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Abstract (24S)-Hydroxycholesterol is formed from choles-
terol in the brain and is important for cholesterol homeo-
stasis in this organ. Elimination of (24S)-hydroxycholesterol
has been suggested to occur in the liver but little is known
about the metabolism of this oxysterol. In the present inves-
tigation, we report formation of 7c,24-dihydroxycholes-
terol in pig and human liver. 7a-hydroxylase activity toward
both isomers of 24-hydroxycholesterol [(24S) and (24R)]
was found in a partially purified and reconstituted choles-
terol 7a-hydroxylase (CYP7A) enzyme fraction from pig
liver microsomes. In contrast, a purified enzyme fraction of
pig liver oxysterol 7o-hydroxylase with high activity toward
27-hydroxycholesterol did not show any detectable activity
toward 24-hydroxycholesterol. 7o-Hydroxylation of 24-
hydroxycholesterol was strongly inhibited by 7-oxocholes-
terol, a known inhibitor of CYP7A. Human CYP7A, recom-
binantly expressed in Escherichia coli and in simian COS
cells, showed 7o-hydroxylase activity toward both choles-
terol and the two isomers of 24-hydroxycholesterol, with a
preference for the (24S)-isomer.Hl Our results show that
24-hydroxycholesterol is metabolized by CYP7A, an enzyme
previously considered to be specific for cholesterol and
cholestanol and not active toward oxysterols. Because CYP7A
is the rate-limiting enzyme in the major pathway of bile acid
biosynthesis, the possibility is discussed that at least part of
the 24-hydroxycholesterol is converted into 7o-hydroxylated
bile acids by the enzymes involved in the normal biosynthe-
sis of bile acids.—Norlin, M., A. Toll, I. Bjorkhem, and K.
Wikvall. 24-Hydroxycholesterol is a substrate for hepatic
cholesterol 7o-hydroxylase (CYP7A). J. Lipid Res. 2000. 41:
1629-1639.
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(24S5)-Hydroxycholesterol is formed from cholesterol in
the brain by a brain-specific hydroxylase and is important
for cholesterol homeostasis in this organ (1, 2). It was re-
cently shown that there is a continuous net flux of (245)-
hydroxycholesterol over the brain—blood barrier to the
systemic circulation in humans (1, 3). Because this flux
was similar to the uptake of this steroid in the liver of
human volunteers and because there was no renal elimi-

nation, the liver must be the main eliminator of (24S5)-
hydroxycholesterol.

In principle the liver may eliminate (24.S)-hydroxycho-
lesterol in unmetabolized or conjugated form through the
bile or degrade it into bile acids. The flux of unmetabo-
lized and sulfated (24S)-hydroxycholesterol through the
intestine was measured in patients with an ileal fistula (L.
Bjorkhem and J. E. Akerlund, unpublished observation).
This flux was less than 5% of the production of (24S5)-
hydroxycholesterol from the brain, indicating that there is
a further metabolism of (24S)-hydroxycholesterol in the
liver.

Hepatic metabolism of 24-hydroxycholesterol has been
studied in mice (4). The data show that 24-hydroxycholes-
terol is taken up and converted to more polar metabolites
in mouse liver but these metabolites were not identified.

If (24S)-hydroxycholesterol is converted into normal
bile acids, a 7a-hydroxyl group must be introduced in the
steroid nucleus. Previous work has demonstrated the exist-
ence of two cytochrome P450 enzymes catalyzing 7a-
hydroxylation in the different pathways of bile acid bio-
synthesis, one that is active toward cholesterol called the
cholesterol 7a-hydroxylase (CYP7A) and another that is
active toward 27-hydroxycholesterol, referred to as the
oxysterol 7a-hydroxylase (5—11). A ¢cDNA has been iso-
lated encoding a cytochrome PFP-450 enzyme called
CYP7B, which is primarily expressed in brain but also in
liver and kidney (12). This enzyme catalyzes 7a-hydroxy-
lation of 25-hydroxycholesterol and 27-hydroxycholes-
terol (13, 14). In view of the structural similarity between
(24S9)-hydroxycholesterol and the other side chain-
hydroxylated cholesterol species, it appeared likely that
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receptor; POEL, polyoxyethylene 10 lauryl ether; PMSF, phenylmethyl-
sulfonyl fluoride; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide
gel electrophoresis.
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also (24S)-hydroxycholesterol could be a substrate for oxy-
sterol 7a-hydroxylase.

In contrast to CYP7A, which is found only in the liver,
oxysterol 7a-hydroxylase is present in extrahepatic tissues
and organs (15-18). In accordance with this, substantial
amounts of 7a-hydroxylated 27-hydroxycholesterol and
metabolites of this steroid are found in the circulation
(5). However, significant levels of 7a-hydroxylated (245)-
hydroxycholesterol and its metabolites have not been
found in the circulation (I. Bjéorkhem, unpublished obser-
vation). In a study of 7a-hydroxylation of various side
chain-oxidized steroids, Zhang et al. (18) found a signifi-
cant 7o-hydroxylation of 27-hydroxycholesterol and 25-
hydroxycholesterol in rat glial cells and neurons. 24-
Hydroxycholesterol was, however, not converted under
the conditions used. These findings suggest that oxysterol
7a-hydroxylase is not active toward 24-hydroxycholesterol.

The results of the present investigation show that highly
purified pig liver oxysterol 7a-hydroxylase does not cata-
lyze 7o-hydroxylation of 24-hydroxycholesterol. Surpris-
ingly, cholesterol 7a-hydroxylase of porcine and human or-
igin was found to be active toward 24-hydroxycholesterol.

