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Abstract The rate of transbilayer movement of cholesterol was
measured in intact human erythrocytes. Suspended erythrocytes
were incubated briefly with [*H]cholesterol in ethanol at 4°C, or
with liposomes containing [*H]cholesterol over 6 hr at 4°C to
incorporate the tracer into the outer leaflet of erythrocyte
plasma membranes. The erythrocytes were then incubated at
37°C to allow diffusion of cholesterol across the membrane
bilayer. Cells were treated briefly with cholesterol oxidase to con-
vert a portion of the outer leaflet cholesterol to cholestenone, and
the specific radioactivity of cholestenone was determined over
the time of tracer equilibration. The decrease in specific radio-
activity of cholestenone reflected transbilayer movement of
{*Hjcholesterol. The transbilayer movement of cholesterol had a
mean half-time of 50 min at 37°C in cells labeled with
[*H]cholesterol in ethanol, and 130 min at 37°C in cells labeled
with [*H]cholesterol exchanged from liposomes. The cells were
shown, by the absence of hemolysis, to remain intact throughout
the assay. The presence of 1 mM Mg? in the assay buffer was
essential to prevent hemolysis of cells treated with cholesterol
oxidase perturbed the cells, resulting in an accelerated rate of
apparent transbilayer movement. Our data are also consistent
with an asymmetric distribution of cholesterol in erythrocyte
membranes, with the majority of cholesterol in the inner
leaflet. — Brasaemle, D. L., A. D. Robertson, and A. D. Attie.
Transbilayer movement of cholesterol in the human erythrocyte
membrane. J Lipid Res. 1988. 29: 481-489.
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Plasma cholesterol can enter cells through several path-
ways. Receptor-mediated and receptor-independent up-
take of cholesterol carried on lipoproteins accounts for the
majority of exogenous cholesterol entry (1-4). Addition-
ally, lipoprotein cholesterol can enter cells through a
pathway independent of endocytosis and in excess of con-
comitant entry of the corresponding apolipoproteins (5-8).
The mechanisms underlying the entry of cholesterol into
cells, independent of endocytosis, are unknown. One
possible explanation is the association of cholesterol with
the outer leaflet of the plasma membrane followed by
transbilayer movement of cholesterol, and dissociation of
cholesterol from the membrane into the cytoplasm. Previ-

ous studies indicate that cholesterol moves across mem-
brane bilayers (9-17). There is, however, wide variance in
the data describing the rate of transbilayer movement. For
example, Lange, Dolde, and Steck (15) suggested a half-
time of seconds for transbilayer movement of cholesterol
in erythrocyte membranes, while other studies described
a half-time of minutes or hours (10-12, 14). These experi-
ments used a variety of probes of membrane cholesterol
and employed different methods of measurement to deter-
mine the rate of transbilayer movement of cholesterol.

Several conditions are important to the accurate deter-
mination of the rate of transbilayer movement of choles-
terol and the application of this measurement to intact
cells. First, any tracers employed should be as similar to
cholesterol as possible. Most spin-labeled and fluorescent
analogs of cholesterol are more polar than cholesterol,
and hence may not faithfully mimic its behavior in a
membrane. Second, biologically relevant membranes
should be used; the ideal systems are intact cells. Studies
using cells should include a measure of membrane integ-
rity. Third, the methods used should not perturb other
features of the cell, such as the arrangement of membrane
components.

In this study, we developed a new approach to measure
the transbilayer movement of cholesterol in intact erythro-
cytes, using a radioclabeled cholesterol tracer. We followed
the movement of [*H]cholesterol across erythrocyte mem-
branes at 37°C. Intact erythrocytes were labeled with
[*H]cholesterol under conditions that selectively radio-
label the outer leaflet of the plasma membrane. The
radiolabeled cholesterol was then permitted to move freely
across the membrane bilayer. The disappearance of
[*H]cholesterol from the outer leaflet was determined by
treating cells briefly with cholesterol oxidase (18) under
conditions that converted a small portion of outer leaflet
cholesterol to cholestenone, and then measuring the rate
of decline in the specific radioactivity of cholestenone.
The lack of concurrent hemolysis with enzyme treatment
demonstrated that the cells remained intact under these
conditions.
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EXPERIMENTAL PROCEDURES

Materials

[1,2-*H(N)]cholesterol (53.0 Ci/mmol) was purchased
from New England Nuclear. Radiochemical purity was
determined by thin-layer chromatography (developed in
benzene-ethyl acetate 2:3). Radioactive bands were
located by scanning plates with a Bioscan System 200
Imaging Scanner interfaced with an Apple ITe computer.
Cholesteryl [1-'*Cloleate (56.0 mCi/mmol) was obtained
from New England Nuclear. Cholest-4-en-3-one was ob-
tained from Steraloids; cholesterol, stigmasta-4,22-dienone,
and egg phosphatidylcholine (Type V-E) were obtained
from Sigma. Cholesterol oxidase (EC 1.1.3.6; Brevibacterium
sp., 12.4 U/mg) was obtained from Beckman Instruments.
Precoated thin-layer chromatography plates (250 pm silica
gel G) were obtained from Analtech, Inc. Solvents used
in lipid extractions were redistilled reagent grade.

Erythrocyte preparation

Human blood was collected in 0.32% citrate. Erythro-
cytes were collected by centrifugation (10 min; 2400 g)
and were washed three times in four volumes of saline
(145 mM NaCl, 5 mM KCI, 5 mM sodium phosphate,
pH 7.4), and three times in assay buffer (310 mM sucrose,
1 mM MgSO,, 5 mM sodium phosphate, pH 7.4) at 4°C.
Erythrocytes were used within 10 hr of collection.

