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Adrenal cytochrome P-45011#-proteoliposomes catalyzing 
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Purified cytuchrome P-450n# from bovine adrenucortical mitocbondria was successfully incorporated into the lipnsome 
membranes composed of phnsphatidylcheline, phosphatidylethanolamine and cardiolipin at a molar ratio of 2:2:1. The 
incorporation of P-450u# into the liposome membranes was ascertained by the Ficoll density gradient centrifugation 
and the protein refractoriness to trypsin digestion. The prepared proteolipnsomes containing P-450n# and phospholipid 
at a molar ratio of I : 3000 were unilameiiar vesicles of about 40 nm in avera2e diameter. The P.450,a embedded in the 
liposome membranes was found to be more stable than the detergent.solubilized form. The reconstituted system 
containing the P-450n~-proteoliposomes , adrenodoxin and NADPH-adrenodoxin reductaso showed catalytic activities 
not only for the hydroxylation of ll-deoxycorticosterone at lift- and 18-positions but also for its conversion into 
aldosterone with a turnover number of 2.3 nmol/min per nmol of P-450n#. A successive reaction without the 
intermediates leaving from the enzyme was suggested for the P-450n~.mediated conversion of ll-deoxycorticnsterone 
to aldosterone following the result that the formation of aldosterone was linear with respect to time without the lag 
phase; this was confirmed by the result that radioactivity in aldosterone from all-labeled ll-deoxycorticosterone was 
scarcely decreased by the addition of unlabeled intermediates to the reactions system. 

Introduction 

Adrenal cortex mitochondria contain at least two 
types of cytochrome P-450: P-4$0sc c catalyzing the 
side-chain cleavage of cholesterol and P-450n# catalyz- 
ing hydroxylations of steroids at various positions. These 
species of cytochrome P-450 as well as the electron 
transfer components have been highly purified and the 
steroidogenic electron transfer system has been investi- 
gated in detail using the purified proteins [1]. Purified 
P-450ua from bovine adrenocortieal mitochondria has 
been shown to catalyze both 11/~- and 18-hydroxyl- 
ations of 11-deoxycorticosterone, both llfl- and 19-hy- 
droxylations of 18-hydroxy-11-deoxycorticosterone, and 
18-hydroxylation of corticosterone [2-4]. 

Abbreviations: p-450scc, cytochrome P-450 having cholesterol des- 
raolase activity; P-4501|#, cytochrome P-450 having steroid llfl-hy- 
droxylase activity; P-450c21, cytochrome P-450 having steroid 2l-hy- 
droxylase activity, DTI', dithiothreitol; HPLC, high-performance 
liquid chromatography. 

Correspondence: S. Takemori, Faculty of Integrated Arts and Scien- 
ces, Hiroshima University, Higashisenda-machi, Naka-ku, Hkoshlma 
730, Japan. 

It has been indicated that a cytochrome P-450 plays 
a role in the final step of the biosynthetic pathway of 
the most potent mineralocorticoid, aldosterone, but the 
nature of aldosterone-synthesizing enzyme has not been 
fully elucidated [5]. Wada et at. [6-8] have demon- 
strated that formation of aldosterone from corfico- 
sterone or from 18-hydroxycorticosterone could be 
catalyzed by purified P-450tt# in the presence of phos- 
pholipids. Although immunochemically indistinguisha- 
ble P-450n~ is distributed in all three zones of adrenal 
cortex [9,10], aldosterone is exclusively secreted from 
giomerulosa cells but not from fasciculata and reti- 
cularis cells in adrenal cortex of most mammalian [11]. 
Therefore, the control mechanism of aldosterone- 
synthesizing activity of 1"-450 tl/3 in adrenal cortex, which 
may be related to the zone specificity for aldosterone 
biosynthesis, is attracting much attention not only 
among biochemists but also among endocrinologists. 