EXPERIMENTAL PROCEDURES

Materials

DEAE-Sepharose CL6B, S-Sepharose Fast Flow, and Q-Sepharose
Fast Flow were purchased from Pharmacia (Uppsala, Sweden)
and hydroxylapatite (Macroprep ceramic HTP) was purchased
from Bio-Rad (Hercules, CA). Octylamine-Sepharose was pre-
pared by coupling 1,8-diamino-octane to CNBr-Sepharose 4B
(Pharmacia) (19). [4-'*C]cholesterol (52 mCi/mmol) was ob-
tained from Amersham International (Amersham, UK). 27-
Hydroxycholesterol, which was a kind gift from L. Tokes (Syntex,
Palo Alto, CA), was prepared from kryptogenin, according to the
methods described by Scheer, Thompson, and Mosettig (20).
24-Hydroxycholesterol was synthesized as described (21). 3a-*H-
labeled racemic 24-hydroxycholesterol was prepared from unla-
beled racemic 24-hydroxycholesterol by reduction of the corre-
sponding enol ether with NaB%H, as described previously (2). The
material was purified by preparative thin-layer chromatography,
using toluene—ethyl acetate 1:1 (v/v) as solvent and had a spe-
cific radioactivity of 200 mCi/mmol. 11B-Hydroxyprogesterone,
7-oxocholesterol (3 —hydroxy-5-cholesten-7-one), d-aminolev-
ulinic acid (8-ALA), cholesterol oxidase (Cellulomonas species),
dithiothreitol (DTT), dilauroylglycero-3-phosphorylcholine, di-
methyl sulfoxide, phenylmethylsulfonyl fluoride (PMSF), poly-
oxyethylene 10 lauryl ether (POEL), and Triton X-100 were
from Sigma (St. Louis, MO). Isopropyl B-p-thiogalactopyrano-
side (IPTG), lysozyme, and deoxyribonuclease I (DNase I) were
obtained from Boehringer Mannheim Biochemicals (Indianap-
olis, IN). Escherichia coli strain DHba was purchased from Life
Technologies (Rockville, MD). Materials for cell culture media
were obtained from Life Technologies and Difco (Detroit, MI).
The expression vector pJL/H7al.5 containing cDNA for hu-
man CYP7A was a generous gift from J. Y. L. Chiang (Northeast-
ern Ohio Universities, Rootstown, OH) (22). The pSVL simian
virus 40 eukaryotic expression vector containing cDNA for
human CYP7A was a generous gift from K. Okuda (Miyazaki
Medical College, Miyazaki, Japan) (23). Other chemicals, re-
agents, and materials were those used previously in our labora-
tories (2, 19).
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Chemical synthesis of 7a,24-dihydroxycholesterol

A racemic mixture of 7a,24-dihydroxycholesterol was pre-
pared from 24-hydroxycholesterol by oxidation with tertbutyl-
perbenzoate as described by Starka (24).

Purification of cytochrome P-450 active in
7o-hydroxylation of 27-hydroxycholesterol from pig liver

Cytochrome P-450 catalyzing the 7a-hydroxylation of 27-
hydroxycholesterol was prepared from pig liver microsomes as
previously described by Norlin and Wikvall (11). Sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of the
purified cytochrome P-450 fraction showed one major and two
or three minor protein bands. The cytochrome P-450 content in
the purified enzyme fraction varied between 2 and 3 nmol of cy-
tochrome P-450 per mg of protein.

Purification of cytochrome P-450 active
in 7a-hydroxylation of cholesterol from pig liver

Cytochrome P-450 catalyzing the 7a-hydroxylation of choles-
terol was prepared from pig liver microsomes according to the
methods described by Toll et al. (7). This cytochrome P-450 frac-
tion showed several bands on SDS-PAGE and contained 1-2
nmol of cytochrome P-450 per mg of protein.

Expression of human CYP7A in Escherichia coli

The methods used for expression of human CYP7A in E. coli
and purification of the recombinantly expressed protein were es-
sentially the same as those described by Karam and Chiang (22),
with the following modifications. The expression plasmid pJL/
H7a1.5 containing cDNA encoding for human CYP7A was trans-
formed into E. coli strain DHba instead of TOPP3 cells. Two
liters of “terrific broth” (2.4% yeast extract, 1.2% tryptone, 0.4%
glycerol, 17 mm KHyPOy, and 72 mm KHoPO,) containing ampi-
cillin at 100 mg/1 was inoculated with a 6-h culture of transformed
DHb5a cells in Luria-Bertani (LB) broth containing ampicillin at
100 mg/1. The culture was grown at 37°C with shaking at 200
rpm until the ODgy reached 0.5-0.6. Protein synthesis was in-
duced by adding IPTG and 3-ALA to a final concentration of 1
and 0.2 mw, respectively, and the E. coli culture was grown under
good aeration at 30°C for 16 h with shaking at 150 rpm.

Purification of recombinantly expressed
human CYP7A in Escherichia coli

The purification procedure was essentially the same as that de-
scribed by Karam and Chiang (22). The harvested cells were
placed on ice for 20 min and then centrifuged at 4,500 g for 10
min at 4°C. The pellet was homogenized in 50 ml of 100 mm potas-
sium phosphate buffer, pH 7.4, containing 0.5% sodium cholate,
20% glycerol, 0.1 mm ethylenediaminetetraacetic acid (EDTA),
0.1 mm DTT, and 0.25 mm PMSF. Lysozyme was added to a con-
centration of 200 wg/ml and the cell suspension was placed on ice
with stirring for 1 h and then sonicated for 3 min at intervals of 15
sec. The cell lysate was centrifuged at 100,000 g for 1 h and the su-
pernatant was collected. The pellet was resuspended in 20 ml of
100 mm potassium phosphate buffer (pH 7.4), 0.5% sodium cho-
late, 20% glycerol, 0.1 mm EDTA, 0.1 mm DTT, and 0.25 mm PMSF
and centrifuged again. Twenty-five units of DNase I was added and
the combined supernatants were stored on ice overnight. All buff-
ers used in chromatography contained 20% glycerol, 0.1 mm
EDTA, 0.1 mm DTT, and 0.25 mm PMSF. Phosphate buffer was
used as the potassium salt. Column eluates were monitored by
measuring the absorbance at 416 nm. The lysate was subjected to
chromatography on an octylamine-Sepharose column (2.7 X 25
cm) equilibrated with 100 mm phosphate buffer, pH 7.4, contain-
ing 0.5% sodium cholate. Protein was eluted with equilibrating
buffer. Fractions most active in 7o-hydroxylation of cholesterol
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were dialyzed against 10 mm phosphate buffer, pH 7.4, containing
0.3% sodium cholate and applied to a hydroxylapatite column
(2.7 X 6 cm) equilibrated with the same buffer. The column was
washed with 10 mm phosphate, pH 7.4, containing 0.3% sodium
cholate and then with 50 mm phosphate, pH 7.4, containing 0.3%
sodium cholate. Protein was eluted with 360 mm phosphate, pH
7.4, containing 0.2% POEL. Eluted enzyme fractions were pooled
and dialyzed against 100 mm phosphate buffer, pH 7.4, containing
0.2% POEL, 20% glycerol, 0.1 mm EDTA, 0.1 mm DTT, and 0.25
mwm PMSF prior to assay of catalytic activity.

