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Abstract The kinetics of low density lipoprotein (LDL) 
cholesterol transport to the plasma membrane of Chinese 
hamster ovary (CHO) cells was studied. LDL was reconstituted 
with [3H]cholesteryl linoleate and added to CHO cells in a 
pulse-chase experiment. The internalization and lysosomal 
cleavage of reconstituted LDL (rLDL) ['H]cholesteryl linoleate 
to free [3H]cholesterol occurred with a half-time of 37 min after 
a 30-min lag. The rate of transport of released [3H]cholesterol 
to the plasma membrane was measured by brief (20-30 sec) 
cholesterol oxidase treatment of intact, adherent cells; the half- 
time of transport was 42 min. The similarity in the rate of free 
cholesterol release from rLDL and transport of this cholesterol 
to the plasma membrane suggests very rapid transport of rLDL 
cholesterol from the lysosome to the plasma membrane. Cells 
were shown to be intact throughout the cholesterol oxidase treat- 
ment by the absence of cell-derived lactate dehydrogenase 
(LDH) activity or K' in the assay buffer. -Brasaemle, D. L., 
and A. D. Attie. Rapid intracellular transport of LDL-derived 
cholesterol to the plasma membrane in cultured fibroblasts. J. 
Lipid Res. 1990. 31: 103-112. 

Supplementary key word cholesterol oxidase 

Cholesterol is an integral component of mammalian 
cell membranes. Cells obtain cholesterol from two 
sources, endogenous synthesis and the uptake of plasma 
cholesterol. The primary carrier of plasma cholesterol in 
humans is low density lipoprotein (LDL), which delivers 
cholesterol to cells via receptor- and non-receptor- 
mediated pathways (1-4). Both biosynthetic and ex- 
ogenously derived cholesterol are used by cells as 
structural components of membranes; excess cholesterol 
is stored in cytoplasmic cholesteryl ester droplets. The 
mechanisms by which cells transport and compartmenta- 
lize cholesterol are not well understood. 

Cholesterol is unequally distributed among cell mem- 
branes. Membrane cholesterol distribution has been de- 
termined by subcellular fractionation (5-7); plasma 
membranes are relatively enriched in cholesterol (0.5-0.8 

cholesterol/phospholipid molar ratio), while endoplasmic 
reticulum (0.1 -0.3 cholesterol/phospholipid molar ratio) 
and mitrochondria (0-0.1 cholesterol/phospholipid molar 
ratio) have much lower cholesterol contents, with Golgi 
(0.4-0.5 cholesterol/phospholipid molar ratio) being in- 
termediate between endoplasmic reticulum and plasma 
membrane. Electron microscopy studies visualizing filipin 
binding to cholesterol in membranes have demonstrated 
polarity of cholesterol distribution within a membrane 
subpopulation; the tram Golgi is relatively enriched with 
cholesterol, similar to the plasma membrane, while the cis 
Golgi cholesterol composition is more similar to that of 
the endoplasmic reticulum (8). 

The mechanisms for maintaining the nonuniform dis- 
tribution of cholesterol among cell membranes are un- 
known. The phospholipid distribution among cellular 
membranes is also unequal and may determine the affini- 
ty of a membrane for cholesterol (9-12). Although the 
phospholipid components of the various cellular or- 
ganelles may influence cholesterol partitioning, the 
phospholipid content alone cannot account for the dis- 
parate subcellular cholesterol composition (12). Unidirec- 
tional transport of cholesterol from the endoplasmic 
reticulum to the plasma membrane may explain this in- 
tracellular cholesterol gradient (13- 15). 

Three mechanisms for intracellular lipid transport have 
been proposed (reviewed in ref. 16): 1 )  aqueous diffusion 
of lipid monomers; 2) vesicular transport; and 3 )  lateral 
diffusion between contiguous membrane compartments. 

Abbreviations: LDL, low density lipoprotein; CHO, Chinese hamster 
ovary; LDH, lactate dehydrogenase; FBS, fetal bovine serum; NCS, 
newborn calf serum; TLC, thin-layer chromatography; PBS, phosphate- 
buffered saline; LDS, lipoprotein-deficient serum. 
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Aqueous diffusion of cholesterol monomers has been 
shown between isolated membranes and synthetic lipid 
vesicles (17, 18) but is difficult to demonstrate between 
membranes of intact cells. Several intracellular sterol- 
binding proteins have been described and a role for these 
proteins as cholesterol carriers has been demonstrated in 
model systems (19, 20). Light microscopic studies have 
suggested vesicular transport of fluorescent phospholipids 
(16). Several subcellular fractionation studies have iden- 
tified a vesicular compartment enriched in newly synthe- 
sized cholesterol (13, 21 -24); however, the origin and 
function of this compartment have not been elucidated. 
Lateral diffusion of cholesterol between contiguous mem- 
brane compartments is the basis of a membrane flow 
hypothesis of cholesterol transport. This model is depen- 
dent on membrane bridges between cellular organelles. 
Although these interconnections have been visualized by 
microscopy, the structures may have been artifacts of 
tissue fixation (16). 