Most of the studies on purified P-450na have been 
carded out in the detergent-solubilized system, but the 
instability of the solubilized form has hindered the 
detailed investigation of enzyme activity. Cy~ochromes 
P-450 are not so labile in the membranes of mito- 
chondria and endoplasmie reticula in adrenal cortex 
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cells, but the solubilization with detergents from the 
organelle membranes mi~,ht make the cytochromes un- 
stable in the miceile sygtems. It has been shown in 
cytochromes P-450 from adrenal microsomes that the 
enzymes were much more stabilized in liposome mem- 
branes than in the detergent micelle system [12,13]. 
Detailed kinetic studies have been performed for P- 
450scc incorporated into liposome membranes by 
Lambeth et al. [14-16]. With respect to P-450H.~, 
Lombardo et al. [17] have reported some structural 
properties of P-450n# located in liposome membranes. 
These reports suggest that incorporation of purified 
P-450n# into liposome membranes might provide a 
stable system for the investigation on the mechanism of 
P-45011,s-dependent aldosterone synthesis. 

In the present investigation, purified P-450ua from 
bovine adrenal mitochondria has been incorporated into 
pbospholipid vesicles. The prepared P-450ntrproteo- 
liposomes have been characterized with respect to the 
aldosterone-symhesizing activity as a first step towards 
the elucidation of the control mechanism of aldosterone 
biosynthesis. 

Materials and Methods 

Preparation of enzymes 
Purification of P-450n# from bovine adrenocortical 

mitochondria of zonae fascieulata-reticularis was per- 
formed according to the method of Takemod et al. [18] 
with some modifications. 50 mM potassium phosphate 
buffer (pH 7.2) containing 0.1 mM EDTA, 0.1 mM 
DTT and 10 p.M 11-deoxycorticosterone was used as 
the basal buffer throughout the purification. After the 
P-450u~-fich fraction (0-35~ saturation of ammonium 
sulfate) had been treated with alumina C~ and dialyzed, 
the resulting precipitate containing P-450n# was dis- 
solved in the basal buffer containing 200 mM KCI and 
0.7% (w/v) sodium eholate and subsequently applied to 
(0-amino-n-octyl-Sepharose 4B column (1.5 × 4.5 cm). 
The P-450na was eluted with the basal buffer con- 
taining 500 mM KCl, 0.7% sodium cholate and 0.7% 
(w/v) n-octyl )8-D-glucoside and the fractions showing a 
high-spin type spectrum were pooled. The eluted P- 
450ua fraction was dialyzed against the basal buffer 
containing 0.5% sodium cholate and applied to the 
second ~0-amino-n-oetyl-Sepharose 413 column (1.0 × 4.0 
cm). The elution of P-450n# was performed with the 
basal buffer containing 500 mM KCl, 0.7% sodium 
cbolate and 0.05% (w/v) phosphatidylcholine. The final 
preparation was dialyzed against the basal buffer con- 
taining 0.5% sodium cholate, 500 mM NaCI and 20% 
(v/v) glycerol, and stored at -80°C.  The purified 
preparation had a specific content of 13.7 nmol P- 
450/rag protein and the catalytic activity of 100 nmol 
corticosterone/min per nmol P-450 for lIB-hydroxyl- 
ation of ll-deoxycorticosterone, values which were 

51 

comparable to those reported by Takemori et al. [18]. 
As judged from sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis and steroid hydroxylase activity, the 
preparation did not contain any species other than 
P-45011 p. Adrenodoxin and NADPH-adrenodoxin re- 
ductase were prepared from bovine adrenocortieal mito- 
chondria according to the methods of Suhara et al. 
[19,20]. 

Preparation of P-450 t I l~'prot eolip osomes 
A phospholipid mixture composed of phosphatidyl- 

choline, phosphatidylethanolamine and cardiolipin at a 
molar ratio of 2:2:1 (5 mg) was dispersed at 4°C in 
0.4 ml of 50 mM potassium phosphate buffer (pH 7.2) 
containing 500 mM NaCI, 0.1 mM EDTA, 0.1 mM 
DTT, 100/tM 11-deoxycorticosterone, 20% glycerol and 
1% sodium cholate by means of a Vortex mixer and 
were ultrasonicated by a sonicator until the suspension 
became clear. Purified P-450nt ) (5 nmol) was added to 
this phospholipid solution and incubate:, at 0°C for 4 
h. The mixture was dialyzed at 4°C for 12 h against 50 
mM potassium phosphate buffer (pH 7.2) containing 
500 mM NaC1, 0.1 mM EDTA, 0.1 mM DTT and 20% 
~ycerol. The dialyzed solution was centrifuged at 24000 
× g for 1 h and the supernatant was applied to a HPLC 
TOSOH TSK gel PWH column (0.75 ::< 7.5 cm). The 
liposome fractions were detected by ultraviolet scattering 
at 300 nm and were pooled. The P.-45011,s concentration 
in the liposomes was determined from the CO-di- 
thionite-reduced difference spectrum or metyrapone-in- 
duced difference spectrum using At (423-390 nm)= 90 
raM- I. cm - 1. The lipid concentration of the liposomes 
was estimated from the recovery of the radioactivity of 
[14Cldipaimitoylphosphatidylcholine, which had been 
previously added to the lipid mixture. Spectra of the 
proteoliposomes were recorded on a Beckman DU-7HS 
spectropbotometer which was equipped with a stable 
light source and operated in a single-beam mode with 
computer control. 

