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Abstract We report the chemical synthesis of a new photo-
activatable cholesterol analog 7,7-azocholestanol (AC) and
its linoleate ester (ACL). We also examined the biochemical
properties of the sterol and its ester by employing several
different mutant Chinese hamster ovary (CHO) cell lines
with defined abnormalities in cholesterol metabolism as
tools. AC mimics cholesterol in supporting the growth of a
mutant cell line (M19) that requires cholesterol for growth.
In normal cells, tritiated ACL present in low-density lipo-
protein (LDL) was hydrolyzed and reesterified in a manner
similar to tritiated cholesteryl linoleate (CL) in LDL. Also,
in the mutant cell line (AC29) lacking the enzyme acyl-coen-
zyme A:cholesterol acyltransferase or in the mutant cell line
(CT60) defective in the Niemann-Pick type C1 protein, the
hydrolysis of ACL in LDL was normal, but the reesterifica-
tion of the liberated AC was defective. Therefore, the me-
tabolism of ACL in LDL is very similar to that of CL in
LDL. Tritium-labeled AC delivered to intact CHO cells as a
cyclodextrin complex was shown to photoaffinity label sev-
eral discrete polypeptides, including caveolin-1.  These re-
sults demonstrate AC as an effective reagent for studying
cholesterol-protein interactions involved in intracellular
cholesterol trafficking.
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Biological membranes consist of lipids and proteins. To
study lipid-protein interactions, an effective approach has

 

been to affinity-label specific lipid binding proteins by em-
ploying UV cross-linkings using various radiolabeled, pho-
toactivatable lipid molecules (1). For photolabile-steroid
analogs, the preparation and properties of many steroid
diaziridines and diazirines (which produce the carbene
intermediates upon photolysis) were reported in the
1960s (2). Using the same synthetic procedures, Kramer
and Kurz (3) reported the chemical synthesis of several
photolabile analogs of bile salts suitable for photoaffinity
labeling. Taylor et al. (4) reported the synthesis of labeled
oxysterol 7,7-azo-cholestane-3

 

�

 

, 25-diol, and achieved suc-
cessful labeling and identification of the oxysterol receptor
in mouse L-cell extracts. Very recently, Thiele et al. (5) re-
ported the chemical synthesis of a photolabile cholesterol
analog 6,6-azocholestanol (also called photocholesterol),
and its use in the identification of specific cholesterol bind-
ing proteins in neuronal cells (5). Photocholesterol has
also been used to identify specific sterol binding proteins
in 

 

Caenorhabditis elegans

 

 (6). The biophysical behavior of
photocholesterol in model membranes has been shown to
be very similar to that of cholesterol (7).

In mammalian cells, the major exogenous cholesterol
source comes in the form of LDL. Normally, LDL contains
cholesteryl linoleate (CL) as its major lipid cargo. LDL
binds to the LDL receptor in the plasma membrane (PM);
the complex then internalizes and enters the hydrolytic/
lysosomal compartment where CL is hydrolyzed. The free
cholesterol liberated from hydrolysis eventually enters an
intracellular compartment that contains the Niemann-
Pick type C1 protein (NPC1). From this compartment,
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cholesterol recycles back to the PM, or moves to the endo-
plasmic reticulum (ER) for reesterification by the enzyme
ACAT (8–12); (reviewed in 13). Whether photocholes-
terol could be incorporated into LDL, and if so, whether
the fate of LDL-derived photocholesterol in mammalian
cells is similar to that of LDL-derived cholesterol has not
been examined. In this manuscript, we report the chemi-
cal synthesis of a new photoactivatable cholesterol analog
7,7-azocholestanol (AC) and its linoleate ester (ACL), as
well as a method to label AC with 

 

3

 

H at high-specific radio-
activity. We also examined the biochemical properties of
the sterol and its ester by employing several different mu-
tant Chinese hamster ovary (CHO) cell lines with defined
abnormalities in cholesterol metabolism as tools. The re-
sults show that the fate of LDL-bound ACL in CHO cells is
very similar to that of LDL-bound CL. An additional result
showed that labeled AC delivered to intact CHO cells as a
cyclodextrin complex was able to cross-link several dis-
crete polypeptides after UV-irradiation.

MATERIALS AND METHODS

 

General methods

 

Infrared Spectra were determined on a Perkin-Elmer spectro-
photometer. 

 

1

 

H-NMR spectra were determined on a 300 MHz
Varian spectrometer, with deuteriochloroform as the solvent. UV
spectroscopy was performed with a Gilford spectrometer with
ethanol as the solvent. Composition analysis was performed at
Atlantic Microlab, Norcross, GA. Organic solvents are from Al-
drich, in HPLC grade whenever available. Unless stated other-
wise, all chemical reagents used for synthesis were from Aldrich.
The synthesis starting from 5-cholestan-3

 

�

 

-ol-7-one (I) to 7,7-azo-
5

 

�

 

-cholestan-3

 

�

 

-[

 

3

 

H]3

 

�

 

-ol (VI) ([

 

3

 

H]AC) is outlined as follows.
Unless stated otherwise, the purity of all the compounds synthe-
sized was analyzed by TLC, and was found to be at least 90%
pure.