This study estimates the rate of transport of cholesterol 
from LDL to the plasma membranes of CHO cells in cul- 
ture. We have used the enzyme cholesterol oxidase as a 
tool to measure the rate of intracellular transport of lipo- 
protein cholesterol. Cholesterol oxidase converts choles- 
terol to cholestenone, and has been used to sample plasma 
membrane cholesterol in mammalian cells. We have de- 
fined conditions for the use of cholesterol oxidase in the 
study of the transport of radiolabeled cholesterol from 
reconstituted LDL (rLDL) to the plasma membrane, and 
have estimated the rate of this process. 

EXPERIMENTAL PROCEDURES 

Materials 

[1,2-3H(N)]cholesterol (53.0 Ci/mmol) was purchased 
from New England Nuclear. Radiochemical purity was 
determined by thin-layer chromatography (TLC) on silica 
gel G plates (Analtech, Inc.) developed in benzene-ethyl 
acetate 2:3. Radioactive bands were located by scanning 
plates with a Bioscan System 200 Imaging Scanner. 
Mevinolin was kindly donated by A. W. Alberts (Merck, 
Sharp & Dohme Research Laboratories, Rahway, NJ). 
Cholest-4-en-3-one was obtained from Steraloids, Inc. 
(Wilton, NH), linoleic anhydride was obtained from Nu- 
Chek Prep, Inc. (Elysian, MN), and stigmasta-4,22- 
dienone and 4-pyrrolidinopyridine were obtained from 
Sigma. Ham's F12 medium, penicillin (10,000 units/ 
ml)/streptomycin (10,000 pglml) solution and trypsin/ 
EDTA (lyophilized 20 ml 0.5% trypsin, 5.3 mM EDTA, 
lox)  were obtained from GIBCO Laboratories. Fetal 
bovine serum and newborn calf serum were obtained 
from HyClone Laboratories, Inc. Cholesterol oxidase (EC 
1.1.3.6; Brevibacterium sp., 4.06 IU/mg) was obtained from 
Beckman Instruments. Solvents used in lipid extractions 

were redistilled reagent grade. Corning cell culture 
75-cm2 flasks and 100-mm dishes were used. 

Cell culture 

Chinese hamster ovary (CHO) cells (CHO-K1, Ameri- 
can Type Culture Collection) were maintained in Ham's 
F12 medium supplemented with 5% fetal bovine serum 
(FBS)-newborn calf serum (NCS) (l:l), 1 mM glutamine, 
and penicillin (100 unitdml) and streptomycin (100 pglml) 
(P/S) (growth medium) in 75 cm2 flasks. Cultures were 
maintained in a 37°C incubator in a 5 % COz, humid at- 
mosphere. Prior to experiments, cells were rinsed with 
sterile phosphate-buffered saline (PBS) (145 mM NaCl, 5 
mM KCI, 5 mM sodium phosphate, pH 7.4) and released 
from dishes with trypsin/EDTA (0.05 % trypsin, 0.53 mM 
EDTA). Cells were then plated into 100-mm dishes at a 
density of approximately lo5 cells per dish and were used 
for experiments within 72 h (approximately 60-80 % con- 
fluence). 

Preparation of reconstituted low density lipoproteins 

[ 3H]cholesteryl linoleate was prepared by shaking 
[ 3H]cholesterol with linoleic anhydride and 4-pyrrolidino- 
pyridine in benzene under a nitrogen atmosphere in an 
amber vial for 16 h at 25OC (25). [3H]Cholesteryl linoleate 
was purified by TLC on a silica gel G plate developed in 
hexane-diethyl ether-acetic acid 80:25:1. Radioactivity 
was located by scanning the plate with a Bioscan System 
200 Imaging Scanner. 

Human LDL was collected by preparative ultracentrif- 
ugation (4 = 1.019-1.063 g/ml) (26). LDL was reconsti- 
tuted by the method of Krieger (27), and then dialyzed 
against PBS. Reconstituted LDL (rLDL) recovery was 
determined by measuring protein by the method of Lowry 
et al. (28), cholesterol by enzymatic assay (Sigma kit 
#351), and radioactivity of an aliquot of rLDL dissolved 
in BioSafe I1 scintillant (Research Products International 
Corp.). The ratio of cholesteryl linoleate to protein of 
rLDL used in the described experiments was 0.84-0.86. 

Cholesterol oxidase assay for plasma membrane 
cholesterol 

Adherent subconfluent CHO cells in 100-mm dishes 
were rinsed three times with PBS, then three times with 
assay buffer (310 mM sucrose, 1 mM MgS04, 0.5 mM 
sodium phosphate, pH 7.4) at 25OC. Assay buffer was 
added to the dishes followed by cholesterol oxidase (0.01 
to 0.2 IU/ml final concentration, except where noted). 
The enzyme reaction was conducted at 25OC for 20 to 30 
sec, except where noted. The reaction was stopped by 
removing the assay buffer containing the enzyme and im- 
mediately extracting the dishes with hexane-isopropanol 
3:2 containing stigmasta-4,22-dienone as an internal stan- 
dard for sterol extraction efficiency and quantitation. 
Lipid residues were stored at - 20°C. The assay buffer 
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from the cell incubations was saved for subsequent deter- 
minations of cell permeability. Lactate dehydrogenase 
(LDH) assays were conducted immediately when ap- 
plicable; samples for K' determinations were stored at 
- 20%. 