Enzyme assay 
For the assay of P-450n# mediating metabolism of 

ll-denxyeorticosterone, the reaction mixture contained 
50 nmol ll-deoxy[3Hleorticosterone (1 pCi), 5 nmol 
adrenodoxin, 0.5 nmol NADPH-adrenodoxin reductase 
and proteoliposomes containing 25 pmol P-450Ha in 
0.5 ml of 30 mM potassium phosphate buffer (pH 7.0). 
The reaction was initiated by the addition of 100 nmol 
NADPH at 37 o C and terminated by the addition of 1.6 
rnl of a mixture of chloroform/methanol (1:1, v/v) 
containing the expected steroid products (2 nmol) and 
[~')C]androstenedione (5 pCi) as internal standard. The 
organic layer was evaporaIed and the residue was chru- 
matographed on a TSK gel ODS 80T M column (4.6 × 
250 ram) in a TOSOH HPLC system (CCMP and 
UVS900) employing 60% aqueous methanol. The elu- 
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tion of steroids was detected by absorbance at 254 nm. 
The fractions of each peak corresponding to the ex- 
pected products were collected and assayed for radioac- 
tivity. The amounts of steroids produced were calcu- 
lated from the data with Correction of the recovery in 
the whole procedure using the ~4C-labeled internal 
standards. 

Materials 
The materials used in this study were obtained from 

the following sources: ll-deoxy[1,2-3H]corticosterone, 
[1,2,3,6-3H]corticosterone and 18-hydroxy[1,2-3H] - 
corticosterone were from Amersham International, 
Amersham, U.K.; [4-14C]androstenedione and L-a-di- 
palmitoyl.[2.palmitoyl.l.t4C]phosphatidylcholine were 
from New England Nuclear, Boston, MA; 18-hydroxy- 
corticosterone, 18-hydroxydeoxycorticosterone and al- 
dosterone were from Makor Chemical, Israel; l l -de -  
oxycorticosterone was from Nakarai Chemicals, Kyoto, 
Japan; cortieosterone, androstenedione, L-a-phospha- 
tidylcholine (egg yolk, type Ill-E), L-a-phosphatidyl- 
ethanolamine (egg yolk, type III), cardiolipin (bovine 
heart) and trypsin (bovine pancreas, type III) were from 
Sigma Chemical, St. Louis, MO; metyrapone (2-methyl- 
i,2-di-3-pyridy!-l-propanone) was from Aldrich Chem- 
ical, Milwaukee, WI; n-octyl fl-D-giucoside was from 
Dojindo Laboratories, Kumamoto, Japan; NADPH was 
from Boehringer Mannheim, Mannheim, F~R.G. ~0- 
Amino-n-octyl Sepharose 4B was prepared according to 
the method of Cuatrecasas [21]. All other chemicals 
used were of the best grade commercially available. 

