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I .  In t roduct ion  

Evidence has been presented for the locat ion in 
fiver mitochondfia  o f  a steroid 26-hydroxylase 
involved in the formation o f  bile acids [1- -3] .  This 
h /d roxy l a t i on  reaction is inhibited by carbon mon- 
o,~de [1,2] and tee inhibition can be reversed by  
light o f  450  nm [4~. The enzyme is thus most  likely 
a cy tochrome  P 4 5 0 .  So far no direct evidence has 
been presented for the existence o f  cy tochrome 
P 4 5 0  in liver mitochondria.  

This communica t ion  reports the identification in 
Liver mitochondria  o f  a cy tochrome  P 4 5 0 .  It is shown 
that  this enzyme,  in the presence o f  a previously 
isolated ferredoxin [5~ and a liver mitochondrial  
NADPH-ferredoxin reductase will catalyze the con- 
version o f  choleste:,:ol into a more polar product ,  
tentatively identified as 26-hydroxycholesterol .  

2. ~ateri~ls and methods  

Rat liver mitochondria  were prepared by  standard 
procedure i~ ice cold 0.25 M sucrose containing 1 mM 
EGTA and i5 mM Hepes buffer,  pH 7.4. The mito- 
chondrial pellet was resuspended 3 times and if  not  
immediately processed frozen and stored in l~quid 
nitrogen. 

Cytochrome P-450 was solubilized from the mito- 
chondfia by  a modification o f  the procedure [6~ as 
described [5] .  The concentrat ions o f  cy tochromes  
P 4 5 0  and P 4 2 0  in the soluble preparation were 
calculated from the CO difference spectrum o f  the 
reduced sample [7~. 

The content  o f  cy tochrome  P-450 in intact mito- 
chondria was determined as described irt tlle legend 
to fig, 1. This method  will reveM the reduced-CO minus 
the oxidized-CO difference spectrum o f  the cyto-  
chrome.  A molar extinct ion difference between 
450 nm and 490 mn  o f  104 mM -1 cm -1 was used lbr 
calculation [8] .  

Bovine liver ferredoxin was purified as described 

[5]. 
The isolation and purification o f  a mitochondrial  

NADPH-ferredoxht reductase will be published else- 
where (Pedersen, J. I. and Godager, t-L, in preparation). 

The optical spectra were recorded at room tempe- 
rature on a Cary 118 spectroph0t0meter. 

The reconsti tufion o f  steroid hydroxyiase activity 
was essayed in an incubation medium that  contained 
in 1.5 ml OA M Maps buffer, pH 7 . 4 : 1  pznol glucose- 
6-phosphate, 0.5 unit gtucose-6-phosphate dehydro-  
genase, 1 pmol  MgC12, and approx.  200 000 cpm 
[lce,2e(n)-3H] cholesterol in 10 tA acetone (spec. act. 
43 Ci/mmot).  No unlabelled cholesterol was:added, 
and based on the gas chromatographic determination 
o f  the endogenous cholesterol in the soluble cyto-  
chrome P-450 preparation (13 nmoi /nmol  P-450) the 
specific activity in the incubation mixture was 
estimated to be approx.  100 0O0 cpm/nmol  cho- 
lesterol. The amounts  o f  enzymes added are Nven in 
table 2. The reaction was started by  the addit ion o f  
50 nmot  NADP and continued for 30 rain at 30°C 
under oxygen.  The extract ior  procedure was as 
described [5] .  Aliquots o f  th~ extracts were injected 
into a Spectra Physics high performance liquid 
chromatographic instrument fitted with a Rheodyne  
injector and a Spherisorb 5/ma silica column (0.3 X 25 
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cm).  The, samples  were eluted with  5% isopropanol  in 
n-hexane at  a f low rate o f  0.4 ml /min .  One f rac t ion/  
n:in was col lected in count ing  ~als .  The solvent was 
evapora ted ,  count ing  solut ion was added and the 
samples  zounted -_:~ a Tri-Carb tiquid scinti l lat ion 
counter .  Some  incubat ion  ex t rac t s  were also sub- 
jected tc thin- layer  c h r o m a t o g r a p h y  [1 ] .  The solvent 
was bem:ene :ethyl aceta te  (1 : I ). Zones  conta ining 
radioact ivi ty  were scraped direct ly  into count ing  vials 
and couo.ted as above.  