 

5

 

�

 

-Cholestan-3

 

�

 

-ol-7-one (II)

 

5

 

�

 

-Cholestan-3

 

�

 

-ol-7-one (I) in the amount of 384.5 mg (0.96
mmol) was dissolved in 100 ml of anhydrous 2-propanol and
slowly added to a vessel containing 86.5 mg of 10% palladium on
carbon (from Eastman Kodak). The mixture was hydrogenated
at room temperature for 110 min. The catalyst was removed by
filtration through celite. Rotary evaporation removed the sol-
vent, leaving flaky white crystals in nearly 100% yield.

 

5

 

�

 

-Cholestan-7,7-hydrazi-3

 

�

 

-ol (III) and
7,7-azo-5

 

�

 

-cholestan-3

 

�

 

-ol (IV)

 

Following the procedure of Church and Weiss (2), a solution
of 266 mg (0.66 mol) ketone (II) was dissolved in 30 ml anhy-
drous methanol under nitrogen and cooled to 0

 

�

 

C. Dry ammo-
nia was bubbled through for 2 h. From here on all the reactions
were carried out in the dark. The mixture was stirred, and a solu-
tion of 350 mg (3.1 mol) hydroxylamine-

 

O

 

-sulfonic acid in 5 ml
anhydrous methanol was slowly added over 20 min. The result-
ing cloudy mixture was stirred at 0

 

�

 

C for 1 h, then at room tem-
perature for 5–12 h. The white precipitate formed was removed
by filtration through a glass wool-plugged funnel and the filtrate
was evaporated to give the diaziridine intermediate 5

 

�

 

-chole-
stan-7,7-hydrazi-3

 

�

 

-ol (III) as a white residue. The intermediate
compound (III) was quickly dissolved in a mixture of 25 ml dry
methanol and 1 ml triethylamine. While vigorously stirring, the

mixture was treated with 400 mg iodine in 5 ml dry methanol so
the slightly brown iodine color persisted. Sodium dithionite was
slowly added to reduce the excess iodine. The reaction mixture
was washed with saturated sodium chloride solution, then with
water, dried over magnesium sulfate, then evaporated to dryness
to yield a yellowish-white residue. TLC analysis indicated that the
residue was a mixture of three or four organic components.
Flash chromatography of the mixture in a 20 mm 

 

�

 

 15 cm col-
umn of silica gel 60 using the solvent system hexane-ethyl acetate
(1:2, v/v) yielded pure compound IV with approximately 60%
yield.

 

7,7-Azo-5

 

�

 

-cholestan-3-one (V)

 

Following the procedure from Corey and Suggs (14), 90 mg
(0.42 mmol) pyridinium chlorochromate (PCC) was suspended
in 0.67 ml anhydrous dichloromethane. A solution of 115.2 mg
7,7-azo-5

 

�

 

-cholestan-3

 

�

 

-ol (IV) in 0.5 ml dichloromethane was
added to the PCC mixture. The reaction mixture stood with stir-
ring at room temperature for 1–2 h, then was diluted with 5 vol
of anhydrous ethyl ether. The solvent was decanted and the resi-
due washed twice with anhydrous ethyl ether. The organic phases
were combined and filtered through Florisil. The filtrate was ro-
tary evaporated and white crystals of compound (V) were ob-
tained in nearly quantitative yield.

 

7,7-Azo-5

 

�

 

-cholestan-3

 

�

 

-[

 

3

 

H]-3

 

�

 

-ol (VI)

 

Based on the procedure by Kramer and Kurz (3), a 1 M stock
solution of 100 mCi NaB[

 

3

 

H]

 

4

 

 in H

 

2

 

O (0.3783 mg, 10 

 

�

 

mol, spe-
cific activity: 5.2 Ci/mmol, from Amersham) was prepared; 10 

 

�

 

l
was pipetted into the reaction vial and lyophilized. Next, 4.2 mg
(10 

 

�

 

mol) of the 7,7-azo ketone (V) was dissolved in 400 

 

�

 

l etha-
nol and 30 

 

�

 

l H

 

2

 

O. The ketone solution was added to the vial
containing the solid NaB-[

 

3

 

H]

 

4

 

. The mixture was stirred for sev-
eral minutes, then allowed to occur at room temperature for
2.5 h. The products consisted of the 3

 

�

 

-ol and the 3

 

�

 

-ol (VI) iso-
mers. The 3

 

�

 

-ol isomer (as a byproduct of the reaction) mi-
grated slightly faster than the 3

 

�

 

-ol isomer (VI) on TLC with
hexane-ethyl acetate (1:2, v/v), with an R

 

f

 

 differential of approx-
imately 0.1. The 3

 

�

 

-alcohol isomer (VI) was isolated in the pure
form by extraction from the silica gel after TLC separation on a
20 

 

�

 

 20 cm preadsorbent 250 

 

�

 

m silica gel plate (from J. T.
Baker). After extraction with 4 vol of methanol followed by 4 vol
of dichloromethane, the solvent was rotary evaporated to yield
[

 

3

 

H]AC in 

 

�

 

60% yield. The purified compound was stored in
methanol at 

 

�

 

80

 

�

 

C. TLC analysis revealed that no detectable au-
toradiololysis of [

 

3

 

H]AC (VI) occurred for at least 2 years. The
non-radiochemical compound (VI) was synthesized in the same
manner using nonradiochemical NaBH

 

4

 

.