Results 

Incorporation of P-450n~ into the fiposome mem- 
branes was accomplished by a combination of the 
cholate dialysis method and HPLC gel filtration. The 
purified P-450Ha was suspended with the phospholipid 
mixture containing phosphatidylcholine, phosphatidyl- 
ethanolamine and cardiolipin at the molar  ratio of 
2 : 2 : 1. After dialysis, the sample began to show a little 
turbidity, which was removed by centrifugation at 
24000 Xg for 1 h. The precipitates also contained P- 
450n~ which might be an aggregated form of P-450nt 3 
molecule not incorporated into the membranes. The 
supernatants containing the liposome preparations still 
had 0.06% (w/v)  cholate as detected by the radioactiv- 
ity of 3H-labeled cholate. By the subsequent HPLC gel 
filtration step, the cholate concentration of the final 
preparation was decreased to less than 0.002%. The 
dialysis and HPLC processes also decreased the con- 
centration of ll-deoxycorticosterone added during the 
preparation as a stabilizer, and most of the P-450ttp in 
the final preparation was optically in the low-spin form 
(Fig. 1A). The addition of ll-deoxycorticosterone to the 
P-450tlp-proteoliposomes converted the optical absorp- 
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Fig. 1. Absorplion spectra of P-450nB-proteofiposomes. The measure- 
ments were performed in 50 mM Tfis*HCI buffer (pH 7.2) containing 
0.l mM EDTA and 200 mM NaCI at 25°C. (A), absolute absorption 
spectra in the absence (curve I) and in the presence (curve II) of 100 
,uM ll-deoxycorticosterone. (B), a difference spectrum between curves 
I and It in (A). The concentrations of P-45011p and phospholipids 

were 0.2 p.M and 0.47 mg/ml, respectively. 

tion spectrum into the high-spin form and produced a 
typical type I difference spectrum (Fig. 1B). Using Ac 
(390-420 n m ) =  69 mM -]  - c m  -1 for the l l -de -  
oxycorticosterone-induced spectral change, estimated in 
the purified P-450~p [23], more than 90% of the P- 
450n~ was in the substrate-free form in the liposome 
membrane. Table I summarizes the recoveries of P- 
450tt~ and phospholipids at each step during the pre- 
paration of the proteoliposomes. Nearly 20% of the 
original P-4501t p was incorporated into the liposomes 
at a molar ratio of P-450n~ to phospholipid of about 
1:3000. The prepared proteoliposomes were found to 
be unilamellar vesicles of about 40 nm in average diam- 
eter, as revealed by electron microscopic observation. 
When P-450np-proteoliposomes were sohibilized with 
Tween 20, the P-450tt ~ with the electron transfer com- 
ponents revealed almost the same llf l-hydroxylase ac- 
tivity for l l-deoxycorticosterone as did purified P- 
450tf , (90-100 nmol corticosterone formed/rain per 
nmol P-45011B) under the same conditions, suggesting 
that the preparation procedure of the proteoliposomes 
might not change the characteristics of P-450tt p. 

TABLE ! 
Preparation of P-4SO, p-proteoliposomea 
The percentage of yield at each stage is shown in parentheses. 

Preparation Phosphollpid P-4501z ~ P-450n~/ 
stage (nmol) (nmol) Phospholipid 

(mol/mol) 

Before dialysis 8690 (100) 6.5 (100) 1 : 1 340 
Supematant after 

centrifugation 7170 (83) 2.2 (34) 1:3260 
Final P-4S01 hr~ 

proteolipesomes 3660 (42) 1.1 (17) 1:3330 



In order to ascertain the incorporation of P-450Ha 
into the liposome membzanes, the prepared proteo- 
liposomes were analyzed by Ficoll density gradient cen- 
trifugation. As can be seen in the sedimentation profile 
of Fig. 2, a. peak of P-450 l,a was observed at almost the 
same position of phospholipids at a density of approx. 
1.022 m g / c m  3. In contrast,  when detergent-solubilized 
P-450ua  was analyzed under  the same methods, the 
P-45011t3 was found at  the bot tom of the centrifuge 
tube. The molar  rat io of P-450n/~ to phospholipids of 
the proteoliposomes in the peak fraction was almost the 
same as that  of the sample applied for the density 
gradient centrifugation, indicating that  the prepared 
sample does not contain any unincorporated P-450H~. 
A similar centrifugation pat tern was observed when the 
prepared proteoliposomes were analyzed in the higher 
concentrat ion of NaCI (200 mM), suggesting that the 
interaction of P-450na  with liposome membranes does 
not  mainly depend on the electrostatic force. 