Expression of human CYP7A in simian COS cells

COS-M6 cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum and antibiot-
ics. The cells were transfected with the pSVL vector containing
c¢DNA encoding human CYP7A (23). In control experiments,
COS cells were transfected with pSVL vector without the CYP7A
c¢DNA insert. Transfection was carried out by electroporation in
0.4-cm cuvettes (GenePulser II; Bio-Rad), using a single pulse of
0.4 kV and 100 pF. In each experiment a number of 20 X 106
cells were transfected with 20 g of DNA in a volume of 0.8 ml of
phosphate-buffered saline containing calcium chloride and
magnesium chloride (Dulbecco’s PBS; Life Technologies). In
most experiments, the cells were grown for 24 or 48 h in me-
dium containing 5 pm 24-hydroxycholesterol (unlabeled) dis-
solved in dimethyl sulfoxide. After incubation, medium and cells
were harvested separately. The cells were suspended in 1 ml of
50 mwm Tris-acetate buffer and homogenized (sonicated for 5
sec). Cells and medium were extracted with trichloroethane —
methanol 2:1 (v/v) and the organic phase was analyzed for 7a-
hydroxylated metabolites as described below.

In some experiments microsomes were prepared from trans-
fected cells (25). In these experiments the COS cells were grown
in medium without 24-hydroxycholesterol and harvested 30 h
after transfection. Microsomes prepared from cells transfected
with pSVL vector containing CYP7A ¢cDNA and cells transfected
with vector alone were incubated as described below.

Incubation procedures

Incubations with purified enzyme fractions or microsomes
were carried out at 37°C for 20, 40, or 60 min. The substrates
27-hydroxycholesterol (6 pg, unlabeled), [4-1*C]cholesterol
(0.6-12 pg), 24-hydroxycholesterol (0.1-12 wg, unlabeled), or
24-[3a-*H]hydroxycholesterol (12 pg), dissolved in 25 pl of ace-
tone were incubated with varying amounts of cytochrome P-450
(0.003-0.14 nmol) and 1 pmol of NADPH in a total volume of 1 ml
of 50 mm Tris-acetate buffer, pH 7.4, containing 20% glycerol
and 0.1 mm EDTA. In incubations with purified microsomal en-
zyme fractions, 2 U of NADPH-cytochrome P450 reductase were
added. Triton X-100 at a concentration of 0.05% (w/v) and 5 mm
DTT were added in incubations with cholesterol and in all incu-
bations with CYP7A purified from E. coli (19). Incubations with
E. coli-expressed enzyme also contained 40 pg of dilauroylglycero-
3-phosphorylcholine (22). Incubations with intact liver microsomes
(0.2—1 mg) were performed as for purified microsomal enzyme
fractions, except that the addition of NADPH-cytochrome P-450
reductase was omitted. Incubations with microsomes prepared
from COS cells contained 0.5 mg of microsomal protein, 6 pug of
24-hydroxycholesterol, 2 U of NADPH-cytochrome P450 reduc-
tase, 5 mm DTT, and 0.05% Triton X-100. All incubations were ter-
minated with 5 ml of trichloroethane-—methanol 2:1 (v/v).

Analysis of incubations with 27-hydroxycholesterol

As an internal recovery standard, 0.25 g of 11B-hydroxy-
progesterone was added to the terminated incubations. The or-
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ganic phase was collected and evaporated with Ny. The samples
were dissolved in 25 pl of acetone and 900 wl of 100 mm potas-
sium phosphate buffer, pH 7.4, containing 0.1 mm EDTA. A sec-
ond reaction was started by the addition of 0.2 units of choles-
terol oxidase dissolved in 0.1 ml of the incubation buffer. The
reaction mixture was incubated for 20 min at 37°C and the reac-
tion was terminated with 5 ml of trichloroethane —methanol 2:1
(v/v). The organic phase was collected and evaporated with N.
The samples were dissolved in 0.1 ml of mobile phase, hexane —
isopropanol 88:12, and subjected to high-performance liquid
chromatography (HPLC) on a 125 X 4 mm silica column (Li-
Chrosphere Si 60, 5 um; Merck, Rahway, NJ) at a flow rate of 0.7
ml/min and steroids with a 3-oxo-A* structure were monitored at
240 nm. The retention times were 8—9 min for 7a,27-dihydroxy-
4-cholesten-3-one and 12—-13 min for 11B-hydroxyprogesterone.

The amounts of product formed were calculated from a stan-
dard curve obtained from a series of incubations with known
amounts of 5-cholestene-3,7a,27-triol and cholesterol oxidase
as described by Toll et al. (10).

Analysis of incubations with cholesterol

Formation of 7a-hydroxycholesterol in liver microsomes and
purified fractions was analyzed with [4-14C]cholesterol. After ex-
traction of the incubations, the organic phase was collected and
evaporated with Ny and the samples were applied on silica gel
thin-layer chromatography plates. The chromatoplates were de-
veloped once in a solvent system consisting of toluene —ethyl ace-
tate 40:60 (v/v) and scanned for radioactivity with a Berthold
(Bad Wildbad, Germany) Tracemaster 20 TLC scanner. Incuba-
tions with cholesterol were analyzed on the same day as the incu-
bations were performed (19).