 

7,7-Azo-5

 

�

 

-cholestan-3

 

�

 

-[

 

3

 

H]-3

 

�

 

-ol linoleate

 

Based on the procedure of Lentz et al. (15), the solvent
(methanol) from an amber vial containing the purified [

 

3

 

H]AC
(1 mg, 2.4 

 

�

 

mol) was evaporated under nitrogen and resus-
pended in 88 

 

�

 

l benzene. An 80 

 

�

 

l of 100 mM linoleic anhydride
in benzene (4.3 mg, 8.0 

 

�

 

mol) was added to the [

 

3

 

H]AC solu-
tion. Two microliters of 0.1% 2,6-di-tert-butyl-

 

p

 

-cresol (BHT) in
benzene (final concentration 0.001% BHT), and 30 

 

�

 

l of 1 mg/
ml dimethyl amino pyridine in benzene (30 

 

�

 

g, 250 nmol) was
added to the amber vial. The solution was briefly flushed with ni-
trogen, capped tight, and stirred overnight. The resultant crude
product contained 7,7-azo-5

 

�

 

-cholestan-3

 

�

 

-[

 

3

 

H]3

 

�

 

-ol linoleate
([

 

3

 

H]ACL). The crude product was purified by preparative TLC
using a preparative TLC Si1000 plate (J. T. Baker), developed in
hexane-benzene (1:1; v/v). Non-radiochemical azoCL was syn-
thesized by the same method using non-radiochemical AC and li-
noleic anhydride. To recover [

 

3

 

H]ACL after TLC, non-radio-
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chemical ACL was used as a standard in a parallel lane, and was
visualized with 0.05% dichlorofluorescein (in ethanol). The ap-
propriate band that contained [

 

3

 

H]ACL was scraped off the
plate and extracted with 150 ml 10% methanol in diethyl ether
and filtered through a sintered glass funnel. The solvent was ro-
tary evaporated to yield the purified azocholesteryl ester. The ra-
diochemical purity determined by TLC analysis was consistently
above 80% with a yield of approximately 60–70%. The slightly
lower radiochemical purity of [

 

3

 

H]ACL (less than 90%) is pre-
sumably due to the intrinsic instability of linoleate moiety
present in ACL. For this reason, we routinely incorporate freshly
synthesized [

 

3

 

H]ACL into LDL (see below). The [

 

3

 

H]ACL-LDL
was used for various experiments within one week of its prepara-
tion.

 

7,7-Azo-5

 

�

 

-cholestan-3

 

�

 

-ol oleate

 

The same procedure for synthesizing ACL described above
was used to synthesize 7,7-azo-5

 

�

 

-cholestan-3

 

�

 

-ol oleate (ACO;
compound IX), using non-radiochemical AC and oleic anhy-
dride. The yield was approximately 60–70%.

 

Cell lines

 

Wild-type (WT) CHO cells were from ATCC, and maintained
in this laboratory for many years. The 25RA cells are CHO cells
resistant to the cytotoxicity of 25-hydroxycholesterol (16) and
contain a gain of function mutation in the SREBP cleavage acti-
vating protein SCAP (17). CT60 and CT43 cells are derived from
25RA cells (18), and lack the NPC1 protein (10). AC29 cells are
derived from 25RA cells and lack acyl-coenzyme A: cholesterol
acyltransferase 1 (ACAT1) (19, 20). M19 cells are derived from
WT cells (21) and are defective in 

 

S2P

 

, a gene encoding a specific
protease required for intramembrane cleavages of SREBPs (22).

 

Other procedures

 

Cells were grown and cultured as described in the figure
legends. LDL, [

 

3

 

H]cholesteryl-linoleate labeled-LDL ([

 

3

 

H]CL-
LDL), [

 

3

 

H]azocholesteryl-linoleate labeled-LDL ([

 

3

 

H]ACL-LDL),
delipidated serum, and methyl 

 

�

 

-cyclodextrin (M

 

�

 

CD) com-
plexes were prepared based on procedures previously described
(10).

