at o ° under 
anaerobic conditions and used within 2 h after preparation. They retained full activity 
for hydroxylation of aniline and demethylations of aminopyrine and nitroanisole for 
15 h. However, storage of microsomal suspension (5 mg microsomal protein per ml of 
o.I M Tris-maleate at pH 7.5) at o ° led to the loss of 2o% of these activities within 15 h. 

Assay of enzymes 
Hydroxylat ion of anilines at the p-position was assayed by the method of 

BRODIE AND AXELROD 2s with slight modifications. The standard reaction mixture 
contained, in a final vol. of I.O ml, 2-5 mg of microsomal protein per ml, o.i M Tris-  
maleate buffer (pH 8.0, 37°), a suitable amount of anilines (usually 7 raM) and an 
NADPH-generating system consisting of 0.5 mM NADP+, 2.5 mM MgCl~, 5.0 mM 
sodium isocitrate and isocitrate dehydrogenase sufficient to reduce oxidized NADP + 
and 0. 5 mM nicotinamide was added to prevent destruction of the oxidized nucleotide 
by NAD(P) nucleosidase (EC 3.2.2.6). I t  was confirmed that  the concentration of 
NADP + used was sufficient to obtain maximal hydroxylation and demethylation 
activities even though some NADP + was destroyed by the inorganic pyrophosphatase 
(EC 3.6.1.1) in the microsomes 24. 

The demethylations of nitroanisoles and aminopyrine were measured by the 
method of NETTER AND SEIDEL25, 26 and NASH 27, respectively. The amount of nitro- 
phenol produced by the demethylation of nitroanisoles was determined spectrophoto- 
metrically by  the absorbance at 420 m/z to exclude the interference from the absorption 
of the nitroanisoles used as the substrates as far as possible. The reaction mixture was 
the same as that  used for measuring aniline hydroxylation except that  I.O mM nitro- 
anisoles or 8 mM aminopyrine was used as substrate for oxidative demethylation. 

Reactions were carried out at 37 ° for IO rain with mechanical shaking (12o times 
per rain) in air unless otherwise stated and stopped by the addition of 0.5 ml of 7.5 % 
trichloroacetic acid. After centrifugation to remove denatured protein, aliquots of 
the supernatant  were taken for measurement by  the methods described above. 

Biochim. Biophys. Acta, 171 (1969) 32-46 



~4 Y. [CHIKAWA, T. YAMANO, H. FUJISHIM \ 

No reduc t ion  of n i t rophenol ,  the  d e m e t h y l a t e d  p roduc t ,  b y  n i t ro reduc ta se  2s to 
aminophenol ,  occurred  under  the  expe r imen t a l  condi t ions  used for es t imat ion  of 
d e m e t h y l a t i o n  of ni t roanisoles .  

Tile h y d r o x y l a t i o n  of I 7 - h y d r o x y p r o g e s t e r o n e  to i 7 , 2 I - d i h y d r o x y p r o g e s t e r o n e  
was measured  b y  the me thod  of PORTER AND ~ILBER 2'~. 

Transhydrogenase  ac t iv i ty ,  which ca ta lyzes  the  t ransfer  of hydrogen from 
N A D P H  to N A D  +, was measured  bv  the me thod  of COLOW~CK, KM'LaN, Nl~t:lq..'L> 
AND CIOTTI a°. Anothe r  t r anshydrogenase  a c t i v i t y  which ca ta lyzes  the transl\~r of 
hydrogen  f rom N A D H  to NADP~ was a s sayed  b y  a s imi lar  method ,  except  t ha t  an 
N A D H - g e n e r a t i n g  sys tem of yeas t  alcohol dehydrogenase  (EC i . i . i . i )  and N A D  
was used ins t ead  of an N A D P H - g e n e r a t i n g  sys tem.  

N A D P H -  or N A D H - c y t o c h r o m e  c reduc tase  a c t i v i t y  was followed as the change 
in absorbance  at  550 m/~ bv the me thod  of ERNSTER al. The ex t inc t ion  coeffu'ient at 
55 ° m# for reduced minus oxidized cy tochrome c was used in calculat ions by  the 
me thod  of MARGOIAASH a2. 

N A D P H - o r  N A D H - f e r r i c y a n i d e  reductase  ac t iv i ty  was measured  as decrease 
in absorbance  at  420 nv,  following the method  of SCHELLENBEI~G AN1) HI~.LL~.R.~'IAN aa, 
The molar  absorp t ion  c~elticient of fer r icvanide  was taken as I .o2- IoaM ' .  cm ' at  

42o nv*. 
N A D P H  or N A D H  n e o t e t r a z o l i u m  reductase  ac t i v i t y  was measured  by the 

m e t h o d  of  LESTER AND ,qMITH a4 and  DALLNER, ~IEKEVI'I'Z AND PALADE aa. 

Measurements of dijferem'e spectra 
Difference spec t ra  were recorded  at  roonl t e m p e r a t u r e  in at ( ' a ry  Model 14 

spec t ropho tome te r  equ ipped  with a l igh t - sca t te r ing  t ransmiss ion a t t a chmen t ,  using 
cuve t t e s  of I - cm opt ica l  pa th .  

Measurements of ESR spectra 
E S R  spec t roscopy  was per formed  with  a Var ian  V-45oo-IoA spec t romete r  with 

a IOO kcycles/sec field modula t ion  uni t  and  spec t ra  were genera l ly  ob ta ined  at  a sam 

ple t e m p e r a t u r e  of .'7 o . 

Analytical procedures 
Tile conten ts  of P-45 o and  P-42o were de t e rmined  from tile CO-difference 

spec t ra  af ter  reduc t ion  of samples  with d i th ion i t e  following the method  of ()XWR.¢ 
AND SATO a6 with  some modif icat ion.  

The conten t  of microsomal  Fex was e s t ima ted  with  the  cupric  sulfate E I ) T A  
complex  as descr ibed prev ious ly  ~7. 

