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Summary-This study compares the side-chain cleavage of aqueous suspensions of cholesterol sulfate with 
the side-chain cleavage of cholesterol sulfate which is incorporated into phosphoiipid vesicles. Three 
different cholesterol desmolase systems are examined: (1) the membrane-bound cholesterol side-chain 
cleavage system present in inner mitochondriai membranes isolated from bovine adrenal mitochondria; 
(2) a soluble, lipid-depleted, reconstituted side-chain cleavage system prepared from cytochrome P-45Oscc, 
adrenodoxin and adrenodoxin reductase; (3) a membrane associated side-chain cleavage system prepared 
by adding phosphoiipid vesicles, prepared from adrenal mitochond~ai, to the reconstituted system. 

Soluble cholesterol sulfate, in low concentration, is a good substrate for the lipid-depleted reconstituted 
side chain cleavage system. However, at concentrations above 2 p M, in the absence of phosphoiipids, the 
steroi sulfate appears to bind at a non-productive site on cytochrome P-450s~~ which leads to substrate 
inhibition. Phospholipids, while inhibiting the binding of cholesterol sulfate to the cytochrome, also 
appear to prevent non-productive binding of the sterol sulfate to the cytochrome. Thus the addition of 
phospholipids to the tipid-depleted enzyme system leads to an activation of side-chain cleavage of high 
concentrations of the steroi sulfate. 

Soluble cholesterol sulfate is a good substrate for both the native and reconstituted membrane-bound 
systems and no substrate inhibition is observed when the membrane bound enzyme systems are employed 
in the assay of side-chain activity. However, the cleavage of cholesterol sulfate, which is incorporated into 
phosphoiipid vesicles, by both membrane bound enzyme systems appears to be competitively inhibited 
by the phosphoiipids of the vesicles. 

The results of this study suggest that the regulation of the side-chain cleavage of cholesterol sulfate may 
be entirely different than the regulation of the side-chain cleavage of cholesterol, if cholesterol sulfate exists 
intraceiluiariy as a soluble non-complexed substrate. If, on the other hand, cholesterol sulfate is present 
in the ceil in lipid droplets as a complex with phospholipids. its metabolism may be under the same 
constraints as the side-chain cleavage of cholesterol 

INTRODUCTION 

Steroid sulfates are abundant metabolites of tes- 
ticular and fetal adrenal tissues [l, 21. In addition, 
dehydroepiandrosterone sulfate is present in large 
quantities in adult human blood [3]. Despite their 
abundance, little is known about the biosynthesis or 
function of the steroid sulfates. In 1964, Lieberman 
and coworkers showed that cholesterol sulfate could 
be converted in viva in humans into dehydroepi- 
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Abbreviations and trivial names: Cholesterol, 
5~hoiesten-3~“oi; cholesterol sulfate, 5~hoiesten-3~-yi 
sulfate; pregnenoione, 3-hydroxy-S-pregnene-20-one; 
Tris, tris-(hydroxymethyi) methylamine; cytochrome 
P-45Oscc, P-4SOscq P-450, the cytochrome which cata- 
lyzes the side-chain cleavage of cholesterol to yield 
pregnenoione and isocaproaidehyde; Tween 80, poiy- 
ethylenesorbitanmonooieate; DTT, dithiothreitoi; ICA, 
isocaproaidehyde. 

androsterone sulfate without loss of the sulfate 
moiety. This study demonstrated that cholesterol 
sulfate is a substrate for the cholesterol side-chain 
cleavage system [4]. Cholesterol sulfate has also been 
shown in vitro to be a substrate for side-chain cleav- 
age by enzyme systems present in rat and bovine 
mitochondria [S]. Although cholesterol sulfate 
accounts for only a small part of the total choiesterol 
present in bovine adrenal glands, its absolute concen- 
tration is non-trivial, 1.5 mg/kg wet weight [6]. Thus 
substantial amounts are available as a potential sub- 
strate for cholesterol side-chain cleavage in bovine 
adrenal tissue. Nothing is known about the intra- 
cellular compartmentalization of cholesterol sulfate. 
Cholesteroi sulfate is generally considered to be a 
soluble substance and it was originally extracted from 
bovine adrenal tissue with ammonium hydroxide. 
However, the steroid sulfate can be incorporated into 
phospholipid vesicles and the complexed cholesterol 
sulfate can then be extracted into organic solvents 
such as methylene chloride. Cholesterol sulfate is 
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found in the low density lipoprotein fraction of the 
blood [7]. It is thus possible, that in the cell the 
cholesterol sulfate is associated with the membrane 
phosphol~p~ds. 

