
Biochtmica et Blophystca Acta, 649 (1981) 343-354 
Elsevier/North-Holland Biomedical Press 

BBA 79444 

CHARACTERIZATION OF CYTOCHROME P-450scc-CONTAINING LIPOSOMES 

FUMIYUKI YAMAKURA, TOSHIKO KIDO and TOKUJI KIMURA 

Department of  Chemistry, Wayne State Universtty. Detrott, M148202 (U S A ) 

(Recewed April 6th, 1981) 

343 

Key words Cytochrome P-450, Ltposome, Cholesterol side chain, Adrenocortwotroptc hormone, Steroidogenests, (Bovine 
adrenocortzcal mttochondrtaJ 

Purified cytochrome P450scc from bovine adrenocortical mitochondria was incorporated into liposomes by the 
chelate-dilution method utilizing either dialysis or Sephadex gel filtration. Among synthetic phospholipids tested, 
dioleoylglycerophosphocholine showed the best stability during the incorporation of P450scc into liposomes. A 
maximum amount of heme was incorporated into liposomes at a molar ratio of phospholipid to the cytochrome 
of approx. 200. When P450sec was incorporated into the dioleoylglycerophosphocholine liposomes by the chelate- 
filtration method, the P450scc-Containing liposomes showed two major populations on the elution pattern of the 
Sepharose 4B gel filtration, and were seen at a diameter of 200-600 A and its aggregated forms. When the cyto- 
chrome was incorporated into dioleoylglycerophosphocholine liposomes or cholesterol.free adrenocortical mito- 
chondrial liposomes, P450scc was less stable than P450scc in aqueous solution. Cholesterol or adrenodoxin 
markedly stabilized the liposomal P450scc. Liposomal P450scc required cholesterol for its optimum reduction with 
adrenodoxin, adrenodoxin reductase, and NADPH in the presence of CO. About 70% of the total heme in the 
dioleoylglycerophosphocholine liposomes was reduced by the enzymatic reduction in the presence of cholesterol, 
indicating that 70% of the total molecules are exposed to the surface of the outer monolayer. In order to see the 
location of the heme in membrane, the dioleoylglycerophosl~hocholine-liposomal P4S0scc was subjected to 
p-chloromercuriphenyl sulfonic acid treatment. This reagent destroyed the liposomal P450scc. These results 
suggest that the heme is located in the proximity of the p-chloromercuriphenyl sulfonie acid reacting sites which 
are exposed to the surface, or located on the vincinity of polar heads of the membrane. 

Abbreviations and trivial names used ACTH, adrenocortlco- 
tropic hormone, cholesterol, cholest-5-en-3/3-ol, Emutgen 
913, polyoxyethylenenonylphenolether, deoxycortlcoster- 
one, 20-hydroxy-4-pregnen-3,20-dlone; DLPC, dllauroyl-L-a- 
glycerophosphochohne, DLPE, dltauroyl-L-a-glycerophospho- 
ethanolamme, DMPC, dimynstoyl-L-a-glycerophosphocho- 
hne, DOPC, dioleoyl-L-a-glycerophosphochohne, DPPC, dlpal- 
mitoyl-L-a-glycerophosphochohne, DPPE, dlpalmltoyl-L-a- 
glycerophosphoethanolamine, DSPC, dlstearoyl-L-a-glycero- 
phosphochohne, Hepes, 4-(2-hydroxyethyl)-l-plperazine-2- 
ethanesulfomc acid, 20S-hydroxycholesterol, cholest-5-en-3~3, 
20S-dlol, 22R-hydroxycholesterol, cholest-5-en-3~3, 22R-dlol, 
P450, cytochrome P-450, P45oscc, adrenal mltochondnal 
cytochrome P-450 which functions in the cholesterol side 

Introduction 

The actwity of cholesterol side chain cleavage reac- 
tions of adrenocortical mltochondna is regulated 
under the influence of ACTH [1-3] .  The topological 
studies of the enzyme system in the mltochondna 
revealed that P4soscc Is located m the matrix side of 

chain cleavage reaction, /°420, cytochrome P-420, PCMS, 
p-chloromercunphenyl sulfonic acid, pregnenolone, pregn-5- 
en-3#-ol-20-one; progesterone, pregn-5-en-3,20-diol, SDS, 
sodium dodecyl sulfate. 
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the inner membrane [4-6] .  The substrate cholesterol 
for this NADPH-dependent hydroxylatlon reaction is 
beheved to be supplied to P4soscc through the 
cholesterol-containing inner membrane. The current 
hypothesis of the ACTH action on adrenocortlcal 
cells strongly suggests that through the sequential 
activation of adenyl cyclase [7], cyclic AMP-depen- 
dent protein klnase [8], and ribosomal labile protein 
synthesis [9], the availablhty of cholesterol to 
P4soscc from an as yet undefined cholesterol pool has 
a final crucial part in the regulatory mechanisms of 
the overall steroldogenlc reactions [1-3] .  