The  concen t ra t ions  of N A D P  +, NAD + and  the i r  reduced  form were e s t ima ted  
t ak ing  I7 .8 .  io  a M -1. cm i a t  26o m/~ in the  oxidized form and 6.22. Io  a M ~ • cm ~ at  
34 ° m/,  in the  reduced form as the  molecular  ex t inc t ion  coefficientaT, as. 

The concent ra t ions  of adrena l ine  and  noradrena l ine  were measured  by  fluori- 
lne ter  de t e rmina t i on  b y  the  m e t h o d  of ]LU1.ER AN 1) FI.O1)ING 3'9. 

Tile amoun t  of ascorbic  acid  was measured  b y  the  me thod  of t"t~jrrA ~°. After  
reduc t ion  wi th  d i th ioni te ,  the  amoun t  of reduced  cy tochro lne  c was measured  spectro-  
pho tome t r i ca l l y  at  room t e m p e r a t u r e  and at  the  t e m p e r a t u r e  of l iquid ni t rogen by the 
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appearance of absorptions at 55o m# and 547 m#, respectively. This method can be 
used even if only a small amount of cytochrome c is present. 

The protein content of microsomes was determined by the biuret method with 
some modifications41, 2°. 

The :~ values of organic compounds were determined by the method of I~UJITA, 
IWASA AND HANSCH 42. 

Enzyme preparations 
NADPH-cytochrome c reductase from rabbit liver microsomes was purified by 

the method of WILLIAMS AND KAMIN 43. 
Isocitrate dehydrogenase (EC I.I. 1.42) was prepared from pig heart as described 

by COLOWlCK AND KAPLAN 44. These enzyme preparations were carried out using a 
barrel rotor of a Hitachi preparative ultracentrifuge (Model 55 PA). 

Chemicals 
Nicotinamide-adenine dinucleotide and its reduced form, and nicotinamide- 

adenine dinucleotide phosphate and its reduced form were purchased from Sigma 
Chemical Co. 

tert.-Butyl isocyanide was synthesized by the method of LIGI et al. 45. It  was 
distilled twice just before use. 

Anilines and aminophenols were purchased from Nakarai Chemical Co. and 
Wako Pure Chemical Co. The anilines which were liquid at room temperature were 
distilled twice and solid anilines were recrystallized twice from methanol just before 
use. Aminophenols were used as standards in measurement of hydroxylations of ani- 
lines and were purified in the same way as anilines. All other reagents were of the 
highest grade available and were used without further purification. 

RESULTS 

Fig. I (a, b, c, d) shows the relationship between the microsomal hydroxylation 
or demethylation activities by the P-45o oxidase system and the conversion of P-45o 
to P-42o by organic compounds or under conditions at lower and higher pH values. 
Unexpectedly, the initial rapid conversion of P-45o to P-42o with these organic 
compounds occurred instantaneously and the steady state was little affected by the 
experimental conditions over a period of 30 min. During longer periods of incubation, 
the P-42o was unstable and disappeared 15. This may be due to the oxidative decompo- 
sition of P-42o, because the disappearance of P-42o could be prevented by anaerobic 
conditions or by addition of antioxidants of lipids. Fig. I shows that  the hydroxylation 
and demethylation activities of the P-45o oxidase system are not directly proportional 
to the amount of P-45o or P-42o added. To see whether organic compounds-produced 
P-42o can preserve the hydroxylation and demethylation activities, activities were 
measured after destruction of the P-42o produced by  these organic compounds by 
incubation for 40 min at 37 ° under aerobic conditions. The activities were little affected 
by the disappearance of P-42o. The same result was obtained by treatment at a very 
high or low pH instead of by organic compounds. Therefore, organic compound- 
produced[ P-42o can not preserve the activities for hydroxylation or demethylation 
of anilines, aminopyrine'and nitroanisoles. The activities of enzymes of the P-45o 
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Fig. ~. Rclationship between C()-binding pigments aml the hydroxylation and den~uthy|ati<m 
activities of rabbit liver microsomes after various treatments. Various concentrations of sodium 
cholate(a), ethanol (b), or aniline (c) were incubated with microsomal suspension at 37 ~ fr)r 5 min 
to convert P-45 o to l'-4eo. After the incubation, the microsomal suspensions were used for 
enzyme assays, (d) The P-45o and P-4'~o contents and hydroxylation and demethylation activities 
after incubation at xarious p i t  values (37" and 5 min). Enzyme activities were assayed as des- 
cribed in the text  except that the liver microsomes were treated with organic compounds or in- 
cubated at various pH values. The buffers used are o.~ M Tris-maleate at below ptl  8. 5 and 
o.I M glycine--Na()H buff~.r at above pH 8.6. The ordinate shows the content of P-45o as a per 
centage of that in untreated microsomes or the P-42o content after complete conversion. The 
p-hydroxylation of o chloroaniline and demethylation of p-nitroanisole are indicated on the 
ordinate as percentages of the amount of product formed on incubation at 37' for ro min with 
untreated microsomes. Microsomal protein, e.5 mg/ml; o. ~ M Tris maleate at pH 8.o (37) .  , 
P-45o; e~--O, P 4:o; ~ 2], demethylation of p-nitroanisolc; /x  /',, p-hydroxylation of o 
chloroaniline; ", : ,  p-hydroxylation of aniline. 

o x i d a s e  s y s t e m  o t h e r  t h a n  P - 4 5 o  w e r e  n o t  d e c r e a s e d  b y  t h e s e  t r e a t m e n t s .  A d e t a i l e d  
e x p l a n a t i o n  o f  t h i s  wil l  be  g i v e n  la t er  in th i s  paper .  A c c o r d i n g l y ,  t h e  u n i q u e  p r o p e r t i e s  

o f  P - 4 5  o are i n d i s p e n s a b l e  for t h e s e  l n e t a b o l i c  r e a c t i o n s  a n d  P - 4 5 o  is n o t  a r a t e - l i m i t i n g  
c o m p o n e n t  o f  t h e  r e a c t i o n s .  