 

RESULTS

 

Chemical structure of AC

 

The chemical synthesis of AC and ACL were described
in Materials and Methods. The characteristics of various
intermediates/derivative-formed (compounds II, IV, V,
and IX), including their R

 

f

 

 values in TLC analyses and
their various spectrometric measures, are tabulated in 

 

Ta-
ble 1

 

.
The structures of AC (compound VI) and its predicted

carbene intermediate (compound VII) upon UV irradia-
tion are shown in Fig. 1. Two structural differences exist
between cholesterol and AC:cholesterol and contain a �5

double bond not present in AC; the hydrogen located at
C-7 in cholesterol is replaced with a photoactivatable diaz-
irine ring in AC. The diazirine ring in AC is located at C-7,
instead of at C-6 as in photocholesterol (5).

AC can sustain the growth of a cholesterol auxotroph in 
cholesterol-free medium

We employed various assays to test if AC retains similar
biological activities to cholesterol. WT CHO cells are able
to grow indefinitely when grown in cholesterol-free me-
dium. M19 cells are cholesterol auxotrophs that depend
on the presence of exogenous cholesterol for growth
(21). To determine if AC can serve as a sterol supplement
for M19 cells, WT and M19 cells were incubated in choles-
terol-free medium supplemented with cholesterol, or with
AC, or with no sterol. The growth of the cells was moni-
tored for 4 days. We found that WT cells grew in all me-
dium conditions tested (Fig. 2A), whereas M19 cells grew
in medium supplemented with cholesterol or with AC, but
died in medium not supplemented with sterol (Fig. 2B).
Only small differences in growth were observed when M19
cells were incubated with medium supplemented with ei-
ther cholesterol or AC. These results indicate that AC can
serve as a sterol source for growth in place of cholesterol
in M19 cells.

TABLE 1. Characteristics of various compounds in synthetic pathway

TLC UV

Compound Rf Solvent
	@

350 nm
	@

367 nm
IR (cm�1)

Characteristic Absorption
1H-NMR (ppm)

Characteristic Maxima

II 5�-cholestan-3�-ol-7-one 0.285 Hexane/EtOAc (3:7) n/a n/a 1719 (C 
 O) (sa)
3370 (O – H) (s)

3.65 (m, 1, C-3); 0.65 (s, 3, C-18);
0.89/0.91 (d, 6, C-26/C-22); 0.93
(s, 3, C-21); 1.107 (s, 3, C-19);
2.33 (dt, 2, C-6); 2.19 (dq, 1, C-8)

IV 7,7-azo-5�-cholestan-3�-ol 0.491
0.303

Hexane/EtOAc (1:2)
Hexane/EtOAc (2:1) 91.2 101.7

1572 (N 
 N) (m)
3462 (O – H) (s)

3.65 (m, 1, C-3); 0.025 (dd, 1, C-6); 
0.3 (dq, 1, C-8); 0.93 (s, 3, C-19)

V 7,7-azo-5�-cholestan-3-one 0.740 Hexane/EtOAc (1:2) n/a n/a 1570 (N 
 N) (m)
1719 (C 
 O) (s)

0.025 (dd, 1, C-6); 0.125 (dq, 1,
C-8); 1.18 (s, 3, C-19) [Note
disappearance of alcohol at 3.65
ppm; also appearance of bands
at 2.0–2.5 ppm which are � and
� to carbonyl at C-3]

IX 7,7-azo-5�-cholestan-3�-ol oleate 0.790 Hexane/Benzene (2:3) n/a n/a 1574 (N 
 N) (m)
1652 (C 
 C) (w)
1733 (C 
 O) (s)
1000 (C – O) (m)

4.75 (m, 1, C-3); 5.38 (m, 2,
C 
 C); 2.28 (t, 2, alpha to
COO); 0.025 (dd, 1, C-6); 0.125
(dq, 1, C-8); 1.30 (d, 3, C-19 and
CH2 in alkane of oleate)

a s, strong; m, medium; w, weak.
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LDL-bound ACL can be hydrolyzed and reesterified in
intact CHO cells

In order to determine if AC can be metabolized in in-
tact cells, we utilized [3H]ACL-LDL to examine the fate of
the cholesterol analog in the LDL receptor pathway, tak-

ing advantage of additional CHO cell mutants. CT60 and
CT43 cells, derived from 25RA cells (16), are NPC1 mu-
tants defective in trafficking LDL-derived cholesterol to
the ER for reesterification (10) by a resident ER protein,
ACAT1 (23). AC29 cells, also isolated from 25RA cells, are
mutants lacking ACAT1 (24). When we labeled 25RA,
CT60, and AC29 cells with [3H]ACL-LDL, we found that
the [3H]ACL-LDL was hydrolyzed to [3H]AC in all cells
(Fig. 3A). The hydrolyzed [3H]AC was reesterified into
[3H]ACO in 25RA cells but no significant radiolabeled
ester product was formed in CT60 or in AC29 cells
(Fig. 3B). When directly comparing the metabolism of
[3H]ACL-LDL to [3H]CL-LDL in 25RA cells, we found
that [3H]ACL-LDL is hydrolyzed similarly to [3H]CL-LDL
(Fig. 3C). Although [3H]ACL-LDL can be reesterified in
25RA cells (Fig. 3B), the amount of [3H]ACO formed is

Fig. 1. Chemical structures of 7,7-azocholestanol (AC) (com-
pound VI) and its carbene intermediate (compound VII) upon
photolysis.