In this context, the study of the interaction 
between cholesterol and P4soscc in membranes will 
provide a much better understanding of the molecular 
functmn of ACTH stimulus on the subcellular 
organelles. Previous attempts to incorporate P4soscc 
into artificial vesicles have been reported in recent 
years [10-131. However, the topology of P4soscc in 
the reconstituted membranes is poorly understood at 
the present time. In this study, we have prepared the 
P4soscc-containmg llposomes from purified P4soscc 
and various phospholiplds First, we examined the 
stability of P4soscc in the phosphohpxd environments, 
and secondly the best condltmns for the incorpora- 
tion of P4soscc into membranes. Then, we investig- 
ated the reducibility of membrane-imbedded P4soscc 
and the topology of the cytochrome molecule in 
membranes. From these studies, we wish to gain more 
insight into cholesterol-P4soscc interactions in mem- 
branes. Prehmmary accounts of this study were 
published elsewhere [14,15[. Related hnes of our 
work m this area have been pubhshed previously 
[16-191 

Materials and Methods 

Materials. Cholesterol, PCMS, DEAE-cellulose, 
dlthlothreitol, DLPC, DLPE, DMPC, DOPC, DPPC, 
DSPC, phosphatidylchohne (type V, egg yolk), 
dlgltonin, glucose 6-phosphate, glucose-6-phosphate 
dehydrogenase (type XV, yeast), Hepes, NADP ÷, 
NADH, Sepharose 4B-200, sodium cholate, trypsin 
mhlbltor (type I-S, soybean), peroxldase (type VI, 
horseradish), cholesterol oxldase (Nocardia erythro- 
polis), cholesterol esterase (bovine pancreas) and 
3/3-hydroxysterold dehydrogenase (grade III, Pseudo- 
rnonas testerosteroni) were purchased from Sigma. 

EDTA was from Aldrich; trypsin from Worthington. 
Emulgen 913 was a kind gift from Kao-Atlas Other 
reagents were obtained from the best commercial 
sources. 

Purification of cytochrome P4s0scc, adrenodoxin, 
and adrenodoxin reductase. P4s0scc was purified 
from bovine adrenocomcal mltochondria with some 
modifications of previous procedures [17]. All pro- 
cedures were carried out at 4°C. P4soscc was 
extracted from sonlcated mltochondria with a cholate 
solution (cholate/protein ratio of 1.0, w/w). After 
centnfugatlon at 105 0 0 0 ×g  for 60 min, the super- 
natant solution was subject to ammonmm sulfate 
fractlonatlon, and the precipitate at 32-45% 
ammonium sulfate saturation was dissolved in 50 mM 
potassium phosphate buffer, pH 7.4, containing 0.1 
mM EDTA/0.1 mM &thlothrmtol/20% (v/v) glycerol, 
and dialyzed against the same buffer overmght. The 
dialyzed solution was applied to an anfllne-Sepharose 
4B column, which was equlhbrated previously with 
the same buffer without glycerol. After washing the 
column with the buffer and then with the buffer con- 
taming 0.2 m KC1, P4soscc was eluted with the buffer 
containing 0.45 M KC1/0.3% sodium cholate. The 
fractions, which had a high A39a, were pooled and 
subject to the ammonium sulfate fractionation 
(32-45% saturation). After dialysis against 10 mM 
potassium phosphate buffer, pH 7.4, containing 0.1 
mM EDTA/0 1 mM dlthaothreltol/20% glycerol, the 
solution was apphed to a cholesterol-Sepharose 4B 
column, which was equilibrated previously with the 
10 mM potassmm phosphate buffer, pH 7.4. After 
washing the column with the buffer containing 0.4 M 
KC1, the cytochrome was eluted with the buffer con- 
taining 0 04% Emulgen 913. The eluted fraction was 
subject to the poly(ethylene) glycol precipitation 
(13%, w/v) to remove the detergent, and the pellet 
was &ssolved in the 10 mM potassium phosphate 
buffer, pH 7 4, containing 0.1 mM EDTA/0.1 mM 
dxthlothreitol/20% glycerol. The dialyzed solution 
was then applied to a DEAE-cellulose column, which 
was equilibrated previously with 2 mM potassium 
phosphate buffer, pH 7.4, containing 0.1 mM EDTA/ 
0.1 mM dithlothreatol/20% glycerol After washing 
the column extensively with the buffer to remove 
residual Emulgen 913, P4soscc was eluted with the 
50 mM potassmm phosphate buffer containing 0.3 
mM KC1. The eluted solution was dialyzed against 50 



mM potassium phosphate buffer, pH 7.4, containing 
0.1 mM EDTA/0.1 mM dithiothreitol/20% glycerol. 
Final preparation showed a single band by SDS- 
polyacrylamide gel electrophoresis. The sample con- 
tained 1 -2  nmol free cholesterol/nmol Pasoscc and 
1 -2  nmol esterified cholesterol/nmol P4soscc and 
contained 10-15 nmol heme/mg protein. The heme 
content in sample was determined by the pyridine 
hemochromogen method [20]. Steroid-free e45oscc 
was made by the addiUon of adrenodoxin, adreno- 
doxin reductase, NADPH, 3/3-hydroxysteroid 
dehydrogenase, and NAD ÷ to the cholesterol-bound 
P450scc as described before [18]. 

Adrenodoxln and adrenodoxln reductase were 
purified according to the method described before 
[21-23] .  Anlhne-Sepharose 4B and cholesterol- 
Sepharose 4B were prepared as described previously 
[17,24]. 

Preparation of  cytochrome P4soscc-Containing hpo- 
somes. The standard Hepes buffer used in this study 
consisted of 50 mM Hepes buffer, pH 7.4, containing 
0.1 mM EDTA/0.1 mM dithiothreitol/0.1 M NaC1. We 
have used two different methods for the preparation 
of liposomes. In order to know basic conditions for 
the incorporation of P45oscc into liposomes, we used 
the cholate-dialysls method. A chloroform solution 
of the phosphohpld (20-700 nmol) was dried by a 
continuous stream of mtrogen at 50°C. The dried 
sample was dissolved by dlethyl ether and then the 
solution was dried again. To the dried materials, 
appropriate amounts of the standard Hepes buffer 
were added, and the suspension was subject to a 

vortex mixing for 10 min. Sodium cholate (9.3 nmol/ 
nmol phosphohpld) was then added to make a clear 
solution. Pas0scc was then added and the mixture was 
gently shaken. Fmal volume of the mixture was 
adjusted to 1.0 ml. The mixture was dialyzed against 
the same buffer for 36 h at 4°C with two changes of  
the outside buffer. To measure the amount of P4soscc 
after &alysis, the content m the solution was deter- 
mmed by the reduced CO-bound minus reduced dif- 
ference spectrum. 