CYP7A activity in living COS cells and in microsomes pre-
pared from COS cells was assayed with the endogenous choles-
terol as substrate. Cell homogenate and medium or terminated
microsomal incubations were extracted, the organic phase was
evaporated with Ny, and the samples were incubated with choles-
terol oxidase and subjected to HPLC in the same way as incuba-
tions with 27-hydroxycholesterol except that the mobile phase
was hexane-isopropanol 98:2. The retention time for the enzy-
matically formed 7a-hydroxy-4-cholesten-3-one in this system was
16—17 min, which was identical to the retention time of the au-
thentic reference compound.

Analysis of incubations with unlabeled
24-hydroxycholesterol

The incubations were analyzed similarly to the incubations
with 27-hydroxycholesterol. As an internal recovery standard, 0.1
pg of testosterone was added to the terminated incubations.
After extraction and evaporation of the organic phase the sam-
ples were incubated with cholesterol oxidase and subjected to
HPLC similarly to the incubations with 27-hydroxycholesterol
with hexane—isopropanol 94:6 as the mobile phase. The reten-
tion times in this system were 15-16 min for testosterone and
20-22 min for 7a,24-dihydroxy-4-cholesten-3-one (see Fig. 1).

Analysis of incubations with radiolabeled
24-hydroxycholesterol

The organic phase from the extraction of the incubation with
3a-*H-labeled 24-hydroxycholesterol was subjected to radio-
HPLC chromatography, using a Kontron (Everett, MA) instru-
ment and a YMC-Pck ODS-A column, 250 X 4.6 mm, with
methanol-water 85:15 (v/v) as effluent. Under these conditions
the two isomers of 24-hydroxycholesterol as well as the two iso-
mers of the product, 7a-hydroxylated 24-hydroxycholesterol,
separated (see Fig. 2). In this system, the (24R)-isomer was
found to have a longer retention time than the (24 S)-isomer.

CYP7A and 7o-hydroxylation of 24-hydroxycholesterol 1631
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Fig. 1. HPLC analysis of extracts from incubations with unlabeled 24-hydroxycholesterol. HPLC of an ex-
tract from an incubation with unlabeled, racemic 24-hydroxycholesterol and the purified reconstituted pig
liver cholesterol 7a-hydroxylase fraction (A) and the corresponding control (an incubation without NADPH-
cytochrome P450 reductase) (B). Two enzymatically derived products were eluted after 20-22 min. These
products probably correspond to the hydroxylated products of the two isomers of 24-hydroxycholesterol. In-
cubations were performed and analyzed as described in Experimental Procedures.

Analysis by combined gas
chromatography-mass spectrometry

The 7a-hydroxylated products corresponding to the two
peaks in the HPLC chromatogram were converted into trimeth-
ylsilyl ether and analyzed by combined gas chromatography-mass
spectrometry. In the latter analysis a Hewlett-Packard (Palo Alto,
CA) 5973 quadrupole instrument was used, equipped with a
Hewlett-Packard 19891A-102 column (25 m X 200 wm). The ini-
tial temperature was 180°C followed by a rise of 20°C/min up to
250°C and then 5°C/min up to 300°C. The temperature was kept
at 300°C for 11.5 min. Under these chromatographic conditions,
the (24R)- and (24S5)-hydroxycholesterol did not separate and
this was the case also with the corresponding 7a-hydroxylated
products. In some specific experiments a DB 210/30 W column
(30 m X 320 wm) was used. The temperature was kept at 140°C
for 1 min, and then it was increased at 20°C/min to a final tem-
perature of 198°C (see ref. 1). Under these chromatographic
conditions the (24R)- and (24S)-isomers of 24-hydroxycholes-
terol separate (1). In this case the (24S)-isomer has the longest
retention time (Fig. 5).

Other methods

NADPH-cytochrome P450 reductase was prepared from pig
liver microsomes as described by Yasukochi and Masters (26).

Protein concentrations in microsomal fractions and cell ho-
mogenates were determined by the method of Lowry et al. (27).
The concentration in purified protein fractions was determined
by measuring the absorbance at 280 nm (concentration in milli-
grams per milliliter equals the absorbance of protein at 280 nm).
Cytochrome P-450 concentration in purified fractions was esti-
mated by measuring the absorbance at 416 nm as an indication
of total heme content. On the average, a 1 pum heme protein so-
lution has an Ay of 0.12 (28).
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SDS-PAGE was performed according to Laemmli (29) with
15% acrylamide and 0.09% bisacrylamide slab gels (15 X 10 X
0.1 cm) containing 0.1% (w/v) SDS. The gels were polymerized
by addition of 0.1% (v/v) tetramethylenediamine and 0.1% (w/v)
ammonium hydrogen sulfate. Electrophoresis was carried out at
100 V per slab gel for 13—14 h to obtain optimal resolution and
the gels were silver stained according to the methods described
by Wray et al. (30).

RESULTS

7o-Hydroxylation of cholesterol and 27-hydroxycholesterol
by purified cytochrome P-450 fractions from pig liver

27-Hydroxycholesterol 7a-hydroxylase (oxysterol 7a-
hydroxylase) and cholesterol 7a-hydroxylase were partially
purified from pig liver microsomes by sodium cholate sol-
ubilization and chromatographic methods according to
procedures previously described for purification of these
enzymes (7, 11). The 7a-hydroxylation of cholesterol and
27-hydroxycholesterol by the two enzyme fractions was ex-
amined (Table 1). The oxysterol 7a-hydroxylase enzyme
fraction showed high activity toward 27-hydroxycholes-
terol but no detectable 7a-hydroxylase activity toward cho-
lesterol. The cholesterol 7a-hydroxylase fraction showed
7arhydroxylase activity toward cholesterol and 27-hydroxy-
cholesterol with the highest 7a-hydroxylase activity to-
ward cholesterol. The specific activity toward 27-hydroxy-
cholesterol in the cholesterol 7a-hydroxylase fraction was
much lower than in the oxysterol 7a-hydroxylase fraction
(Table 1).
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Fig. 2. Radio-HPLC analysis of extracts from incubations with *H-
labeled 24-hydroxycholesterol. Radio-HPLC of an extract of incuba-
tion of racemic mixture of *H-labeled 24-hydroxycholesterol with
the purified reconstituted pig liver cholesterol 7a-hydroxylase
(lower chromatogram) and the corresponding control (upper
chromatogram). Two enzymatically derived products were eluted
after 10—15 min. As judged from the appearance in other chro-
matographic systems (1), the isomer of 24-hydroxycholesterol with
the longest retention time is the (24 R)-isomer.

