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Summary 

NADPH-ferredoxin reductase (NADPH:ferredoxin oxidoreductase, EC 
1.6.7.1 ) has been identified in rat liver mitochondria and purified to homogene- 
ity as judged by sodium dodecyl sulfate (SDS) gel electrophoresis. 

The protein was detected by its ability to reconstitute NADPH-cytochrome c 
reductase in the presence of adrenal ferredoxin. 

The purified protein had properties very similar to adrenal NADPH-ferre- 
doxin reductase. The molecular weight was 52 000, as estimated by gel filtra- 
tion. On SDS-polyacrylamide gels, mobility was identical to that  of adrenal 
NADPH-ferredoxin reductase (Mr = 52 000). The enzyme exhibited a typical 
oxidized flavoprotein absorbance spectrum with maxima at 269, 377 and 450 
nm and gave an absorbance ratio A45onm/A269nm of 0.138. 

The fluorescence excitation spectrum was identical to that  of FAD. In the 
presence of NADPH and a ferredoxin, the reductase was found to be active in 
a reconstituted cytochrome P-450-dependent steroid 26-hydroxylase, which 
was recently isolated from rat liver mitochondria (Pedersen, J.I. (1978) FEBS 
Lett. 85, 35--39). 

Introduction 

A cytochrome P-450, functioning as a steroid hydroxylase, has recently been 
identified and solubilized from rat liver mitochondria [1]. The catalytic activ- 
ity of the enzyme depends on a ferredoxin (an iron-sulphur protein) and 
NADPH-ferredoxin reductase (NADPH :ferredoxin oxidoreductase, EC 1.6.7.1) 
that  mediate electrons from NADPH to the heme protein [1]. A ferredoxin has 
already been isolated and partly purified from bovine liver mitochondria, and 

Abbrev ia t ions :  EGTA, ethyleneglycol-bis-(~-aminoethylether)-N,N'-tetraacetic acid; HEPES, N-2-hydroxy- 
ethylpiperazine-N'-2-ethanesulphonic acid; MOPS, morphoUnopropane sulphonic acid; SDS, sodium d o d e -  
cy l  sulfate. 
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shown to be active in a reconsti tuted steroid hydroxylat ion system [2]. The 
present communication describes the isolation and purification of  NADPH- 
ferredoxin reductase from rat liver mitochondria.  It is shown that the enzyme 
(a flavoprotein) has properties very similar to NADPH-ferredoxin reductase from 
adrenal cortex mitochondria.  This communication demonstrates that the reduc- 
ta~e is active in a reconsti tuted cholesterol 26-hydroxylation system composed 
of soluble rat liver mitochondrial cytochrome P-450, ferredoxin and NADPH. 

Methods 

Materials. DEAE-cellulose, type 40 was from Schleicher and Schuell, Inc. 
Keene, U.S.A. CNBr-activated Sepharose-4B and Sephadex G-100 were from 
Pharmacia Fine Chemicals, Uppsala, Sweden. [ la,2a,(n)-3H] Cholesterol (speci- 
fic activity 43 Ci/mmol) from The Radiochemical Centre, Amersham, England, 
was purified before use by  thin-layer chromatography [3]. 

Bovine adrenal ferredoxin (adrenodoxin) was prepared essentially as 
described by Orme-Johnson and Beinert [4] except  that  the last electrophore- 
tic step was replaced by  gel filtration on Sephadex G-100. The ratio of  absor- 
bance, A414 nm/A280nm of the preparation was 0.79 and it was homogeneous as 
judged by  polyacrylamide gel electrophoresis both in the absence and presence 
of SDS. No NADPH-cytochrome c reductase activity was detected in the 
absence of  adrenodoxin reductase, which demonstrates that  the preparation was 
free of  NADPH-ferredoxin reductase. 

Bovine adrenal NADPH-ferredoxin reductase was partly purified as described 
previously [2]. This material was further purified by adrenodoxin-Sepharose 
4B affinity chromatography [5]. The resulting preparation was homogeneous 
on SDS-polyacrylamide gel electrophoresis (Fig. 2). The ratio A45onm/A27on m 
was 0.128 and the specific adrenodoxin-dependent NADPH-cytochrome e 
reductase activity was 12 500 nmol • mg protein -1 • min -1. 

Cytochrome P-450 was solubilized from rat liver mitochondria as described 
previously [2]. The specific content  of the preparation was 0.14 n m o l . m g  
protein -~. The preparation contained some NADPH-ferredoxin reductase activ- 
ity corresponding to 1.3 nmol cytochrome e reduced • mg protein -~ • min -1 by 
NADPH in the presence of  excess adrenodoxin. 