For a large preparation of P4s0scc-Contaming 
hposomes, we used the cholate-filtratlon method. 
Phosphohpld (40/.tmol)/sodmm cholate (200 rag) 
mixture was made as described under the cholate- 
dialysis method. When cholesterol-containing hpo- 
somes were prepared, appropriate amounts of 
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cholesterol were added to the chloroform solution of 
phospholipid. Final volume was adjusted to 1.2 ml. 
To this solution, 0.33 ml P450scc (72 ktM) was added 
and the mixture was kept on ice for 10 min. The 
mixture was applied to a Sephadex G-50 column 
(1.6 ×25 cm) and eluted with the standard Hepes 
buffer. The cytochrome-rich fractions were combined 
and centrifuged at 85 000 Xg for 15 mm to remove 
multdamellar liposomes. Only a small portlon (less 
than 10%) of the Pasoscc was precipitated by this 
centnfugation. The Pasoscc-COntalning hposomes were 
concentrated before centnfugatlon, if necessary, by 
ultrafiltratlon using an Amlcon cell with YM-30 
membrane 

Preparation of  mitochondrial lipid. Adrenal cortex 
mitochondna were prepared as described previously 
[16]. Mltochondrial lipids were extracted from the 
mitochondna according to the Folch procedure [25]. 
The extract was evaporated to dryness and dissolved 
with chloroform and kept at -18°C under argon 
atmosphere. Cholesterol content of the extract vaned 
by preparation, being a cholesterol mol% of 7 .4-14 
Cholesterol-free adrenal mltochondrxal hplds were 
prepared as follows: the lipid extract was mixed at a 
molar ratio of cholesterol to &gltonm of 0.91 at 
room temperature for 10 ram. Then, the precipitate 
was removed by centrifugation and filtration. The 
resulting lipid preparation contained cholesterol of 
less than 0.1 mol%. 

Electron microscopy. The ultrastructural analysis 
of the P4soscc-COntamlng liposomes were performed 
by the negative staining method. 1% phosphotungstlc 
acid was used as a staining reagent. Electron micros- 
copy was performed using a Phlhps 201 microscope 
operated at 80 kV. 

Test for integrity of  liposomes. The P4soscc-COn- 
tainmg hposomes were prepared as described above 
except that the mixture contained 50 mM Hepes 
buffer (7.4)/0.1 mM EDTA/0.1 M NaC1/0.4M 
potassxum ferricyamde. A Sephadex G-50 gel filtra- 
tion was apphed for the removal of the excess ferrl- 
cyanide. The internal and external ferncyamde con- 
centration of the ferricyanide-loaded hposomes were 
determined by the method of Holloway and Katz 
[26]. A molar extinction coefficient of 1000 M -1" 
cm -1 at 420 nm was employed for calculation of the 
ferrlcyanlde concentration. 

Other procedures. Protein concentration was 
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determined by the method of Lowry et al. [27] or by 
the bmret method [28]. Spectrophotometric deter- 
mmatlon was carried out with a Cary 118 spectro- 
meter. Phospholipld was measured as Inorganic 
phosphate by the method of Bartlett [29] or by the 
method of Stewart [30]. Heme content of the 
P4soscc was determined by the pyndine hemochro- 
mogen method [20]. Cholesterol was determined by 
the cholesterol oxldase-peroxldase method [18]. 
The content of cholesterol ester was estimated after 
hydrolysis by cholesterol esterase. Light scattering 
was measured with a Perkm-Elmer spectrofluoro- 
meter (model 203). PCMS tntratlon was carried out 
spectrophotomet rically. 

Results 

Selection of phospholipid for the preparation of 
stable P4s0scc liposomes. 

We have surveyed phosphohpids which serve as 

TABLE 1 

SELECTION OF PHOSPHOLIPID FOR THE PREPARA- 

TION OF STABLE P450scc LIPOSOMES 

The mixture of/)450scc and phosphohpld m the presence of 
0.5% cholate was placed m a dmlysks bag and dmlyzed against 
the standard buffer for 36 h at 4°C. The experiments were 
carried out more than three times and the values shown are 
the mean Standard derwatlons were approx. 20% of the 
mean value 

Phosphohplds Recovery (%) a 

Cholesterol- Cholesterol- 
free bound 

P45Oscc P450scc 

DLPC 13 15 
DMPC 23 33 
DPPC 17 24 
DSPC 14 29 
DOPC 33 62 
Egg phosphatxdylchohne 31 37 

Adrenocortlcal 
mltochondrml 
llplds b - 56 

a Before the separation of hposomes from the P450scc/phos- 
phohpld mixture. 

b 15 mol% cholesterol-containing hplds. 

the membrane component of a stable liposome- 
reconstituted P45oscc. As shown m Table I, cholester- 
ol-DOPC liposome is the best membrane among 
phosphohplds tested for our present purpose These 
results clearly show that Pasoscc in membranes with 
saturated phosphohplds is more unstable than that m 
membranes with unsaturated phospholipids. DPPC, 
DPPC-DPPE (1.1, tool/tool), DMPC, and egg phospha- 
tldylchohne, which were used previously by other 
groups [10-13],  were all found to be unsatisfactory 
We have tested the effects of steroids on the P45oscc 

recovery Cholesterol, 20S-hydroxycholesterol and 
22R-hydroxycholesterol were found to stabihze 
P4soscc, whereas pregnenolone, progesterone, and 
deoxycortlcosterone had no effect. 