Labeling of erythrocytes with exogenous
[*H]cholesterol

Cells were suspended in 3 ml of saline in 15-ml sterile
plastic centrifuge tubes; 50 pCi of [*H]cholesterol (53.0
Ci/mmol) was added in 50 ul of ethanol, and the cells
were incubated for 5 min at 4°C. Radiolabeled cells were
then rinsed four times in four volumes of saline and three
times in four volumes of assay buffer at 4°C in microfuge
tubes; brief centrifugation (15 sec) at 13,000 g in a Fisher
Microfuge Model 235A was used to pellet the cells. The
entire rinsing procedure was completed in 15 min.

Labeling of erythrocytes with liposome [*H]cholesterol

Liposomes were made by suspending 100 mg of egg
phosphatidylcholine, 35 mg of cholesterol with 0.5 mCi
[*H]cholesterol (approximately 0.8 mol cholesterol/mol
phosphatidylcholine), and cholesteryl ['*C] oleate as a
nonexchangeable marker in 2 ml of saline with 0.01%
EDTA, and then passing the suspension through an
Aminco French Pressure cell three times at 20,000 psi
(19). The solution was centrifuged 5 min in a microfuge
(13,000 g), and the supernatant containing vesicles was
eluted over a coarse Sephadex G50 column in saline with
0.01% EDTA. Erythrocytes were suspended in 3 ml of
saline in 15-ml sterile plastic centrifuge tubes; 1 ml of lipo-
some preparation (one-third of the preparation) was
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added, and the cells were incubated for 6 hr at 4°C.
Radiolabeled cells were then rinsed four times in four
volumes of saline and three times in four volumes of assay
buffer at 4°C, as described above. The absence of *C
radioactivity from cholesteryl ['*C] oleate, in the rinsed
cell suspensions indicated that no measurable quantities
of liposomes contaminated the cells.

Treatment of erythrocytes with cholesterol oxidase

The method of Lange and Ramos (18) for the treatment
of cells with cholesterol oxidase was modified to allow
more rapid measurements of plasma membrane choles-
terol. Washed cells suspended in assay buffer (typically 20
to 50 pug of erythrocyte cholesterol/ml cell suspension)
were treated with cholesterol oxidase (6 IU/ml) at 37°C
or 10°C. Depending on the experiment, the cells were
preincubated at 37°C, and then briefly treated with
enzyme (20 sec), or briefly preincubated at 37°C or 10°C,
and then treated continuously with enzyme. Aliquots of
the reaction mixture were extracted in four volumes of
chloroform-methanol 2:1. The organic phase was split
into two portions: 80% for sterol mass analysis and 20%
for determination of sterol radioactivity. The extracts
were dried under nitrogen and stored at -20°C (1-4
days) in glass screw-topped test tubes until the lipid analy-
sis was performed.

Sterol mass and radioactivity determinations

Mass determinations of cholesterol and cholestenone
were made by gas chromatography using a Varian 3400
gas chromatograph with a Hewlett Packard 3390a Inte-
grator. The samples were redissolved 1n isooctane, and in-
jected into a 4-ft column of 1% Dexsil 300 on 100/120
Supelcoport, with nitrogen carrier gas (20 cm/min), and
a temperature program of 250°C for 5 min, followed by
a 6°C/min increase to 350°C. The mass of each sterol was
determined by comparison of peak areas to known quan-
tities of an internal standard, stigmasta-4,22-dienone.

Cholesterol and cholestenone were separated by thin-
layer chromatography, and the radioactivity of each sterol
was quantitated. Lipid extracts were redissolved in chlo-
roform and spotted onto Silica Gel G plates with unlabeled
standards. The plates were developed in hexanes-ethyl
ether-acetic acid 80:25:1, and the lipid spots were visual-
ized with I, vapor. Radioactivity was located by scanning
the plates with a Bioscan Systern 200 Imaging Scanner
interfaced with an Apple Ile computer, and the radio-
active bands were scraped into scintillation vials. Scint A
(United Technologies, Packard) was added, and the
sample radioactivity was determined using a Beckman
100LS scintillation counter. Radioactivity counts typi-
cally ranged from 10° to 5 x 10* cpm; background counts
were typically 40 to 70 cpm, and were determined by scin-
tillation counting of a blank thin-layer chromatography
band.
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Other methods

Hemolysis of cholesterol oxidase-treated erythrocytes
was determined by centrifuging aliquots of the reaction
mixture for 15 sec at 13,000 ¢ in a microfuge. The ab-
sorbance of the supernatant was determined at 540 nm,
and was compared to the absorbance of the same quantity
of cells lysed in a hypotonic buffer (5 mM sodium phos-
phate, pH 7.4) (15).

The rate of decrease of the specific activity of choles-
tenone and the rate of cholesterol oxidation by cholesterol
oxidase were estimated using the Curve Fitter-PC program
(Interactive Microware, Inc., State College, PA), which
fits the data to a monoexponential curve using an IBM
PC. The coefficients of correlation of the data were typi-
cally 0.90 to 0.99, but ranged from 0.78 to 0.99 (see Tables
1 and 2). The plateaus of oxidation of erythrocyte choles-
terol by cholesterol oxidase at 10°C and 37°C were esti-
mated using the HYPERO program (20), which fits the
data into an equation for a hyperbola, y = Ax/(B + x).