Fig. 2. AC can serve as a sterol source for cholesterol auxotroph
M19 cells. A: WT and M19 (B) cells were plated in 25 cm2 flasks in
medium A (Ham’s F-12, 10% FBS) as monolayers at 37�C with 5%
CO2. After 2 days, cells were washed several times with PBS and in-
cubated with medium D (Ham’s F-12 with 10% delipidated FBS, 35
�M oleic acid) in the presence or absence of 5 mg/ml exogenous
sterol for the indicated times at 37�C before determining the total
cellular protein content of each flask.

Fig. 3. [3H]7,7-Azocholestanol linoleate (ACL)-LDL can be me-
tabolized in intact Chinese hamster ovary (CHO) cells. A, B: 25RA,
CT60, and AC29 cells were plated at 2 � 105 cells/well in 6-well
dishes in medium A for 24 h at 37�C, washed several times with PBS,
and incubated with medium D for 48 h at 37�C. Cells were pulse-
labeled with 100 �g/ml [3H]ACL-LDL in medium D for 6 h at 37�C.
The cell extract was harvested, the cellular lipids were extracted
and analyzed by TLC, and the percentage hydrolysis (A) and per-
centage reesterification (B) were determined as previously de-
scribed (19), except that the internal TLC standards were AC, ACL,
and AC oleate (ACO). C, D: 25RA cells were grown and cultured as
described above but were pulse-labeled with either 100 �g/ml
[3H]CL-LDL or with 100 �g/ml [3H]ACL-LDL in medium D for 6 h
at 37�C before measuring the percentage hydrolysis (C) and percent-
age reesterification (D). The results shown are the averages of tripli-
cate dishes and are representative of either three (A, B) or two (C,
D) independent experiments. Error bars indicate the sizes of 1 SD.
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less than the [3H]cholesteryl oleate formed (Fig. 3D). We
believe the reason for this lies in the substrate specificity
of ACAT1. This is supported by the finding that although
AC can serve as a sterol substrate for ACAT as determined
by a reconstituted in vitro ACAT assay, cholesterol is still a
better substrate than AC for ACAT1 (results not shown).

Cyclodextrin/AC complex can be employed for
photolabeling proteins in intact cells

One approach to deliver AC to intact cells is via cyclo-
dextrins, which are water soluble, cyclic oligomers of glu-
cose that have the capacity to bind cholesterol within its
hydrophobic core (25). We prepared M�CD complexes
composed of either [3H]cholesterol or [3H]AC. We then
incubated the WT CHO cells with [3H]sterol alone, or
with [3H]sterol as M�CD complex at 37�C, then deter-
mined the total amount of incorporation of [3H]sterol
into the cells. We found that the cellular incorporations of
[3H]cholesterol or [3H]AC were similar; the incorpora-
tions were much greater when delivered as a complex with
M�CD than without M�CD (Fig. 4).

To test if [3H]AC can cross-link proteins after UV pho-
toactivation, we treated intact 25RA and CT43 cells with
[3H]AC/cyclodextrin complex for a brief period (1 h at
room temperature) followed by UV exposure, and found
that several discrete protein bands could be identified by
SDS-PAGE-radioluminography (Fig. 5A). A total of eight
discrete bands (indicated by arrows a–h, Fig. 5A), could
be identified by this method. The estimated molecular
weights (in kDa) of these bands are: a, 88; b, 68; c, 51; d,
38; e, 33; f, 21; g, 18; h, 11.7. The labeling patterns in the
25RA cells and the CT43 cells were very similar (compar-
ing lanes 1 and 3 of Fig. 5). The limitation in sensitivity
and resolution of the current method did not allow us to

conclude whether or not the NPC1 protein, a membrane
glycoprotein with apparent molecular weight of 150–180
kDa (13), or the ACAT1 protein, a membrane protein
with apparent molecular weight of 45 kDa (20), was pho-
tolabeled. When an excess amount of unlabeled choles-
terol was included during the labeling period, the la-
beling intensity for each of these bands significantly
decreased (i.e., comparing results in lanes 1 and 3 vs.
those in lanes 2 and 4 of Fig. 5). These results suggest that
most or all of the labeled proteins recognize cholesterol
in a specific manner. Based on Western blotting results
(Fig. 5B), one of the labeled bands, the 20–21 kDa band,
is probably caveolin-1. To positively reveal the identity of
this band, after photolabeling the 25RA cell lysates were
solubilized in detergent, and were immunoprecipitated
either with mouse monoclonal antibody against caveolin-1
or with control mouse IgG; the immunoprecipates and
the immunodepleted supernatants were analyzed by SDS-
PAGE-radioluminography. The result (Fig. 6) showed that
the major labeled band (band f) is caveolin-1, a known
cholesterol binding protein. Each of these bands shown

Fig. 4. Cyclodextrin can be used as an effective delivery vehicle to
deliver [3H]AC to intact CHO cells. WT cells were plated in 6-well
dishes and grown in medium A at 37�C until cells were approxi-
mately 80–90% confluent. Cells were washed several times with PBS
and incubated with 5 mM methyl �-cyclodextrin (M�CD):[3H]cho-
lesterol (lane 1), [3H]cholesterol (lane 2), 5 mM M�CD:[3H]AC
(lane 3), or [3H]AC (lane 4) in medium D for 7 h at 37�C. The same
amount of total radioactivity was added to each dish. The cell extract
was harvested, and the cellular lipids were extracted and analyzed
on TLC as previously described (10). Results shown are the averages
of triplicate dishes with error bars indicating the sizes of 1 SD.