Previously published cholesterol oxidase assay 
conditions 

The cholesterol oxidase assay of Lange and Ramos (29) 
was used to compare the levels of cholesterol oxidation 
and cell permeability under those conditions to the same 
parameters under our conditions. Following the former 
methods, subconfluent CHO cells grown in 100-mm 
dishes were rinsed two times with PBS, then released wtih 
trypsin/EDTA for 5 min at 37OC, and transferred to 1.5 
ml Eppendorf microfuge tubes. The released cells were 
pelleted by brief centrifugation (20 sec) in a Fisher Micro- 
fuge Model 235A (13,000 g) at 4OC. The cells were rinsed 
twice with PBS by resuspending and briefly centrifuging 
the cells at 4OC. The cells were then suspended in 1 % glu- 
taraldehyde in PBS and incubated for 15 min on ice, 
vortexing occasionally. The cells were rinsed three times 
with assay buffer (310 mM sucrose, 0.5 mM sodium 
phosphate, pH 7.4), and resuspended. The tubes were 
then incubated at 37OC for 15 min; 2 IU/ml cholesterol 
oxidase was added and the tubes were incubated for up to 
45 min at 37OC. At various times during the incuba- 
tion, cells were pelleted by brief centrifugation and the 
supernatants were removed for K' determinations. The 
pellets were then extracted as described above. 

Measurement of transport of rLDL cholesterol to the 
plasma membrane 

Cell growth conditions for cholesterol transport experiments. 
CHO cells were seeded into 100-mm dishes at approx- 
imately lo5 cellddish. Cells were grown for 24-48 h before 
the medium was changed to Ham's F12 medium sup- 
plemented with 2 % lipoprotein-deficient serum (NCS 
4 > 1.21 g/ml fraction), 1 mM glutamine, and P/S 
(medium A). After 24 h, the medium was changed to 
Ham's F12 medium supplemented with 2 %  LDS, 1 mM 
glutamine, P/S, 2 pg/ml mevinolin to inhibit sterol syn- 
thesis, and 5 pg/ml mevalonate to provide precursor for 
nonsterol isoprenoid synthesis but not sterol synthesis 
(30) (medium B), and the cells were grown for an addi- 
tional 24 h. 

rLDL puke-chase experiments. Dishes of subconfluent 
CHO cells were rinsed twice with PBS prewarmed to 
37OC. During the rinses, the cells remained attached to 
the dishes, but assumed a spherical appearance. HEPES- 
buffered F12 supplemented with 5 mg/ml bovine serum 
albumin (BSA), 1 mM glutamine, PIS, 2 pg/ml mevino- 
lin, and 5 pg/ml mevalonate (medium C) was added to the 
dishes, and the cells were incubated for 10-20 min at 
37OC to allow the cells to fully reattach to the dishes. The 

cells were then incubated at 4OC for 30-40 min to allow 
temperature equilibration. The medium was changed to 
medium C containing rLDL (20 to 36 pg rLDL pro- 
tein/ml and 7.5 x lo5 to 2.8 x lo6 cpm rLDL ['Hlcho- 
lesteryl linoleate/dish). The cells were incubated at 4OC 
for 2.5 h on a rotary shaker. The medium containing 
rLDL was removed and the cells were rinsed three times 
with PBS at 4OC. The medium was changed to either 
medium B (4 experiments), or medium B containing 40 
pg/ml unlabeled LDL (two experiments). The cells were 
then incubated at 37OC. At various times, the medium was 
removed and saved for cholesterol efflux determinations 
and the cells were subjected to our modified cholesterol 
oxidase assay for plasma membrane cholesterol. An aver- 
age of 35 % oxidation of cellular free cholesterol was ob- 
ained in six experiments. Determination of LDH activity 
or K' released into the assay buffer during cholesterol oxi- 
dase treatment was used to determine cell permeability. 

EBux measurements. Cellular efflux of [3H]cholesterol in- 
to the chase medium of cells was determined in three ex- 
periments. Lipids were extracted from chase medium 
samples by the method of Bligh and Dyer (31) and the ex- 
tracts were dried in a Savant Speed-Vac Concentrator. 
Radioactive sterol content of the lipid extracts was ana- 
lyzed by TLC followed by scintillation counting. Mass of 
effluxed free cholesterol derived from rLDL was calcu- 
lated from the starting specific radioactivity of rLDL 
[ 3H]cholesteryl linoleate. 

Datu analysis. The rates of [3H]cholesteryl linoleate 
cleavage and [3H]cholesterol transport to the plasma 
membrane were calculated by first determining the 
plateau of maximum specific radioactivity for cholesterol 
and cholestenone using the HYPER0 program (32), 
which fits the data to an equation for a hyperbola. The 
specific radioactivity values for each data point in the in- 
itial part of the curve were expressed as the percent of the 
maximum specific radioactivity, and half-times were 
calculated from plotted data. 