The orientation of P -450ua  embedded in the lipo- 
some membranes was examined with its reducibility by 
the external addit ion of electron transfer components  
and  also with its susceptibility to the proteinase 
digestion. When sufficient amounts  of adrenodoxin,  
NADPH-adrenodoxin  reductase and  N A D P H  were 
added to the prepared proteoliposomes in the presence 
of CO, more than 90% of the P-450tt a in the liposome 
membranes  was converted into P-450-CO complex 
within 20 rain a t  2 5 ° C .  After a long-time digestion of 
P-450uZ proteoliposomes with trypsin, the molecular 
mass of P-450n/3 was decreased from 50 to 34 kDa,  as 
detected in sodium dodecyl sulfate-Dolyacrylamide gel 
electrophoresis, while no protein bands  could be 
detected for  the detergent-solubilized P-450H# in the 
same treatment. These da ta  indicate that  most  of the 
P-450tt  a are located at  the outer  side of the liposomes 
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Fig. 2. Ficoll density gradient analysis of P-450Ha-pmtcoliposomes. 
P-450tt~-proteoliposomes containing 0.55 nmol P-450tt # and 1.21 
mg phospholipids were centrifuged on a Ficoll density gradient 
(3-10'~, w/v) in 50 mM Tris-HCI buffer (ph 7.2) containing 50 mM 
NaCI for 12 h at 190000X g with a Hitachi 70P"/2 centrifuge using a 
RPS 50-2 rotor. The full line with closed circles and the broken line 
with closed triangles show the concentrations of P-450.~ and phos- 

pholipid, respectively. 
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Fig. 3. Stability of P-45011/3 embedded in the L';posom¢ membranes. 
P-45011trproteoliposomes containing 0.t nmol P-45011g= and 0.24 mg 
phospholipids were incubated at 0 °C without (curve 1) or with (curve 
I1) I% sodium cholate in 50 mM Tris-HCl buffer (pH 7.2) containing 
0.1 mM EDTA and 200 rnM NaCI. At the times indicated, an aliquot 
was withdrawn and the substrate binding ability was estimated from 
the magnitude of 11-deoxycorticosterone-induced difference spectrum 
(390-420 rim)...3A u and AA are the magnitudes of difference spec- 
trum at zero time and at the indicated times, respectively. AAo 

absolute value is 0.037 absorbance units. 

and  at least 34 kDa  protein fragment of the P-4501t ~ 
molecule might be embedded in the membranes. 

The purified P-450Ha in a detergent-solubilized form 
has been reported to be quite unstable in the absence of 
steroid substrate and 1 l-deoxycorticosterone has been 
used as the stabilizer during the purification procedure 
[18]. The stability of P-4501t # in the liposomal mem- 
branes was examined in the absence of the substrate, as 
illustrated in Fig. 3. When P-450tta-proteoliposomes 
were solubilized with the addition of 1% cholate, the 
P-450tl/~ lost most of the binding ability for l l -de -  
oxycorticosterone within a few hours at  0 ° C  as detected 
with the magni tude of steroid-induced difference spec- 
trum. The liposomal P-450tt a, however, still retained 
about  80cg of the original binding ability after storage 
of the sample at  0 ° C  for 20 a. The stability of lipo- 
somal P-4501t/~ was also confirmed by the ampli tude of 
the CO-reduced difference spectrum and by the remain- 
ing l lf l-hydroxylase activity for 11-deoxycortieosterone. 

After l l -[3H]deoxycort icosterone (5 nmol) had been 
incubated at  3 7 ° C  for 30 min with the reconstituted 
enzyme system containing adrenodoxin, N A D P H -  
adrenodoxin reductase and  P-4501,a-pruteoliposomes, 
the products  were analyzed by a reverse-phase HPLC 
column with the solvent system of 60% methanol. Al- 
most all the l l -deoxyeort ieosterone was converted into 
several steroid metabolites whose retention times were 
coincident with those of authentic steroids, such as 
corticosterone, 18-hydroxycorticosterune, 18-hydroxy- 
deoxycorticosterone and aldosterone. The identification 
of the metabolites was also confirmed using a 
normal-phase HPLC column (TOSOH TSK gel OH-120) 
with the solvent system of n-hexane/butanol/ethanol 
(85 : 11 : 4, v /v) .  The amounts  of the mctabolites were 
determined from their radioactivities and that of pro-  