This paper examines the effect of incorporating 
cholesterol sulfate into phospholipid vesicles on the 
rate of the side-chain cleavage of the sterol sulfate by 
cholesterol desmolase. The vesicles were prepared 
from phosphohpids which were isolated from mito- 
chondria of the adrenal cortex. Three different 
enzyme systems were utilized in this study: 1. The 
membrane bound, relatively intact, side-chain 
cleavage system that is present in inner mitochondrial 
membranes which are isolated from bovine adrenal 
tissues; 2. A soluble lipid-depleted reconstituted side- 
chain cfeavage system prepared with purified cyto- 
chrome P-45Oscc, adrenodoxjn and ~drenodox~~ 
reductase; 3. A membrane-bound reconstituted 
side-chain cleavage system which was prepared by 
incubating the reconstituted side-chain cleavage 
enzyme system with preformed phospholipid vesicles 
prepared from adrenal cortex m~tochondria. The 
effects of the addition of phospholi~ids on the activity 
of the enzyme systems are contrasted. 

EXPERIMENTAL 

~itbiothreito~ (DTT), ethylened~aminetetraaceta~e 
d&odium salt (EDTA), Tween 80, glucose 
6-phosphate, glucose &phosphate dehydrogenase, 
and NADP were obtained from Sigma Chemical 
Co. (St Louis, MO). NADPH was obtained from 
Boehringer Mannheim (West Germany). Glycerol 
was spectroquality grade from Fisher Scientific Co. 
(Fairlawn, NJ!. Ultrapure Tris buffer and sucrose 
were obtained from Swartz-Mann (Spring Valley, 
NY). Cholesterol labeled at the C-26 position with 
14C was obtained from New England Nuclear 
(Boston, MA) and purified as described by 
Gasparini[Q Labeled chotesterol sulfate was also 
prepared and purified as described by Casparini[g]. 

Inner mitochondrial membranes. Fresh bovine 
adrenals were obtained from a slaughterhouse and 
chilled on ice until the mitochondria could be pre- 
pared (I-3 h). The medulla were excised and the 
cortical tissue was removed from the tissue mem- 
branes by gentle scraping with a scalpel. The minced 
cortical tissue was homogenized in 0.25 M sucrose, 
0.01 M Tris-HCl, 1 mM DTT and 1 mM EDTA, 
pH 7.4 (3 ml/g tissue) for 1 min at high speed and 
I min at low speed in an Osterizer Blender. The cell 
debris was removed by centrifugat~on at 6oOg for 
20 min. The mitochondria were collected by centrifu- 
gatian at 10,OOOg for 30min. Inner mitochondria 
membranes were prepared by swelling the mito- 
chondria in a hypotonic sohrtion and collecting the 
inner membrane pellet by centrifuging the mem- 

branes through a Ficoll gradient as described by 
Privalle et af.191. The mitochondria membranes were 
suspended in 0.25 M sucrose. 0.01 M Tri-HCI, 
1 mM EDTA, 1 mM DTT, 20:/g glycerol, pH 7.4 and 
the suspended membranes were stored in 1 ml 
ahquots at - 70°C for several days until needed. The 
membranes were defrosted and immediately used for 
assay. Unused defrosted membranes were discarded. 

~eco~sr~tz&~ed side-chain cieavage system. Cyto- 
chrome P-45Oscc was isolated from bovine adrenal 
cortex by a modification of the method of Greenfiefd 
et al.[lD] as described previously [I 11. As isolated the 
heme of the preparation was mainly in the low spin 
configuration. The ratio of absorbance at 
280-416 nm was I-2: 1. The preparation had a low 
endogenous phosphol~p~d content of l-2 nmol/nmof 
P-450 and the heme to protein ratio was 14 nmoljmg. 
Adrenodoxin was prepared by the method of Suhara 
et a/,[121 or purchased from Sciogen, Chicago, IL, 
and adrenodoxin reductase was prepared by the 
method of Lambeth and Kamin[l3]. 

Protein contents were estimated by the microbiuret 
procedure of Goat141 or the procedure of 
Bradford[ 151. Cytochrome P-450 was determined by 
the method of Omura and Sato[lG]. 

Phospho~~pids were extracted from intact mito- 
chondria isolated from bovine adrenal cortex by the 
method of Folch et a[.[171 and purified by chro- 
matography on silica gel as described by Rouser 
et a1.[18]. Phosphoiipids were quantified by the 
method of Chalvardjian and Rudnicki[l9]. 

Assays of enzyme activity 

Assays of enzyme activity were performed by fol- 
lowing the release of ‘%Xabeled isocaproaldehyde 
from 14C-26 cholesterol or cholesterol sulfate by the 
method of Hochberg[S] with the foIIowing 
modi~cat~ons: The substrate coneentrat~uns used in 
the assays ranged from 0.5 to 761M. The assay 
mixtures were preincubated at 37°C for 3 min and the 
assays were initiated by addition of NADPH contain- 
ing an NADPH regeneration system. The final con- 
centrations of NADPH, glucose-&phosphate and 
glucose-6-phosphate dehydrogenase in the incu- 
bation mixture were 1 mM, IO mM and 1.25 units/ml 
respectively. 