Based on these results, we have decided to use 
DOPC with cholesterol in most of the following 
experaments Detailed stabahty examinations of the 
cholesterol-containing hposome-reconstltuted P450sec 

are presented later m this paper. 

Effect of molar ratio of phospholipid to P4soscc 
on the incorporation of the cytochrome into lipo- 
somes 

When DOPC, DOPC-DLPC (1:1, mol/mol), DOPC- 
DLPE (1 i, mol/mol), and DOPC-DLPE-cholesterol 
(1:1:1, mol/mol/mol) were used as liposomal 
phosphohplds, a maximum heme content m the 
relsolated hposomes by centrlfugatlon was con- 
slstently observed at a molar ratio of phosphohpld 
to cytochrome of approx. 200 (Fig. 1). The mem- 
brane chemistry tells us that the DOPC-DLPC vesicles 
have asymmetric distribution of phosphohpxds, DOPC 
tends to locate preferentially m the outer monolayer 
[30] The DOPC-DLPE membrane has a phase separa- 
Uon; phosphatadylchohne and phosphatidylethanol- 
amine prefer bdayer and hexagonal structures, respec- 
txvely [30]. The cholesterol-containing DOPC mem- 
brane has a different flmdlty from the cholesterol- 
free membrane; the cholesterol-containing vesicle has 
a more rigid structure of the fatty acyl chains than 
the cholesterol-free vesicle at our experimental tem- 
perature [31]. From these facts, together with our 
results, we came to the following conclusion when 
DOPC was used as one of the membrane components, 
the chemical nature of membranes &d not seriously 
affect the extent of the P4soscc incorporation into 
liposomes. In rat adrenocortlcal mltochondrla, the 
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Fig 1. Effect of molar ratio of phosphohpid to P45oscc on 
the incorporation into hposomes. Llposomes consisting of 
various phosphohplds were obtained by the cholate-dialysis 
method as described in Materials and Methods. The dialyzed 
solutions were centrifuged at 105 000 ×g for 60 mm. The 
precipitates were suspended by 25 mM Hepes buffer, pH 
7.4, containing 0.1 mM EDTA/0.1 M NaC1, and subjected 
to the heme determination. Percentage sedtmented was cal- 
culated as 

amount of heme m pellet fracnon 
x 100. 

total amount of heme in supernatant + pellet fractions 

o, DOPC; A, DOPC + DLPC (1 1); e, DOPC + DLPE (1 1), 
~, DOPC + DLPE + cholesterol (1 1 1). 

molar ratio of phosphohpid to P4s0 is known to be 
approx. 250 [32]. Our previous study showed that all 

P4so cytochromes are located in the inner mito- 
chondrial membrane [ 4 - 6 [ .  The ratio in the Inner 

membrane must be less than 250. Therefore, the 

Incorporation of P45oscc into artificial membranes 
under our conditions appears to be slightly less 

efficient than incorporation into the natural mem- 
brane. 

Separation of P4soscc-Containing liposomes by gel 
filtration 

The P450sec-containing DOPC hposomes were 
prepared at a molar ratio of phospholipld to cyto- 
chrome of 1670 m the presence of cholesterol. The 
resulting liposomal mixture was subjected to 
Sepharose 4B gel filtration. Fig. 2 shows the elutxon 

profile of the liposomes and P450scc. The elutlon frac- 
tions containing heme were well coincided with the 
fractmns containing phosphohpid phosphorus, and 
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Fig. 2. Separation of P45oscc-containing hposomes by Seph- 
arose 4B gel filtration. P450scc-contaming DOPC liposomes 
(6 nmol berne, 15 nmol cholesterol) were prepared from 
DOPC by the cholate-ffltration method described m Materials 
and Methods. Concentrated solution (05 ml) was applied to 
a column of Sepharose 4B (1.6 × 26 cm) The column was 
eluted with 50 mM Hepes buffer, pH 7.4, contammg 0.1 mM 
EDTA/0.1 ml dithiothreitol/0 1 M NaC1, and each fraction 
(1.6 ml) was examined for phosphohpld phosphorus and 
heine content. Purified P450scc (7 nmol) was applied to the 
column separately. The void volume of the column was deter- 
mined by blue dextran (arrow 1) and eluted positions of the 
two marker proteins were indicated. 3-galactosidase (Mr 
750000) (arrow 2), catalase (Mr 240000) (arrow 3). 
o-- e, phosphohpld phosphorus, o o, heme of 
hposomal P450scc, o . . . . . .  o, heme of purified P450scc 
(membrane-free). Lipid was determined by the method of 
Stewart [30], and heme was estimated by the pyrldme hemo- 
chromogen method [20]. 

these fractions were separated from those containing 

soluble liposome-free P4soscc. When reisolated hpo- 

somes were washed with 0.5 M KC1, P4s0scc was not 
liberated from hposomes, indicating the hydrophoblc 

interactions between P4s0scc molecule and acyl 

chains. These results strongly indicate that P450scc 
molecules are associated with the DOPC vesicle. It 

was also seen that there were two major populations 

of P4soscc-containmg hposomes. The large liposomes, 
which were eluted at the first peak, had a molar ratio 

of lipid to heme of 8300. The small hposomes, which 
were eluted at the second peak. had a ratio of 1300. 