RESULTS

Oxidation of erythrocyte cholesterol

Cholesterol oxidase was used to convert plasma mem-
brane cholesterol to cholest-4-en-3-one in erythrocytes
suspended in assay buffer without Mg?'. Cholesterol and
cholestenone were then extracted, separated, and quanti-
tated. The plasma membrane cholesterol of erythrocytes
was rapidly oxidized by cholesterol oxidase at 37°C (Fig.
1A). Cholesterol oxidation was accompanied by hemoly-
sis of the erythrocytes, indicating the permeabilization of
the cells by enzyme treatment under these experimental
conditions. The addition of 1 mM Mg® to the assay
buffer allowed the complete oxidation of plasma membrane
cholesterol without hemolysis (Fig. 1B). The rapid oxida-
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tion of 12.6 + 3.2% (n = 8) of the erythrocyte cholesterol
was followed by the slower oxidation of the remaining
cholesterol (ty;; = 10.2 + 2.7 min, n = 8). Cholesterol
oxidation was complete by 40 min at 37°C.

The oxidation of erythrocyte cholesterol was measured
at low temperature, a condition that restricts the move-
ment of lipids in membrane bilayers (21-23). Approxi-
mately 14% of the total erythrocyte cholesterol was
rapidly oxidized (14.4 + 1.8%, n = 4), and no further oxi-
dation was measured over 6 hr at 10°C (Fig. 2). The
oxidation of erythrocyte cholesterol at 10°C was not
accompanied by hemolysis, indicating that the cells were
intact throughout the 6-hr treatment.

The cholesterol from cells disrupted by a hypotonic
buffer (1 mM MgSO,, 5 mM sodium phosphate, pH 7.4)
was rapidly and completely oxidized while 10-14% of the
cholesterol of intact cells was oxidized by cholesterol
oxidase at 37°C (Fig. 3) and 10°C. The half-time for cho-
lesterol oxidation in disrupted cells was 0.64 + 0.43 min
at 37°C (n = 5), and 0.84 £ 0.31 min at 10°C (n = 5).
Hence, when all of the membrane cholestercl was avail-
able to cholesterol oxidase, rapid and complete oxidation
occurred, while intact cell membranes prevented spon-
taneous oxidation of approximately 86% of the total
cholesterol.

Rationale of the method; changes in the specific
radioactivity of outer leaflet cholesterol at 37°C

Brief cholesterol oxidase treatments oxidize a small per-
centage of readily available cholesterol, without per-
meabilizing the cell. Hence, we postulate that the reactive
cholesterol should represent a sampling of outer leaflet
cholesterol. Erythrocytes briefly labeled with [*H]choles-
terol at 4°C (5 min) should incorporate the tracer selec-
tively into the outer leaflet. The subsequent incubation of
labeled cells at 37°C initiates the equilibration of inner
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Fig. 1. Oxidation of erythrocyte cholesterol by cholesterol oxidase at 37°C (A) in the absence of Mg®, and (B) in the presence of Mg?* (1 mM).
The masses of cholesterol and cholestenone were determined, and the % oxidation (@) was calculated by the ratio of the mass of cholestenone to
the total mass of free sterol (cholesterol and cholestenone). The % hemolysis (O) was determined as described in Experimental Procedures. The curves
shown are representative curves from three experiments (A) and eight experiments (B).
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F ig. 2. Oxidation of erythrocyte cholesterol by cholesterol oxidase at

10°C. The % oxidation (@) and % hemolysis (A ) were determined as
described in Fig. 1. The data points represent the means of quadrupli-
cate determinations.

and outer leaflet cholesterol through transbilayer move-
ment. A decrease in the specific radioactivity of choles-
tenone with time at 37°C, therefore, represents mixing of
the pool of radiolabeled outer leaflet cholesterol with a
pool of unlabeled cholesterol, presumably inner leaflet
cholesterol. During enzyme treatment, most cholesterol
in the cell is not converted to cholestenone; the specific
radioactivity of cholesterol represents unreacted outer
leaflet cholesterol and unlabeled inner leaflet cholesterol,
and remains unchanged throughout the 37°C incubation.

Suspended erythrocytes were labeled with [*H]choles-
terol at 4°C, and were then incubated at 37°C to allow
transbilayer movement of plasma membrane cholesterol.
At various times, aliquots of the suspended cells were
removed and treated briefly (20 sec) with cholesterol
oxidase at 37°C. During enzyme treatment, approxi-
mately 3% of the total erythrocyte cholesterol was oxi-
dized to cholestenone (data not shown). The cell lipids
were then extracted, and the specific radioactivities of
cholesterol and cholestenone were determined. The spe-
cific radioactivity of cholestenone decreased with time of
incubation at 37°C, and the specific radioactivity of cho-
lesterol remained constant, as expected (Fig. 4). The half-
time for the decrease of specific radioactivity of choles-
tenone was 49.6 + 1.7 min (n = 4), suggesting a slow
rate of transbilayer movement of cholesterol. The same
experiments were conducted using erythrocytes labeled
by [*H|cholesterol exchange from liposomes over 6 hr at
4°C. Erythrocytes labeled by this method incorporated
less than 1% the level of radioactivity attained by labeling
cells with [*H]cholesterol in ethanol. The half-time for the
decrease of specific radioactivity of cholestenone was
130 + 20 min (n = 4) (Table 1).

