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1. Introduction 

The steroid hydroxylating system of adrenocorti- 
cat mitochondria has been resolved into three compo- 

nents: a flavoprotein (NADPH-adrenodoxin reduc- 
tase), an iron-sulfur protein (adrenodoxin) and a 
cytochrome P-450 [ 11. The purification of these com- 
ponents would be desirable in order to reconstruct 
this electron transfer system and to study the reaction 
mechanism. The improved procedure for the crystalli- 
zation of adrenodoxin has recently been introduced 
by Suhara et al. [2] . 

NADPH-adrenodoxin reductase, which catalyzes 
the reduction of adrenodoxin by NADPH, has been 
isolated from adrenocortical mitochondria of beef 
[l] , pig [3] and rat [4] . However, so far as we know, 
no detailed description concerning the molecular prop- 
erties of the purified enzyme has been found. 

We now wish to report the purification of NADPH- 
adrenodoxin reductase from bovine adrenocortical 
mitochondria and to describe some of the properties 
of the purified enzyme. 

2. Materials and methods 

Mitochondrial pellets used for the extraction of 
NADPH-adrenodoxin reductase were prepared from 
bovine adrenal cortex as previously described [2]. 
Crystalline adrenodoxin (A4r4/Azy6, 0.86) was pre- 
pared by the method described previously [2] . Crys- 
talline cytochrome c was prepared from bovine heart 
by the method of Hagihara et al. [S] . The activity of 
the reductase was routinely assayed by measuring the 
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rate of the adrenodoxin-dependent reduction of cyto- 

chrome c as described by Omura et al. [l] . The assay 
mixture (1 ml) contained 50 nmoles of NADPH 
(Boehringer und Sohne, GmbH), 50 pmoles of potas- 
sium phosphate (pH 7.4), 2 nmoles of adrenodoxin, 
20 nmoles of cytochrome c, and an appropriate 
amount of the reductase. Polyacrylamide disc gel 
electrophoresis was carried out according to the 
method of Davis [6] . Electrophoresis in sodium do- 
decyl sulfate polyacrylamide gel was performed as 

described by Weber and Osborn [7] . Protein was de- 
termined by the biuret method with bovine serum 
albumin (Sigma) as standard. 

3. Results and discussion 

The NADPH-adrenodoxin reductase was purified 
according to a modification of the original method 
of Omura et al. [I] All purification steps described 
below were performed at 4”. As the buffer system, 
potassium phosphate buffer (pH 7.4) was used. 

Mitochondrial pellets were suspended in 100 mM 
of the buffer to approx. 30 mg protein/ml. Fifty mil- 
liliter aliquots of the suspension were sonicated at 0” 
for 10 mm in a Quigley-Rochester sonic desmenbrator 
(20 KHZ). The sonicated samples were centrifuged at 
37,000g for 90 min. The yellow-brown supernatant 
fraction was immediately fractionated between 35 
and 60% saturation of ammonium sulfate. The pre- 
cipitate was dissolved in 10 mM buffer and dialyzed 
overnight against the same buffer. The dialyzate was 
applied to a DEAE-cellulose column (2.8 X 30 cm) 
equilibrated in 10 mM buffer. The reductase, yellow 
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Fig. 1. Ultracentrifugation pattern of the reductase in 50 mM buffer. The concentration of protein was 7.5 mg per ml. Photo- 

graphs were taken at 8-min intervals after attaining a roter speed of 59,780 rpm. Sedimentation was from left to right. 

band, was washed onto the column with 10 mM buf- 
fer and finally eluted with 50 mM buffer. The eluate 
containing the reductase was fractionated between 
35 and 55% saturation of ammonium sulfate. The pre- 
cipitate was dissolved in 10 mM buffer and dialyzed 
overnight against the same buffer. The dialyzate was 
again applied to a DEAE-cellulose column (2.8 X 25 
cm) equilibrated in 10 mM buffer and then eluted 
with a linear gradient between 10 mM and 50 mM 
buffer. The active fractions were precipitated be- 

tween 40 and 55% saturation of ammonium sulfate 

and passed through a Sephadex G-100 column (2.8 
X 60 cm) equilibrated in 10 mM buffer containing 

100 mM KCI. The active fractions were combined, 
concentrated with ammonium sulfate (60% satura- 
tion) and dissolved in 50 mM buffer. After dialysis 
against 50 mM buffer, the preparation could be 
stored for several weeks at -80” without substantial 
loss of activity. The yield from 2 kg of bovine adrenal 
cortex was about 20 mg of the reductase. 

The rate of the reduction of cytochrome c by the 
reductase was found to be dependent on the amount 
of adrenodoxin. When adrenodoxin was present in ex- 
cess, the activity of the purified reductase was satu- 
rated and the specific activity was estimated to be 4 
pmoles of cytochrome c reduced per min per mg pro- 
tein under the conditions described in Methods. 

When subjected to disc electrophoresis on acrylam- 
ide gel at pH 8.2, the reductase was resolved into one 
major and one minor band. When the reductase which 
had been treated with sodium dodecyl sulfate was 
subjected to electrophoresis at pH 7.0, only a single 
protein band appeared. Upon high speed sedimenta- 
tion of the reductase in the analytical ultracentrifuge, 
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a single symmetrical peak appeared (fig. 1) and 
~20,~ was estimated to be 3.93 S(7.5 mg of protein/ 
ml). 