Fig. 4. Metabolites from ll-deoxycortieosterone in reaction systems 
containing P-450H~-proteoliposomes (A), detergent-solubilized P- 
45011 ~ (B) and mitochondria from bovine adrenal fasciculata-reti- 
cularis cells (C). In (A) and (B), the reaction mixtures contained 5 
nmol 11<leoxy[3H]corticosterone (1 ,aCi), 10 nmol adrenodoxin, 1 
nmol NADPH-adrenodoxin reductase and 50 pmol P.-450Hg in lipo- 
seines (A) or 50 pmol P-450n# solubilized with 0.05% Tween 20 (13) 
in 0.5 ml of 30 mM potassium phosphate buffer (pH 7.0). In (C), the 
reaction mixture contained 5 nmol 11-deoxy[3H]corticosterone and 
mitochondfia (176 #g protein, 251 pmol P-450) in 0.5 ml of 30 mM 
potassium phosphate buffer (pH 7.0). The reaction was initiated by 
the addition of 600 nmol NADPH (A and B) or 10 pmol malate (C) 
and continued for 30 min at 37°C. The reaction products were 
a~aiyzed as described in Materials and Methods. The amounts of 
aldosterone, 18-hydroxycorticosterone, 18-hydroxydeoxycorti- 
costerone and corticosterone are represented by closed, open, shaded 

and hatched bars, respectively. 

duced aldosterone was  reconfirmed using radio im-  
munoassay  with ant i -aldosterone IgG.  As  can  be  seen in 
Fig. 4A, about  15cg of  the added  substrate,  l l - d e -  
oxycorticosterone, was conver ted  into aldosterone.  This  
result was quite interesting because the P -450np  used 
for the prepara t ion  of  the proteol iposomes was  purified 
f rom mitochondr ia  of  zonae  fasciculata-reticularis,  
which did not  p roduce  any aldosterone,  as  shown in 
Fig. 4C. In  the presence of  0.05% Tween  20, the recon- 
stituted enzyme system containing P-450n/~, adren-  
odoxin and  N A D P H - a d r e n o d o x i n  reductase p roduced  
p redominan t ly  cort icosterone hu t  could not  p roduce  
any  aldosterone (Fig. 4B). Fur ther  incubat ion of  these 
assay system did not  change the product  pat terns  so 
much.  
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Fig. 5. Time-course of the product formation from 11-deoxycorti- 
costeronc in the reconstituted system containing P.-4501tp-proteo- 
fiposemes. 50 nmol 1 l-deoxy[ 3 H]cor ticosterone (1 V C.~i) was incubated 
with the enzyme assay system containing 10 pmol 7'-450t #-proteo- 
liposomes, 5 nmol adrenodoxin and 0.5 nmol NADPH-adrenodoxin 
reductase in 0.5 ml of 30 mM potassium phosphate buffer (pH 7.0) at 
37°C. Each of the fines indicates the amount of corticosterone (I), 
aldosterone (II), 18-hydroxycorticosterone (Iii) and 18-hydroxyde- 

oxycorticosterone (IV), respectively. 

Fig. 5 shows the t ime-course of  the steady-state 
metabol i sm o f  l l -deoxycorf icos te rone  in the assay sys- 
t em conta in ing  P-450n~-proteol iposomes,  where  all the 
amoun t s  o f  steroid metabol i tes  increased l inearly with 
t ime  a t  least  up  to 10 rain. The  molecular  activities 
( n m o l / m i n  per  n m o l  P-450n~  ) of  the metabol i te  pro-  
duct ion  were  26.1, 1.2, 5.7 and  2.3 for corticosterone,  
18-hydroxydeoxycor  t icosterone, 18-hydroxycort icoster-  
one,  and  aidosterone,  respectively. Since a ldosterone 
has  been  considered to be  p roduced  v ia  cort icosterone 
and  18-hydroxycort icosterone,  it seems a little s t range 
that  the  p roduc t ion  o f  a ldosterone increased l inearly 
f rom the  initial s tage o f  the reaction.  The  molecular  
activities o f  the fo rmat ion  of  a ldosterone were  de-  
te rmined  to bc  0.7 f rom cort icosterone and  0.3 f rom 
18-hydroxycort icosterone,  unde r  the same condi t ions  as 
in Fig. 5, indicat ing that  these expected in termedia tes  
are  poore r  substra tes  than  l l -deoxycor t icos te rone .  