7o-Hydroxylation of 24-hydroxycholesterol by purified
cytochrome P-450 fractions from pig liver

The oxysterol 7o-hydroxylase and the cholesterol 7o-
hydroxylase enzyme fractions were incubated with racemic
24-hydroxycholesterol to investigate the ability of these
fractions to 7a-hydroxylate this steroid. Initially, the incu-

bations with 24-hydroxycholesterol were analyzed similarly
to the analysis of incubations with 27-hydroxycholesterol
(where the product is converted to 7a,27-dihydroxy-4-cho-
lesten-3-one prior to analysis), using various modifications
of the HPLC mobile phase to screen for peaks that corre-
sponded to enzymatically derived products. Because
24-hydroxycholesterol is less polar than 27-hydroxycho-
lesterol but more polar than cholesterol, it was assumed
that if 7a,24-dihydroxy-4-cholesten-3-one was formed, it
would have a retention time intermediate to those of 7a,
27-dihydroxy-4-cholesten-3-one and 7a-hydroxy-4-cholesten-
3-one. Incubations were performed with and without
NADPH-cytochrome P450 reductase in order to detect if
any HPLC peaks found would correspond to cytochrome
P450-mediated enzyme activity. In incubations with the
oxysterol 7a-hydroxylase fraction, no peaks dependent on
NADPH-cytochrome P450 reductase were found. How-
ever, in incubations with the cholesterol 7a-hydroxylase
fraction, two peaks occurred, most probably correspond-
ing to hydroxylated products of the two isomers of 24-
hydroxycholesterol. The two peaks disappeared when
NADPH-cytochrome P450 reductase or NADPH was
omitted from the incubation mixture. As expected, the
peaks increased with incubation time and with increased
amount of substrate. Typical examples of HPLC chro-
matograms with the cholesterol 7a-hydroxylase fraction
are shown in Fig. 1.

In a separate set of experiments, incubations were per-
formed with 3a-*H-labeled racemic 24-hydroxycholesterol.
Figure 2 shows a chromatogram obtained in the analysis
of an incubation of this material with a reconstituted cho-
lesterol 7a-hydroxylase system, using radio-HPLC. Two ra-
dioactive products were obtained with a retention time as
expected for 7a-hydroxylated products of the (24R)- and
(24S)-isomers of 24-hydroxycholesterol. The rate of hy-
droxylation of the (24 R)-isomer appeared to be somewhat
higher than that of the (24S)-isomer. Material correspond-
ing to the two HPLC peaks was converted into trimethylsilyl
ether and analyzed by combined gas chromatography-mass
spectrometry. Material from the two peaks gave identical
mass spectra, which were identical to those of synthetic 7a-
hydroxylated (24R)- and (24S)-hydroxycholesterol (Fig. 3).
Characteristic peaks were seen at m/z 634 (M), 591 (M-43),
544 (M-90, base peak), 501 (M-90-43), 454 (M-2x90), and
145 (loss of TmSiO + Coy — Coy).

TABLE 1. Catalytic properties of the purified cytochrome P-450 fractions from pig liver

7a-Hydroxylation

27- 24
Cholesterol Hydroxycholesterol Hydroxycholesterol
pmol/nmol P-450/min
Microsomes 3 (1-5) 620 = 112 8 (7-9)
Oxysterol 7a-hydroxylase
fraction <0.01 7,113 + 2,652 <b
Cholesterol 7a-hydroxylase fraction 1,042 + 189 264 + 49 328 = 79

The table shows the catalytic properties of pig liver microsomes and of the two purified enzyme fractions from
pig liver. Incubations were performed with 15 jum substrate as described in Experimental Procedures. The data are
given as the means of two to five experiments with standard deviation or range.

Norlin et al.
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Fig. 3. Mass spectrum of product isolated from incubations with 24-hydroxycholesterol. Mass spectrum of tri-
methylsilyl ether of synthetic 7a,24-hydroxycholesterol (upper spectrum) and product isolated from an incu-
bation of 24-hydroxycholesterol with the reconstituted pig liver cholesterol 7a-hydroxylase (lower spectrum).

The specific 7a-hydroxylase activity toward 24-hydroxy-
cholesterol in the cholesterol 7a-hydroxylase fraction was
estimated by using the standard curve for formation
of 7a,27-dihydroxy-4-cholesten-3-one. The highest 7a-
hydroxylase activity found toward 24-hydroxycholesterol
was 460 pmol/nmol P450 X min (Table 1).

Effects of 7-oxocholesterol on the 7a-hydroxylase
activities toward cholesterol, 24-hydroxycholesterol,
and 27-hydroxycholesterol

To obtain further information concerning the 7o-
hydroxylase activity toward 24-hydroxycholesterol and

1634  Journal of Lipid Research Volume 41, 2000

to investigate its possible relation to the CYP7A enzyme,
the cholesterol 7a-hydroxylase fraction was incubated
in the presence of 7-oxocholesterol, which is known to
be a strong inhibitor of CYP7A (31, 32). As expected,
7-oxocholesterol efficiently inhibited cholesterol 7o-
hydroxylation (Fig. 4). 7-Oxocholesterol was found to be
an effective inhibitor also of the 7a-hydroxylase activity to-
ward 24-hydroxycholesterol. A concentration of 3 pm in-
hibited the formation of 7a,24-dihydroxycholesterol by
70%. Formation of 7a,27-dihydroxycholesterol by the oxy-
sterol 7o-hydroxylase fraction was, however, not inhibited
by 7-oxocholesterol (Fig. 4).
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Fig. 4. Effect of 7-oxocholesterol on the 7oa-hydroxylation of 27-
hydroxycholesterol, cholesterol, and 24-hydroxycholesterol. Effect
of different amounts of 7-oxocholesterol on the rate of 7a-hydroxy-
lation of 27-hydroxycholesterol (solid circles) by the oxysterol 7o-
hydroxylase fraction and the 7a-hydroxylation of cholesterol (solid
squares) and 24-hydroxycholesterol (open circles) by the choles-
terol 7o-hydroxylase fraction. Incubations were performed with 15
M substrate as described in Experimental Procedures, except for
the addition of 7-oxocholesterol. 100% of control represents the ac-
tivity without addition of inhibitor.