Prote in  was de te rmined  b y  the l_~wry m e t h o d  [0] .  
26-hydroxycholes te ro l  was the generous gift  o f  

Dr I. Bj&rkhem, Huddinge Hospi ta l ,  Sweden.  
25-Hydroxycholes te ro l  was purchased f rom Steraloids 
Inc. ,  Wilton, USA. 

All o the r  chendcals  and biochemicals  were stan- 
dard coramerciai  high pur i ty  materials.  

3. Results  

3.1. De tec t ion  o f  c y t o c h r o m e  P-450 in intact  rat liver 
mi tochondr ia  

The de tec t ion  o f  c y t o c h r o m e  P-450 in in tact  mi to-  
chondf ia  b y  the typical  CO difference spec t rum is 
difficult  due to  in terference b y  the  CO complex  o f  
reduced c y t o c h r o m e  oxidase.  Using a p rocedure  
similar to the one  described [10] it  is possible to 
overcome this diff icul ty  and a CO com pl ex  o f  reduced 
c y t o c h r o m e  P 4 5 0  can be de tec ted  in rat liver mi to-  
chondr ia  (fig. 1). 

The  exper imen t  described in fig.1 is based on  the ' 
following: 

In the reference cuvet te  the  terminal  part  o f  the  
mi tochondr ia l  respiratory chain is comple t e ly  
reduced b y  succinate.  Reversal o f  e lec t ron flow is 
inhibi ted b y  ro tenone .  Reduc t ion  o f  NADP b y  
endogenous  substrates  via the energy-dependent  
t ransflelwdrogenase is inhibi ted by  mainta ining 
low energy condi t ion in the  presence o f  valino- 
myc ia .  In the sample cuvet te  m a m m a l  reducing 
and tdgh energy condi t ions  are ensured b y  succi- 
nate and mala te  in the presence o f  ATP. Af te r  
anaerobiosis  and CO addi t ion to  b o t h  mi tochon-  
drial suspensions a reduced c y t o c h r o m e  P 4 5 0  
species becomes  detectable  in the  sample cuvet te  
b y  tke A4so m a x  ( spec t rum A). 

U p o n  s u b s e q u e n t  a d d i t i o n  o f  d i t h i o n i t e  t o  t h e  
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Fig.IL. C o m p l e t e l y - r e d u c e d  m i n u s  p a r t l y - r e d u c e d  d i f f e rence  
spec t r a  o f  c a r b o n  m o n o × i d e  t r e a t e d  i n t a c t  r a t  Hver m i t o c h o u -  
dria.  R a t  liver m l t o c h o n d r i a  w e r e  s u s p e n d e d  a t  a c o n c e n t r a -  
t i on  of I. ~6 mg protein/ml in a medium containing 0.11 M 
KCI, 30 mM Hepes buffer, oH 7.4, 1 mM EDTA, 2 mM 
MgCI= and 10 mM sueeinate. "Hm suspension was equally 
divided in to  a s amp le  a n d  a r e f e r ence  c uve t t e  a n d  n i t r o g e n  
w a s  b u b b l e d  t h r o u g h  b o t h .  A f t e r  a a a e r o b i o s i s  5 m M  m a l a t e  
and 1 mM ATP were added to the sample cuvette and 5 t~M 
rotenone and 4 #M valinomycm to the reference cuvette. 
T h e  base l ine  w a s  r e p e a t e d l y  r e c o r d e d  un t i l  it b e c a m e  s tab le  
as s h o w n  in  t h e  f igure  (B.1.). CO w a s  t h e n  b u b b l e d  t h r eu g i t  
b o t h  cuve t t e s  and  the  d i f fe rence  ~,pectrum (A)  w a s  r eco rded .  
A f t e r  a Aas o m a x  was  a t t a i ne d  0.5 m M  d i t h i o n i t e  (d issolved 
in anae rob ic  1 M T ~ s  base )  w a s  ,~tded to  t h e  s a mp le  cn v e t t e  
a n d  the  d i f f e rence  s p e c t r u m  (B) w a s  r eco rded .  