Other chemicals and biochemicals were standard commercial high purity 
materials. 

Preparation of rat liver mitoehondria. Rat livers were rinsed, minced and 
homogenized in 4 vols. (w/v) ice-cold 0.25 M sucrose/15 mM HEPES buffer 
(pH 7.4)/0.5 mM EDTA. The homogenate was centrifuged at 770 Sg (at Rmax) 
for 10 min in the Sorvall RC2B centrifuge (HS 4 rotor,  4°C). The precipitate 
was resuspended once and the centrifugation repeated. The combined super- 
natants were centrifuged at 9400 ~g for 30 min. The mitochondrial pellets 
were resuspended and the suspension was centrifuged at 650 Xg for 10 min in 
the HB 4 rotor.  This t reatment removed most of  the contaminating erythro- 
cytes. The supernatant solutions were centrifuged at 16 000 ×g for 10 min in 
the HB 4 rotor.  The mitochondrial pellets were resuspended four times more 
and finally frozen and stored in liquid N2 until further processed. 

Purification of NADPH-ferredoxin reductase from rat liver mitoehondria. 
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Mitochondrial pellets (corresponding to 250 g liver tissue) were thawed and sus- 
pended in an equal volume of ice-cold distilled water. The suspension was left 
on ice for 20 min and subsequently diluted with 2 vols. buffer to a final con- 
centration of 10 mM MOPS (pH 7.4) and 50 mM KC1 (62 mg/ml protein). The 
suspension was sonicated three times for 30 s in a Branson sonifier at maximum 
output.  

The sonicated mitochondria were centrifuged at 100 000 :~g for 1 h in a 
Beckman L2-65K ultracentrifuge (30 rotor). The pellet was resuspended in 
approx. 1/3 the original volume of 50 mM KC1/10 mM MOPS buffer, resoni- 
cared for 30 s and recentrifuged as above. To the combined supernatant solu- 
tions was added 1/10 vol. packed DEAE-cellulose equilibrated with 10 mM 
MOPS buffer (pH 7.4). The suspension was stirred on ice for 2 h and centri- 
fuged at 27 000 '~;g for 20 min in the SS 34 rotor of the Sorvall centrifuge. 

The supernatant containing the NADPH-ferredoxin reductase was subjected 
to ammonium sulphate fractionation using a saturated solution, pH adjusted to 
7.4 with Tris base. The protein precipitating between 35 and 65% saturation 
was collected by centrifugation (27 000 ~g for 15 min, SS 34 rotor). The 
pellet was dissolved in 0.3 M MOPS buffer (pH 7.4)/20% glycerol to a total 
volume of approx. 20 ml. This solution was applied to a Sephadex G-100 
column, 2.5 cm ~ 100 cm, equilibrated in 0.3 M MOPS buffer (pH 7.4)/20% 
glycerol/0.5 mM dithiothreitol.  The protein was eluted with the same buffer at 
a flow rate of 20 ml/h. 

The fractions containing the highest specific adrenodoxin-dependent 
NADPH-cytochrome c reductase activity were collected. NaC1 was added to a 
final concentration of 0.04 M and the preparation was further purified by 
affinity chromatography. 1 g CNBr-activated Sepharose-4B was coupled to 
adrenodoxin essentially as described by Sugiyama and Yamano [5]. The 2.6 
ml prepared gel was equilibrated in 0.3 M MOPS buffer (pH 7.4)/20% glycerol/ 
0.04 M NaC1. 

The protein solution was applied to the gel and washed with MOPS/glycerol/ 
NaC1 buffer until protein could not  be detected (by absorbance at 280 nm) in 
the eluate. The enzyme activity was subsequently eluted as a sharp peak with 
0.5 M NaC1/0.3 M MOPS (pH 7.4)/20% glycerol. The peak fraction was used 
for the characterization of the enzyme without  further treatment.  The prepara- 
tion was stored in liquid N2. 

Analytical procedures. Ferredoxin-dependent NADPH-cytochrome c reduc- 
tase was measured following the reduction of cytochrome c at 550 nm on a 
Shimadzu MPS-50L recording spectrophotometer.  The sample and reference 
cuvettes contained the following in 0.6 ml 0.1 M MOPS buffer (pH 7.4): 0.6 
~mol glucose 6-phosphate, 0.1 unit glucose-6-phosphate dehydrogenase, 10 
nmol NADP, 0.25 t~mol KCN, 0.25 pmol cytochrome c and a suitable amount  
of enzyme. The reaction was started by the addition of 20 pmol adrenodoxin. 
An extinction coefficient of 20.5 mM -1 • cm -1 for the reduced minus the oxid- 
ized form of cytochrome c was used for calculation [6]. 