Other methods 

Lipid quuntitation. Dried lipid extracts (from hexane-iso- 
propanol extractions) contained excess white precipitate, 
hence were re-extracted by the method of Bligh and Dyer 
(31) to further purify the lipids. The chloroform phase was 
dried under nitrogen to yield a colorless residue. Lipids in 
radioactive samples (rLDL pulse-chase experiment sam- 
ples) were analyzed by TLC and gas-liquid chromatog- 
raphy; lipids in nonradioactive samples (control experi- 
ments) were quantitated by gas-liquid chromatography 
only. For radioactive samples, the lipids were resolubilized 
in chloroform, and half of the sample was spotted onto 
silica gel G TLC plates beside nonradioactive cholesterol, 
cholestenone, and cholesteryl ester standards using a 
TLC multispotter. The plates were developed in hexane- 
diethyl ether-acetic acid 80:25:1.5. The standards were 
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visualized by iodine vapors and radioactivity was located 
by scanning the plates with a Bioscan System 200 lmag- 
ing Scanner. Radioactive bands were scraped into scintil- 
lation vials, Econofluor (NEN Research Products) was 
added, and the sample radioactivity was determined us- 
ing a Packard 1900CA Tri-Carb liquid scintillation analy- 
zer. The remainder of the sample was used for sterol mass 
quantitation by gas-liquid chromatography using a 
Varian 3400 Gas Chromatography with an online Hewlett- 
Packard 3390A integrator. The samples were concen- 
trated under nitrogen, and one third of the remaining 
sample was injected into a 4-ft column of Dexsil 300 on 
100/120 Supelcoport (Supelco) with nitrogen as carrier gas 
(30 cm2/min) and a temperature program of 25OOC for 8 
min, followed by a G°C/min increase to 360OC. The 
masses of cholesterol arid cholestenone were determined 
by comparison of peak areas to known quantities of the 
internal standard, stigmasta-4,22-dienone. 

Lactate dehydrogenase assays. LDH activity was deter- 
mined (33) in assay buffer from cells as a measure of cell 
permeability during cholesterol oxidase treatments. 
Released LDH activity from cell incubations with or 
without enzyme was compared to the total amount of en- 
zyme activity in cells solubilized by 0.5 % sodium deoxy- 
cholate in double-distilled H20. 

Measurement af I(' release. The concentration of intracel- 
lular K' released by cells incubated with or without 
cholesterol oxidase was determined as a measure of cell 
permeability. The K' content of assay buffer removed 
from cell incubations was determined by atomic absorp- 
tion spectroscopy. The of assay buffer samples was 
determined on a Perkin-Elmer Model 403 Atomic Ab- 
sorption spectrophotometer. The concentration of K' 
released from cholesterol oxidase-treated and control cells 
was compared to the total concentration of K' released 
from cells solubilized with 0.5 % sodium deoxycholate in 
ddH20. Sodium deoxycholate failed to release K' from 
glutaraldehyde-fixed cells; hence, total cellular K* was de- 
termined relative to cholesterol levels in unfixed cells and 
the total cellular content of K' for glutaraldehyde-fixed 
cells was calculated from their cholesterol content. 

RESULTS 

Modification of the cholesterol oxidase assay for 
plasma membrane cholesterol 

Cholesterol oxidase converts cholesterol to cholest-4- 
en-3-one. A previous study demonstrated that cholesterol 
oxidase induces cell lysis under some conditions (34); 
hence, we tested the integrity of C H O  cells treated with 
cholesterol oxidase by measuring the release of intracel- 
lular potassium during enzyme treatment. We used the 
method of Lange and Ramos (29) to measure cholesterol 
oxidase-accessible cholesterol in Chinese hamster ovary 

(CHO) cells. CHO cells were released from dishes with 
trypsin/EDTA, rinsed, fixed with glutaraldehyde, and 
then treated with cholesterol oxidase for 45 min. The ox- 
idation of cellular free cholesterol increased rapidly with 
time of enzyme treatment to 100% oxidation by 15 min 
(Fig. 1). The concentration of extracellular K' increased 
to 80% of total cell K', indicating concomitant perme- 
abilization of cell membranes to cellular ions. Similar 
results were obtained for cells that were treated in the 
same manner without glutaraldehyde fixation; both cho- 
lesterol oxidation and the extracellular K' concentration 
increased with time of enzyme treatment to the same ex- 
tent as in glutaraldehyde-fixed cells. No increase in re- 
leased K' was measured for cells incubated in the absence 
of enzyme over 45 min. 

We modified the cholesterol oxidase assay for plasma 
membrane cholesterol. In order to eliminate potentially 
injurious effects of trypsin treatment on cells and to 
reduce sample processing time, adherent cells were briefly 
treated with cholesterol oxidase (20 to 30 sec, except 
where noted) and immediately extracted while still on the 
dishes. Processing time to lipid extraction was less than 2 
min after removal of the cells from 37OC incubation con- 
ditions, thus allowing rapid acquisition of multiple time 