When the inner mitochondrial membranes were 
employed as the source of the side-chain cleavage 
enzyme the assay mixture contained between 
0,~-2.~nrno~~rni of P-450. No additional adreno- 
doxin or adrenodaxin reductase was added to the 
incubations. Cholesterol sulfate and cholesterol were 
assayed in the absence of phospholipids, by simply 
suspending the substrates in 0.1 M Tris-HCI, pH 7.4 
by sonification. In addition, the substrates were in- 
corporated into pbosphol~pid vesicles by evaporating 
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Fig. 1. The effect of incorporating cholesterol sulfate into vesicles prepared with adrenal mitochondrial 
phospholipids on its side-chain cleavage by inner mitochondrial membranes from bovine adrenal cortex. 
P-450 = 0.2 pM. (0 0 0 0) no phospholipid, (0 0 0 0) phosphol@d = 2 PM (A A) 

phospholipid = 20 PM. 

mixtures of the substrates and phospholipids in 
chloroform to dryness under nitrogen, adding 0.1 M 
Tris-HCl, pH 7.4 and sonifying in a bath sonifier 
(Branson model B-32) at 150 W power until the 
solutions cleared (approx 15 min). The final concen- 
trations of phospholipid used in these experiments 
ranged from 2-20 nmol/ml. 

When the reconstituted side-chain cleavage system 
was used, assay mixtures contained 0.01 PM 
P-45Oscc, 0.1 PM adrenodoxin reductase and 1 .O p M 
adrenodoxin in 0.1 M Tris-HCl, 0.2 mM dithio- 
threitol, 0.1 mM MgCl, pH 7.4. These concentrations 
of P-450, adrenodoxin and adrenodoxin reductase 
are the same as those employed by Wang and 
Kimura[20] in their “standard” assay of cholesterol 
side-chain cleavage activity. 

The effects of the addition of phospholipids on the 
activity of the reconstituted cholesterol side-chain 
cleavage system were tested using several different 
experimental protocols. First, the soluble “lipid-free” 
reconstituted enzyme system was used to determine 
the rates of cleavage of both substrates which were 
simply suspended in aqueous solution by sonication. 
Second, the reconstituted enzyme system was incor- 
porated into phospholipid vesicles, at ratios of phos- 
pholipid : P-450 of 100 : 1 and 200 : 1, by preincubating 
the enzyme with performed phospholipid vesicles, as 
described by Seybert et aZ.[21]. The membrane-bound 
enzyme systems were used to assay the rate of 
cleavage of the aqueous suspensions of cholesterol 
and cholesterol sulfate. Third, the substrates were 
incorporated into phospholipid vesicles (again at 
ratios of phospholipid: P-450 of 100: 1 and 200: 1) 
and the membrane-bound cholesterol or cholesterol 
sulfate was used as a substrate for the soluble, 
membrane-free, enzyme system. Finally, the enzyme 
and the two substrates were each associated with 
their own vesicles, and the membrane-bound choles- 
terol or cholesterol sulfate was used as a substrate for 

the membrane-bound enzyme system. The phospho- 
lipid : P-450 ratio in the enzyme and substrate vesicles 
were both 100: 1, i.e. phospholipid, 1 PM, was added 
to both the enzyme and the substrates. 

RESULTS 

The side-chain cleavage of cholesterol and cholesterol 
sulfate by inner mitochondrial membranes 

Cholesterol sulfate, in aqueous suspension, was a 
good substrate for the side-chain cleavage enzyme 
present in the inner mitochondrial membranes. The 
apparent K,,, of cleavage of cholesterol sulfate was a 
function of the concentration of the inner membranes 
used in the assay mixture; the apparent K, value for 
the cleavage of cholesterol sulfate increased as the 
membrane concentration increased probably because 
the oxidation of CS was competitively inhibited by 
both the phospholipids and endogenous cholesterol 
present in the inner mitochondrial membranes. When 
the P-450 concentration used in the assay was equal 
to 0.2 PM, the K, of cleavage of cholesterol sulfate 
by the mitochondrial membranes was 8 + 4 PM and 
the maxima1 rate of cleavage was 0.14 f 0.07 nmol 
cholesterol sulfate cleaved/min . nmole cytochrome 
P-450s~~. When the P-450 concentration was in- 
creased to 2 PM the &,, of cleavage of cholesterol 
sulfate was increased to 27 + 11 PM, however the 
maximal rate of cleavage was, within experimental 
error, unchanged, and was equal to 
0.10 + 0.04 nmol/min . nmol. 

The effects of incorporating the sterol sulfate into 
phospholipid vesicles on its kinetics of cleavage by 
the side-chain cleavage system present in the inner 
mitochondrial membranes are illustrated in Figs 1 
and 2. Figure 1 illustrates the data obtained using 
0.2 PM membrane bound cytochrome P-450 and 
Fig. 2 illustrates the data obtained using 2.0pM 
membrane bound cytochrome P-450. When vesicles 
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Fig. 2. The effect of incorporating cholesterol sulfate into vesicles prepared with adrenal mitochondrial 
phospholipids on its side-chain cleavage by inner mitochondrial membranes from bovine adrenal cortex. 
P-450 = 2pM. (0 0 0) no phospholipid, (0 l 0) phospholipid = 2 PM, (A A A) 

phospholipid = 20 PM. 