F ig .  2 s h o w s  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  h y d r o x y l a t i o n  a n d  d e m e t h v l a t i o n  

a c t i v i t i e s  o f  the  P - 4 5 o  o x i d a s e  s y s t e m  a n d  the  r e c o n v e r s i o n  o f  P - 4 2 o ,  f o r m e d  b y  o r g a n i c  
c o m p o u n d s ,  t o  P - 4 5 o  b y  p o l y o l s  or b y  d i l u t i o n .  T h i s  f igure  s h o w s  t h a t  t h e  c o m p l e t e  
r e c o n v e r s i o n  o f  P - 4 2 o  f o r m e d  b y  s o d i u m  c h o l a t e  or m o n o h y d r i c  a l c o h o l s  t o  P - 4 5 o  
b y  p o l y o l s  or b y  d i l u t i o n  o n l y  p a r t i a l l y  re s tores  t h e  h y d r o x y l a t i o n  a n d  d e m e t h y l a t i o n  
a c t i v i t i e s .  N a m e l y ,  t h e  a c t i v i t i e s  w e r e  n o t  a l w a y s  para l l e l  w i t h  t h e  c o n t e n t  o f  P - 4 5  o. 
A l t h o u g h  th i s  m i g h t  be  b e c a u s e  t h e  a c t i v i t i e s  w e r e  i n h i b i t e d  b y  t h e  d e t e r g e n t s  or 
m o n o h y d r i c  a l c o h o l s ,  t h i s  s e e m s  u n l i k e l y  b e c a u s e  t h e  s a m e  resu l t  w a s  o b t a i n e d  w h e n  
an i l ine  as w a s  u s e d  t o  f o r m  P - 4 2 o  a n d  as s u b s t r a t e  in th e  p - h y d r o x y l a t i o n ,  i n s t e a d  o f  
d e t e r g e n t s  or m o n o h y d r i c  a l coho l s .  T h e  re su l t s  in Figs .  I a n d  2 are in  d i s a g r e e m e n t  w i t h  
t h e  f i n d i n g  o f  para l l e l  c h a n g e  b e t w e e n  b e n z p y r e n e  h y d r o x y l a t i o n  a c t i v i t y  a n d  th e  
P - 4 5 o  c o n t e n t  46. H o w e v e r ,  t h e  re su l t s  in F igs .  I a n d  2 do  n o t  m e a n  t h a t  N A D P H -  
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Fig. 2. Relationship between reconversion of P-42o to P-45 o and activities of the P-45 o oxidase 
sys tem of rabbi t  liver microsomes. A. Reconversion of P-42o formed with i % sodium cholate to 
P-45 o by 25 % glycerol and the activities of the P-45 o oxidase system. B. Reconversion of P-42o 
formed with  20% ethyl alcohol to P-45 o by 2-fold dilution and the activities of the P-45o oxidase 
system. The lOO% value corresponds to the mean of IO determinat ions of the content  of P-45 o 
and activities of the P-45 o oxidase sys tem obtained with different prepara t ion of rabbi t  liver 
microsomes. The vertical bars  correspond to the maximal  deviations below and above the mean. 
The liver microsomes were incubated in the presence of i % (w/v) sodium cholate or 20% (v/v) 
ethanol for IO min at  20 °. After incubation, the sodium cholate or ethanol- treated microsomal so- 
lutions were diluted 2-fold wi th  50% (v/v) glycerol Tr is -maleate  buffer (0.05 M, pH 8.o) or 0.05 M 
Tris-ma]eate  buffer (pH 8.0), respectively. They were used as a source of  enzymes. The reactions 
were as described in the text  except tha t  they were carried out  at  2o ° for 20 min. The ordinates 
show values as percentages of the content  of P-45 o or activities of the P-45 o oxidase sys tem of 
untreated microsomes on a protein basis. The p-hydroxyla t ion  and demethyla t ion activities 
were apparent ]y  1/2.5 of those at  37 °. Microsomal protein, 2. 5 mg/ml;  o.I M Tris-maleate  buffer at 
pH 8.0. 

dependent hydroxylations of anilines and demethylation of aminopyrine or nitro- 
anisoles are not carried out by the P-45o oxidase system. Evidence that P-45o is an 
essential component of the hydroxylation and demethylation reactions has already 
been given by ORRENIUS 4~ a n d  ESTABROOK and co-workers 12-1s. To confirm this, the 
experiment was made using tert.-butyl isocyanide instead of carbon monoxide. It is 
well known that a b-type hemoprotein generally has a strong affinity for CO, whereas 
the reduced form of P-45o is much more autoxidizable than other hemoproteins with 
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pro toheme pros the t ic  groups e'2, and  the reduced  P-45o-CO complex  is r ap id ly  con- 
v e t t e d  to  oxidized P-45 o even on br ief  exposure  to a very  low concent ra t ion  of oxygen.  
Alkyl i socyanides  d id  not  conver t  P-45o to P-42o even when added  at  r e l a t ive ly  high 
concent ra t ions  4s. The 9o'1,1, o f p - h y d r o x y l a t i o n  and d e me thy l a t i on  ac t iv i t ies  of anilines,  
aminopyr ine  and  p-n i t roaniso le  are inh ib i ted  by  5" ~o ~ M ter t . -butyl  i socyanide and 
these ac t iv i t ies  can be comple te ly  res tored  b y  remova l  of the  i socyanide  by  washing 
and cent r i fuga t ion  at  5 ~' or by  dia lys is  a t  o ° for zo h under  anaerobic  condition.~. I t  was 
shown magne t i ca l ly  and spec t ropho tomet r i ca l ly  t ha t  these procedures  released is~> 
cyanide  from the  oxidized P-45o isocyanide  complex.  However ,  a lkyl  isoeyanides  had 
no spec t ropho tomet r i c  and magnet ic  influence on adrenodoxin ,  ferredoxin,  ru- 
bredoxin ,  cy tochrome  b~ and  the  E S R  signal a t  gm : 4.3 of r abb i t  l iver micros~m~es 
due to nonheme rhombic  iron in the  ox id ized  and  high spin form at t e m p e r a t u r e  ~l- 
l iquid ni t rogen.  Fu r the rmore ,  the  ac t iv i t ies  of N A D P H  ferr icvanide  reductase.  
N A D P H - c y t o c h r o m e  c reduc tase  and N A D P H - n e o t e t r a z i u m  chloride reductase  which 
are considered to be componen t s  of the  P-45o oxidase  sys tem,  were n~t inhib i ted  by  
isocyanide  at  the  concen t ra t ion  used in this  exper iment .  Therefore,  these results  shrew 
tha t  the  inh ib i t ion  of the  hyd roxy l a t i on  or deme thy l a t i on  ac t iv i t ies  is due t,~ a cu.m- 
b ina t ion  of i socyanide  with P-45 o, and  t h a t  oxygen  cannot  be a c t i v a t e d  by  P-45o. 
Thus,  like previous  repor ts ,  these resul ts  subs t an t i a t e  the  conclusion tha t  P-45o is an 
essent ia l  componen t  of sys tems  for the  h y d r o x y l a t i o n  and  de me thy l a t i on  of anilines,  
aminopyr ine  and ni t roanisoles ,  and  the amoun t  of P-45 o present  does not  l imit  the  
ra tes  of the  h y d r o x y l a t i o n  and  d e m e t h y l a t i o n  react ions.  