20! 0 

rl' 
0 10 20 30 40 50 

Time (min) 
Fig. 1. Cholesterol oxidation and intracellular K' release in suspended 
cells treated with cholesterol oxidase with or without prior glutaralde- 
hyde fixation. Cells were released from 100-mm dishes by trypsin treat- 
ment, rinsed with PBS at 4OC, and then fixed for 15 min with 1 %  
glutaraldehyde in PBS at 4OC (fixed cells), or incubated for I5 min in 
PBS at 4OC (unfixed cells). The cells were washed in assay buffer, 
resuspended in this buffer, and then incubated for 15 min at 37OC. 
Cholesterol oxidase was added (2 IU/ml), and the cells were incubated 
at 37% for the times indicated. At these times, assay buffer was removed 
from cells following brief centrifugation, and the K' content of the buffer 
was determined. The lipid content was determined, and the 7% 
cholesterol oxidation was determined from the mass of cholestenone/ 
total mass of cholesterol + cholestenone. (0,U) Represent the % 
cholesterol oxidized of fixed and unfixed cells, respectively; (A A) repre- 
sent the '% of total cellular K' relased from fixed and unfixed cells, 
repectively; (0) represents the 7% of total cellular K* released from con- 
trol cells treated as described above without cholesterol oxidase, with or 
without glutaraldehyde fixation. The data shown are from one represen- 
tative experiment out of three. 
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points and minimizing potential passive diffusion of 
cholesterol between membranes during sample processing. 

We carried out this assay at various concentrations of 
cholesterol oxidase and found that the oxidation of cel- 
lular cholesterol increased with increasing concentrations 
of enzyme (Fig. 2A and B). To determine the permeabili- 
ty of cells during treatment with cholesterol oxidase, the 
release of a cytosolic enzyme, lactate dehydrogenase 
(LDH), and intracellular K' into the assay buffer were 
measured (Fig. 2A and B). Released LDH activity in- 
creased only slightly with increased cholesterol oxidation 
(Fig. 2A). Cells treated with 1 IU/ml cholesterol oxidase 
released 0 to 3 % more of total cellular LDH activity than 
the no-enzyme controls in four separate experiments. 
Since LDH is a large molecule (M, = 140 kD), and 
therefore may not be a sensitive indication of permeabil- 
ization of cells to cholesterol oxidase (M, = 56 kD), we 
decided to use a more rigorous measure of cell permeabil- 
ity, the release of intracellular K'. When less than 40% 
of cellular free cholesterol was oxidized by cholesterol oxi- 
dase, less than 10 % of total cell K' was released (Fig. 2B). 
When more than 40% of cellular cholesterol was oxi- 
dized, the extent of cellular K' release more closely 
paralleled the percent of cholesterol oxidation. 

Measurement of the rate of transport of LDL 
cholesterol to the plasma membrane in CHO cells 
using a radiolabeled tracer 

LDL was reconstituted with [ 3H]cholesteryl linoleate 
(27). C H O  cells were preincubated under conditions that 
enhance the uptake of lipoprotein cholesterol by depleting 
cellular sterol levels (lipoprotein-deficient serum, LDS) 
and inhibit sterol synthesis (mevinolin). The cells were in- 

0.0 0.2 0.4 0.6 0.8 1.0 

Cholesterol oxidase (IUlml) 

cubated with reconstituted LDL (rLDL) at 4OC to allow 
binding of the particles to cell surface receptors without 
internalization. The cells were then incubated in chase 
medium with or without excess cold LDL at 37OC to 
allow endocytosis of rLDL with subsequent transport to 
lysosomes for cleavage of the lipoprotein constituents. At 
various times, samples of cells were removed to determine 
incorporation of the cholesterol tracer into cellular free 
cholesterol and plasma membrane pools. Free [ 3H]choles- 
terol from cleavage of rLDL [3H]cholesteryl linoleate ap- 
peared in the cells following a 30-min lag (Fig. 3A and 
B); the specific radioactivity of cellular free cholesterol in- 
creased rapidly following the lag and approached a pla- 
teau by 2 h. Cholesterol oxidase was used to determine the 
rate of appearance of [3H]cholesterol at the plasma mem- 
brane, indicated by the increase in specific radioactiv- 
ity of cholestenone. The conditions of cholesterol oxidase 
treatment were carefully selected to minimize cell perme- 
abilization; an average of 35 % of cellular cholesterol was 
oxidized in six experiments. The specific radioactivity of 
cholestenone increased rapidly after a 30-min lag in 
parallel with the increase in specific radioactivity of 
cholesterol (Fig. 3A and C). The rates of appearance of 
free [3H]cholesterol in the cell and at the plasma mem- 
brane were estimated by determining the maximum 
specific radioactivities of cholesterol and cholestenone and 
calculating the rate at which the measured specific 
radioactivities approached the maximum values over time 
(Fig. 3B and 3C). The mean half-time for the rate of ap- 
pearance of free [3H]cholesterol in the cell was 
37.0 * 10.3 min (mean of six experiments, Table 1) after 
the 30-min lag. The mean half-time for the rate of 
cholesterol transport to the plasma membrane (ap- 
pearance of [3H]cholestenone) was 41.8 12.2 min 

0.0 0.5 1 .o 1.5 

Cholesterol oxidase (IU/ml) 