containing mixtures of phospholipids and cholesterol 
sulfate were prepared and the cholesterol sulfate that 
was incorporated into the vesicles was used as the 
substrate for the side-chain cleavage system present in 
the inner mitochondrial membranes, the side-chain 
cleavage of the sterol sulfate was greatly inhibited. 
The degree of inhibition observed was a function of 
the concentration of the inner mitochondrial mem- 
branes used in the assay. The lower concentration 
of membranes, containing 0.2pM P-450, showed 
almost no cleavage of cholesterol sulfate when the 
sterol sulfate was incorporated into the phospholipid 
vesicles. The observed rates of cleavage of cholesterol 
sulfate were too low to accurately determine the & 
values for the cleavage of the cholesterol sulfate 
which was suspended in the vesicles and the y-axis 
intercepts of Lineweaver-Burk plots [22] of the data 
were negative. The observed rate of cleavage of the 
highest concentration of aqueous cholesterol sulfate 
that was used in the assay, 7 PM, by the inner 
membrane at a concentration of 0.2pM P-450 
was 0.063 f 0.03 nmol cholesterol sulfate cleaved/ 
min.nmol P-450. When vesicles were prepared with 
7 PM cholesterol sulfate and 2 PM phospholipid 
the rate of cleavage dropped to 0.03 f 0.02 nmol/ 
min.nmol and when vesicles were prepared with 
7 p M cholesterol sulfate and 20 p M phospholipid the 
rate of cleavage of the cholesterol sulfate dropped 
to 0.003 4 0.002 nmol/min . nmol P-450. When the 
solutions contained 2.0 p M membrane bound P-450, 
incorporation of cholesterol sulfate into phospholipid 
membranes appeared to lead to competitive inhi- 
bition of the cleavage of the cholesterol sulfate by the 
membrane lipids. The apparent K, of inhibition of the 
mitochondrial phospholipids for the cleavage of the 
sterol sulfate was 5 &- 2 PM. 

The simple addition of preformed phospholipid 
vesicles to the mitochondrial membranes before they 
were incubated with aqueous suspensions of choles- 

terol sulfate did not inhibit the side-chain cleavage of 
the sterol sulfate. 

Cholesterol, while it can be suspended in Tris-HCl 
to a concentration of 6 PM (as measured by counting 
an aliquot of the suspension) shows a maximal rate 
of cleavage of only 0.005 mole/min~mol (approx f 
the rate of oxidation of cholesterol sulfate. When the 
cholesterol is suspended in phospholipid vesicles 
(2pM) its initial rate of oxidation is decreased, but 
by 9 min its rate of oxidation is increased approx 20% 
compared to cholesterol which is suspended in buffer 
by sonication alone. The rate of cleavage of choles- 
terol, which is incorporated into the vesicles, increases 
as a function of time. This result suggests that the 
phospholipids serve to solubilize the cholesterol so it 
becomes available to the side-chain cleavage enzyme 
but that the rate of transfer of cholesterol from the 
vesicle to the active site of the membrane bound 
side-chain cleavage system is slow. The cleavage of 
cholesterol is completely inhibited when the choles- 
terol is incorporated into phospholipid vesicles pre- 
pared with 20 PM phospholipid. 

The cleavage of cholesterol sulfate by reconstituted 
side-chain cleavage systems: comparison with the side- 
chain cleavage of cholesterol 

The effects of phospholipids on the kinetics of 
side-chain cleavage of cholesterol and cholesterol 
sulfate by reconstituted side-chain cleavage enzyme 
systems are summarized in Table 1. Phospholipid 
addition to the reconstituted side-chain cleavage sys- 
tem had very different effects on the rates of cleavage 
of cholesterol and cholesterol sulfate. Lineweaver- 
Burk plots [22] of the rate of cleavage of cholesterol 
and cholesterol sulfate, which are suspended in 
phospholipid vesicles, are illustrated in Figs 3 and 4 
respectively. 

The side-chain cleavage of cholesterol. Cholesterol, 
in the absence of phospholipids or detergents, is very 
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Table 1. The effect of ohosaholioids on the side-chain cleavage of cholesterol and cholesterol sulfate 
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Concn Concn 
substrate- phospholipid 

free containing vm% 
Experimental phosphoIipid substrate K, mol ICA/min 
conditions* FM FM itM mol P-45th~~ 

Substrate = Cholesterol, 0.5-7.0 PM 
A 0 0 0.9 * 0.7 1.6F0.6 
B 1 0 0.7 f 0.6 0.5 rt 0.4 
B 2 0 1.2 +0.4 0.2 * 0.1 
C 0 

: 
3.7 + 1.3 7.8 * 1.9 

c 0 IS*5 13k3 
D i 1 7.2 i: 1.0 4.3 * 1.2 

Substrate = Cholesterol sulfate, 0.5-7.0 pM 
A 0 0 0.6 i 0.4 4.5 5 3.0 
B 1 0 1.6i0.8 6.2 & 3.3 
B 2 0 4.4 & 2.1 5.1 k 2.0 
c 0 1 1.7*0.7 6.8 p 2.9 
C 0 2 4.1 * 3.9 3.9 + 2.0 
D 1 1 1.8 k OS 1.1 + 0.3 