As r epor t ed  previously~7, 49, P-45o is found in var ious  tissues. However ,  the ratt, s 
of  hyd roxy l a t i on  and d e m e t h y l a t i o n  of drugs  and s teroids  were not  d i rec t ly  corre la ted  
with  the  a m o u n t  of P-45o in the  t issues,  as descr ibed  above.  Fig. 3 shows the  re la t ion-  
ship  be tween  the  h y d r o x y l a t i o n  and  deme thy l a t i on  ac t iv i t ies  and  the  amoun t  of P-45o 
in the  microsomes of r abb i t  l iver,  lung and  k idney  and  the  ad rena l  g lands  of cow. 
H y d r o x y l a t i o n  or d e m e t h y l a t i o n  of anilines,  aminopyr ine  and  p-n i t roan iso le  were 
observed  wi th  liver, lung and k idney  microsomes,  bu t  not  with adrenocor t ica l  and 
medu l l a ry  microsomes.  Conversely,  2 i - h y d r o x y l a t i o n  of I7 -hydroxyproges t e rone  oc- 
cur red  only  with adrenocor t i ea l  mierosomes,  and  not  wi th  liver, lung, k idney  ~,r 
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Hydroxylalion of Demelhylation of Hydrox?lation of 
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Vig. 3. Comparison of 1)-45 o content and hydroxylation and demethylation activities of inlcro- 
somes of various tissues. Values are averages of ~o determinations of the P-45o content or en- 
zymatic activities. The amount of P-45 o and the p-hydroxvlation activity of o-chloroanilinc and 
demethylation activities of/%nitroanisolc and aminopyrinc are shown as percentages of those of 
rabbit liver microsomes. The z Phydroxylatiori activity of 17-hydroxyprogesterone is shown as 
a percentage of that of adrenocortical mierosomes of cow. Microsomal protein, 5.o mg/ml. 
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T A B L E  I 

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

S O M E S  O N  o - C H L O R O A N I L I N E  

E n z y m e  w a s  a s s a y e d  b y  i n c u b a t i o n  a t  37 ° fo r  IO m i n  a s  d e s c r i b e d  in  t h e  t e x t  e x c e p t  f o r  t h e  
a d d i t i o n s  o f  v a r i o u s  i n h i b i t o r s .  I n h i b i t i o n  is e x p r e s s e d  a s  p e r c e n t a g e  i n h i b i t i o n  o f  h y d r o x y l a t i o n  
a c t i v i t y  c a l c u l a t e d  f r o m  t h e  v a l u e  w i t h o u t  i n h i b i t o r .  V a l u e s  s h o w  t h e  a v e r a g e s  o f  5 d e t e r m i n a t i o n s  
o f  h y d r o x y l a t i o n  a c t i v i t y .  M i c r o s o m a l  p r o t e i n ,  2.5 m g / m l ;  o . I  M T r i s - m a l e a t e  b u f f e r  a t  p H  8.0 .  

Inhibitor Concn. Inhibi- Inhibitor Concn. Inhibi- 
(M)  lion (M )  tion 

(%) (%) 

2 , 6 - D i c h l o r o p h e n o l i n d o -  T ,2 ,4 -Tr i azo l e  
p h e n o l  6 .  i o  s 35 A d r e n a l i n e  

F A D  6 .  t o  s 4o 2 ' - A M P  
J a n u s  g r e e n  B o . o o 2 %  85 A s c o r b i c  a c i d  
M e t h y l e n e  b l u e  6 .  I o 5 17 N i c o t i n a m i d e  
M e t h y l  v i o l o g e n  5"  lO ~ 65 N o r a d r e n a l i n e  
N e o t e t r a z o l i u m  c h l o r i d e  o .oo2  % 35 P h e n o b a r b i t a l  
P h e n o s a f r a n i n e  6 .  i o  -~ 2o i . - P h e n y l a n i l i n e  
P o t a s s i u m  f e r r i c y a n i d e  6 . 1 0  -5 I 5 L - T y r o s i n e  
S a f r a n i n e  T o . o o 2  °~o I t B o v i n e  h e a r t  n l y o g l o b i n  
E D T A  2 • 10 3 12 C y t o c h r o m e  ba 
I m i d a z o l e  i • i o  3 85 C y t o c h r o m e  c 
K C N  2 " 10 -3 69  O x y g e n a t e d  h e m o g l o b i n  
N a F  i • lO 2 9 ( a d u l t  r a b b i t )  
NaN.~ i • lO -2 65 A d r e n o d o x i n  

(p ig  a d r e n o c o r t e x )  