Effects of cholesterol oxidase on plasma membrane
cholesterol at 37°C

To examine the consequences of continuous exposure of
the plasma membrane to cholesterol oxidase, we incubated
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[*H]cholesterol-labeled erythrocytes with cholesterol oxi-
dase at 37°C. The cells were first labeled with [*H]cho-
lesterol at 4°C, and then warmed to 37°C. Cholesterol
oxidase was added, and the cells were incubated at 37°C.
Aliquots were removed at various times, extracted, and
the specific radioactivities of cholesterol and cholestenone
were determined. The specific radioactivity of choles-
tenone decreased rapidly (Fig. 5); the half-time for the
process was 6.3 + 2.0 min (n = 6), while the specific
radioactivity of cholesterol remained constant throughout
the incubation. The same experiments were conducted
using erythrocytes labeled by [*H]cholesterol exchange
from liposomes. The half-time for the decrease of specific
radioactivity of cholestenone was 18.1 + 7.1 min (n = 4)
(Table 2).

The equilibration of radiolabeled outer leaflet choles-
terol with unlabeled cholesterol was accelerated in the
continuous presence of cholesterol oxidase at 37°C. This
could either reflect accelerated transbilayer movement of
cholesterol or indicate that cholesterol oxidase gained
access to cholesterol in the inner leaflet during the incuba-
tion. Measurements of cell integrity, however, demon-
strated that hemoglobin was not leaking from the cells.

Erythrocyte membrane cholesterol asymmetry

Several of our observations suggested that the choles-
terol distribution across the erythrocyte plasma membrane
bilayer is asymmetric. First, the ratios of the initial
specific activities of cholestenone to cholesterol were
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Fig. 3. Oxidation of the cholesterol of hypotonically disrupted (@) and
intact (Q) erythrocytes by cholesterol oxidase at 37°C. Erythrocytes were
suspended in hypotonic buffer (@) or assay buffer (O) and then treated
with cholesterol oxidase. The % oxidation was determined as described
in Fig. 1. The inset shows a semi-logarithmic plot of the % cholesterol
remaining in cells treated with cholesterol oxidase. The curves shown are
representative curves of five experiments.
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Fig. 4. Changes in specific radioactivities of cholestenone (@) and
cholesterol (Q) with time at 37°C. Erythrocytes were labeled with
exogenous [*H]cholesterol, and were then incubated at 37°C for the in-
dicated times. Aliquots were removed and treated briefly with cholesterol
oxidase. The specific radioactivities of cholesterol and cholestenone were
determined as described in Experimental Procedures, and the data were
expressed as the radioactivity of *H-labeled sterol/ug of sterol, relative
to the initial specific radioactivity of cholestenone. Curves shown are
representative curves from four experiments.

approximately 9:1 to 10:1 in experiments conducted on
erythrocytes labeled with [*H]cholesterol in ethanol (see
Figs. 4 and 5), suggesting that approximately 10-11% of
erythrocyte plasma membrane cholesterol is in the outer
leaflet. Experiments conducted on cells labeled by [*H]cho-
lesterol exchange from liposomes indicate a ratio of the
initial specific activities of cholestenone to cholesterol of 3:1,
again suggesting an inner leaflet enrichment of choles-
terol. Second, the oxidation profile of erythrocyte cho-
lesterol at 37°C indicates that approximately 13% of the
available cholesterol was rapidly oxidized, while the
remaining 87% was oxidized more slowly by cholesterol
oxidase (Fig. 1B). Additionally, the oxidation profile of
erythrocyte cholesterol at 10°C showed rapid oxidation of
14% of the total cholesterol without further cholesterol
oxidation over 6 hr (Fig. 2). The pattern of oxidation indi-
cated two pools of cholesterol in intact erythrocytes with
different rates of reaction with cholesterol oxidase. Cells
that were hypotonically disrupted failed to exhibit this
pattern of oxidation, and all available cholesterol was
rapidly oxidized (Fig. 3).

DISCUSSION

The mechanism of entry of plasma cholesterol into
cells, independently of lipoprotein receptors, is unknown.
One hypothesis to explain entry of free cholesterol into the

cell is the association of cholesterol monomers with the
external face of the plasma membrane, followed by trans-
bilayer movement of cholesterol to the cytoplasmic face,
and subsequent dissociation of cholesterol into the cyto-
plasm. Data from several studies lend credibility to this
hypothesis. Studies of the exchange of radiolabeled choles-
terol between donor and acceptor membranes and vesicles
demonstrated that cholesterol spontaneously diffuses
between membranes separated by aqueous compartments
(9-14, 16, 17, 24-27). The total equilibration of radio-
labeled cholesterol between uniformly labeled donor and
acceptor vesicles implies the ability of cholesterol to cross
membrane bilayers. Our studies further establish trans-
bilayer movement of cholesterol across the membranes of
intact cells. The most important observation of this paper
is that transbilayer movement of cholesterol in intact
erythrocytes has a half-time of 50 to 130 min at 37°C.
Thus, transbilayer movement of cholesterol may contribute
to the slow entry of exogenous free cholesterol into cells
in a receptor- and endocytosis-independent fashion.