*Experimental conditions. The reconstituted side-chain cleavage system contained 0.01 pM cyto- 
chrome P45Oscc, 0.1 pM adrenodoxin reductase and 1.0 pM adrenodoxin. A: The reconstituted 
enzyme system was preincubated for 3 min at 37°C with substrates that were suspended in 0.1 M 
Tris-HCl by sonication. The reaction was initiated with NADPH. B: The reconstituted enzyme 
system was preincubated with the “empty” vesicles of adrenal mitochondrial phospholipids for 
30 min at 4°C. The lipid-associated enzyme was then preincubated for an additional 3 min at 37°C 
with the substrates which were suspended in Tris-HCl by sonication. The reaction was initiated 
with NADPH. C: The reconstituted enzyme system was preincubated with phospholipid vesicles 
which contained the substrates for 30 min at 4°C. The membrane bound enzyme system was then 
preincubated for an additional 3 min at 37°C. The reaction was initiated with NADPH. D: The 
enzyme system was preincubated for 30 min at 4°C with the phospholipid vesicles which did not 
contain substrate. The membrane-bound enzyme system was then incubated for an additional 
3 min at 37°C with the phospholipid vesicles which contained the substrate. The reaction was 
initiated with NADPH. ICA is isocaproaldehyde. 

poorly soIuble in aqueous solutions [24]. The maxi- 
mum “concentration” of cholesterol which could be 
suspended in 0.1 M Tri-HCl buffer by sonication 
was approx 6 p M. Over the “concentration” range of 
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Fig. 3. The oxidation of cholesterol, incorporated into 
vesicles, by a reconstituted side-chain cleavage system. 
(A A A) The enzyme was pm-incubated with vesicles pre- 
pared with 1 PM phospholipid and 0.5-i PM cholesterol for 
j-h at 4°C and for 3 min at 37°C. (m n n ) The enzyme 
system was pre-incubated with vesicles prepared with 2 FM 
phospholipid and 0.1-7.0 PM cholesterol for f h at 4°C and 
3 min at 37°C. (0 0 0) The enzyme system was pre- 
incubated with substrate-free vesicles prepared with 1 PM 
phospholipid for $ h before the assay. The membrane- 
associated enzyme system was then incubated with 
substrate-containing vesicles prepared with 1 ,uM phos- 
pholipid and OS-7.OpM cholesterol for 3 min at 37°C. 
The reconstituted enzyme system contained 0.01 PM cyto- 
chrome P-4SOscc, 1 .O p M adrenodoxin and 0.1 fl M adreno- 
doxin reductase. All of the enzymatic reactions were 

initiated with NADPH. ICA is isocaproaldehyde. 

0.3-6 PM the Km of cleavage of aqueous cholesterol 
by the reconstituted system was approx 1 PM and the 
maximal observed rate of cleavage was approx 
1 nmol cholesterol cleaved/min*nmol P-450. When 
the reconstituted enzyme system was incorporated 
into phospholipid membranes which did not contain 
substrate, at either 1OO:l or 200: 1 ratios of phospho- 
lipid: P-450, the side-chain cleavage of the aqueous 
cholesterol was non-competitively inhibited by the 
phospholipids. The maximal rate of cleavage dropped 
to 0.5 nmol/min nmol when the enzyme system con- 
tained a 100: 1 ratio of phospholipid:P-450 and to 
0.2 nmol/min.nmol when the enzyme system con- 
tained a 200: 1 ratio of phospholipid:P-450. 

When cholesterol was incorporated into the phos- 
pholipid vesicles, before they were added to the 
soluble membrane-free reconstituted system, the rate 
of side-chain cleavage of the lipid-bound cholesterol 
was greatly stimulated, compared to the rate of 
cleavage of the lipid-free substrate, although the K,,, 