Fig. 5. Intact cell photoaffinity labeling of 25RA and CT43 cells
using [3H]AC/cyclodextrin complex. A: 25RA (lanes 1, 2) and
CT43 cells (lanes 3, 4) (1 � 106 cells, suspended in 0.1 ml of PBS)
grown in medium A were photolabeled using [3H]AC/cyclodextrin
complex (0.32 �g sterol, 0.5 �Ci) in absence (lanes 1, 3) or pres-
ence (lanes 2, 4) of 300-fold excess of unlabeled cholesterol. After
incubation for 1 h at room temperature, the photolysis was con-
ducted for 15 min at 4�C, using the complete photochemical reac-
tion assembly (from Ace Glass, Inc) with a 450 watt UV lamp. After
photolysis, the [3H]AC labeled cells were washed with PBS, centri-
fuged at 4�C to remove unbound [3H]AC. The cell-pellets were
lysed using 10% SDS, and were subjected to 10% SDS-PAGE, fol-
lowed by radioluminography (27) (exposure time: 5 days). B: In
parallel with radioluminography, after SDS-PAGE, the parallel set
of samples was immunoblotted with mouse monoclonal anti-caveo-
lin-1 antibody (Transduction Laboratories, clone No. 2234). The es-
timated molecular weights (in kDa) of the labeled bands are: a, 88;
b, 68; c, 51; d, 38; e, 33; f, 21; g, 18; h, 11.7.
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in Figs. 5 and 6 could be composed of a single polypep-
tide, or multiple polypeptides with overlapping molecular
weights. In the future, the immunoprecipitation strategy
described here coupled with extensive purification of in-
dividually labeled bands may help to reveal the identity of
these labeled proteins other than caveolin-1.

DISCUSSION

In this manuscript, we reported the chemical synthesis
of a new photoactivatable cholesterol analog AC labeled
with 3H at high-specific radioactivity, and described meth-
ods to synthesize its oleate or linoleate ester. The proce-
dures described can be carried out in standard biochemi-
cal laboratories. We then took a cell biological approach

to examine the biochemical properties of AC and its ester
by employing several different mutant CHO cell lines as
tools. The results showed that AC can substitute for cho-
lesterol as a sterol source in a cholesterol auxotroph.
When delivered to intact cells as [3H]ACL-LDL, [3H]ACL
is hydrolyzed into free [3H]AC in the hydrolytic/lysosomal
compartment, transported to the ER via an NPC1-medi-
ated pathway, and reesterified into [3H]azocholesteryl ole-
ate by ACAT1. Thus, AC faithfully mimics cholesterol in
terms of the LDL receptor mediated metabolic pathway in
intact cells. As described in Fig. 5, labeling intact 25RA
cells with [3H]AC/cyclodextrin complex followed by UV
irradiation enabled us to identify several candidate choles-
terol-binding proteins. Based on Western analysis and im-
munoprecipitation analyses, one of these proteins is cave-
olin-1. We are currently pursuing the identification of
these other candidate cholesterol-binding proteins. We
also showed that LDL-bound [3H]ACL is metabolized in a
similar manner to LDL-bound [3H]CL. Thus, in the fu-
ture, AC and its ester may also serve to identify novel cho-
lesterol binding proteins involved in the LDL receptor
mediated pathway in mammalian cells. Regarding the rel-
ative reactivity between AC and the 6,6-azocholestanol
(photocholesterol) (5): based on the well-known confor-
mation of cholestanol (26), the insertion of the carbene at
C-6 of steroid into any given protein may create axial-axial
interaction between the angular methyl group at C-8 of
the steroid, and the axial carbon-carbon bond formed be-
tween the steroid and the protein. Such an interaction
does not occur if the carbene is located at C-7. Therefore,
AC may be a more efficient photoaffinity-labeling reagent
than 6,6-azocholestanol. This possibility can be tested by
future experimentation.

The authors thank Drs. Robert Simoni and Len Fang Lee for
helpful discussions during the course of this work. We also
thank Helina Morgan for careful editing of the manuscript.
This work has been supported by National Institutes of Health
Grants HL 60306 and HL 36709 to T-Y.C.