We examined the equilibration of radiolabeled choles-
terol between two distinct pools in the plasma membranes
of erythrocytes. The equilibration of radiolabeled outer
leaflet cholesterol with unlabeled cholesterol was slow in
erythrocytes incubated at 37°C. The simplest explanation
of this result is that the unlabeled pool of cholesterol rep-
resents cholesterol in the inner leaflet of the plasma mem-
brane that equilibrates with the labeled outer leaflet
cholesterol by transbilayer diffusion at 37°C. We cannot
exclude the possibility that cholesterol from latent sub-
domains of the outer leaflet moves laterally, contributing
to the observed dilution in the specific activity of choles-
tenone. However, this pool of cholesterol would need to
meet several criteria: 1) it would exhibit restricted lateral
movement; 2) it would not readily exchange with exoge-
nously added [*H]cholesterol; and 3) it would be in-
accessible to cholesterol oxidase. Diffusion coeflicients for
the lateral movement of lipids in natural and artificial

TABLE 1. Estimated rates of transbilayer movement of cholesterol
at 37°C for cells labeled with [*H)cholesterol in ethanol
and by exchange from liposomes

Ethanolic Labeling Liposome Labeling

Coeflicient of Cocfhicient of

Experiment tisg Correlation” (1978 Correlation”
min min
1 57.9 0.781 142 0.937
2 34.5 0.974 152 0.938
3 46.2 0.853 114 0.969
4 59.8 0.942 112 0.901
Mean + SD 496 + 11.7 130 + 20

“Coefficient of correlation from Curve Fitter-PC program for data fit
to a monoexponential function.
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Fig. 5. Changes in specific radioactivities of cholestenone (@) and
cholesterol{O) with time at 37°C in the continuous presence of cho-
lesterol oxidase. Erythrocytes were labeled with exogenous
[*H]cholesterol, and were then treated continuously with cholesterol
oxidase at 37°C for the indicated times. Curves shown are representative
curves from six experiments.

Relative specific activity ()
S

membranes range from 107 to 107 em?s™ (21, 22), indi-
cating rapid lateral diffusion. This rate of lateral move-
ment is too rapid to account for the observed dilution
effects.

Two radiolabeling procedures were used in our studies:
1) [*H]cholesterol was introduced to suspended erythro-
cytes in an ethanolic dispersion; and 2) liposomes were
prepared with [*H]cholesterol and incubated with eryth-
rocytes to exchange the tracer into the cells. Erythrocytes
labeled by the two methods gave different estimates for the
rate of transbilayer movement of cholesterol in intact cells;
however, both indicate a slow rate of movement. The
reasons for the differences are unknown. Several experi-
mental factors may contribute to the results: the length of
time needed to incorporate [*H]cholesterol into the cells
and the resulting level of incorporated tracer varied con-
siderably. The incorporation of tracer from ethanol re-
quired a very brief incubation (5 min) at 4°C, and
resulted in a high level of cellular [*H]cholesterol, while
the incorporation of tracer into cells by exchange from
liposomes required a much longer incubation (6 hr) at
4°C, and resulted in a very low level of cellular
[*H]cholesterol (less than 1% the incorporation of the
former method). The data may indicate that the two
methods label different subdomains within the outer
leaflet, hence the more rapid equilibration of [*H]choles-
terol in cells labeled by the tracer in ethanol may repre-
sent two mixing processes, one between the subdomains
and the other across the membrane. If there are two mixing
processes, they would have to occur at similar rates, since
the data fit best into a monoexponential model, and
poorly into a biexponential function.
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The rates of transbilayer movement of cholesterol esti-
mated in our experiments in intact erythrocytes agree
with the rates estimated from several experiments in
which the exchange of radiolabeled cholesterol between
natural and artificial membranes and vesicles was moni-
tored (11, 12, 14, 16, 17), and one study where the trans-
bilayer movement of sterophenol, a fluorescent cholesterol
analog, was measured in phospholipid liposomes (28).
However, other exchange experiments suggested that cho-
lesterol moves across bilayers more slowly (13), or not at
all (24-26). Variability in the results of exchange experi-
ments may be due to a number of experimental factors.
Lipid equilibration between donor and acceptor mem-
branes requires transbilayer equilibration of radiolabeled
lipids, followed by desorption of the lipid from the donor
membrane, diffusion of the lipid through an aqueous
medium, and association of the lipid with the acceptor
membrane. Transbilayer diffusion rates are estimated
from the time required for all of these steps to occur;
transbilayer diffusion has been assumed to require less
time than this equilibration process, hence, a range of
probable rates can be determined.

Continuous incubation of erythrocytes with cholesterol
oxidase resulted in the accelerated equilibration of radio-
labeled cholesterol with unlabeled cholesterol. Cholesterol
oxidase thus exerts a perturbing effect on plasma mem-
brane cholesterol. The nature of the perturbation is un-
known. Rapid oxidation of outer leaflet cholesterol resulted
in a membrane enriched in cholestenone. Bruckdorfer
and Sherry (27) have shown that cholestenone is less com-
patible with a lipid bilayer structure than cholesterol,
resulting in a higher rate of desorption of cholestenone
from membrane vesicles. Additionally, the presence of
cholestenone in a lipid bilayer alters membrane fluidity
(29), and membrane permeability (30). These factors may
have increased the accessibility of inner leafiet cholesterol
to cholesterol oxidase through increased rates of trans-

TABLE 2. Estimated rates for accelerated transbilayer movement
of cholesterol by continuous cholesterol oxidase incubation
at 37°C for cells labeled with {*H]cholesterol in ethanol
and by exchange from liposomes

Ethanolic Labeling Liposome Labeling

Coefficient of Coeflicient of
Experiments tyse Correlation” tire Correlation”
min min

1 3.29 0.996 21.3 0.926

2 5.68 0.905 25.6 0.873

3 7.79 0.995 16.3 0.914

4 7.58 0.974 9.08 0.958

5 8.57 0.864

6 4.97 0.972
Mean + SD 6.3 + 2.0 18.1 + 7.1

“Coeflicient of correlation from Curve Fitter-PC program for data fit
to a monoexponential function.
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bilayer movement of cholesterol, or by penetration of the
enzyme into the inner leaflet. Prolonged incubations
of cells in the presence of cholesterol oxidase resulted
in alterations of membrane properties. For this reason,
we chose to measure changes in the specific activity
of outer leaflet cholesterol using very brief enzyme
treatments (20 sec) to determine the rate of transbilayer
movement of cholesterol.