Our estimation of the molecular weights for the large 
and small vesicles was over 1 • 107 and 3 • 106, respec- 

tively. 
When P4soscc was incorporated into liplds prep- 

ared from bovine adrenocortical mltochondna by the 
cholate-filtration method, the elutlon profile ob- 
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tamed from a Sepharose 4B column was similar to 
that shown in Fig. 2. The large vesicles have a molar 
ratio of phospholipld to heme of 2050, which is 
significantly smaller than that of the DOPC hpo- 
somes. The small vesxcles had the ratio of 1130, 
which is comparable to the corresponding value of 
the DOPC hposomes. 

The absorption spectrum of liposome-recon- 
stltuted P4s0scc displayed a typical low-spin type 
spectrum with maxima at 362 (broad), 415 (sharp), 
530 (broad), and 565 nm (broad). There was no &s- 
tinct peak at 650 nm, which is a typical maximum of 
the high-spin form. These absorption peaks are m 
good agreement with those of purified lipid-free 
P4s0scc (355,416,535,  and 568 rim). Hall et al. [10] 
reported the absorption spectrum of hposome-recon- 
stltuted P450sc¢, which exhibited a mtxed high- and 
low-spin type spectrum. We have never observed a 
mixed-spin type spectrum m the enwronment of 
phosphohpid, a low-spin xnducer, unless cholesterol is 
enriched m membrane; when molar ratios of heme/ 
cholesterol/phospholipld were 1:860:1253, a distinct 
shoulder of the high-spin form was observed 

Electron microscopy 
In order to evaluate the size and shape of the 

P4soscc-Contamlng liposomes, an electron microscopic 
examination was carried out by the negative staining 
method. Bllayer structures with diameters from 200 
to 600 A were most abundant. Some aggregated lipo- 

somes were also seen m the photograph. These two 
major populations may represent the large and small 
vesicles separated by the gel filtration procedure. The 
average &ameter for the small vesicles appears to be 
larger than that of egg yolk phosphatldylchollne 
vesicles (270 A) [33], which were prepared by the 
cholate-filtratlon method 

Leakiness of liposomes 
Ferricyamde, a nonpermeable salt, can be trapped 

into the matrix space of liposomes. In order to 
examine the leakiness of the P4s0scc-Containing hpo- 
somes, we prepared the liposomes in the presence of 
0.4 M ferrlcyanide. After concentrating by ultra- 
filtration, the hposomes were separated from con- 
taminating ferncyamde by a Sephadex G-50 column. 
The reside and outside ferricyanlde concentrations of 
hposomes were determined spectrophotometncally. 
The average internal volume was calculated from the 
ferrlcyanlde and phospholipld phosphorus concentra- 
tions m the suspension. These results are summarized 
m Table II. Egg yolk phosphatidylcholine liposomes, 
which were prepared by a cholate-filtratlon method, 
had an average internal volume of 0.47 /A//~mol 
phospholipid phosphorus [33]. Compared with the 
egg phosphatldylchohne vesicles, the DOPC hposomes 
without P4s0scc appear to be substantially larger. 
When P4s0scc was present m the DOPC hposomes, the 
trapped amount of ferricyanide was less than that of 
the P4soscc-free hposomes. This is consistent with the 

TABLE I1 

SIZE AND FERRICYANIDE LEAKINESS OF LIPOSOMES 

P refers to the phosphohpld phosphorus.  

Samples Trapped ferrlcyanlde 

Oh 16h  1 6 h  Oh 
(#tool/ 0amol/ (%) 
umol P) #tool P) 

Internal Dmmeter a Stokes' 
volume (A) radius b 
(~l//amol P) (A) 

Ref. 

DOPC hposomes 0.225 0.204 91 
P450scc hposomes c 0.082 0.063 77 
Egg phosphatldylchohne 0 122 - 

0.42 - 210 Thxs work 
0.21 200-600  180-400  This work 
0.17 - - 26 
0.47 270 210 33 
0.40 300 - 54 

a Based on the electron microscopic experiments 
b Based on the gel filtration experiments. 
c 0 2 tool% cholesterol contamlng DOPC. 



fact that less retention of  ferricyanide was observed 
for the cytochrome bs-containing liposomes than for 
the protein-free liposomes [26]. After storage of  the 
hposomes at 4°C for 16 h, the P4soscc-Contaming lipo- 
somes retained 77% of  the trapped ferncyanlde, 
whereas the protein-free liposomes retained 91%. 
Although the Pas0scc-COntalnmg liposomes appears 
to be leaky, the trapped ferricyanide was not 
depleted completely.  For  our present purposes, the 

P450scc-COntaining liposomes were satisfactorily 
utxlized 

Ligh t-scattering of liposomal P45o scc 
We examined the size of  liposomal P4s0scc by 90 ° 

light scattering measurements. In comparison with 

the P4soscc-free DOPC liposomes, the P4soscc-COn- 
taming hposomes had approximately twice as much 
scattering intensity at 400 nm, indicating that the 
cytochrome-containmg liposomes are larger in average 
than the hemoprotein-free hposomes. The effect of  
cholesterol was then tested. The result indicated that 

the P4soscc-containmg liposomes with cholesterol had 
a comparable size to that without  cholesterol. There- 
fore, the low amount  o f  ferricyanxde per phospho- 
lipid phosphorus in the cytochrome-contalnmg lipo- 