Fig. 2. Cholesterol oxidation and release of LDH activity (A) or intracellular K' (B) in adherent cells treated with cholesterol oxidase. Cells on 
100-mm dishes were rinsed with PBS and then assay buffer at 25OC. Cholesterol oxidase was added to dishes of cells at the indicated concentrations 
in assay buffer, and the cells were incubated for 10 min at 25OC. Assay buffer was removed from the cells and LDH activity or K' content was de- 
termined. Cells were immediately extracted with hexane:isopropanol (3:2), and the lipid content was determined and expressed as described in the 
legend to Fig. 1. (0) Represents the % cholesterol oxidized, and (0) represents the % of total cellular LDH activity released (A), or the % of total 
cellular K' released (B). Total cellular LDH activity and K' were determined as described in Experimental Procedures. The data shown are from 
one representative experiment out of three (A) and five (B). 
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2504 

(mean of six experiments, Table 1) after the lag. Experi- 
ments with an unlabeled LDL chase after the rLDL pulse 
gave results similar to those from experiments with a 
lipoprotein-free chase; the transport of radiolabeled 
cholesterol to the plasma membrane occurred with a half- 
time of approximately 41 min. 

Efflux of [3H]cholesterol from CHO cells treated with 
[3H]cholesteryl linoleate-labeled rLDL 

The rate of [3H]cholesterol efflux from cells incubated 
with [3Hlcholesteryl linoleate-labeled rLDL was deter- . *  

0 1 0 0  200  3 0 0  4 0 0  500  mined. The mass of effluxed cholesterol derived from 
Time (min) rLDL was calculated from the specific radioactivity of 

cholesteryl linoleate in rLDL. A 2 h lag was observed 
before significant [ 3H]cholesterol appeared in the 
medium (Fig. 4). After the lag, rLDL cholesterol effluxed 
into the medium at a rate of approximately 0.3 ng rLDL 
cholesterol/h per pg total cellular free cholesterol (deter- 
mined in three experiments). By 10 h, approximately 
10 % of the internalized rLDL cholesterol had effluxed in- 
to the incubation medium as free cholesterol when LDL 
was either present or absent in the chase medium. 

Cell permeability measurements 

Cells treated briefly with cholesterol oxidase for the 
rLDL pulse-chase experiments remained intact during 
enzyme treatment; this was demonstrated by the quanti- 
tation of either LDH or K' released into the assay buffer 
(in five out of six experiments). In one experiment, less 
than 2 %  of cellular LDH activity was released into the 

IO0 
B 

O 
80 - 

I5O 0 50 100 
Time (min) 

0 
0 50 100 150 200 

Time (min) 

assay buffer from cells treated with cholesterol oxidase 
above the release of cellular LDH in the no-enzyme con- 
trols (data not shown). In four experiments, less than 3 % 
of cellular K' was released into the assay buffer by enzyme 
treatment relative to the release measured in the no- 
enzyme controls (data not shown). 

DISCUSSION 

We present the novel observation that LDL cholesterol 
is very rapidly transported from lysosomes to the plasma 
membrane of C H O  cells. The rate of transport of rLDL 

Fig. 3. Release of lipoprotein cholesterol into the cell and incorporation into the plasma membrane. Subconfluent dishes of cells were preincu- 
bated under conditions to deplete cellular cholesterol and inhibit endogenous synthesis of cholesterol. Cells were then incubated with [3H]cholesteryl 
linoleate rLDL at 4'C for 2.5 h and then rinsed with PBS. Chase medium (lipoprotein-deficient medium, four experiments (data shown); medium 
with 40 pg unlabeled LDL protein/ml, two experiments) was added and cells were incubated at 37'C for the indicated times. Cells were rinsed with 
PBS and then assay buffer at 25OC. Cholesterol oxidase was added to the cells in assay buffer (0.04-0.2 IU enzyme/ml), and the cells were incubated 
for 20-30 sec at 25OC. Assay buffer was removed from the cells and released LDH activity or K' was determined; less than 2% of cellular LDH 
activity (one experiment) or less than 3 % of cellular K' (four experiments) was released into the assay buffer above the same measurements in the 
no-enzyme controls. Cells were immediately extracted and the lipids were quantitated. (A) Data for release of free cholesterol from rLDL cholesteryl 
linoleate (0) and transport of cholesterol to the plasma membrane (cholestenone) ( A )  collected over 8 h. (B) Data from (A) replotted for the release 
of free cholesterol from rLDL cholesteryl linoleate to show initial rate of cholesterol release as % of maximum specific radioactivity of free cholesterol. 
(C) Data from (A) replotted for the transport of cholesterol to the plasma membrane to show initial rate of cholesterol transport as % of maximum 
specific radioactivity of cholestenone. Data shown are from one representative experiment out of six. 
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TABLE 1. Rates of lysosomal cleavage of rLDL cholesteryl linoleate (cholesterol) and transport of released 
cholesterol to the plasma membrane (cholestenone) 

Cholesterol Cholestenone 

Experiment Chase 

min 

1 LDS" 27.2 0.95 
2 LDS 30.6 0.89 
3 LDS 48.7 0.94 
4 LDS 32.6 0.83 
5 LDL' 51.4 0.88 
6 LDL 31.6 0.89 

Mean 37.0 10.3 

"Lipoprotein-deficient serum-containing medium. 
'Low density lipoprotein-containing medium (50 gg/ml LDL protein). 