of cleavage of cholesterol was also increased. When 
the phospholipid : P-450 ratio was 100 : 1, the apparent 
Km of cleavage of micelle-incorporated cholesterol 
was 4 f 1 PM, but the If,,, of cleavage was 
8 & 2 nmol/min .nmol. When the phospholipid : P-450 
ratio was increased to 200:1, the K,,, of cleavage of 
cholesterol by the membrane-bound enzyme system 
was further increased to 15 + 5 PM. The maximal 
rate of cleavage of cholesterol, however, also 
appeared to be somewhat increased to 13 k 3 nmol/ 
min.nmol, However, the values of the K, and V,,, of 
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Fig. 4. The oxidation of cholesterol sulfate, suspended in 
aqueous solution by sonication, and cholesterol sulfate, 
incorporated into vesicles, by a reconstituted side-chain 
cleavage system. (A A A) The enzyme system was pre- 
incubated with vesicles prepared with 1 PM phospholipid 
and 0.5-7.0 p M cholesterol sulfate for f h at 4°C and 3 min 
at 37°C. (A n A) The enzyme system was preincubated 
with substrate-free vesicles for f h at 4°C and the membrane- 
bound enzyme system was incubated with aqueous sus- 
pensions of cholesterol sulfate for 3 min at 37°C. (m n n ) 
The enzyme system was pre-incubated with vesicles pre- 
pared with 2yM phospholipid and 0.5-7pM cholesterol 
sulfate for f h at 4°C and 3 min at 37°C. (0 [7 0) The 
enzyme system was pre-incubated with substrate-free phos- 
pholipid for f h at 0°C and the membrane-bound enzyme 
was incubated with aqueous suspensions of cholesterol 
sulfate for 3 min at 37°C. (0 0 0) The enzyme system was 
incubated with substrate-free vesicles prepared with 1 PM 
phospholipid for f h a 4°C. The membrane-associated 
enzyme was incubated with vesicles prepared with 1 PM 
phospholipid and 0.5-7 PM cholesterol sulfate for 3 min at 
37°C. The enzyme system contained 0.01 PM cytochrome 
P-45Oscc, 1 .O pM adrenodoxin and 0.1 p M adrenodoxin 
reductase. All of the enzymatic reactions were initiated with 

NADPH. ICA is isocaproaldehyde. 

cleavage of cholesterol, obtained when the phospho- 
lipid:P-450 ratio was 200: 1, are at best approxi- 
mations of the true values as the maximal concen- 
tration of cholesterol, 7 PM, used in the assay 
of enzymatic activity was far from saturating 
under these assay conditions. Figure 3 illustrates 
Lineweaver-Burk plots [22]of the rate of cleavage of 
cholesterol as a function of cholesterol concentration 
at the two ratios of phospholipid to P-450 of 100: 1 
and 200:l. 

Membrane-bound cholesterol was a good substrate 
for the soluble reconstituted side-chain cleavage 
enzyme system. However, the cleavage of cholesterol, 
which was suspended with phospholipids at a ratio of 
phospholipid to P-450s~~ of 100: 1, was greatly in- 
hibited if the cytochrome P-450 was preincubated 
with substrate free phospholipid vesicles, also at 
a ratio of 1OO:l phospholipid:P-450, and the 
membrane-bound cholesterol was used as a substrate 
for the membrane-bound enzyme system. The appar- 
ent K,,, of cleavage of membrane-bound cholesterol 
by the membrane-bound enzyme system was in- 
creased approx 2-fold relative to the K,,, value when 
the soluble enzyme was used to cleave the membrane- 
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bound cholesterol. Moreover the maximal rate of 
cleavage of cholesterol was decreased approx 2-fold. 
The inhibition of the cleavage of membrane-bound 
cholesterol by “empty” phospholipid vesicles is also 
illustrated in Fig. 3. 

The side-chain cleavage of’ cholesterol sulfate. 
Cholesterol sulfate, unlike cholesterol, is easily sus- 
pended in aqueous solution by sonication in the 
absence of phospholipids. The maximal observed rate 
of cleavage of aqueous, membrane-free cholesterol 
sulfate was approx 4.5 nmol/min~nmol at a concen- 
tration of cholesterol sulfate of 1.5 ,uM. Above this 
concentration the cleavage of cholesterol sulfate ap- 
peared to be substrate inhibited and the reconstituted 
side-chain cleavage system showed no activity at all 
when the substrate concentration exceeded 5 PM. 

When the enzyme system was assayed in the pres- 
ence of two concentrations of adrenal mitochondrial 
phospholipids, 1 and 2 PM (ratios of phospho- 
lipid: P-450 of 100: 1 and 200: 1 respectively), the 
substrate inhibition was relieved. In contrast to the 
results obtained when cholesterol was the substrate, 
it did not matter whether the enzyme was pre- 
incubated with substrate free membranes and the 
membrane-bound enzyme system was used to assay 
the aqueous sterol sulfate, or if the substrate was 
incorporated into the phospholipid membranes and 
the aqueous lipid-free system was used to assay the 
membrane-bound substrate. As illustrated in Fig. 4, 
in each case the observed values of the Km and V,,,,, 
were within experimental error of one another. In the 
presence of a 100: 1 ratio of phospholipid: P-450 the 
observed K,,, of cleavage of cholesterol sulfate was 
approx 2pM and the maximal rate cleavage of 
cholesterol sulfate was approx 7 mol/min mol. When 
the phospholipid ratio was raised to 200: 1 the K,,, of 
cleavage of cholesterol sulfate was increased to 
approx 4pM and the maximal rate of cleavage of 
cholesterol sulfate was decreased to 4nmol/ 
min.nmol compared to the respective values 
obtained when a 100: 1 ratio of phospholipid: P-450 
was used in the assay. 