The hemolysis of erythrocytes treated with cholesterol
oxidase was prevented by the addition of Mg®* to the assay
buffer. The cholesterol oxidase treatment of intact cells
requires that the cells be suspended in a low ionic strength
buffer for maximal enzyme activity (31). Lange, Dolde,
and Steck (15) measured the oxidation of erythrocyte cho-
lesterol by cholesterol oxidase in low ionic strength buffer
without Mg?", and found that all erythrocyte cholesterol
was rapidly oxidized. Since cholesterol oxidase reacts with
outer leaflet cholesterol, they concluded that rapid oxida-
tion of all erythrocyte cholesterol is a consequence of very
rapid transbilayer movement of cholesterol across the
bilayer, with a half-time of less than 1 min. We conducted
similar experiments in the absence of Mg?" and obtained
rapid oxidation of erythrocyte cholesterol (Fig. 1A); how-
ever, in our studies, hemolysis of the erythrocytes followed
after a brief lag. The rapid oxidation of approximately
60% of erythrocyte cholesterol occurred before per-
meabilization of the membranes. Our data suggest that
the continuous presence of cholesterol oxidase accelerates
the apparent transbilayer movement of cholesterol, hence
the early rapid oxidation of erythrocyte cholesterol in the
absence of Mg? is likely a result of accelerated trans-
bilayer movement and/or increased permeability of the
membranes. When intact cells were treated with choles-
terol oxidase without accompanying hemolysis (in the
presence of 1 mM Mg?, Fig. 1B), the oxidation of eryth-
rocyte cholesterol was much slower. Additionally, we have
presented evidence that the apparent rate of transbilayer
movement of cholesterol is accelerated in the continuous
presence of cholesterol oxidase; hence, we believe that the
rate of oxidation of cholesterol is not an accurate indica-
tion of the rate of transbilayer movement.

Our results also suggest that cholesterol has an asym-
metrical orientation in erythrocyte membranes. Cholesterol
in intact erythrocyte plasma membranes was unequally
available to cholesterol oxidase, and to labeling with
[*H]cholesterol at 4°C. Movement of lipids in bilayers is
restricted at low temperatures (21-23); therefore, the
incorporation of radiolabeled cholesterol into membranes
at 4°C preferentially labels the outer leaflet when very
brief labeling procedures are used. We have shown that
approximately 10-30% of the total erythrocyte cholesterol
is 7) preferentially labeled by [*H]cholesterol at 4°C; and
2) rapidly oxidized by cholesterol oxidase at 37°C and

10°C. Furthermore, only 14% of erythrocyte cholesterol
was oxidized over 6 hr under conditions where trans-
bilayer movement of membrane components is restricted
(10°C). All of the cholesterol of hypotonically disrupted
cells was rapidly oxidized by cholesterol oxidase (t,,, < 1
min). These results suggest an asymmetric distribution of
cholesterol in the erythrocyte plasma membrane with the
majority of cholesterol in the inner leaflet.

Other types of experiments have demonstrated choles-
terol asymmetry in erythrocyte membranes. Experiments
using freeze-fractured erythrocytes indicated enrichment
of cholestero] in the outer leaflet of human erythrocytes;
however, the percent enrichment varied with different ex-
perimental conditions (32). Schroeder (33) and Hale and
Schroeder (34) demonstrated preferential incorporation
of dehydroergosterol into the outer leaflet of mouse and
rat erythrocyte membranes. Several factors may contribute
to differences between their experimental system and
native conditions: /) dehydroergosterol was used as a
cholesterol analog; and 2) quenching of fluorescence fol-
lowing trinitrobenzenesulfonic acid (TNBS) treatment was
used to determine the distribution of dehydroergosterol.
Sterol feeding experiments in Mycoplasma capricolum indi-
cate that alkyl-substituted sterols exhibit different locali-
zation properties than cholesterol in biclogical membranes
(35, 36). Furthermore, TNBS treatment of membranes
results in destabilization of membranes and altered trans-
bilayer distribution and mobility of phospholipids (37,
38). Interestingly, Schroeder (33) and Hale and Schroeder
(34) noted a preferential incorporation of dehydroergosterol
into the inner leaflet of plasma membranes of mouse LM
fibroblasts. They described a high asymmetry of sterol in
these membranes with as much as 80% (a fourfold enrich-
ment) of the sterol in the inner leaflet.