I ' I O  2 

5 " 1 0 - 4  

I " I O  - 3  

I * 1 0  - 3  

I ' I O  2 

I 1 0  - 5  

I I O  - 2  

1 I O  - 3  

I I O  3 

I IO -3 

1 1 0  - 4  

I I O  - 6  

69 
28 

45 
1 2  

O 

54 
53 
2 0  

8 

4 
o 

5 ° 

1 " 1 0  - 3  O 

2 " 1 0  - 4  O 

adrenomedullary microsomes. Tests should be made to determine whether these 
hydroxylation and demethylation activities are inhibited by physiological substances 
such as ascorbic acid, adrenaline, noradrenaline and cytochrome c. Judging from 
Table I, the concentrations of substances were not sufficiently high to inhibit the 
hydroxylation and demethylation activities. In addition, the hydroxylations and 
demethylations by liver microsomes were never affected by the addition of cow 
adrenocortical microsomes and vice versa. Although there was no difference in the 
optical and magnetic properties of P-45o in liver and adrenocortical microsomes, the 
P-45o oxidase system in adrenocortical microsomes is different from that  of liver, lung 
and kidney. Logically, the next problem is to study where the substrate binding site 
is in the P-45o oxidase system. There have been a number of reports that  the spectral 
change of microsomes induced by substrates of the P-45o oxidase system may be due 
to the binding of the substrates with P-45oS°-SL However, as reported in the previous 
pape# s, purified P-45 o is readily reduced by a ferredoxin-NADP + reductase system. 
Similar results were obtained with xanthine oxidase, hypoxanthine and pigments 
such as methylviologen, benzyl viologen, safranine T, FMN or FAD 5s. However, no 
hydroxylation of anilines or demethylation of aminopyrine or p-nitroanisole by these 
enzyme systems was observed. It  was shown that this was not because the hydroxy- 
lation and demethylation activities were inhibited by the EDTA used during puri- 
fication of P-45o from rabbit liver microsomes or by oxygen consumption in the test 
solution by a ferredoxin-NADP + reductase system or xanthine oxidase system. This 
result suggests that  the substrate binding site may be independent of the P-45o 
molecule or that the structural relation of the components of the P-45o oxidase system 
may be important for the hydroxylation and demethylation activities. However, it is 
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uncer ta in  whe ther  the  purif ied P-45 o molecule is st i l l  i n tac t  and  considerable  fur ther  
s t u d y  is requ i red  to resolve these  quest ions.  

"Fable I shows the effect of inh ib i to rs  on the h y d r o x y l a t i o n  of o-chh)roaniline. 
Various dyes  were used to s t u d y  the  e lect ron t r a n s p o r t  be tween P-45 o and re la ted  
f lavoproteins.  The inh ib i to ry  effects of physiological  subs tances  are also shown. These 
resul ts  are signif icant  in s tudies  on the subs t r a t e  speeificities and  the  componen t s  
inw)lved in electron t r anspo r t  of the  P-45 o oxidase system.  I t  was found tha t  the  
h y d r o x y l a t i o n s  and  d e m e t h y l a t i o n s  of drugs and s teroids  by  microsomes were g rea t ly  
inh ib i ted  b y  cy tochrome c like the  2 I - h y d r o x y l a t i o n  of I7 -hydroxyprogres t e rone  '~', 
a l though the  po tass ium cyanide-sens i t ive  de ine thy la t ion  of sarcosine was ac t i va t ed  
b y  the add i t i on  of cy tochrome  c ~°. 

The h y d r o x y l a t i o n s  and  d e m e t h y l a t i o n s  of anilines,  aminopyr ine  and ni t ro-  
anisoles are well known to require  N A D P H  as r educ tan t .  However ,  these enzymat i c  
react ions  could occur with N A D H  ins tead  of N A D P H .  Fig. 4 shows the t ime courses 
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Fig. 4. Effects of NAI)I~H, N.\IItt  and both together on the p hydroxylation of o-chloroanilim 
by rabbit liver microsomes as function of reaction time. The enzvme was assayed as described in 
tlle text except that I . o .  i o  :' M N.\DI'I-f, 5 . to  a M N.'\I)H and their generating systems were 
used. Microsomal protein, ".5 mg/ml. Curve i, NAI)I~[t; ('urve 2, NAI)PH } NAI)H; Curve 3, 
N AI)H. 

of p - h y d r o x y l a t i o n  of o-chloroani l ine in the  presence of N A D P H ,  N A D H  anti both  
together .  When  N A D P H  and N A D H  were both  present ,  the  in i t ia l  h y d r o x y l a t i o n  
a c t i v i t y  was somewhat  less than  with  N A D P H  alone. Al though the  inhibi t ion  is ve ry  
small ,  i t  is observable .  A s imi lar  resul t  was ob t a ined  on h y d r o x y l a t i o n  of posi t ion 21 
of I 7 -hyd roxyp roges t e rone  in cow adrenocor t i ca l  microsomes.  The inhibi t ion  of the  
in i t ia l  ac t iv i t ies  of N A D P H - d e p e n d e n t  h y d r o x y l a t i o n s  b y  N A D H  could not  be 
exp la ined  b y  decomposi t ion  of N A D P H  b y  NADase,  py rophospha t a se  or t i le effect of 
the  N A D H - d e p e n d e n t  e lect ron t r a n s p o r t  sys tem in microsomes.  This  resul t  is consid- 
ered to be due to the  difference in the  affinities of N A D P H  and  N A D H  for N A D P H -  
cy tochrome  c reductase .  This was d e m o n s t r a t e d  with purif ied N A D P H - c y t o c h r o m e  c 
reduetase  from r abb i t  l iver  microsomes.  According  to the  kinet ic  s tudies  of b ina ry  
reac t ion  6i, the  Michaelis cons tan t  for N A D P H  was 3.2. IO -6 M and for N A I ) H  was 
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1.3. IO-~ M. Results suggest that NADPH and NADH are attached to the same site 
on the reductase. In addition, when the hydroxylation activities with NADPH, 
NADH and both together are compared, the activity with both together was greater 
than the sum of the activities with each separately. Similar results were obtained by 
CONNEY et al. ~2 and NILSSON AND JOHNSON 63. They could be interpreted as due to the 
activity of the transhydrogenase between NADH and NADP +. The transhydrogenase 
activity was associated with the NADH-cytochrome b 5 reductase (EC 1.6.2.2) rather 
than the NADPH-cytochrome c reductase. 
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Fig. 5. Re la t ionsh ip  be tween  spect ra l  change  induced  by  o-chloroanil ine and  t he  P-45 o or 
P-42o p roduced  by  s o d i u m  chola te  t r e a t m e n t  of  rabbi t  l iver microsomes.  R a b b i t  liver micro- 
somes  were i ncuba t ed  for io rain a t  20 ° in the  presence of  var ious  concen t ra t ions  of  sod ium 
cholate .  Af te r  incuba t ion ,  spec t ra  were measu red  immedia t e ly .  7 '  lO-3 M o-chloroanil ine was  
used  as s u b s t r a t e  to induce  spec t ra l  changes .  The  o rd ina te  shows the  pe rcen tage  con t en t s  of  
P-45 o and  P-42o and  of  the  E S R  signal  he igh t  a t  gm ~ 2.25 of  mic rosomal  Fex of  u n t r e a t e d  
microsomes .  The  c o n t e n t  of  P-42o is expressed  as lOO% when  1°-45 ° was comple te ly  conver ted  
to P-42o. The  induced  spec t ra  are shown  as pe rcen tages  of  the  absorp t ion  be tween  428 In# and  
490 In#. The  arrow indica tes  the  po in t  when  o. i  % snake  v e n o m  was  added  to the  microsomal  
suspens ion  to p roduce  I?-42o w i t h o u t  the  E S R  signal  of  mic rosomal  Fex. The  do t t ed  lines show 
t h a t  the  spec t ra l  change  induced  by  t he  s u b s t r a t e  and  t he  con t en t  of  mic rosomal  Fex declease.  
Microsoma] protein,  2 . o m g / m ] ;  o.I M Tr i s -ma lea t e ,  p H  8.0. Curve  i, P-45o; Curve  2, P-42o; 
Curve  3, microsoma]  Fex; Curve  4, spect ra l  change  by  subs t ra te .  