7a-Hydroxylation of 24-hydroxycholesterol by human
CYP7A recombinantly expressed in Escherichia coli
Because the studies with purified enzyme fractions from
pig liver indicated that the enzyme responsible for 7o-
hydroxylation of 24-hydroxycholesterol might be the
CYP7A, we found it of interest to test this hypothesis in ex-
periments with recombinantly expressed human CYP7A.
Escherichia coli cells harboring an expression plasmid con-
taining the human CYP7A gene were grown in the pres-
ence of IPTG and 8-ALA to induce protein synthesis (22).
The CYP7A protein obtained in this way was purified by
chromatography on octylamine-Sepharose and hydroxylapa-
tite. The 7a-hydroxylase activity of the recombinantly ex-
pressed CYP7A was analyzed in a reconstituted system with
NADPH-cytochrome P450 reductase, Triton X-100, DTT,
dilauroylglycero-3-phosphorylcholine, and NADPH as de-
scribed in Experimental Procedures. The purified CYP7A
showed 7a-hydroxylase activity toward both cholesterol
and 24-hydroxycholesterol. Incubations with recombi-
nantly expressed enzyme were performed both with unla-
beled and radiolabeled 24-hydroxycholesterol. Formation

TABLE 2. 7a-Hydroxylation by human CYP7A recombinantly
expressed in Escherichia coli

7a-Hydroxylase Activity

pmol/nmol P-450/min

13,200 = 2,100
4,200 *= 1,400

Cholesterol
24-Hydroxycholesterol

The table shows the 7a-hydroxylation by CYP7A recombinantly ex-
pressed in E. coli. Incubations were performed as described in Experi-
mental Procedures. The data are given as the means of four experi-
ments with standard deviation.

Norlin et al.

of 7a-hydroxylated product was verified by combined gas
chromatography-mass spectrometry. The specific activity
toward 24-hydroxycholesterol was about a third of the activ-
ity toward cholesterol (Table 2). Recombinantly expressed
human CYP7A 7o-hydroxylated both isomers of 24-hydroxy-
cholesterol with the highest activity toward the (24S5)-
isomer (Fig. 5B). Most incubations were performed with 5
to 15 pm substrate but formation of 7a-hydroxylated metabo-
lite was detectable with as little as 0.25 um 24-hydroxycholes-
terol. With this concentration about 40% of the substrate
was converted into product. Control incubations without
NADPH-cytochrome P450 reductase or with solubilized
protein from DH5a cells without the pJL/H7al.5 vector
showed no detectable formation of product.

The apparent K, value for the 7o-hydroxylation of 24-
hydroxycholesterol by E. coliexpressed human CYP7A,
determined from double-reciprocal plots, was found to
be 6 pm (r = 0.85). Construction of Eadie-Hofstee plots
from the data gave a K, value of 5 pum. A K, of 3 um was
obtained for cholesterol 7a-hydroxylation, which is simi-
lar to the value (7 pm) reported by Karam and Chiang
(22).

It is of interest that the human cholesterol 7a-hydroxylase
had a higher activity toward the naturally occurring
(24S8)-isomer than toward the (24 R)-isomer, which seems
to be in contrast to the porcine cholesterol 7a-hydroxylase.
To further substantiate that the enzyme from the two dif-
ferent species have different specificities toward the two
isomers of 24-hydroxycholesterol, an extract of an incu-
bation of a racemic mixture of 24-hydroxycholesterol
with the purified reconstituted pig liver cholesterol 7a-
hydroxylase was subjected to gas chromatography under
the same conditions as in the analysis of the incubation
with the recombinant human CYP7A enzyme. From the re-
sults obtained (Fig. 5), it is evident that the porcine and
human enzyme differ in specificity toward the two isomers.

7a-Hydroxylation of 24-hydroxycholesterol by human
full-length CYP7A recombinantly expressed in COS cells

Because the expression vector used for E. coli expres-
sion experiments contains a cDNA that encodes a trun-
cated form of the enzyme (22), we wanted to compare
the catalytic properties of this protein with the proper-
ties of full-length CYP7A. To exclude the possibility that
7a-hydroxylation of 24-hydroxycholesterol was catalyzed
only by truncated CYP7A, experiments were performed
with full-length human CYP7A transiently expressed in
simian COS cells. Transfection of COS cells with the
pSVL vector containing CYP7A ¢DNA and incubation
with the endogenous cholesterol, present in the COS
cells, and added 24-hydroxycholesterol for 24 or 48 h re-
sulted in formation of both 7a-hydroxycholesterol and
7a,24-dihydroxycholesterol (Table 3). The amount of
7a,24-dihydroxycholesterol formed was about a fifth of
the amount of 7a-hydroxycholesterol. The 7a-hydroxy-
lase activity toward cholesterol was assayed with endoge-
nous substrate only because previous investigations have
indicated that addition of exogenous cholesterol to COS
cells transfected with CYP7A cDNA does not further in-
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Fig. 5. Gas chromatography analysis of extracts from incubations with 24-hydroxycholesterol. Gas chromatography of trimethylsilyl ether
of extract of incubations of racemic 24-hydroxycholesterol and reconstituted pig liver cholesterol 7a-hydroxylase (A) and human cholesterol
7a-hydroxylase, recombinantly expressed in E. coli (B). In this system the substrate has a longer retention time than the product, and the

(24S)-isomer has a longer retention time than the (24 R)-isomer.

crease the 7o-hydroxylase activity (10). Control experi-
ments with COS cells transfected with pSVL vector with-
out the CYP7A cDNA did not result in production of any
detectable amounts of 7a-hydroxycholesterol or 7a,24-
dihydroxycholesterol. It may be noted that whereas 7o-
hydroxycholesterol was found both within the cells and
in the cell medium of transfected cells, 7a,24-dihydroxy-
cholesterol was found exclusively in the cell medium (Ta-

ble 3). This is in agreement with reported findings that
side chain-hydroxylated cholesterol derivatives are more
easily secreted from some cells (33). The presence of 7a-
hydroxycholesterol and 7a,24-dihydroxycholesterol in
the medium of transfected cells was confirmed by com-
bined gas chromatography-mass spectrometry.
Experiments were also performed with microsomes from
COS cells grown in the absence of 24-hydroxycholesterol.