sample an insignificantly small fu r ther  reduct ion  is 
seen (fig. 1, spec t rum B). This shows tha t  all reducible 
mi tochondr ia !  piojnents are comple t e ly  reduced  b y  
the substrates  added_ 

The a m o u n t  o f  c y t o c h r o m e  P-450 was calculated 
f rom fig.1 to  be  0.1 n m o l / m g  m i t o e h o n d d a l  pro te in  
(0.12 n m o l / m g  pro te in  when  based o n  the  reduct ion  
b y  di thioni te) .  

The CO-bindio.g p igment  wi th  an A4zo m a x  (r igA) 
has not  ye t  been  identif ied.  No hemoglob in  wa~ 
detec ted  in the p r epa : adon .  I t  might ,  however :  
represent  con tamina t ing  me themog lob in ,  tha t  
becomes  more  reduced b y  N_.&DI-I in the  sample  
than in the  reference cuvet te  [ t  i ] .  

3.2. Solubi l iza~on o f  c y t o c h r o m e  P-450 f r o m  rat 
liver mi tochondr ia  

B y  t h e  s o l u b f l i z a t i o n  p r o c e d u r e  d e s c r i b e d  [ 5 ]  i t  
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Table 
Content of  cytochrome P450 in rat liver mitochondria 

Total  Speck~ic c o n t e n t  Total  amg u n t  
p ro te in  eyt_ P-450 eyt .  P-450 
(rag) ( n me l l mg  prote in)  (nmol)  

Mitochondria 831 

Soluble 
preparation 93.4 

0.10 

0.16 

83.1 

14.9 

J a n u a r y  197-~ 

was possible to  solubilize c y t o c h r o m e  P-450 f rom rat 
liver mi tochondr i a  wi th  a specific con ten t  o f  0 .16  
n m o l / m g  pro te in  ( table ~). Ftfis cor responds  to  a 
pur i f icat ion fac tor  o f  1.6 and a yield o f  18%. The 
reduced-CO difference spec t rum o f  this p repara t ion  is 
shown in fig.2. The  peak  at 420  n m  shows that  a 
small f ract ion (at mos t  25%) o f  the total  CO-binding 
heme  is accounted  for  as c y t o c h r o m e  P 4 2 0 .  

3.3 .  T h e  c y t o c h r o m e  P-450 reduc tase  c o m p o n e n t ~  o f  
rat  l iver m i t o c h o n d r i a  

Reduc t ion  o f  cy toch rome/9 -450  b y  NADPH in 
adrenal  mi tochondr ia l  [ 121 or  ch ick  k idney  mi to-  
chondrial  [13] hyd roxy | a se  sys tems invoJves a ferre- 
doxin  t ype  iron-sulfur pro te in  in addi t ion to  a 
NADPH-fe r r edoxm reductase (a FAD containing 
fiavoproteLn) [12 ,14] .  It  was assumed tha t  the liver 
mi tochondr ia l  c y t o c h r o m e  P-450 described here also 
depended  on  two  similar c o m p o n e n t s  for  enzymat i c  
a c t i ~ t y .  