Fig. 5 shows the interrelationship between the microsomal CO-binding species, 
microsomal Fex(gm ~ 2.25) and the spectral changes induced by hydroxylation 
substrates. According to many reports 50-5~, the spectral changes induced by substrate 
are due to the interaction between the P-45o molecule and the substrate. This figure 
shows that the spectral changes of microsomes induced by substrates are not propor- 
tional to the amount of P-45o or P-42o, but to the amount of microsomal Fex. This 
suggests that the substrate combines not only with P-45o, but also with P-42o which 
has the ESR signal of microsomal Fex due to octahedral heine iron in the oxidized and 
low spin form at the temperature of liquid nitrogen. However, as described above, 
P-42o could not preserve the hydroxylation and demethylation activities. When 
microsomal Fex was destroyed by treatment with snake venom or proteinase, the 
spectral changes of microsomes induced by substrate could no longer be observed. 
It  is considered that the conditions around the ligands of the heine-iron of P-45o are 
important for the binding of the substrate to the P-45o oxidase system. 
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T A B L E  II 

COMPARISON OF THE p-HYDROXYLATIONS OF ANILINES BY RABBIT L1VI,2R MICROSOMKS 

V a l u e s  a r e  a v e r a g e s  o f  5 d e t e r m i n a t i o n s  (}f h y d r o x y l a t i o n  a c t i v i t i e s .  Spec i f i c  a c t i v i t y  is e x p r e s s e d  a s  n m o l e s / n l i n  
p e r  m g  m i c r o s o m a l  p r o t e i n .  R e l a t i v e  a c t i v i t y  is e x p r e s s e d  as  a p e r e e n t a g c  o f  t h e  p - h s d r o x y l a t i o u  o f  o - c h l o r o -  
a n i l i n e .  S t a r s  i n d i c a t e  t h e  ~ v a l u e s  o b t a i n e d  l)v I;UJITA, IXVASA ANI) H ANSCH la. M i c r o s o m a l  l)r{~tein, 2. 5 m g / m l ;  
o.]  M T r i s  m a l e a t e  b u f f e r  a t  p H  8.o.  

AmTines Specific Relative ~ l'altte A~dlt'*zes ,S'pectfic l&laliPc ~ I'alues 
acliPitv acdivttv activilv aclivllv 

H • 0.7_, 52.8 o.o0* /~-(1 o.o5 3.7 ¢ l] o . o 2  
:\7~CH a 0.79 5,Qo 0.02 - o.o2 o-Br i.32 (}7.o 1.3(~ i).o2 
N-CHaCH, 2 1.87 137.{} 1.3(} : o.o2 Jtt Br 0.5{ 43. t 1.2o ~ o.{} 2 
N-CHaCHaCif 2 - 2.22 I{)3.{} 1.55 ;2o.02 p-P,r o-(}5 3-7 t .3{)  o.o-' 
N - C H a C H = C H ~ C H  2 - 2 . 7 3  2{)- . ()  2.{}8 21 {}.o2 ~) I 1 . 7 1  ] 2 8 . o  2 . 1 4  £ (}.o2 

o_CHaO._ o.o 3 2.2 0.o5 i o.02 m-I o. 5, 35.3 _,.oS o.o_, 
m-CHa() o.o5 3.7 o.03 ! o.o2 p I {}.{}l 0. 7 2. tt : o.02 
])-CHa() o.{} 4 3.0 o.05 ~ 0.o2 o-N{). 2 o.5o 3 ()-'~ {).~4 ~ o.{}2 
o - F -  1.5() ll7.(} o.3~) { o .{)2  m-N()._, o.~o 7.5 c,.t7 ~ {}.o-' 
;}~-I ? 0.0(} 49.{} o.4o o.02 ts-N{)~ o.ol {}-7 (}.4{} ; o.o2 
p - l : -  o.31 22., v, {}.25 <o.o2" t~-Cft a I.Ol 74.5 ~}.3 {} ,).{)2 
0-C1- 1.3{} IOO.(} o.91 12 o.o2" J//-C[t a o.13 31.7 ,).5 o (0.o-'* 
m-C1 {}.{){7 5{).7 {}.{}S I {}.o2" p ( 'll  a {}.0o (}.,) {}.t {} oo2" 