[ 3H]cholesterol to the plasma membrane was determined 
using cholesterol oxidase-catalyzed modification of 
plasma membrane cholesterol under carefully defined 
conditions. The release of free [3H]cholesterol into cells 
by lysosomal cleavage of rLDL [3H]cholesteryl linoleate 
had a half-time of 37 min following a 30-min lag. The ap- 
pearance of [ 3H]cholesterol in the plasma membrane had 
a similar half-time of 42 min following the same lag. The 
difference between the rate of free cholesterol release from 
rLDL cholesteryl ester and the rate of appearance of 
rLDL cholesterol in the plasma membrane was within ex- 
perimental error of the measurements, suggesting very 
rapid transport of [3H]cholesterol to the plasma mem- 
brane after cleavage of [ 3H]cholesteryl linoleate. The 30- 
min lag observed before the appearance of free cholesterol 
in the cell probably represents the temperature equilibra- 
tion of cells from 4°C to 37OC and the internalization of 
rLDL via the LDL cell surface receptor pathway, with 
subsequent transport of the receptor-ligand complex 
through the endocytotic pathway and delivery of rLDL to 
the lysosome, as described previously (reviewed in ref. 
35). These observations suggest that internalization and 
cleavage of cholesteryl esters is the rate-limiting step of 
LDL cholesterol transport to the plasma membrane. 

Cholesterol oxidase has been used in several studies to 
quantitate plasma membrane cholesterol in various cell 
lines (29, 36-38). A primary assumption of the use of 
cholesterol oxidase as a probe for plasma membrane 
cholesterol has been that the enzyme cannot enter the cell, 
and therefore acts exclusively on the cell's outer mem- 
brane. In all previous studies, glutaraldehyde was used as 
a fixative prior to treatment of cells with cholesterol oxi- 
dase to ensure cell integrity during enzyme treatment 
(29). We tested the integrity of C H O  cells during choles- 
terol oxidase treatment under the assay conditions of 
Lange and Ramos (29). While the extent of cellular 
cholesterol oxidation in our experiments was similar to 
published results, we also found extensive release of intra- 

min 

52.5 0.90 
38.5 0.98 
49.1 0.84 
28.4 0.88 
55.1 0.90 
27.1 0.88 

41.8 f 12.2 

cellular K' during the enzyme treatment. Our results sug- 
gest that cells may be permeabilized by cholesterol 
oxidase treatment under the conditions described previ- 
ously (29). Furthermore, glutaraldehyde fixation may not 
protect cells from permeabilization by cholesterol oxidase 
treatment, since the extents of cholesterol oxidation and 
K' release were similar for cells treated with cholesterol 
oxidase under the same conditions but without prior glu- 
t araldehyde fixat ion. 

Levels of plasma membrane cholesterol determined by 
cholesterol oxidase susceptibility of cellular cholesterol are 
controversial in light of estimates obtained by other 
methods (11, 39). Cholesterol oxidase accesses greater 
than 80 % of cellular cholesterol in human skin fibroblasts 
(29, 36), C H O  cells, rat hepatocytes (29), rat ovarian 
granulosa cells (37), and 5774 macrophages (38). Mea- 

0 200 400 600 
Time (min) 

Fig. 4. Efflux of rLDL free cholesterol from cells. Cells were incubated 
with rLDL as described in the legend to Fig. 3. Chase medium from 
dishes was removed at the times indicated, and medium cholesterol was 
extracted and quantitated. The mass of effluxed cholesterol derived from 
rLDL was calculated from the specific radioactivity of cholesterol in the 
original rLDL preparation. Data shown are from one representative ex- 
periment out of three (one with a lipoprotein-free chase, and two with 
chase medium containing LDL; data shown). 
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surements of plasma membrane cholesterol content from 
subcellular fractionation studies and calculations based 
on cell surface area have suggested that plasma mem- 
brane cholesterol levels in excess of 40% of cellular 
cholesterol are physically unlikely (11, 39). On the other 
hand, alternative estimates of plasma membrane surface 
area and subcellular fractionation studies suggest that 
90 % of cellular cholesterol is located in the plasma mem- 
brane (40). While our studies do not address the question 
of how much cholesterol is in the plasma membrane, they 
suggest that susceptibility of cellular cholesterol to 
cholesterol oxidase may not provide an acccurate estimate 
of total plasma membrane cholesterol mass. Since exten- 
sive oxidation of cellular cholesterol was accompanied by 
cell permeabilization, as shown by release of cellular K', 
it is possible that cholesterol oxidase has access to intracel- 
lular pools of cholesterol as well as plasma membrane 
cholesterol under these conditions. 