REFERENCES

1. Brunner, J. 1996. Use of photocrosslinkers in cell biology. Trends
Cell Biol. 6: 154–157.

2. Church, R. F. R., and M. J. Weiss. 1970. Synthesis and properties of
small functionalized diazirine molecules. Some observations on
the reaction of a diaziridine with the iodine-iodide ion system. J.
Org. Chem. 35: 2465–2471.

3. Kramer, W., and G. Kurz. 1983. Photolabile derivatives of bile salts.
Synthesis and suitability for photoaffinity labeling. J. Lipid Res. 24:
910–923.

4. Taylor, F. R., A. A. Kandutsch, L. Anzalone, S. Phirwa, and T. A.
Spencer. 1988. Photoaffinity labeling of the oxysterol receptor. J.
Biol. Chem. 263: 2264–2269.

5. Thiele, C., M. J. Hannah, F. Fahrenholz, and W. B. Huttner. 2000.
Cholesterol binds to synaptophysin and is required for biogenesis
of synaptic vesicles. Nat. Cell Biol. 2: 42–49.

6. Matyash, V., C. Geier, A. Henske, S. Mukherjee, D. Hirsh, G. B.
Thiele, F. R. Maxfield, and T. V. Kurzchalia. 2001. Distribution and
transport of cholesterol in C. elegans. Mol. Biol. Cell. 12: 1725–1736.

7. Mintzer, E. A., B. L. Waarts, J. Wilschut, and R. Bittman. 2002. Be-

Fig. 6. Immunoprecipitation of photolabeled caveolin-1 in 25RA
cells. A: 25RA cells grown in medium D for 48 h [2 � 106 cells, sus-
pended in 0.2 ml of Hanks’ buffer (pH 7.4)] were photolabeled by
incubating with [3H]AC/cyclodextrin complex (0.32 �g, 8.8 �Ci)
for 1 h at 37�C, followed by photolysis for 15 min on ice. Unless
stated otherwise, the photolabelings were carried out in the ab-
sence of excess unlabeled cholesterol. The [3H]AC labeled cells
were centrifuged to remove unbound [3H]AC. The cell-pellets were
lysed using lysis buffer (50 mM Tris (pH 7.4), 100 mM NaCl, 1%
Triton X-100, 0.5% Nonidet P-40, 1 mM EDTA, 1 mM EGTA, and
500-fold diluted protease inhibitors cocktail (Sigma). The superna-
tant was collected by centrifugation at 10,000 g for 15 min at 4�C.
The lysates were subjected to immunoprecipitations using mouse
monoclonal anti-caveolin-1 or control mouse IgG according to pro-
cedure described (28, 29). The immunoprecipitates and the immu-
nodepleted supernatants were subjected to 10% SDS-PAGE, fol-
lowed by radioluminography (exposure time: 5 days). Lane 1:
[3H]AC-labeled lysate before immunoprecipitation; lane 2: same as
lane 1 except photolabeling was carried out in the presence of 100-
fold excess of unlabeled cholesterol; lane 3: immunoprecipitate of
[3H]AC-labeled lysate, using mouse monoclonal anti-caveolin-1
(Transduction Laboratories, clone No. 2234); lane 4: immunopre-
cipitate of [3H]AC-labeled lysate, using control mouse IgG; lane 5:
immunodepleted supernatant of [3H]AC-labeled lysate, after im-
munoprecipitation using anti-caveolin-1; lane 6: immunodepleted
supernatant of [3H]AC-labeled lysate, after immunoprecipitation
using control mouse IgG. B: In parallel with radioluminography, af-
ter SDS-PAGE, the parallel set of samples was immunoblotted with
rabbit polyclonal anti-caveolin-1 antibodies (Santa Cruz: N-20).

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Cruz et al. 7,7-azocholestanol and its linoleate ester in CHO cells 1347

havior of a photoactivatable analog of cholesterol, 6-photocholes-
terol, in model membranes. FEBS Lett. 510: 181–184.

8. Pentchev, P. G., M. T. Vanier, K. Suzuki, and M. C. Patterson. 1995.
Niemann-Pick disease type C: a cellular cholesterol lipidosis. In
The Metabolic and Molecular Bases of Inherited Disease. C. R.
Scriver, A. L. Beaudet, W. S. Sly, and D. Valle, editors. McGraw-Hill,
Inc, New York. 2625–2639.

9. Liscum, L., and J. J. Klansek. 1998. Niemann-Pick disease type C.
Curr. Opin. Lipidol. 9: 131–135.

10. Cruz, J. C., S. Sugii, C. Yu, and T. Y. Chang. 2000. Role of Niemann-
Pick type C1 protein in intracellular trafficking of low density lipo-
protein derived cholesterol. J. Biol. Chem. 275: 4013–4021.

11. Cruz, J. C., and T. Y. Chang. 2000. Fate of endogenously synthe-
sized cholesterol in Niemann-Pick type C1 cells. J. Biol. Chem. 275:
41309–41316.

12. Lange, Y., J. Ye, M. Rigney, and T. Steck. 2000. Cholesterol move-
ment in Niemann-Pick type C cells and in cells treated with am-
phiphiles. J. Biol. Chem. 275: 17468–17475.