T a b l e  I I  shows  t h e  r e l a t i onsh ip  b e t w e e n  t i le  r e l a t i v e  ac t i v i t i e s  for h y d r o x y l a t i o n  

of  t h e  p -pos i t i on  of  an i l ines  and  t he i r  ~z v a l u e s ;  t i le  l oga r i t l lms  of  t h e  d i s t r i b u t i o n  

c o n s t a n t s  of  an i l ines  b e t w e e n  w a t e r  and  I-octano142. GAUI)ETTE A N I ) B R O I ) I E  h a v e  

a l r e a d y  p o i n t e d  o u t  t h a t  t i le  d e a l k y l a t i o n  r e a c t i o n  increases  w i t h  increase  in h y d r o -  

p h o b i c i t y  of  t h e  s u b s t r a t e %  A l t h o u g h  t i le  conve r s ion  of  P-45o to  P-420 by  ani l ines  

was  d i r e c t l y  r e l a t e d  to  t he  z~ va lues ,  t he r e  was  no close r e l a t i onsh ip  b e t w e e n  t h e  

h y d r o x y l a t i o n  a c t i v i t y  a n d  t h e  ~ va lues  ~8. As a co ro l l a ry  to th is  resul t ,  i t  is cons ide red  

t h a t  t he  r a t e  of  h y d r o x y l a t i o n  is e f fec ted  n o t  o n l y  b y  the  h y d r o p h o b i c  c M r a c t e r  of  

ani l ines ,  b u t  also b y  e l ec t ron ic  a n d  s ter ic  effects  of  s u b s t i t u e n t s  on t h e m .  This  t ab l e  

shows t h a t  ani l ines  s u b s t i t u t e d  in t h e  m- or  p -pos i t i on  by  ha logens  are  n o t  r ead i ly  

h y d r o x y l a t e d  to  t h e  a m i n o p h e n o l  d e r i v a t i v e s .  A m o n g  those  s u b s t i t u t e d  in the  p-  

pos i t ion ,  p - f l uo roan i l i ne  was  m o r e  eas i ly  h y d r o x y l a t e d  to  p - a m i n o p h e n o l  t h a n  the  

o t h e r  p - h a l o g e n  s u b s t i t u t e d  ani l ines .  I n  t h e  h y d r o x y l a t i o n  of  ha logen  s u b s t i t u t e d  

c o m p o u n d s ,  t h e  N I H  shi f t  r e c e n t l y  r e p o r t e d  b y  UD~..XFRIENI) a n d  co-w()rkers ~a,6~ 

shou ld  be  t a k e n  in to  c o n s i d e r a t i o n  in e l u c i d a t i o n  of  t h e  m e c h a n i s m  ()f h y d r o x y l a t i o n .  

T h e  ac t i v i t i e s  in d e m e t h y l a t i o n  of  anisoles  of  n i t r o  g roups  in t he  o-, m -  a n d  p -pos i t ions  
a re  s u m m a r i z e d  in T a b l e  I I I .  T a b l e  I I I  shows  t h e  h igh  p e r c e n t a g e  of  d e m e t h y l a t i o n  

of  m-n i t roan i so le .  T h e  m o l a r  e x t i n c t i o n  coeff ic ient  of  a b s o r p t i o n  a t  420 111/1 of  m- 
n i t r o p h e n o l  is a b o u t  i / I I  of  t h a t  of  p - n i t r o p h e n o l .  Us ing  these  va lues ,  t he  m / p  and  

m / o  r a t ios  of  d e m e t h y l a t i o n  of  n i t roan i so l e s  were  b o t h  f o u n d  to be a b o u t  2. 
Fig .  6 shows t h a t  p -n i t r oan i so l e  inh ib i t s  t h e  p - h y d r o x y l a t i o n  of  o-chloroani l ine ,  

a n d  t h e  d e m e t h y l a t i o n  of  p - n i t r o a n i s o l e  is also co inc iden t l y  i n h i b i t e d  by' o-chloro-  
ani l ine .  I n  Fig. 6, t h e  l ines m e e t i n g  at  t h e  o r d i n a t e  i n d i c a t e  c o m p e t i t i v e  inh ib i t ion .  
T h e  a p p a r e n t  K m  for  h y d r o x y l a t i o n  of  o -ch lo roan i l ine  is 9.7 "IO-5 M, t h e  v a l u e  for  
d e m e t h y l a t i o n  of  p - n i t r o a n i s o l e  is 3.9" 10-4 M, t h e  K / f o r  p - n i t r o a n i s o l e  w i t h  respect  
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T A B L E  I I I  

C O M P A R I S O N  O F  T H E  D E M I ~ T H Y L A T I O N  O F  N I T R O A N I S O L E S  B Y  R A B B I T  L I V E R  M I C R O S O M E S  

Values are averages of 5 determinat ions of demethyla t ion activities. Specific act ivi ty is expressed 
as nmoles/min per mg microsomal protein. Relative act ivi ty is expressed as a percentage of the 
demethyla t ion of p-nitroanisole. Microsomal protein, 2. 5 mg/nll;  o.I M Tris-maleate  buffer at  
p H  8.0. 

Nitroanisoles Specific Relative ~ Values 
activity activity 

Anisole - -  - -  o.oo 
o-NO 2 -  0.79 89 1.24 ± 0.02 
m-NO 2 -  1.96 220 - - I . I 6  -4- 0.02 
p-NO 2 -  0.89 ioo 1.22 ± 0.02 

to the hydroxylation of o-chloroaniline was graphically determined to be 4.I" lO .3 M 
and the K, for o-chloroaniline with respect to demethylation of p-nitroanisole was 
6.4" IO -6 M. The results show that  the catalytic sites of hydroxylation and demethyl- 
ation of o-chloroaniline and p-nitroanisole are identical. 
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Fig. 6. Kinetics of p -hydroxyla t ion  of o-chloroaniline and,  demethyla t ion  of p-nitroanisole by 
rabbi t  liver microsomes. A. Double reciprocal plots of p -hydroxyla t ion  act ivi ty versus o-chloro- 
aniline concentrat ion.  O - - O ,  act ivi ty wi th  o-chloroaniline; 1~--O, act ivi ty when i • io  -3 M p- 
nitroanisole is present  as inhibitor. B. Double reciprocal plots of demethyla t ion activity versus 
p-nitroanisole concentrat ion.  I~--O,  activity wi th  p-nitroanisole;  0 - - 0 ,  activity when i - io -4 M 
o-chloroaniline is present  as inhibitor. The reaction mixture  was as described in the tex t  except 
t ha t  inhibitor was added. Microsomal protein, 2. 5 mg/ml. Units on the ordinate are (/~moles/ml 
per 5 ° rain) -1. 