While it did not matter if either the substrate or the 
enzyme were incorporated into the phospholipid ves- 
icles; i.e. the membrane-bound enzyme could utilize 
aqueous cholesterol sulfate as a substrate, and the 
aqueous enzyme system could utilize cholesterol 
sulfate which was incorporated into phospholipid 
vesicles as a substrate; the cleavage of cholesterol 
sulfate was greatly inhibited if the substrate and 
reconstituted systems were each incorporated into 
their own phospholipid vesicles. When the recon- 
stituted side-chain cleavage system was incorporated 
into phospholipid vesicles, at ratio of phospho- 
lipid-heme of 100: 1 the K,,, of cleavage of the 
membrane-bound cholesterol sulfate (also containing 
a 1OO:l ratio of phospholipid-heme) was approx 
2 p M but the V,,, of cleavage of cholesterol sulfate 
dropped to 1 nmol/min nmol compared to 7 nmol/ 
min’nmol when only the substrate or the P-450 was 
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Fig. 5. The kinetics of cleavage of cholesterol and choles- 
terol sulfate, incorporated into phospholipid vesicles, by 
a reconstituted side-chain cleavage system. (0 l 0) 
substrate = cholesterol, phosphohpid:P-450 = 100: 1 
(A A A) substrate = cholesterol, phospholipid : P-450 = 
200: 1. (0 0 0) substrate = cholesterol sulfate. ohosoho- . . 
lipid:P-450 = 1OO:l (A n a) substrate = cholesterol sul- 
fate, phosphohpid : P-450 = 200: 1 The experimental con- 

ditions are given in Figs 3 and 4. 

incorporated into the phospholipid vesicles. The 

effect of incorporating cytochrome P-450 into 
“empty” vesicles on the rate of side-chain cleavage 
of membrane-bound cholesterol sulfate is also 
illustrated in Fig. 4. 

The rate of cleavage of cholesterol and cholesterol 
sulfate as a function of the ratio of phospholipid- 
substrate. Seybert et a/.[211 have suggested that the 
rate of cleavage of cholesterol should not be ex- 
pressed as a simple function of the total cholesterol 
concentration added to aqueous suspensions of cyto- 
chrome P-450, when the substrate is incorporated 
into phospholipid vesicles. Rather they suggest that 
the rate of cleavage of cholesterol should be expressed 
as a function of the ratio of phospholipidcholesterol 
present in the vesicles containing the substrate. In 
order to determine the kinetic constants these authors 
plot l/V (the rate of cleavage of cholesterol) as a 
function of the phospholipidcholesterol ratio and 
they express the K,,, of cleavage of cholesterol as the 
ratio of cholesterol-phospholipid which gives the f 
maximal rate of cleavage of the membrane-bound 
sterol. Figure 5 compares the data obtained for the 
cleavage of cholesterol and cholesterol sulfate, which 
were incorporated into phospholipid vesicles contain- 
ing 1 and 2pM phospholipid, plotted according to 
the procedure of Seybert et aZ.[21]. The data obtained 
for the cleavage of cholesterol, at the two different 
phospholipid concentrations, did approximately fall 
on one straight line and the maximal rate of cleavage 
of cholesterol appeared to be almost independent of 
the phospholipid concentration. However, the data 
obtained for the cleavage of cholesterol sulfate did 
not fall on a single straight line. At the higher 
concentration of phospholipid the maximal rate 
of cleavage of cholesterol sulfate was significantly 
lower than it was at the lower concentration of 
phospholipid. 

DISCUSSION 

In this study the side-chain cleavage of aqueous 
cholesterol sulfate was compared to the side-chain 

cleavage of cholesterol sulfate which was suspended 
in phospholipid vesicles. Three different systems were 
used as sources of the side-chain cleavage enzyme: 1. 
A membrane bound enzyme system which was pre- 
pared by suspending inner mitochondrial membranes 
that were isolated from bovine adrenal cortex in Tris 
buffer; 2. A soluble, lipid-depleted, reconstituted side- 
chain cleavage system; 3. A membrane associated 
side-chain cleavage system that was prepared by 
incorporating the reconstituted system into phospho- 
lipid vesicles. 

Cholesterol is very poorly soluble in aqueous sol- 
utions. When cholesterol is sonicated in water, only 
0.01-0.02 PM of the sterol is actually solubilized. The 
remainder of the sterol which is suspended in solution 
by sonication probably is in the form of micro- 
crystals of cholesterol monohydrate [23]. Cholesterol, 
in aqueous suspension, serves as a very poor sub- 
strate for the “intact” cholesterol side-chain cleavage 
system found in inner mitochondrial membranes 
which are isolated from bovine adrenal cortex and is 
also a poor substrate for the soluble membrane-free 
reconstituted cholesterol side-chain cleavage system 
prepared with purified cytochrome P-45Oscc, adreno- 
doxin and adrenodoxin reductase. A very low rate of 
cleavage of aqueous cholesterol by reconstituted side- 
chain cleavage systems has also been reported by 
Seybert et a/.[211 and Hall et a1.[24]. We have found, 
moreover, that if the purified reconstituted side-chain 
cleavage system is preincubated with phospholipid 