A m i t o c h o n d d a l  fer redoxin  has already been  
isolated and par t ly  purif ied f'rorn bovine  liver and 
shown t o  b e  a c t i v e  i n  a r e c o n s t i t u t e d  hydroxyiation 
react ion [5] .  A similar ferredo×in couM atso be  
isolated f rom rat liver mi tochondr ia  (Pedersen,  J. I., 
unpublished).  Al though enzymat ica l ly  active, this 
c o m p o n e n t  was ra ther  impure  and the  bovine  liver 
ferredoxdn was therefore  used in the  recons t i tu t ion  
exper iments  repor ted  be low.  

In  the  superna tan t  o f  the rat liver mi tochondr ia l  
sonicate a N A D P H - f e r r e d o ~ n  reductase could be  
d e t e c t e d  b y  i t s  a b i l i t y  t o  r e d u c e  c y t o c h r o m e  c w i t h  

N A D P H  in the presence o f  adrenal fer redoxin .  This 
reductase has been  purified al~d shown t o  be  a flavo- 
prote in  wi th  proper t ies  ra ther  similar to  the adrenal 
ferredoxin reductase (Pedersen,  J. I. and  Godager ,  H., 
i n  p r e p a r a t i o n ) .  

3.4. Recons t i tu t ion  e r a  liver mi tochondria l  steroid 
hydroxy la t ion  sy s t em 

Tha t  the three isolated enzyme  c o m p o n e n t s  
funct ion in a steroid hyd roxy l a t i on  systera is demon-  
s t ra ted b y  the reconst i tu t ion exper imen t  shown  in 
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Fig.2. Difference spect rum o f  the  carbon  m o n o x i d e  complex  
o f  reduced c y t o c h r o m e  P-450 solubflized f rom ia t  liver 
mi tochondr ia .  A cytoehrome P-450 prepara t ion  contahlfhn 
1.8 m g  p r o t e h ~ / m !  ha 0 . I  M p o t a s s i u m  p h o s p h a t e  buffer~ 
pH 7.4, 25% glycerol and 1 mM di th io thre i to l  was equally 
divided in to  a sample and a reference cuvette.  The baseline 
(B.L) was recorded  af ter  bubbl ing o f  ni t rogen and addi t ion  o f  
0.6 mM di th ioni te  to  b o t h  euvettes.  Af ter  bubbl ing CO 
through  the  sample for 60 s the  di f ference spec t rum was 
recorded.  
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Table  2 
H y d r o x y l a t / o n  o f  cho les te ro l  b y  soluble  e n z y m e  c o m p o n e n t s  f rom l/seer m i t o c h o n d r i a  

J a n u a r y  1978  

Compo~.xents p resen t  in  
i n c u b a t i o n  m e d i u m  

I n c u b a t i o n  n u m b e r  

1 2 3 4 

Rat  l iver m i t o c h o n d r i a l  
c y t o c h r o m e  P-450  (nmol )  

Bovine  liver m i t o c h o n d r i a l  
f e r redox in  (nmol )  

Ra t  l iver m i t o c h o n d f i a l  
NADPH-fe r redox in  reduc tase  (units)  a 

P roduc t  f o r m a t i o n  (%) 

0 .162  0 A 6 2  0 .162  0 .162  

0.18 0 .18 

- -  5.12  5 .12 

0 0 3.2 14.1 

a One  act ivi ty u n i t  is de f ined  as the  a m o u n t  o f  e n z y m e  cata lyzing the r e d u c t i o n  o f  1 nmo l  
c y t o c h r o m e  c/min b y  NADPH in the  pzesence o f  excess a d r e n o d o x i n  u n d e r  the  cond i t i ons  
descr ibed [5]  