Our assay for the appearance of lipoprotein cholesterol 
at the plasma membrane used cholesterol oxidase under 
carefully defined conditions. We observed that very little 
cell permeabilization occurred in cells treated with 
cholesterol oxidase when less than 40% of cellular 
cholesterol was converted to cholestenone. This result sug- 
gests that at least 40% of cell cholesterol is in the plasma 
membrane. To avoid potential oxidation of intracellular 
cholesterol, we chose assay conditions that oxidize less 
than 40% of cellular cholesterol in our cholesterol 
transport experiments. We have assumed that the radiola- 
beled cholesterol tracer has equal access to all plasma 
membrane cholesterol pools, although we cannot rule out 
the possibility that oxidation of less than 40 % of cellular 
cholesterol may identify a subdomain of plasma mem- 
brane cholesterol that is available to cholesterol oxidase. 
Under our conditions, negligible release of cellular K' 
and LDH activity into the assay buffer occurred with 
cholesterol oxidase treatment, indicating that the cells 
were intact. By determining the increase in specific 
radioactivity of plasma membrane cholesterol after the in- 
cubation of cells with [3H]cholesteryl linoleate-labeled 
rLDL, we estimated the rate of transport of LDL choles- 
terol to the plasma membrane by means that do not re- 
quire the quantitation of total plasma membrane choles- 
terol levels and are therefore independent of the oxidation 
of all plasma membrane cholesterol. 

Our modified assay provides a significant improvement 
in the time resolution of sampling possible with choles- 
terol oxidase-catalyzed modification of plasma membrane 
cholesterol. By previous methods (29), the processing 
time of each sample required at least 1.5 h allowing poten- 
tial diffusion of cholesterol between membranes, hence 
limiting the accuracy of rate determinations. The process- 
ing of each sample in our assay was complete in less than 
2 min, thus allowing frequent sampling (see Fig.3A). This 
improved resolution was essential to the estimation of the 

rate of lipoprotein cholesterol transport since the trans- 
port of free cholesterol released by lysosomal hydrolysis of 
cholesteryl esters to the plasma membrane occurred with- 
in this 2-min time frame. 

Our estimates of the rate of lipoprotein cholesterol 
transport to the plasma membrane are comparable to 
rates determined in steroidogenic cells by methods similar 
to the previously published cholesterol oxidase assay pro- 
tocol (29). Freeman (36) continuously labeled MA-10 
Leydig tumor cells with [ 3H]cholesteryl linoleate rLDL 
and then measured the transport of [ 3H]cholesterol to the 
plasma membrane using a modification of the cholesterol 
oxidase assay of Lange and Ramos (29). Adherent cells 
were hypotonically swollen and glutaraldehyde-fixed 
before extensive cholesterol oxidase treatment, resulting 
in the oxidation of 66% of cellular free cholesterol. By 
these methods, the rate of lipoprotein cholesterol trans- 
port to the plasma membrane had a half-time of 31.9 min, 
very similar to our measured rate of appearance of free 
cholesterol from lysosomal hydrolysis of cholesteryl esters. 
Since we have shown that cholesterol transport from the 
lysosome to the plasma membrane is very rapid, the ar- 
rival of cholesterol at the plasma membrane would be in- 
distinguishable from the appearance of intracellular free 
cholesterol if cholesterol oxidase had access to intracel- 
lular cholesterol pools. The inclusion of cell integrity 
measurements in our study allows a distinction between 
plasma membrane and intracellular cholesterol. 

We measured the rate of [3H]cholesterol efflux from 
cells incubated with [3H]cholesteryl linoleate-labeled 
rLDL. A 2-h lag was observed before rLDL cholesterol 
was detected in the medium; the rate of [3H]cholesterol 
efflux was linear for at least 10 h after the lag. The initial 
release of [3H]cholesterol into the medium is a measure 
of the rate of uptake and processing of the rLDL, trans- 
port of cholesterol to the plasma membrane, and release 
of cholesterol from the cell surface. Since we found that 
the transport of LDL cholesterol to the plasma membrane 
is rapid, the rate-limiting step of cholesterol efflux is the 
release from the cell surface into the medium. Several stu- 
dies examining cholesterol release from fibroblasts sup- 
port the conclusions that this process is relatively slow 
(reviewed in ref. 18). 

Free cholesterol derived from LDL cholesteryl esters 
was very rapidly transported to the plasma membrane; 
the rate of this process was within the time resolution of 
our method (2 min). This rate of transport suggests that 
passive diffusion of cholesterol from lysosomes to the 
plasma membrane is unlikely, since aqueous diffusion of 
cholesterol between membranes is relatively slow (18). 
Our study suggests a catalytic mechanism for cholesterol 
transport between the lysosome and plasma membrane. 
Studies in Niemann-Pick Type C fibroblasts lend further 
support to active transport of cholesterol across lysosomal 
membranes. These fibroblasts take up and hydrolyze 
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LDL cholesteryl esters normally (41, 42) but released free 
cholesterol is poorly esterified by ACAT (42, 43) and does 
not normally down-regulate cholesterol biosynthesis and 
LDL receptor activity (41, 42), indicating that it is not 
transported to other intracellular sites. Lipoproteh- 
derived free cholesterol appears to accumulate in lyso- 
somes (43), and is not further transported to the plasma 
membrane (43, 44). These observations suggest that 
Niemann-Pick Type C cells lack the ability to transport 
cholesterol out of lysosomes, implying that normal cells 
possess an active transport mechanism. The nature of this 
mechanism and its general role in intracellular cholesterol 
transport between other organelles remains to be demon- 
strated. I 
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