Optical spectra were recorded at room temperature on a Cary 118 recording 
spectrophotometer.  The fluorescence spectra were recorded on an Aminco SPF 
500 spectrofluorimeter. 

Cholesterol 26-hydroxylase activity by reconstituted soluble enzyme compo- 



31 

nents was assayed as described previously [1] except that  the buffer was 25 
mM MOPS (pH 7.4) and the amount  of NADP was 100 nmol. The amounts of 
enzymes are given in Table II. The incubations were extracted and chromatog- 
raphed as described [ 1 ]. 

Protein was determined by the Lowry [7] or by the Coomassie Blue [8] 
method using bovine serum albumin as standard, When the Coomassie Blue 
method was tested with the homogeneous preparation of adrenal ferredoxin 
reductase, good agreement was found between estimated and determined 
amount  of protein. An extinction coefficient of 11.3 mM -1 • cm -1 was used for 
the determination of the molar concentration of flavoprotein based on absor- 
bance at 450 nm [9]. 

The molecular weight of the liver NADPH-ferredoxin reductase was esti- 
mated by gel filtration on Sephadex G-100 [10]. 

Electrophoresis was performed in 7.5% polyacrylamide gels according to 
Weber et al. [11]. Samples were incubated at 37°C for 2 h in 0.1% SDS/0.1% 
~-mercaptoethanol in 10 mM sodium phosphate (pH 7.2) and applied to 6-mm 
diameter gels (prerun for 2 h at 4 mA/gel). The electrode buffer was 0.1 M 
sodium phosphate (pH 7.2), 0.1% SDS. The buffer was recirculated between 
the two chambers during the electrophoresis (cold room, 8 mA/gel, approx. 
4 h). Protein was stained with Coomassie Blue [12]. 

Results 

Detection of the NADPH-ferredoxin reductase during the purification proce- 
dure was based on the ability of the enzyme to reconstitute a NADPH-cyto- 
chrome c reductase activity in the presence of added adrenal ferredoxin. In the 
sonicated preparation of mitochondria,  a NADPH-cytochrome c reductase 
activity could be detected in the absence of added ferredoxin. Since it could 
not  be decided whether this was solely due to the presence of a ferredoxin in 
the sonicate or also to the presence of an additional, different species of 
NADPH-cytochrome c reductase no value for total enzyme activity is quoted 
for the starting material in Table I. After treatment of the mitochondrial 

T A B L E  I 

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

Prote in  Tota l  Spec i f i c  Purifi- Yield 
(rag) act iv i ty  act iv i ty  ca t ion  (%) 

(uni ts)  * (un i t s /mg)  ( - fo ld)  

S o n i c a t e d  m i t o c h o n d r i a  6127  
Mitochonctr ial  ex t r ac t  3 5 3 6  
DEAE-ce l lu lose - t rea ted  e x t r a c t  2750  11 277 4.1 1 100 
A m m o n i u m  sulphate  f rae t ionat ion  1735  9 369  5.4 1.3 68 
S e p h a d e x  G-!O0 242  5 829 24.1 5.9 52 
A d r e n o d o x i n - S e p h a x o s e  4B af f in i ty  chro-  0.11 1 0 1 8  9 2 5 5  2257  9 

m a t o g r a p h y  (peak  frac t ion)  

* N A D P H - c y t o c h r o m e  c reductase  act iv i ty  m e a s u r e d  as descr ibed  under  Methods .  One  act iv i ty  unit  is 
de f i ned  as the  a m o u n t  o f  e n z y m e  cata lyz ing  the  r e d u c t i o n  o f  1 n m o l  o f  c y t o c h r o m e  c per rain under 
the  given e x p e r i m e n t a l  c on d i t i on s .  
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extract with DEAE-cellulose and removal of the ferredoxin, NADPH-cyto- 
chrome c reductase activity became totally dependent on added ferredoxin. 
The evaluation of  the purification is therefore based on the total enzyme activ- 
ity at this stage of  the procedure. 

The Sephadex G-100 step removed a considerable amount of protein 
although the purification was not extensive. 