Ftg. 3. Stabihty of liposomal P450scc. P450scc-containlng 
liposomes (0.5 nmol P450scc, 0.8 /~mol phospholipids) were 
prepared by the cholate-filtration method. The cholesterol- 
bound P450scc was used in these experiments. After incuba- 
tion of liposomal P450scc in 0.2 ml 50 mM Hepes buffer, 
pH 7.4, containing 0.1 mM EDTA/0.1 mM dlthiothreitol/ 
0.1 M NaC1 at 4 (A), 30 (B), and 30°C (C), the remaining 
heine was measured by the pyridme hemochromogen 
method. Percent of the remaining P450scc was plotted agamst 
the time of incubation. (A): = . . . . . .  o, aqueous P4soscc 
solution (0.7 /~M); e -  e, 0.2 tool% cholesterol-contain- 
ing DOPC liposomal P450scc; o -~D, 44 mol% cholester- 
ol-containing DOPC liposomal P450scc. (B) = . . . . . .  =, 
aqueous P450scc solution (0.7 /JM), o-- o, 0.2 mol% 
cholesterol-containing DOPC liposomal P450scc; o - - ~ ,  
16 mol% cholesterol-containing DOPC liposomal P450scc; 
× X, 0.2 tool% cholesterol-containing DOPC hposomal 
P450scc + adrenodoxm (2 nmol). (C) • *, 0.2 tool% 
cholesterol-containing mitochondrial liposomal P450scc, 

~, 10 mol% cholesterol-containing mitochondrial 
liposomal P45Oscc, o o, 16 mol% cholesterol was added 
to the 0.2 mol% cholesterol-containing hposomal P45oscc. 
The method for mltochondrml phospholipids is described m 
Materials and Methods. 
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somes (Table II) does not  Indicate that the vesicle 
with the hemoprotem is smaller than that without the 
hemoproteln.  Rather, It is explained by a small 
accomodation of  ferrlcyanlde in the protein-contain- 
ing liposomes and partially by a slight leakiness o f  

membrane. 

Stability of  the liposomal P4soscc 
When P4soscc was incorporated Into the cholester- 

ol-free DOPC hposomes, P45oscc was found to be less 
stable than the soluble cytochrome at 4 and 30°C 
(Fig. 3A and B). Approx 40% of  the heine remained 
intact after 3 h at 30°C*. When cholesterol was 

present in hposomes, P4soscc was considerably more 
stable under the same conditions (80%). The hemo- 

protein with cholesterol was weakly stabilized at 4°C, 
however. Since the fatty acyl chain melting point  of  

DOPC is reported to be -22°C  [30], the fluidity o f  
the membrane may not  be largely responsible for the 
stability between 4 and 30°C. In addition to this, 
adrenodoxln acted as a stabilizer of  the liposomal 

P4soscc (Fig. 3B). When P4soscc was incorporated into 
cholesterol-containing hplds prepared from adreno- 
cortical mltochondria,  the cytochrome showed the 
best stability among the conditions tested; after 30 h 
at 30°C, about 90% of  the heine remained intact 
No formation of  P42o was detected under these con- 
ditions. When P4soscc was incorporated into the 
cholesterol-free adrenocortical hplds, the hemopro- 
tern was found to be unstable under the same condi- 
tions (Fig. 3C). From these results, we concluded' that 
the liposomal P45oscc requires cholesterol or adreno- 
doxln for its maximum stability. 

The kinetics of  the P4soscc degradation reactions 
clearly showed the fa~t and slow phases. The half- 
times of  the respective reactions were calculated as 
summarized in Table I l l .  The fast phase of  the reac- 
tion is due to the peroxadation reaction of  heine by 
contaminating hydroperoxldes of  phospholipid used. 
The distinct protective effects of  cholesterol in the 
fast reaction can be accounted for by the fact that 

* In the absence of cholesterol, liposomal P4s0scc was very 
unstable upon dlthlonlte reduction. The reduced CO-bound 
dtfference spectroscopy for the deterrnmatlon of the cyto- 
chrome was found to be unrehable. The stabthty is refer- 
red, therefore, to the heine degradatmn reaction, but not 
to the conversion reaction of P450 to/°420. 

TABLE III 

HALF-TIMES OF THE DEGRADATION REACTION OF 
DOPC LIPOSOMAL P450scc AT 30°C 

The experimental conditions are described in Fig. 4. 

Conditions Fast reaction Slow reaction 

1 9 ~M cholesterol a 
in aqueous medium 10.5 h - 

10 tool% cholesterol b 
m mltochondrlal liplds 17 0 h 8 days 

0.2 mol% cholesterol a 
in mltochondrlal hplds 3.0 h 54 h 

0 2 mol% cholesterol a 
InDOPC 2 5 h  34h 

16 tool% cholesterol b 
in DOPC 8.5 h 9 days 

0.2 tool% cholesterol a 
In DOPC with 10 uM 
adrenodoxln l 1.0 h 5.5 days 

a Cholesterol was bound to P450scc. 
b Cholesterol was incorporated Into hposomes. 

cholesterol acts as a radical trapping agent, the 7a- 
and 73-hydroperoxy derivatives are products of  the 
radical-mediated reaction [34,35 ]. 

Reduction of liposomal P4s0scc by adrenodoxin- 
adrenodoxin reductase system 

We have examined whether or not liposome-lncor- 

porated P4soscc is reduced by externally added 
adrenodoxln,  adrenodoxin reductase, and NADPH. 