DISCUSSION 

Cytochrome P-45 o is mainly present in the microsomes of liver, lung, adreno- 
cortex, kidney, small intestine, ovary and pituitary gland aT, and P-45 o is also involved 
in the mitochondrial fraction of endocrine glands such as the adrenocortex% ovary 6s 
and pituitary glands (Y. ICHIKAWA, unpublished data). Although the demethylation 
activity of lung microsomes has already been investigated by CONNEY and co-wor- 
kers6~, e", the contents of cytochrome P-45o and microsomal Fex have not been re- 
ported. Table IV summarizes the contents of microsomal hemoproteins in the lungs 
of various animals. Consequently, hydroxylation and demethylation of drugs and 
steroids occur in the microsomes and mitochondrial fraction of these tissues. 
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T A B L E  IV 

C O M P O S I T I O N S  OF C Y T O C H R O M E S  OF L U N G  M I C R O S O M E ~  OF V A R I O U S  A N I M A L S  

V a l u e s  s h o w  a v e r a g e s  o f  i o  d e t e r m i n a t i o n s  o f  t h e  c y t o c h r o m e  c o n t e n t s  o f  l u n g s  o f  d i f f e r e n t  
a n i m a l s  o f  e a c h  spec ies .  M i c r o s o m a l  c y t o c h r o m e  c o n t e n t s  a r e  e x p r e s s e d  a s  n m o l e s  p e r  m g  o f  
m i c r o s o m a l  p r o t e i n .  

.,t n imals  C ~,tochromc 1)-4 ~o Microsonlal  
br, Fex 

M a l e  r a b b i t s  0 .o  5 o. 17 o. i 7 
P h e n o b a r b i t a l - t r e a t e d  r a b b i t s *  o.ol ,  o. t 8 o. 19 
M a l e  g u i n e a  p i g s  o. l -, o. to  0. i 5 
Ma le  p i g s  o .o8  0 .04  o.oO 
Male  r a t s  o.o 7 o.o0 T r a c e  
O x e n  o.oS o. ; I o. -'4 
Cocks o.o~ o.o 3 Trace 

* M a l e  r a b b i t s  w e r e  i n j e c t e d  i n t r a p e r i t o n e a l l y  w i t h  ~oo m g  o f  p h e n o b a r b i t a l  p e r  k g  b o d  3 
w t .  o n c e  d a i l y  f o r  5 d a y s  u s i n g  t h e  m e t h o d  o f  ORRENIUS ANI) ERNSTER 9. 2O h a f t e r  t h e  l a s t  in  
j c c t i o n  t h e  r a b b i t s  w e r e  s a c r i f i c e d .  

Although it seems that the substrate specificity of the P-45o oxidase system is 
rather broader than that of other enzymes, no 2i-hydroxylase activity could be 
observed in the liver, lung or kidney microsomes. The hydroxylations and demethyl- 
ations of anilines, aminopyrine and p-nitroanisole did not occur in adrenocortical 
microsomes of pig or cow. From our present knowledge, we consider that a single 
cytochrome P-45 o molecule is in multiform (high or low spin forms) rather than that 
there are various species of P-45 o. Therefl)re, in addition to having a general function 
in the cvtochrome P-45 o oxidase system as an electron transport carrier, there is an 
individual active center giving substrate specificity somewhere in the P-45 o oxidase 
system in various tissues, because the hydroxylation of anilines and I7-hydroxy- 
progesterone in the liver and adrenocortical microsomes are both inhibited by CO 
or isocyanides. 

On the other hand, some flavoproteins are possible to require either NADPH 
or NADH as carrier substrate, like ferredoxin-NADP ÷ reductase (EC 1.6.99.4), and 
have in common a secondary activity as a diaphorase and transhydrogenase 7°. Micro- 
somal NADPH-cytochrome c reductase and NADH cytochrome b~ reductase (EC 
1.6.2.2) were also found to be of this type. Accordingly, the cytochrome P-45o oxidase 
system in microsomes can be reduced bv either NADPH or NADH. Thus hydroxylation 
and demethylation may occur in the presence of NADH instead of NADPH. Although 
it might be considered that the reduction of the P-45o oxidase system of microsomes 

anilines ( aminopheno I s 
( nitroanisole~ nitroph~noi 

NADPII ~j~ ~ 
NADPH-cytochrome c" r e d u c t a F e l l ~  unknown f a c t o r s  ~ P-450 II]~0~ 

NADII ~ ~ ~f ~ 7-hydroxyproge st ..... -- -~ I 7,21 -d ihyd foxy- 
~'ogesteFone 

(?) .-" ,... 

NADH~NADPH ~ NADH-cytoch .... { ~-• reduc t .... ~ phospho lipids(71"~) ~ ,'yt oc~r ome__ bs~ 02 

Scheme I. Scheme of components on the two electron transport systems of mammMian micro 
somes. The arrows indicate the direction of the electron transporK 
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by NADH would be catalyzed by NADH-cytochrome b 5 reductase, the competition 
between NADPH and NADH for the p-hydroxylation activities of anilines suggests 
that at a high concentration of NADH, the cytochrome P-45o oxidase system can be 
reduced by NADH directly, but not by a transhydrogenation from NADH to NADP+ 
nor by electron flow from the NADH-dependent cytochrome b 5 system. This is sum- 
marized in Scheme I. 
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