As is evident from Table I the important step of the purification is the affin- 
ity chromatography. In fact, most of the protein from the Sephadex G-100 
chromatography passed unabsorbed through the adrenodoxin-Sepharose-4B 
column (Fig. 1). By increasing the ionic strength of  the buffer with 0.5 M NaC1 
the NADPH-ferredoxin activity was eluted as a sharp peak. The specific activity 
in the peak fraction was 9255 nmol of cytochrome c reduced • mg protein -1 • 
min -1, and the total purification was more than 2000-fold with a yield of  9%. 

The material in the peak fraction was highly pure and only one band was 
seen on SDS-polyacrylamide gel electrophoresis (Fig. 2). In several runs the 
mobility was found to be identical to that of adrenal NADPH-ferredoxin reduc- 
tase which indicates that the two proteins had similar molecular weights. The 
molecular weight as determined by gel filtration on Sephadex G-100 was found 
to be of  the order of 52 000.  

In the oxidized form the NADPH-ferredoxin reductase displayed a charac- 
teristic flavoprotein absorption spectrum with peaks at 269, 377 and 450 nm, 
and shoulders at 420 and 475 nm (Fig. 3). The spectrum is identical to that 
reported for the adrenal ferredoxin reductase [13--15] .  The ratio of the absor- 
bance at 450 nm to that at 269 nm, an index of purity, was 0.138. 

The fluorescence excitation spectrum (Fig. 4) was similar to that reported 
for the adrenal NADPH-ferredoxin reductase [15].  Qualitatively it was identi- 
cal to that of  a solution of  pure FAD in water, but the intensity was on a molar 
basis slightly lower than that of FAD. This indicates that there cannot be more 
than 1 mol FAD per mol of the protein. 

The enzyme was found to be active in the reconstitution of  a cytochrome 
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Fig. 2. SDS-po lyacry lamide  gel e lectrophores is  of  NADPH-ferredox in  reductase from rat liver mi tochon-  
dria (gel 1). The e lectrophoret ic  pattern under  the same exper imenta l  condi t ions  of  bovine  adrenal 
NADPH-ferredox in  reductase is s h o w n  for compar i son  (gel 2). 6 and 5.5 l~g prote in  was applied to gel 1 
and gel 2, respect ively .  The tracking dye  is marked by wires.  (The opacit ies  at the b o t t o m  of  the gels 
represent  some  unremoved  SDS.)  
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Fig. 3. Absorpt ion  spectrum of  ox id ized  NADPH-ferredox in  reductase  from rat liver mi tochondr ia .  The 
spectrum is that of  the peak  fract ion from aff inity chromatography .  The visible part o f  the spectrum is 
expanded  five t imes compared  to the ultraviolet  region. 
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Fig .  4 .  F l u o r e s c e n c e  e x c i t a t i o n  s p e c t r u m  o f  N A D P H - f e r r e d o x i n  r e d u c t a s e  f r o m  r a t  l i ve r  m i t o c h o n d r i a .  

T h e  s p e c t r u m  w a s  r e c o r d e d  a t  r o o m  t e m p e r a t u r e  m o n i t o r i n g  f l u o r e s c e n c e  e m i s s i o n  a t  5 2 0  n m  (2  n m  s l i t )  
w i t h  a n  e x c i t a t i o n  s l i t  w i d t h  o f  2 n m .  

P-450-catalyzed steroid 26-hydroxylat ion reaction. The system was composed 
of  cytochrome P-450 solubilized from rat liver mitochondria,  adrenodoxin and 
NADPH. Increasing amounts of NADPH-ferredoxin reductase added to this 
system increase the conversion of cholesterol to 26-hydroxycholesterol  (Table 
II). That some conversion takes place even in the absence of added ferredoxin 
reductase is explained by the presence of some reductase in the cytochrome 
P-450 preparation (see Methods). 

We have previously shown that liver mitochondrial ferredoxin reductase can 
be replaced by the corresponding adrenal reductase in this system [2],  and also 
that the liver and adrenal ferredoxins are equally active [2]. 

TABLE II 

RECONSTITUTION OF RAT LIVER MITOCHONDRIAL STEROID 26-HYDROXYLATION FROM 

SOLUBLE ENZYME COMPONENTS 

For incubation conditions see Methods. 