In this report, we have demonstrated that transbilayer
movement of cholesterol occurs with a half-time of 50 to
130 min in erythrocytes incubated at 37°C. If the rate of
transbilayer movement of cholesterol in erythrocytes is
comparable to the corresponding rates in other cell types
in vivo, then the transbilayer entry of free cholesterol into
cells may be quantitatively important. The uptake of
lipoprotein-free cholesterol in excess of uptake of the en-
tire lipoprotein particle has been demonstrated in several
systems (5-8, 39-41). High density lipoproteins that were
enriched in cholesterol (5), depleted in phospholipids (7,
39, 41), or reconstituted with cholesterol and cholesteryl
esters (40) delivered free cholesterol to cultured rat hepa-
toma and granulosa cells in excess of cholesteryl esters
and apolipoproteins. The rates of transbilayer movement
of cholesterol that we measured are compatible with the
rates of cholesterol uptake reported in the latter studies
and support the entry of free cholesterol into cells by
diffusion across the plasma membrane bilayer. i§

Brasaemle, Robertson, and Attie Transbilayer movement of cholesterol 487

2T0Z ‘6T aunr uo ‘1sanb Aq 610 J"mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

This work was supported by NHLBI HL-30594, MOD#5-398,

and the National Livestock and Meat Board. DLB was supported
by predoctoral fellowship #86-FA-37 from the American Heart

Association/Wisconsin Afhiliate.
Manuscript received ¢ May 1987 and in revised form 20 October 1987.

10.

11.

12

13.

14.

15.

488

REFERENCES

Spady, D. K., D. W. Bilheimer, and j. M. Dietschy. 1983.
Rates of receptor-dependent and -independent low density
lipoprotein uptake in the hamster. Proc. Natl. Acad. Sci. USA.
80: 3499-3503.

Carew, T. E., R. C. Pittman, and D. Steinberg. 1982. Tissue
sites of degradation of native and reductively methylated
[**C]sucrose-labeled low density lipoprotein in rats: contri-
bution of receptor-dependent and receptor-independent
pathways. J Bl Chem. 257: 8001-8008.

Pittman, R. C., T. E. Carew, A. D. Attie, J. L.. Witztum,
Y. Watanabe, and D. Steinberg. 1982. Receptor-dependent
and receptor-independent degradation of low density lipo-
protein in normal rabbits and in receptor-deficient mutant
rabbits. J. Biol. Chem. 257: 7994-8000.

Kesaniemi, Y. A, J. L. Witztum, and U. P. Steinbrecher.
1983. Receptor-mediated catabolism of low density lipopro-
tein in man: quantitation using glucosylated low density
lipoprotein. J. Chin. Invest. 71: 950-959.

Rothblat, G. H., L. Y. Arbogast, and E. K. Ray. 1978.
Stimulation of esterified cholesterol accumulation in tissue
culture cells exposed to high density lipoproteins enriched
in free cholesterol. J. Lipid Res. 19: 350-358.

Gwynne, J. T, and B. Hess. 1980. The role of high density
lipoproteins in rat adrenal cholesterol metabolism and
steroidogenesis. J. Biol Chem. 255: 10875-10883.
Bamberger, M., J. M. Glick, and G. H. Rothblat. 1983.
Hepatic lipase stimulates the uptake of high density
lipoprotein cholesterol by hepatoma cells. J. Lipid Res. 24:
869-876.

Fielding, P. E., C. J. Fielding, R. J. Havel, J. P. Kane, and
P. Tun. 1983. Cholesterol net transport, esterification, and
transfer in human hyperlipidemic plasma. J. Clin. Invest.
71: 449-460.

Bloj, B, and D. B. Zilversmit. 1977. Complete exchange-
ability of cholesterol in phosphatidylcholine/cholesterol
vesicles of different degrees of unsaturation. Biockemistry.
16: 3943-3948.

Bloj, B., and D. B. Zilversmit. 1977. Transposition and dis-
tribution of cholesterol in rat erythrocytes (39975). Proc. Soc.
Exp. Biol. Med. 156: 539-543.

Kirby, C. J., and C. Green. 1977. Transbilayer migration
(‘Bip-flop’) of cholesterol in erythrocyte membranes. Bio-
chem. J. 168: 575-577.

Lange, Y., C. M. Cohen, and M. ]J. Poznansky. 1977.
Transmembrane movement of cholesterol in human eryth-
rocytes. Proc. Natl Acad Sci. USA. 74: 1538-1542.

Patzer, E. J., J. M. Shaw, N. F. Moore, T. E. Thompson,
and R. R. Wagner. 1978. Transmembrane movement and
distribution of cholesterol in the membrane of vesicular
stomatitis virus. Biochemistry. 17: 4192-4200.

Giraud, F.,, and M. Claret. 1979. A study of cholesterol
transfers between erythrocytes and lipid vesicles. FEBS Lett.
103: 186~-191.

Lange, Y., J. Dolde, and T. L. Steck. 1981. The rate of

Journal of Lipid Research Volume 29, 1988

16.

17.

18.

19.

20.

21

22.

23.

24

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

transmembrane movement of cholesterol in the human
erythrocyte. f Biol Chem. 256: 5321-5323.

McLean, L. R., and M. C. Phillips. 1981. Mechanism of
cholesterol and phosphatidylcholine exchange or transfer
between unilamellar vesicles. Biochemistry. 20: 2893-2900.
Clejan, S., and R. Bittman. 1984. Kinetics of cholesterol
and phospholipid exchange between Mycoplasma gallisepticum
cells and lipid vesicles: alterations in membrane cholesterol
and protein content. J. Biol Chem. 259: 441-448.

Lange, Y., and B. V. Ramos. 1983. Analysis of the distribu-
tion of cholesterol in the intact cell. . Biol Chem. 258:
15130-15134.