vesicles, the side-chain cleavage of aqueous sus- 
pensions of cholesterol is greatly inhibited by the 
phospholipids. Seybert et aZ.[21] have shown, on the 
other hand, that if cholesterol is incorporated into 
phospholipid vesicles it becomes a good substrate for 
soluble, reconstituted cholesterol side-chain cleavage 
systems. This result of Seybert et a/.[211 has been 
confirmed in our present study. Our study also 
confirms their finding that the side-chain cleavage of 
membrane-bound cholesterol, by the soluble recon- 
stituted enzyme system, is greatly inhibited if the 
enzyme is preincubated with phospholipid vesicles 
which do not contain substrate. Seybert et al.[21] 
have also observed that the rate of cleavage of 
cholesterol by membrane reconstituted side-chain 
cleavage enzyme systems apparently is a function of 
the phospholipidcholesterol ratio within the phos- 
pholipid vesicles surrounding the enzymes, rather 
than a function of the total cholesterol concentration 
in the assay mixture. The results of this present study 
also confirm this observation, when cholesterol is the 
substrate. 

Cholesterol sulfate, in contrast to free cholesterol, 
is easily suspended in aqueous solution by sonication 
and clear suspensions, containing 50 PM cholesterol 
sulfate, can be obtained. Aqueous cholesterol sulfate, 
moreover, is a good substrate for the “intact” choles- 
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terol side-chain cleavage system of inner mito- 
chondrial membranes. The observed cleavage of the 
sterol sulfate by the membrane-bound enzyme sys- 
tems indicates that the sterol sulfate can penetrate the 
phosphol~pid membranes. Cholesterol sulfate is also 
a good substrate for the soluble reconstituted side- 
chain cleavage system prepared with cytochrome 
P-45Oscc, 0.01 PM, adrenodoxin, 1 PM, and adre- 
nodoxin reductase, 0.1 PM. However the oxidation 
of cholesterol sulfate is substrate inhibited by high 
concentration of the sterol sulfate. The addition of 
adrenal phospholipids prevents the substrate in- 
hibition noted when high concentrations of choles- 
terol sulfate are used in the assay. However, in 
contrast to the case when cholesterol is the substrate, 
the maximal rate of cleavage of cholesterol sulfate is 
not stimulated when cholesterol sulfate is incorpor- 
ated into phospholipid vesicles. Moreover, unlike the 
case when cholesterol is the substrate, the V,,,,, of 
cleavage of cholesterol sulfate decreases when the 
phospholipid concentration in the assay is increased. 
Thus, unlike cholesterol, the rate of cleavage of 
cholesterol sulfate is not a function of only the 
phospholipid-substrate ratio used in the assay of 
side-chain cleavage activity, but the rate of cleavage 
was also a function of the phospholipid to P-450 
ratio. Moreover, also in contrast to the case when 
cholesterol is used as the substrate, the order of 
addition of cholesterol sulfate and the phospho~ipid 
vesicles to cytochrome P-450~ has no effect on the 
enzymatic activity of the reconstituted side-chain 
cleavage system. Cholesterol sulfate, phospholipids 
and cytochrome P-450 appear to be in thermo- 
dynamic equilbrium under the conditions used in the 
assay of side-chain cleavage activity. 

Membrane-bound cholesterol sulfate is a good 
substrate for the Iipid-free enzyme system, and sol- 
uble cholesterol sulfate is a good substrate for the 
side-chain cleavage system which is incorporated into 
phospholipid membranes. However, when choles- 
terol sulfate is incorporated into phospholipid ves- 
icles, and the side-chain cleavage enzyme system is 
also incorporated into its own substrate-free vesicles, 
the cleavage of cholesterol sulfate is very low. The 
low rate of cleavage of the membrane-bound choles- 
terol sulfate that is observed when the membrane 
bound enzyme system is employed in the assay. 
suggests that the rate of transfer of cholesterol sulfate 
between phospholipid vesicles is slow compared to 
the rate of oxidation of the substrate by the enzyme 
system. 

The results of this study suggest that if cholesterol 
sulfate is present in the cell as a soluble, lipid-free 
substrate, it may serve as a substrate for the side- 
chain cleavage system which is present in the inner 
mitochondrial membrane. In contrast to cholesterol, 
no mechanism of activation may be necessary to 
transport the soluble cholesterol sulfate to the mem- 
brane bound enzyme, as aqueous suspensions of the 
sterol sulfate appear to be able to interact directly 

with the membrane bound side-chain cleavage system 
even in the absence of any detergents. The regulation 
of the side-chain cleavage of cholesterol sulfate if it 
exists ipr uivo as a soluble substrate could thus be 
entirely different from the regulation of the side-chain 
cleavage of cholesterol. On the other hand, if choles- 
terol sulfate is present in the cell in lipid droplets 
associated with phospholipids, its cleavage may be 
under the same constraints as the side-chain cleavage 
of cholesterol, i.e. some mechanisms would be neces- 
sary to facilitate the transport of cholesterol sulfate 
from its site of storage in lipid droplets to the active 
site of the cytochrome P-450s~~. 
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