C o m p o n e n t s  p r e s e n t  i n  t h e  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 5 

R a t  l i ve r  m i t o e h o n d r i a l  e y t o c h r o m e  0 . 1 1  0 . 1 1  0 . 1 1  0 . 1 1  0 . 1 1  

P - 4 5 0  ( n m o l )  
B o v i n e  a d r e n a l  f e r r e d o x i n  ( n m o l )  - -  1 . 2  1 .2  1 . 2  1 .2  
Rat liver mitochondrial NAD PH- -- -- 1.5 15.5 77.5 

ferredoxin reductase (pmol) 

P r o d u c t  f o r m a t i o n  * ( p e r c e n t )  0 . 5  7 . 0  8 .4  9 .9  1 1 . 7  

* I d e n t i f i e d  t o  be  m a i n l y  2 6 - h y d r o x y c h o l e s t e r o l  b u t  w i t h  a s m a l l  ( < 1 0 % )  a m o u n t  o f  2 5 - h y d r o x y c h o l e s -  

t e r o l  ( t o  be  p u b l i s h e d ) .  
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Discussion 

It is now well established that  liver mitochondria contain a three component  
cytochrome P-450-dependent hydroxylat ion system similar to the one present 
in adrenal mitochondria [1,2,16]. The characteristic feature of this system is 
that  the reduction of the cytochrome by NADPH requires the participation of 
a ferredoxin (an iron-sulphur protein) and a NADPH-ferredoxin reductase (a 
flavoprotein) [1,16]. One main physiological function of the liver mitochon- 
drial cytochrome P-450 is certainly the hydroxylat ion of sterols in the forma- 
tion of bile acids [17,18]. 

We have previously reported on the isolation and solubilization from rat liver 
mitochondria of a cytochrome P-450 [1] and on the isolation and purification 
of a ferredoxin from bovine liver mitochondria [2]. The present work con- 
clusively demonstrates that  liver mitochondria also contain a NADPH-ferre- 
doxin reductase that  takes part in the steroid hydroxylat ion reaction. 

This enzyme, a flavoprotein, has been purified to homogeneity as based on 
SDS-polyacrylamide gel electrophoresis. The data presented show that  it has 
properties very similar to those reported for the adrenal NADPH-ferredoxin 
reductase. Thus, the index of purity, A45onm/A270nm of 0.138 is in the same 
range or even higher than that  reported for homogeneous bovine adrenal 
NADPH-ferredoxin reductase (0.116--0.132) [5,13--15]. The specific ferre- 
doxin-dependent NADPH-cytochrome c reductase activities are approximately 
the same when tested under the same experimental conditions (12 500 nmol 
cytochrome c reduced • mg protein -1 • min -1 for the adrenal, versus 9255 for 
the liver enzyme). 

Also the molecular weight of the enzyme is very similar to that  of the adrenal 
reductase. A value of 52 000 was obtained by gel filtration. A value of 54 000 
has been reported for the adrenal ferredoxin reductase using the same method 
[14]. On SDS-polyacrylamide gel electrophoresis the two proteins showed 
identical migration distances. Values of 50 000--54 000 have been reported for 
the adrenal enzyme when determined by SDS gel electrophoresis [5,13--15] 
and 49 500 when determined by sedimentation equilibrium ultracentrifugation 
[15]. 

The fluorescence excitation spectrum strongly indicates the presence of FAD 
in the enzyme, as has been found for the adrenal enzyme [5,13--15]. The exact 
determination of the flavine content and a more detailed study of the struc- 
tural and catalytic properties of the enzyme was precluded by the extremely 
small quanti ty of enzyme purified. 

The function of this enzyme is, as demonstrated in the reconstitution experi- 
ments, to serve as an electron mediator between NADPH and ferredoxin in the 
reduction of cytochrome P-450. The electron transport chain of the liver mito- 
chrondrial steroid hydroxylat ion system is thus similar to that  of the steroid 
hydroxylat ion system in the adrenal cortex mitochondria [19,20]. In the 
adrenal cortex mitochondria the hydroxylat ion system is located to the inner 
membrane [21]. Most likely the same is true for the liver mitochondrial steroid 
hydroxylase. 

Finally it should be mentioned that  the presence of a ferredoxin-dependent 
NADPH cytochrome c reductase activity in liver mitochondria represents a 
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confirmation of  the previous findings of NADPH-cytochrome c reductase in 
these mitochondria [21]. Whether an additional and different species of  
NADPH-cytochrome c reductase like the one that  has been reported to be 
present in chick kidney mitochondria [22] is also present in liver mitochondria 
has yet  to be ascertained. 

After the submission of this paper the isolation of a similar enzyme from 
rabbit liver mitochondria has been published [23]. The specific ferredoxin- 
dependent  NADPH-cytochrome c reductase activity of that  preparation (637 
nmol .  min -1. mg --1) is considerably lower than that reported here, but  the 
general conclusions are in agreement. 
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