Fo r  i n c u b a t i o n  cond i t i ons  see Materials and  m e t h o d s  

t a b l e  2 .  I t  i s  s e e n  t h a t  l i v e r  r n i t o c h o n d r i a !  c y t o c h r o m e  
P - 4 5 0  i:t t h e  p r e s e n c e  o f  f e r r e d o x i n ,  f e r r e d o x i n  

r e d u c t a a e  a n d  N A D P H  ~511 c a t a l y z e  t h e  c o n v e r s i o n  o f  

choleste rol into a more polar product  (fig.3). On thAn- 
layer chromatography  the produc t  was found to  co- 
m i g r a t e  w i t h  2 5 - h y d r o x y c h o l e s t e r o l  a n d  2 6 - h y d r o x y -  

chelest,:rol (not  shown).  Since rat liver mi tochondf ia  
catalyze the hydroxy la t ion  o fcho les t e ro !  almost 
e x c l u s i v e l y  i n  t h e  2 6  p o s i t i o n  [ 3 ]  i t  is  t e n t a t b e e l y  

s u g g e s t e d  t h a t  t h e  p r o d u c t  o f  t h e  r e a c t i o n  r e p r e s e n t s  
2 6 - h y d ~ - o x y c h o l e s t e r o l .  

4. Discmsion 

By a ~dghly efficient solubilization procedure it 
h a s  b e e n  p o s s i b l e  t o  i s o l a t e  a c y t o c h r o m e  P - 4 5 0  f r o m  
r a t  l i v e r  m i t o c h o n d d a .  T h e  p r e s e n c e  o f  s u c h  a h e m e  

protein in these mi tochondr ia  was antecipated by  
previous findings of  a steroid hydroxylation reaction 
that  was inhibited by  CO [1,2] and the reversal o f  
t h e  i n h i b i t i o n  b y  l i g h t  a t  4 5 0  n m  [ 4 ] .  

It can be argued that  the cy toch rome  P-450 
described in this report  represents a microsomal 
contaminant .  ~ e r e  are two strong arguments against 
such a view. First, the CO-sensitive pigment detected 
in the mitochondrial  preparat ion was almost com- 
pletely r e d u c e d  b y  i m i t o c h o n d r i a !  s u b s t r a t e s  ( f i g . l ) .  
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Fig.3. Hig~ p e z f o r ~ a ~ c e  l iquid c h r o m a t o g r a p h y  o f  the  
c I~do ro fo~ /me thanoJ  ex t r ac t  o f  the  i ncuba t ions  co~ t  ;a~mg 
the  r econs t i t u t ed  steroid hyd roxy la se  componen t s .  I ~ e  
incuba t ion  cond i t ions  as wel~ as t he  ex t r ac t i on  a n d  
c h r o m a t o g r a p h y  are given in MateriMs a n d  me thods .  T h e  
resul ts  s h o w n  c o ~ e s p o n ~  to  i n c u b a t i o n  No. 4, tab le  2, i.e., 
t h e  comple t e  sys tem ( o - - - * ) ,  and  i ~ c u b ~ o n  No. 2, i.e-, 
w i t h o u t  f e r redox in  (o . . . .  o). 
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Since no significant further reduction was seen upon 
addAtion o f  d i t~oni te  the rnicrosomal contarrdr~ation 
must be extremely small. The second and most 
important argument is the absolute dependence on 
ferredoxJn for catalytic activity o f  rids cytochrome 
( t a b l e  2~ f ig ,3 ) .  N o  s u c h  d e p e n d e n c e  h a s  e v e r  b e e n  
d e m o r ~ s t r a t e d  f o r  l i v e r  m i c r o s o r n a l  c y t o c h r o m e  

P - 4 5 0  [ !  5 ] .  I t  m ~ s t  t h e r e f o r e  b e  c o n c l u d e d  t h a t  Hver  

cells contain two essentially different forms o f  cyto- 
chrome P-450 ~ t h  different subcellular ~ocation and 
different mechanism o f  reduction. 

During the preparation o f  this manuscript addi- 
tional spectral evidence for the presence o f  cyto- 
chrome P-4 50 in liver mitochondria has been published 
[16].  The reported content,  0.15 nmo~/mg mito- 
chondda! protein, is in good agreement with the 
f i g u re s  p r e s e n t e d  in  t h i s  p a p e r .  
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