13. Ioannou, Y. A. 2001. Multiple drug permeases and subcellular cho-
lesterol transport. Nat. Rev. Mol. Cell Biol. 2: 657–668.

14. Corey, E. J., and J. W. Suggs. 1975. Pyridinium chlorochromate. An
efficient reagent for oxidation of primary and secondary alcohols
to carbonyl compounds. Tetrahedron Letters. 2647–2650.

15. Lentz, B. R., Y. Barenholz, and T. E. Thompson. 1975. A simple
method for the synthesis of cholesterol esters in high yield. Chem.
Phys. Lipids. 15: 216–221.

16. Chang, T. Y., and J. S. Limanek. 1980. Regulation of cytosolic ace-
toacetyl coenzyme A thiolase, 3-hydroxy-3-methylglutaryl coen-
zyme A synthase, 3-hydroxy-3-methylglutaryl coenzyme A reduc-
tase, and mevalonate kinase by low density lipoprotein and by
25-hydroxycholesteral in Chinese hamster ovary cells. J. Biol. Chem.
255: 7787–7795.

17. Hua, X., A. Nohturfft, J. L. Goldstein, and M. S. Brown. 1996. Ste-
rol resistance in CHO cells traced to point mutation in SREBP
cleavage-activating protein. Cell. 87: 415–426.

18. Cadigan, K. M., D. M. Spillane, and T. Y. Chang. 1990. Isolation
and characterization of Chinese hamster ovary cell mutants defec-
tive in intracellular low density lipoprotein-cholesterol trafficking.
J. Cell Biol. 110: 295–308.

19. Cadigan, K. M., J. G. Heider, and T. Y. Chang. 1988. Isolation and
characterization of Chinese hamster ovary cell mutants deficient

in acyl-coenzyme A: cholesterol acyltransferase activity. J. Biol.
Chem. 263: 274–282.

20. Chang, C. C. Y., J. Chen, M. A. Thomas, D. Cheng, V. A. Del Priore,
R. S. Newton, M. E. Pape, and T. Y. Chang. 1995. Regulation and
immunolocalization of acyl-coenzyme A: cholesterol acyltrans-
ferase in mammalian cells as studied with specific antibodies. J.
Biol. Chem. 270: 29532–29540.

21. Hasan, M. T., C. C. Y. Chang, and T. Y. Chang. 1994. Somatic cell
genetic and biochemical characterization of cell lines resulting
from human genomic DNA transfection of Chinese hamster ovary
cell mutants defective in sterol-dependent activation of sterol syn-
thesis and LDL receptor expression. Somatic Cell & Mol. Genetics.
20: 183–194.

22. Rawson, R. B., N. G. Zelenski, D. Nijhawan, J. Ye, J. Sakai, M. T.
Hasan, T. Y. Chang, M. S. Brown, and J. L. Goldstein. 1997. Com-
plementation cloning of S2P, a gene encoding a putative metallo-
protease required for intramembrane cleavage of SREBPs. Mol.
Cell. 1: 47–57.

23. Chang, T. Y., C. C. Y. Chang, and D. Cheng. 1997. Acyl-coenzyme
A:cholesterol acyltransferase. Annu. Rev. Biochem. 66: 613–638.

24. Cadigan, K. M., C. C. Y. Chang, and T. Y. Chang. 1989. Isolation of
Chinese hamster ovary cell lines expressing human acyl-coenzyme
A:cholesterol acyltransferase activity. J. Cell Biol. 108: 2201–2210.

25. Christian, A. E., P. Haynes, M. C. Phillips, and G. H. Rothblat.
1997. Use of cyclodextrins for manipulating cellular cholesterol
content. J. Lipid Res. 38: 2264–2272.

26. Fieser, L. F., and M. Fieser. 1959. Steroids. Reinhold Publishing
Corporation, New York.

27. Kuniyasu, A., K. Itagaki, T. Shibano, M. Iino, G. Kraft, A. Schwartz,
and H. Nakayama. 1998. Photochemical identification of trans-
membrane segment IVS6 as the binding region of semotiadil, a
new modulator for the L-type voltage-dependent Ca2� channel. J.
Biol. Chem. 273: 4635–4641.

28. Chen, D., A. L. Zang, Q. Zhao, J. L. Markley, J. Zheng, I. M. Bird,
and R. R. Magness. 2001. Ovine caveolin-1: cDNA cloning, E. coli
expression, and association with endothelial nitric oxide synthase.
Mol. Cell. Endocrinol. 175: 41–56.

29. Caselli, A., M. L. Taddei, G. Manao, G. Camici, and G. Ramponi.
2001. Tyrosine-phosphorylated caveolin is a physiological substrate
of the low M(r) protein-tyrosine phosphatase. J. Biol. Chem. 276:
18849–18854.  by guest, on June 14, 2012

w
w

w
.jlr.org

D
ow

nloaded from
 

http://www.jlr.org/