Since the reducible port ion of  P4s0scc in hposomal 
membranes should represent the molecules located 
in the outer monolayer o f  the bllayer, we hoped to 
gain some clue on the asymmetric distribution of  the 
hemoprotem molecules from these studies. When 

cholesterol-free P45oscc was incorporated into the 
cholesterol-free DOPC hposomes, no reduced P4soscc 
was detected by the enzymatic system in the presence 
of  CO (Fig. 4A). Approx.  20% of  the total P4s0scc 
in 0.2 tool% cholesterol-DOPC liposomes were 
reduced by the same system (Fig. 4B) When 7.3 
tool% cholesterol was included into the P4soscc- 
containing DOPC hposomes, approx. 70% of  the total 
heine were observed as the reduced CO-bound form 
(Fag. 4C), To be noted is the fact that at this concen- 
tration of  cholesterol, the oxidized spectrum of  mere- 



brane-bound P4sosce displayed a considerable amount 
of the low-spin form. In the presence of 40 mol% 
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Ftg 4. Reduction of the DOPC hposomal P45oscc by the 
adrenodoxin-adrenodoxm reductase system. The hposomal 
P450scc was prepared by the cholate-fdtration method• The 
hposomal P450scc (0.65 nmol heme) was reduced by adreno- 
doxin (0.41 nmol), adrenodoxm reductase (0.21 nmol), 
NADP (30 nmol), glucose 6-phosphate (500 nmol), and 
glucose-6-phosphate dehydrogenase (0 22 umt) in 1.0 ml 
50 mM Hepes buffer, pH 7.4, contaming 0.1 mM EDTA/O.1 
mM dlthiothreitol/0.1 m NaC1 After enzymatic reduction, 
CO was bubbled gently, and kept at 25°(7 for 10 mm• 
( - - - - ) ,  oxidized spectrum, ( . . . . . .  ) reduced spectrum; 
( . . . .  ) reduced CO-bound spectrum (A) Steroid-free 
P450scc in DOPC hposomes (1.43 /amol phosphohpld), 
(B) Cholesterol-bound P45oscc (2 7 nmol cholesterol/nmol 
P45oscc) m DOPC hposomes (1.17 /amol phospholipld, 0.15 
tool% cholesterol), (C) Cholesterol-bound P450scc in choles- 
terol-supplemented DOPC hposomes (1.27 ttmol phospho- 
hpld, 7.3 mol% cholesterol), (D) Cholesterol-bound P45oscc 
in cholesterol-supplemented DOPC liposomes (0 83 /~mol 
phospholipld, 39.5 mol% cholesterol). 
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cholesterol in the membrane, 70% of the total cyto- 
chrome were reduced under the same conditions (Fig. 
4D). For a control experiment, 95% were reduced 
readdy by the addition of dithlomte in the presence 
of 40 tool% cholesterol. These results indicate that 
P45oscc molecules distribute asymmetrically within 
the DOPC hposomal bdayer, approx. 70% of the total 
P450scc molecules are located in the outer monolayer, 
whereas 30% of the total hemoprotein are not accessi- 
ble to the reducing system• 

PCMS tritratton of  DOPC liposomal P4s0scc 
We have investigated the location of the heme site 

of P450scc in the bdayer membrane m order to ob- 
serve in more detail the interaction of cholesterol and 
the cytochrome. When PCMS, an impermeable 
sulfhydryl reagent, was added to the DOPC lipo- 
somal and detergent-dispersed P4s0scc, the absorption 
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Fig. 5. Reaction of P450scc w:th p-chloromercurlphenyl 
sulfomc acid. The reference and sample cuvettes contained 
0.53 nmol P450scc in 1.0 ml 10 mM potassium phosphate 
buffer, pH 7.4/0.1 mM EDTA/0.1 M NaC1. PCMS was added 
to the sample cuvette and the mxxtures were incubated at 
25°C. The difference spectra were taken with time until the 
spectrum reached a maxunum. ,~l /heme = zXA 393nm (max- 
lmum) - z ~ 4 2 4 n  m (minimum) m the DOPC hposomal 
P450scc/nmol heme, zXA385n m (maximum) -£t,4422n m 
(minimum) m P450scc with 0 02% of Emulgen 913/nmol 
heme • e, DOPC hposomal P450scc (0.89 ~tmol 
phosphohpld) Molar ratio of PCMS/heme was 3.8. o o,  

P450scc with 0.02% Emulgen 913. Molar ratio of PCMS] 
heme was 3.7. zkA/heme was calculated from the maximum 
difference spectrum at each PCMS concentration in the 
inserted figure. 



352 

TABLE IV 

COMPARISON OF PROPERTIES AMONG VARIOUS LIPOSOMAL P450scc 

Abbrevtatmns A-L stand for DPPC, DPPE, DOPC, soya phosphatidylchohne, egg phosphatldylchollne, DMPC, dlphytanoylphos- 
phatldylchohne, DLPC, dflmolenoylphosphatldylcholine, dilinoleoylphosphatidylchohne, adrenal mltochondrml phosphohpld, 
and DSPC, respectwely. 

Properties Hall et al. [ 10 ] Kamln et al. [ 11 - 13 ] This work 

Phosphohpld used m 
most experiments 

Incorporation method 

Cholesterol m 
membrane 

Phosphohpid/protem 
in reconshtuted membrane 
(tool/tool) 

Vesicle size 

Stability 

Preference for 
phospholipld 

"~ of P45oscc In the 
outer monohyer 

A/B(1 1, D [11] C 
mol/mol) E [ 12,13] 

Cholate- Mixing without detergent Cholate-ddutlon 
ddutlon 

None Variable amounts Varmble amounts 
up to 50 tool% 

500 50-100 [11] 200 

305-405 A 1000 A [11] 200-600 A 

No loss Phosphollpld stabilizes [11] Phosphollpld destablhzes 
(6 weeks, 0 °) 50% loss [13] Cholesterol stabdlzes 

- C > D > E > F [ l l ] a  C - ~ K > F > A > H > L  c 
G > E > C > H  [13] b 
G > I > E > C > J > F > A [ 1 3 ]  a 

70% m C 

a Steroid hydroxylase actwlty. 
b Spectrophotometric determination from the low to high spin conversion. 
c Stabdlty test. 