Tab le  I I  summar izes  the recoveries o f  radioact ivi ty  in 
p roduced  metabol i tes  when  3H-labeled l l -deoxycor t i -  

TABLE It 

The effect of unlabeled steroid on the recovery of radioaetiviZy in the metabolites from JH-labeled 11-deoxycorticosterone in the reconst#uted system 
containing P.450 I lo.proteoliposomes 

50 nmol ll-deoxy|3H]corticosterone (1 ~Ci) was incubated with an assay system containing 25 pmol P-450H~-proteofiposomes, 5 nine| 
adrenodoxin and 0.5 nmol NADPI~.-adrenodoxin reductase in 0.5 ml of 30 mM potassium phosphate buffer (pH 7.0) at 37°C for 10 rnin in the 
ebsenc¢ or presz,Lce of S0 nmnl unlabeled steroids. The percentage of the radioactivity recovery with respect to that without unlabeled steroids is 
shown in parentheses. 

Unlabeled steroid 3 H-labeled metabolites produced (nmol) 

aldosterone 18-hydroxy- 18-hydroxydeoxy- corticosterone 
corticosterone corticosterone 

None 0.504- 0.02 (100) 1.05 ± 0.24 (100) 0.224- 0.04 (100) 4.68 4. 0.04 (100) 
Corticosterone 0.464.0.04 (92) 0.924.0.04 (88) 0.214.0.03 (95) 4.214-0.06 (90) 
lS-Hydroxydeoxycorticosterone 0.48:t:0.02 (96) 0.93±0.03 (89) 0.35±0.02060) 4.04±0.13 (86) 
lS-Hydroxyconicosterone 0.454-0.02 (90) 0.924-0.02 (88) 0.164-0.03 (73) 4.42±0.13 (94) 



costerone (100 ttM) was incubated with the assay sys- 
tem in the presence of the same concentration of un- 
labeled intermediates. If all the intermediates dissoci- 
ated from P-45055a and some of them converted into 
aldosterone after their accumulation, the addition of 
unlabeled intermediates, such as corticosterone or 18- 
hydroxycorticosterone to the assay system, would de- 
crease the recovery of the radioactivity in aldosterone to 
much less than 50~. No significant dilution of the 
radioactivity was observed for the formation of each 
metabolite in the presence of non-radioactive inter- 
mediates such as corticosterone, 18-hydroxydeoxycorti- 
costerone and 18-hydroxycorticosterone. These data 
show that the aldosterone production is not inhibited 
competitively by the intermediates and indicate that 
aldosterone is produced in the successive hydroxylation 
reaction without the intermediates leaving from P- 
450H~. This reaction mechanism explains well the linear 
increase of aldosterone production from ll-deoxycorti- 
costerone as shown in Fig. 5. 

Discussion 

In a standard purification procedure of P-450n~, 
Tween 20, a nonionic detergent, has been used to 
solubilize the protein [18], but the presence of such a 
nonionie detergent having a low critical micelle con- 
centration prohibits the formation of liposome vesicles. 
In order to remove the nonionic detergent used in the 
purification of adrenal microsomai P-450c21, Kominami 
et al. [12] washed out the detergent by adsorbing P- 
450c25 onto a hydroxylapatite column and eluted P- 
450c2 t with a buffer containing phosphatidylcholine and 
sodium cholate. In the present study, the purification of 
P-450na has been performed with a buffer contaiv.ing 
phosphatidylcholine, n-octylglucoside and sodium 
cholate, and the highly purified P-450tsa was success- 
fully incorporated into the liposome membranes com- 
posed of phosphatidylcholine, phosphatidylethanol- 
amine and cardiolipin at a molar ratio of 2 : 2 : 1, which 
was comparable with the phospbolipid composition of 
the inner membranes of bovine adrenal mitochondria 
[22]. Judging from the density gradient centrifugation 
analysis (Fig. 2), the susceptibility to proteinase di- 
gestion and the stability of liposomal P-450tla (Fig. 3), 
it is concluded that P-4501tt~ is undoubtedly incorpo- 
rated into the liposome membranes. It is of great inter- 
est that iiposomal P-45011 # was stable without steroid 
substrate, although the detergent-solubilized P-450Ha 
was quite labile. Since about 90% of P-450na in adrenal 
mitochondria exists in the substrate-free form which is 
not so labile as in the detergent-solubilized form [23], 
liposome vesicles appear to provide P-45055~ membrane 
environments which are similar to those of naturally 
occurring membranes. 
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It has been indicated that the biosynthetic pathway 
of aldosterone from corticosterone and 18-hydroxy- 
corticosterone is mediated by a cytochrome P-450 using 
mitochondria from bovine adrenal glomerulosa cells [5]. 
Recently, it has been revealed that bovine adrenal P- 
450n# in the reconstituted enzyme system containing 
pbospholipids is capable of synthesizing aldosterone 
[6-8]. In the present study, the P-450H/) incorporated 
into the liposome membranes could catalyze the conver- 
sion of ll-deoxycorticosterone to aldosterone with a 
molecular activity of 2.3 nmol aldosterone formed/rain 
per nmol of P-450tl/~, in which the production of al- 
dosterone increased linearly with time from the initial 
stage of the reaction and no lag was observed (Fig. 5). 
The linear increase of the aldosterone production to- 
gether with scarcely any decrease in radioactivity in 
aldosterone by the addition of unlabeled intermediates 
indicate that aldosterone might be formed through a 
successive bydroxylation without the intermediates leav- 
ing from P-450N#. Since the aldosterone-synthesizing 
activities of P-450 ltB-proteoliposome from the possible 
intermediates, such as eorticosterone or 18-hydroxy- 
corticosterone, are lower than that from ll-deoxyeorti- 
costerone, the aldosterone formation from ll-de- 
oxycorticosterone cannot be explained by the simple 
sequential mechanism in which the intermediates disso- 
ciate from the active site and then compete with the 
original substrate. Detergent-solubilized P-450H# 
showed a quite high activity for ll//-hydroxylation of 
ll-de,,xycorticosterone (100 nmol corticosterone/min 
per nmol P-45011#) compared with that in liposomal 
P-450H# (26 nmol corticosterone/min per nmol P- 
45055#) but could not catalyze the synthesis of al- 
dosterone. This phenomenon might be related to the 
ability for dissociation of the intermediate, cortico- 
sterone, from P-450na and this dissociation might in- 
terfere with the successive hydroxylation of P-450Hf- 
catalyzed aldosterone synthesis. 