The reductase has a typical absorption spectrum 
of flavoprotein (fig. 2). The peaks were at 272, 378 
and 450 nm and a shoulder appeared at 475 nm. Its 
absorbance ratio at 272 nm/450 nm in the oxidized 

form was 8.4. 
The flavin was liberated from the protein by the 

acid treatment. A paper chromatography of the acid- 
liberated flavin with three different solvent systems 
[ l-butanol-acetic acid-Hz0 (4: 1:5), pyridine-HZ0 

(2:l) and 5% NaHP04] revealed a yellow spot with 
the same mobility as authentic FAD. The fluores- 
cence of the enzyme flavin at 523 nm was also 
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Fig. 2. The absorption spectrum of the reductase dissolved 
in 50 mM buffer. Concentrations of protein were 0.5 mg/ml 

(A) and 3 mg/ml (B), respectively. 
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Fig. 3. Estimation of the molecular weight of the reductase 

by sodium dodecyl sulfate gel electrophoresis. Prior to elec- 

trophoresis, the reductase and standard proteins were treated 

with 1% sodium dodecyl sulfate and 1% mercaptoethanol. 

Mobilities are expressed relative to carboxypeptidase A. 

A) bovine serum albumin (mol. wt. 68,000); B) bovine liver 

catalase (mol. wt. of monomer, 60,000); C) ovalbumin (mol. 

wt. 43,000); D) carboxypeptidase A (mol. wt. 34,600); 

E) chymotrypsinogen (mol. wt. 25,700). 

identical with that of authentic FAD, when activated 
by light having wavelength of 470, 375 and 275 nm. 
The enzyme flavin could fully activate the apo-sali- 

cylate hydroxylase from Pseudomonas putida which 
is specifically reactivated by FAD [8]. The apoen- 
zyme prepared by the acid-ammonium sulfate [9] 
was also reactivated by FAD, but not FMN. Thus, 
analyses of the enzyme flavin reconfirmed that the 
prosthetic group of the reductase is FAD [3, lo] . 

The minimal molecular weight of the reductase 
was determined by polyacrylamide gel electrophore- 
sis in the presence of sodium dodecyl sulfate and its 
value was estimated to be 50,000 (fig. 3). The molec- 
ular weight of the native enzyme in 50 mM buffer, as 
determined by gel filtration with a Sephadex G-100 
column [ 111, was estimated to be 54,000, with cyto- 
chrome c, trypsin inhibitor, carboxypeptidase A, oval- 
bumin and bovine serum albumin as standard pro- 
teins. The minimal molecular weight based on the 
FAD content was estimated to be 55,400. These re- 
sults suggest that the reductase is a single chain pro- 
tein containing one FAD. 

NADH-putidaredoxin reductase in the camphor 

methylene hydroxylase from Pseudomonas putida 

[ 121 and NADH-rubredoxin reductase in the a-hy- 

droxylation system of fatty acids and hydrocarbons 
from Pseudomonas oleovorans [ 131 have a molecular 
weight of 43,500 and 55,000, respectively. Both 
contain 1 molecule of FAD in a single chain protein. 

Such results suggest that NADPH-adrenodoxin reduc- 
tase is very similar to these reductases in the molecu- 
lar properties. 

Acknowledgements 

This work was supported in part by scientific re- 
search grants from the Ministry of Education of 
Japan. We gratefully acknowledge the help of Prof. 
R. Sato, Institute for Protein Research, Osaka Uni- 
versity, for supplying the adrenal glands. 

References 

[II 

121 

131 

[41 

I51 

161 
[71 

[81 

[91 

IlO1 

Ill1 
[I21 

1131 

T. Omura, E. Sanders, R.W. Estabrook, D.Y. Cooper 

and 0. Rosenthal, Arch. Biochem. Biophys. 117 

(1966) 660. 

K. Suhara, S. Takemori and M. Katagiri, Biochim. 

Biophys. Acta 263 (1972) 272. 

T. Kimura and K. Suzuki, J. Biol. Chem. 242 (1967) 

485. 

Y. Nakamura, H. Otsuka and B. Tamaoki, Biochim. 

Biophys. Acta 122 (1966) 34. 

B. Hagihara, K. Tagawa, I. Morikawa, M. Shin and K. 

Okunuki, J. Biochem. Tokyo 45 (1958) 725. 

B.J. Davis, Ann. N. Y. Acad. Sci. 121 (1964) 404. 

K. Weber and M. Osborn, J. Biol. Chem. 244 (1969) 

4406. 
S. Yamamoto, M. Katagiri, H. Maeno and 0. Hayaishi, 

J. Biol. Chem. 240 (1965) 3408. 

0. Warburg and W. Christian, Biochem. Z. 298 (1938) 

150. 
T. Omura, E. Sanders, D.Y. Cooper and R.W. Estabrook, 

in: Methods in Enzymology, Vol. 10, eds. S.P. 

Colowick and N.O. Kaplan (Academic Press, New York, 

1967) p. 362. 
P. Andrews, Biochem. J. 91 (1964) 222. 

R.L. Tsai, I.C. Gunsalus and K. Dus, Biochem. Biophys. 

Res. Commun. 45 (1971) 1300. 

T. Ueda, E.T. Lode and M.J. Coon, J. Biol. Chem. 247 

(1972) 2109. 

47 