TABLE 3. 7a-Hydroxylated metabolites formed by COS cells expressing human CYP7A

Control Cells®

Cells Transfected with CYP7A cDNA

Cell Cell
Homogenate Cell Medium Homogenate Cell Medium
pmol/mg cell protein/24 h
7a-Hydroxy-4-cholesten-3-one <30 <30 637 (410-878) 633 (582-700)
7a,24-Dihydroxy-4-cholesten-3-one <20 <20 <20 255 (193-309)

The table shows the 7a-hydroxylated metabolites formed by COS cells transfected with pSVL vector contain-
ing full-length CYP7A cDNA. Transfection, incubation, and analysis were performed as described in Experimental
Procedures. After transfection, cells were cultured on 100-mm plates with medium containing 5 um 24-hydroxy-
cholesterol. After incubation for 24 or 48 h, cells and medium from each plate were harvested separately. The sam-
ples were extracted and incubated with cholesterol oxidase. All samples were analyzed for 7a-hydroxylated products
by HPLC. Initially, the formation of 7a,24-dihydroxy-4-cholesten-3-one was analyzed using hexane-isopropanol
94:6 as the mobile phase. The eluate from this chromatography was collected and rechromatographed with hexane—
isopropanol 98:2 to analyze the formation of 7a-hydroxy-4-cholesten-3-one. The data given are the means of three

experiments with the range shown in parentheses.

@ COS cells transfected with pSVL vector without the CYP7A cDNA insert.
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TABLE 4. 7o-Hydroxylated metabolites formed in microsomes prepared from
COS cells expressing human CYP7A

Microsomes from Cells Incubation 7a-Hydroxy-4- 7a,24-Dihydroxy-4-
Transfected with Time cholesten-3-one cholesten-3-one

min pmol/mg protein pmol/mg protein
CYP7A cDNA 0 1,695 <10

60 2,441 168
Vector without insert 0 <25 <10

60 <25 <10

The table shows the 7a-hydroxylated metabolites formed in incubations with microsomes prepared from COS
cells transfected with pSVL vector containing full-length CYP7A ¢cDNA. Transfection, preparation of microsomes,
incubation, and analysis were performed as described in Experimental Procedures. The cells were harvested 30 h
posttransfection and microsomes were prepared from cells transfected with vector containing CYP7A ¢DNA and
from cells transfected with vector alone. Microsomal protein (0.5 mg) was incubated for either 0 or 60 min and the
samples were incubated with cholesterol oxidase and analyzed for 7a-hydroxylated products by HPLC. Initially, the
formation of 7a,24-dihydroxy-4-cholesten-3-one was analyzed using hexane—isopropanol 94:6 as the mobile phase.
The eluate from this chromotography was collected and rechromatographed with hexane-isopropanol 98:2 to an-

alyze the formation of 7a-hydroxy-4-cholesten-3-one.

Incubation of 24-hydroxycholesterol (added) and choles-
terol (endogenous) for 60 min with microsomes prepared
from cells transfected with pSVL vector containing CYP7A
¢DNA resulted in formation of both 7a-hydroxycholes-
terol and 7a,24-dihydroxycholesterol (Table 4). Control
incubations terminated after 0 min contained substantial
amounts of 7a-hydroxycholesterol already formed prior to
incubation (i.e., during maintenance of transfected cells
for 30 h prior to harvest). The actual formation of 7a-
hydroxycholesterol during the 60-min incubation was 746
pmol/mg protein compared with 168 pmol/mg for 7a,24-
dihydroxycholesterol. No 7a-hydroxylated products could
be detected in incubations with microsomes from cells
transfected with vector without the CYP7A insert (Table 4).

DISCUSSION

Cholesterol 7a-hydroxylase has been regarded to have
a high specificity toward cholesterol and its ba-saturated an-
alog cholestanol and little or no enzymatic activity has been
reported toward side chain-modified steroids. In the
present work it is conclusively shown that both pig and
human cholesterol 7a-hydroxylase are active toward 24-
hydroxycholesterol. The finding that 7-oxocholesterol, a
known inhibitor of cholesterol 7a-hydroxylase (31, 32),
inhibited the formation of 7a,24-dihydroxycholesterol
from 24-hydroxycholesterol by the cholesterol 7a-hydroxy-
lase fraction suggested that cholesterol 7a-hydroxylase is
the enzyme active toward 24-hydroxycholesterol. Forma-
tion of 7a,27-dihydroxycholesterol from 27-hydroxycholes-
terol by the oxysterol 7a-hydroxylase fraction was not in-
hibited by this compound. The experiments with human
CYP7A recombinantly expressed in E. coli and in simian
COS cells clearly demonstrated 7a-hydroxylation of 24-
hydroxycholesterol by this enzyme. An efficient 7a-hydroxy-
lation was seen in experiments with COS cells grown in the
presence of 24-hydroxycholesterol, added to the medium
immediately after transfection. The reason for maintaining
the cells in the presence of 24-hydroxycholesterol was that
COS cells, like all mammalian cells, contain large amounts

Norlin et al.

of endogenous cholesterol (34) competing with added sub-
strate. This experimental design allows 24-hydroxycholes-
terol to be exposed to the expressed CYP7A for the same
period of time as endogenous cholesterol. Microsomes pre-
pared from transfected COS cells, maintained without 24-
hydroxycholesterol in the medium, also efficiently 7a-
hydroxylated 24-hydroxycholesterol. In this experiment,
the enzyme was exposed to endogenous cholesterol for 31
h but for only 60 min to 24-hydroxycholesterol. The results
show that most of the 7a-hydroxycholesterol detected in
the microsomal fraction was formed prior to the 60-min in-
cubation (see Table 4). The actual formation of 7a-hydroxy-
cholesterol during the incubation was about four times
higher than the formation of 7a,24-dihydroxycholesterol.
This relative ratio is in full agreement with the ratios ob-
tained with E. coliexpressed enzyme and with purified por-
cine cholesterol 7o-hydroxylase. It is possible that the specific
7orhydroxylase activities could be higher, as the 7o-hydroxy-
cholesterol present in the microsomes may inhibit the
CYP7A-mediated 7o-hydroxylation of both substrates (32).