It is well-established that aldosterone is produced 
exclusively from zona glomerulosa cells in bovine 
adrenal cortex, although P-450na is distributed in all 
three zones [9,11]. In bovine adrenal cortex, no 
immunochemical and no enzymological differences of 
P-4505: a can be detected between those of zona 
glomerulosa and zonae fascicalata-reticularis [10,24]. In 
the case of rat adrenal, it has been reported that a 49 
kDa protein, which was immunoreactive with bovine 
P-450H~ antibody and which showed a correlation with 
aidosterone production, was localized only in zona 
glomerulosa mitochondria, although a 51 kDa protein 
of P.-450tl a was present in mitochondria from all three 
zones [25]. In the present study, P-450Ha was purified 
from mitochondria of zonae fasciculata-reticularis in 
bovine adrenal cortex and exhibited aldosterone-synthe- 
sizing activity in the liposomal system. The cholate 
extracts from mitochondria of zonae fasciculata-reti- 
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cularis  as well as zona glomerulosa  in bovine  adrenal  
cor tex have been repor ted to be  capable  of  p roduc ing  
a ldosterone [26,27]. T a k e n  together  wi th  these results, it 
is suggested that  P-450H.o in zonae fasciculata-ret i-  
cularis  of  bovine adrenal  cor tex migh t  have  the  intr insic  
abil i ty to conver t  l l -deoxycor t i cos te rone  to a ldaster-  
one. There  must  be  s o m e  suppress ion  m e c h a n i s m  for  
the aldosterone-synthesizlng act ivi ty  of  P -450n#  in the  
zonae fasciculata-ret icularis  mi tochondr ia .  T h e  al- 
dosterone synthesis  f rom l l -deoxycor t i cos te rone  could 
be  suppressed by those factors  that  could accelerate the  
dissociat ion of  the in te rmedia tes  f rom P-450n#. Ohnish i  
et al. [28] have suggested that  adrenocor t ical  ca lmodul in  
migh t  inhibi t  the a ldosterone-synthesiz ing act iv i ty  of  
P -450na  pur i f ied f rom bovine  adrenal  cortex. The  dis-  

t r ibut ion of  those factors  in adrenal  cor tex cells could  
explain the zone specifici ty of  a ldosterone biosynthesis .  
The  stable P-45011#-proteoliposomes can  be expected to 
provide  a good sys tem for the  inves t igat ion of  the  
control  mechan i sm of  P - 4 5 0 , a - m e d i a t e d  a ldos terone  
synthesis  ~.t the molecular  level. 
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