peak at 418 nm was shifted to 408 and 412 nm In 

DOPC hposomal and detergent-dispersed P450scc, 
respectwely The PCMS-treated P4soscc exhibited a 
reduced CO-bound maximum at 420 nm. As shown In 
the inset of Fig 5, one molecule of PCMS/heme was 
consumed without affecting the spectrum. The maxi- 
mum difference absorbance was obtained at the 
molar ratxo of PCMS to heine of approx. 4 in the hpo- 
somal and the detergent-dispersed protein, respec- 
tively The reaction rates of the PCMS reactions wlth 

hposomal and detergent-dispersed Pas0scc are shown 
in Fig. 5. At a fixed concentration of PCMS, the reac- 

tion rate of PCMS with liposomal P4soscc was faster 
than that with detergent-dispersed P4soscc. The dif- 
ference m these reactivitles of PCMS is not well 
understood at the present time. Nevertheless, imper- 
meable PCMS is capable of reacting with the protein 
in a manner to change its heme structure, suggesting 
that the sulfhydryl groups at the proximity of the 

heme site are exposed to the surface of the mem- 

brane. In addition, it is reasonable to say that the 

hposomal Pasoscc molecules are more dispersed in the 

membrane than the detergent-dispersed P4s0scc 
molecules. 

Discussion 

We have investigated the properties of hposome- 

incorporated Pas0sce in order to mimic the in vitro 
states of the cytochrome in adrenocortical mito- 
chondnal inner membrane. Earher studies on this line 
of work demonstrated the incorporation of the heme- 
protein into phospholipad vesicles [10 -13] .  Dif- 
ferences m phospholiplds used and in the prepara- 
tion procedures of liposomes produced some obvious 
discrepancies among these results. In this sense, they 
are worthy of being summarized in comparison with 
our present results (Table IV) For the artificially 



reconstituted system, it is essential to know the topo- 
graphic properties of P4soscc molecules in the mem- 
brane in order to mimic the native membrane. Other- 
wise, a conclusion from the reconstituted system may 
be irrelevant to the native mltochondrial system. In 
this investigation, we have concentrated our efforts 
on the characterization of P4soscc-Contalnlng lipo- 
somes. 

First of all, we have examined carefully the condi- 
tions for the stable incorporation of Pasoscc into lipo- 
somes. Among phosphohpids tested, DOPC and hpids 
extracted from adrenocortical mitochrondrla were 
found to be the best for the purpose. Under our best 
stabilizing conditions, the half-time was revealed to 
be 8 - 9  days at 30°C after the lmtlal rapid degrada- 
tion. It was observed previously that after hypop- 
hysectomy of rats, the half-txme of the decay process 
of P4soscc was 3.5 days [39-41] .  Reconstituted 
P4soscc appears to be substantially more stable com- 
pared with the in vitro environment, which may 
involve such degradation mechanisms as lipid-peroxl- 
dative, proteolytlc, and phosphohpase-catalyzed reac- 
tions. 

From our reducibility experiments of hposomal 
P4soscc, 70% of cholesterol-DOPC-reconstltuted 
P4soscc was reduced by the external additions of 
adrenodoxm, adrenodoxm reductase, and NADPH, 
which are all impermeable across phospholipld mem- 
branes. These observations lead us to conclude that 
70% of the incorporated cytochromes are located m 
the outer monolayer of bilayers. When non mem- 
brane-bound cholesterol is present, we have never 
seen any substantial amount of the reduced CO- 
bound form by the external addition of the enzym- 
atic reducing system regardless of phosphohplds used. 
Seybert et al. [ l l l  found that when P4soscc was 
incorporated into soya phosphatidylchohne vesicles. 
100% of liposomal P4soscc were reduced by the same 
enzymatic system in the absence of cholesterol. In 
their experiments, the time for mixing the cyto- 
chrome with llposomes was 10 min at room tempera- 
ture. Such conditions may not be enough time to 
accomodate the hemoprotem into the membrane. 
Indeed, their current condlhons for the Incorpora- 
tion were 12 h under N2 [13]. 

From our PCMS titration and trypsin-digestion 
experiments of liposome-reconstltuted P4soscc, we are 
able to envisage the topographic picture ofP4sosc c in 
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membrane. Water-soluble and membrane-imperme- 
able PCMS could convert the liposomal cytochrome 
to the inactive forms. These results ln&cate that the 
nonpermeable reagent acts at least in the vicinity of 
the heine moiety of the protein, implying that the 
heme region is m close proximity to the polar head of 
phosphohplds. Cholesterol m membrane is known to 
be complexed with phospholipld. Most likely, the 3/3- 
hydroxyl group of cholesterol Interacts with the 
carbonyl group of the ester hnkage of phosphohpid 
At a high concentration of cholesterol, more than 
20 tool%, the cluster formation of cholesterol mole- 
cules becomes dominant [42]. The cleavagmg C-C 
bond at the 20 and 22 positions of cholesterol by 
P4sosc would be approx. 20 A * below the plane of 
polar heads of phosphohpids. The abdlty of choles- 
terol to convert the heine iron spin state at the sub- 
strate-bmding site of P4soscc reasonably indicates that 
it must be close to the heine site. This idea is in agree- 
ment with the two-&mensional crystallographic ESR 
measurements, which revealed that the heme site is 
less than 20 A from the surface of the membrane 
[43]. 

Finally, we wish to say a few words on the func- 
tion of ACTH on the mitochondnal cholesterol avail- 
ablhty to P450scc. From our present results together 
with our previous work [17-19] ,  the avallablhty of 
cholesterol to the cytochrome depends on the mem- 
brane concentrations of cholesterol. This implication 
is consistent with works by others on the intact mlto- 
chondria under various physiological con&tlons, 
including the ACTH action [1-3] .  In this connec- 
tion, the transmembrane movement of cholesterol 
molecules appears to be the step which is indeed stim- 
ulated by the action of ACTH. 
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