It is noteworthy that the substrate used in the present
assay was a mixture of the (24S)- and (24R)-isomers,
whereas the naturally occurring isomer is the (24S5)-iso-
mer (1). In pig liver there was some preference for the
(24R)-isomer whereas recombinantly expressed human
CYP7A showed highest activity toward the (24S)-isomer.

In the experiments with recombinantly expressed hu-
man CYP7A, conversion of 24-hydroxycholesterol into
7a-hydroxylated metabolite was observed with substrate
concentrations as low as 0.25 pm. This concentration
should be within the physiological concentration range.
Although the level of 24-hydroxycholesterol in the
human liver cell is not established, plasma concentra-
tions of 24-hydroxycholesterol are reported to be about
0.07 pg/ml in adults with elevated levels 5-fold or higher
in children (1, 3). A physiological role for CYP7A-medi-
ated 7o-hydroxylation of 24-hydroxycholesterol is also
supported by the results obtained with COS cells, where
24-hydroxycholesterol is efficiently 7a-hydroxylated by
living, transfected cells in an environment where large
amounts of endogenous cholesterol (34), competing
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with 24-hydroxycholesterol for the active site of the en-
zyme, is present.

The present results exclude that oxysterol 7a-hydroxylase
in pig liver is important for 7a-hydroxylation of 24-
hydroxycholesterol. The results do not exclude, however,
that in addition to cholesterol 7a-hydroxylase there may
be another hitherto unrecognized cytochrome P450 ca-
pable of catalyzing this reaction. The ratio between the
rate of 7o-hydroxylation of cholesterol and the rate of 7a-
hydroxylation of 24-hydroxycholesterol appeared to be
lower in the crude microsomal fraction of pig liver than in
the purified reconstituted cholesterol 7a-hydroxylase
fraction. It should be emphasized that in incubations with
microsomes the enzyme is exposed to a mixture of en-
dogenous cholesterol and the added cholesterol or 24-
hydroxycholesterol. Because of this problem it is difficult
to accurately measure the activity in microsomes. It is
therefore not possible to draw any conclusions concern-
ing involvement of more than one enzyme in the 7o-
hydroxylation of 24-hydroxycholesterol from these experi-
ments. In fact, after submission of the present manuscript,
a paper by Li-Hawkins et al. (35) reporting the cloning of
a novel 24-hydroxycholesterol 7a-hydroxylase in mouse
and human, was published. This enzyme, designated
CYP39A1, was reported to be specific for 24-hydroxycho-
lesterol. The results of Li-Hawkins et al. (35) do not con-
tradict the data in the present article. At this stage it is not
possible to conclude which hydroxylase plays the major
role in 24-hydroxycholesterol 7a-hydroxylation.

The importance of the position of the hydroxyl group
for the substrate specificity of oxysterol metabolizing en-
zymes is notable. An oxygen in the ultimate or penulti-
mate position of the side chain seems to be a prerequisite
for catalysis by the oxysterol 7a-hydroxylase responsible
for 7o-hydroxylation of 27-hydroxycholesterol and 25-
hydroxycholesterol. A hydroxyl group at position 24,
which is closer to the steroid nucleus, blocks the reaction.
With respect to the CYP7A, a hydroxyl group in the 24-
position does not prevent enzymatic catalysis. Presence of
an ethyl group in the 24-position of the steroid side chain
is known to block or markedly reduce the rate of the
reaction, however (36, 37).

The pig liver cholesterol 7o-hydroxylase fraction used
showed 7a-hydroxylase activity also toward 27-hydroxycho-
lesterol, which could be due to the presence of some oxy-
sterol 7o-hydroxylase. Another explanation could be that
CYP7A is active also toward this oxysterol. In fact, we found
that recombinantly expressed CYP7A is able to 7a-hydroxy-
late 27-hydroxycholesterol (M. Norlin and K. Wikvall, un-
published observation). The 7a-hydroxylation of other oxy-
sterols by CYP7A is currently under investigation.

It is of interest that the rate of 7a-hydroxylation of 24-
hydroxycholesterol in crude liver microsomes was almost
two orders of magnitude lower than the rate of 7o-hydroxy-
lation of 27-hydroxycholesterol. Preliminary experiments
have shown a much longer half-life for (245)-hydroxycho-
lesterol than for 27-hydroxycholesterol in the human cir-
culation (I. Bjorkhem, S. Meany, D. Litjohann, A. Sakinis,
and A. Wennmalm, unpublished observation). The long
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half-life for (24S5)-hydroxycholesterol may be due to the
combination of a relatively low rate of hepatic 7a-hydroxy-
lation and absence of an extrahepatic 7a-hydroxylation. In
view of the low rate of 7a-hydroxylation of 24-hydroxycho-
lesterol in microsomes, the possibility should be consid-
ered that there is a metabolism of (24S5)-hydroxycholes-
terol in the liver prior to the 7a-hydroxylation step. It is also
possible that, in addition to 7a-hydroxylation, alternative
metabolic conversion of 24-hydroxycholesterol into yet
unidentified metabolites may exist in the liver or other tis-
sues. The 7a,24-dihydroxycholesterol formed may be fur-
ther converted into bile acids by the enzymes involved in
bile acid biosynthesis. Studies to investigate this possibility
are in progress.

Besides being a means of elimination of (24S5)-hydroxy-
cholesterol from the body, it is possible that 24-hydroxycho-
lesterol 7a-hydroxylation may play other, yet unknown,
physiological roles. In this connection it might be men-
tioned that 24-hydroxycholesterol has been reported to be
a ligand for the LXR receptor (38), which plays a role in
the regulation of the metabolism of several important lip-
ids, including cholesterol and bile acids. i
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