Hamilton, R. L., Jr., J. Goerke, L. S. S. Guo, M. C. Wil-
liams, and R. J. Havel. 1980. Unilamellar liposomes made
with the French pressure cell: a simple preparative and
semiquantitative technique. J. Lipid Res. 21: 981-992.
Cleland, W. W. 1979. Statistical analysis of enzyme kinetic
data. Methods Enzymol. 63: 103-138.

Lange, Y. 1986. Molecular dynamics of bilayer lipids. In
The Physical Chemistry of Lipids: from Alkanes to Phos-
pholipids. D. M. Small, editor. Plenum Press, New York.
523-554.

Houslay, M. D, and K. K. Stanley. 1982. Dynamics of Bio-
logical Membranes: Influence on Synthesis, Structure and
Function. John Wiley & Sons, Ltd., Chichester. 39-91.
Houslay, M. D, and K. K. Stanley. 1982. Dynamics of Bio-
logical Membranes: Influence on Synthesis, Structure and
Function. John Wiley & Sons Ltd., Chichester. 92-151.
Lenard, J., and J. E. Rothman. 1976. Transbilayer distribu-
tion and movement of cholesterol and phospholipid in the
membrane of influenza virus. Proc. Natl. Acad. Scz. USA. 73:
391-395.

Poznansky, M., and Y. Lange. 1976. Transbilayer move-
ment of cholesterol in dipalmitoyllecithin-cholesterol vesi-
cles. Nature. 259: 420-421.

Poznansky, M. J., and Y. Lange. 1978. Transbilayer move-
ment of cholesterol in phospholipid vesicles under
equilibrium and non-equilibrium conditions. Biochim.
Biophys. Acta. 506: 256-264.

Bruckdorfer, K. R., and M. K. Sherry. 1984. The solubility
of cholesterol and its exchange between membranes. Bio-
chim. Biophys. Acta. 769: 187-196.

Smith, R. J. M., and C. Green. 1974. The rate of choles-
terol ‘flip-flop’ in lipid bilayers and its relation to membrane
sterol pools. FEBS Lett. 42: 108-111.

Barenholz, Y., E. Yechiel, R. Cohen, and R. J. Deckel-
baum. 1981. Importance of cholesterol-phospholipid inter-
action in determining dynamics of normal and abetalipo-
proteinemia red blood cell membranes. Cell Biophys. 3:
115-126.

Bruckdorfer, K. R., R. A. Demel, J. De Gier, and L. L. M.
Van Deenen. 1969. The effect of partial replacements of
membrane cholesterol by other steroids on the osmotic fra-
gility and glycerol permeability of erythrocytes. Biochim.
Biophys. Acta. 183: 334-345.

Lange, Y., H. Matthies, and T. L. Steck. 1984. Cholesterol
oxidase susceptibility of the red cell membrane. Biochim.
Biophys. Acta. 769: 551-562.

Fisher, K. A. 1976. Analysis of membrane halves:
cholesterol. Proc. Natl. Acad. Sci. USA. 73: 173-177.
Schroeder, F. 1981. Use of a fluorescent sterol to probe the
transbilayer distribution of sterols in biological membranes.
FEBS Lett. 135: 127-130.

Hale, J. E., and F. Schroeder. 1982. Asymmetric trans-
bilayer distribution of sterol across plasma membranes

2T0Z ‘6T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

35.

36.

37.

38.

determined by fluorescence quenching of dehydroergosterol.
Eur. J. Biochem. 122: 649-661.

Clejan, S., R. Bittman, and S. Rottem. 1981. Effects of
sterol structure and exogenous lipids on the transbilayer
distribution of sterols in the membrane of Mjycoplasma
capricolum. Biochemistry. 20: 2200-2204.

Clejan, S., and R. Bittman. 1984. Distribution and move-
ment of sterols with different side chain structures between
the two leaflets of the membrane bilayer of mycoplasma
cells. /. Biol Chem. 259: 449-455.

Van Duijn, G., J. Dekker, J. Leunissen-Bijvelt, A. J.
Verkleij, and B. de Kruijff. 1985. Influence of trinitro-
phenylation on the structure and dynamics of phosphatidyl-
ethanolamine-containing model membranes. Biochemistry.
24: 7640-7650.

Van Duijn, G., J. Luiken, A. J. Verkleij, and B. de Kruijff.
1986. Relation between lipid polymorphism and trans-

Brasaemle, Robertson, and Attie

39.

40.

41.

bilayer movement of lipids in rat liver microsomes. Biochim.
Biophys. Acta. 863: 193-204.

Bamberger, M., 8. Lund-Katz, M. C. Phillips, and G. H.
Rothblat. 1985. Mechanism of the hepatic lipase induced
accumulation of high-density lipoprotein cholesterol by
cells in culture. Biochemistry. 24: 3693-3701.

Nestler, J. E., M. Bamberger, G. H. Rothblat, and J. F.
Strauss II1. 1985. Metabolism of high density lipoproteins
reconstituted with [*H]cholesteryl ester and ['*C]choles-
terol in the rat, with special reference to the ovary. Endocri-
nology. 117: 502-510.

Johnson, W. J., M. J. Bamberger, R. A. Latta, P. E. Rapp,
M. C. Phillips, and G. H. Rothblat. 1986. The bidirectional
flux of cholesterol between cells and lipoproteins: effects of
phospholipid depletion of high density lipoprotein. J. Biol.
Chem. 261: 5766-5776.

Transhilayer movement of cholesterol 489

2T0Z ‘6T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

