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To better understiand the effects of plasma membrane lipids and proteins and the cytoskeleton on the kineties of cellular
cholesterol eftux, the effects of (1), selectively depleting cither sphingomyelin (M) or phosphatidylcholine (PCY; (2), cross-lin-
king the cytoskeleton, and (3), removing certain eytoskeletal and integral membrane proteins on radiolabelled cholesterol efflux
from red blood cells (RBCY have been studied. When RBC were treated with cither phospholipase A 5 or sphingomyelinase C to
hydrolyze cither 30-4077 of the PC or 40-507¢ of the SM. respectively, the halftimes (1, .) for cholesterol efflux to excess HDI,
were not significantly altered, with the values being 4.4 + 0.8 h or 3.7 + (L4 h, respectively, compared to 4.6 4 0.6 h for control
RBC. To investigate the effects of the cytoskeleton on the rate of free cholesterol (FC) desorption trom the plasma membrane,
the cytoskeletal proteins were cross-linked by cither heat-treatment or exposure to diamide and cholesterol efflux from ghosts of
these cells was measured. Cross-linking the evtoskeletal proteins by diamide treatment resulted in no significant change in ¢,
for treated (3.6 + 0.6 h) compared to control (4.2 + 0.4 h) ghosts: this suggests that the cytoskeleton does not play a Large role in
modulating cholesterol efflux. To investigate the cffects of membrane proteins on cholesterol efflux, RBC microvesicles,
containing mainly band 3 and 4 protcins and little of the cytoskeletal proteins, such as spectrin (bands 1.2) or actin (band 3), were
obtained by incubation with the ionophore A23187. With excess HDL, present, microvesicles exhibited a ¢ . of 42+ 1.9 h
(comparced 1o the ¢, 5 of 4.2 2 (b4 h for contral ghosts). The results deseribed in this paper suggest that neither changing the
SM/PC ratio in the membrane nor cross-linking the evtoskeletal proteins nor removing the eytoskeleton changes the ) 5 for
cholesterol efflux to excess HDL. . Presemably, the cholesterol-phospholipid interactions are insensitive to these perturbations in
membrane structure,

terol efflux to extracellular lipoprotein particles [1-4).
For example, it is possible to obtain ‘eytoskeleton-free’
preparations of membranes and to cross-link proteins
and examine efflux from ghosts when tie treated cells

Introduction

The strusture of the red blood cell (RBC) mem-
brane and cytoskeleton has been studied in great de-

tail. Conscquently. the RBC system affords opportuni-
ties not possible with other cell types to examine di-
rectly the effects of membrane organization on choles-
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are too fragile to withstand cholesterol effluz without
hemolysis. 1t is known that the plasma membrane
structure is critical in determining the halftime (¢ ,)
for cellular cholesterol efflux. Thus, Bellini et al. [5]
demonstrated that two types of rat liver cells had
different 1, , for cholesterol cfflux and that plasma
membrane vesicles isolated from the two types of cells
gave 1, vitlues identical to the parent cells.
Previously, we ilave investigated the effects of mem-
brane-lipid composition on the rate of cholesterol (FC)
desorption from the plasma membrane by comparing
cholesterol efflux from bovine, rat and rabbit RBC to
efflux from human RBC [4]. By using established tech-
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nigues, we manipulate either lipid composition or cyto-
skeletal and membrane protein organization and exam-
ine the effects of these structural determinants on
cholesterol efflux from the human RBC membrane.

Materials and Methods

Materials

Sources of chemicals were as follows: [4-*Clcholes-
terol (50 mCi/mmol), Research Products International
(Mount Prospect, IL); [1,2-*H]cholesterol (40-60
Ci/mmol), New England Nuclear (Boston, MA); Phos-
pholipase A, (PLA,) from Naja naja and bee venom,
sphingomyelinase C (SMase C) from Staphylococcus
aureus, ionophore A23187, bovine serum albumin, frac-
tion V (fatty acid-free), diamide, merocyanine 540,
Sigma (St. Louis, MO); media and antibiotics, Gibeo
(Grand Island, NY); Millipore ultrafree MC filter units
(0.2 um), Millipore (Bedford, MA); Sepharose CL-4B,
PhastGel gradient 4-15% gel, PhastGel SDS Buffer
Strips, Pharmacia (Piscataway, NJ).

Methods

Buffers. Solutions used routinely in these studies
were: Buffer 1@ Eagles’ minimum essential medium
buffered to pH 7.4 with 14 mM Hepes and 0.05 mg,/ml
of gentamycin to prevent bacterial contamination;
buffer 2: buffer 1 + 0.2% (w/v) BSA; buffer 3: 0.15 M
NaCl + 1| mM EDTA; buffer 4: 90 mM KCl, 45 mM
NaCl, 44 mM sucrose, 30 mM Hepes (pH 7.4); buffer
5: 0,154 M NaCl, 10 mM Hepes (pH 7.4); buffer 5 + 4
mM CaCl, +2.2 ug/ml A23187 (in DMSO); buffer
5 + 20 uM merocyanine 540,

Analytical procedures. HDL , lipids were extracted
according to Bligh and Dycr [6]. RBC lipids were
extracted by a modification of the method of Lange
and colleagues [1], as described previously [4]. Free
cholesterol was quantitated by gas liquid chromatog-
raphy, using coprostanol as an internal standard [7].
Lipid phosphorus was determined by the method of
Rouser ct al. [8]. Protein was determined by the Lowry
procedure, as modified by Markwell et al. [9), using
BSA as a standard. Radioactivity was measured by
scintillation counting in a Beckman LS6800 counter
using standard dual-label procedures to determine
counts due to a specific isotope. Sphingomyelin (SM),
phosphatidylcholine (PC), phosphatidylethanolamine
and lyso-PC were determined by thin-layer chromatog-
raphy (TLC) (chloroform/methanol /water, 65:25:4,
v/v) on 250-mm Anasil G plates from Analabs (North
Haven, CT). The phospholipid bands were visualized
by iodine staining, scraped and the phosphorus was
determined as described above.

Preparation of lipoproteins. Human HDL , (1.125 <d
< 1.21 g/ml) was isolated by sequential ultracentrifu-
gation as described previously by Johrison et al. [10).

Preparation of cells. Human blood was collected as
described previously [4] and labelled with 1,2-
[*Clcholesterol to a specific activity of 800~-1500
cpm/ug cholesterol. Labelled RBC were stored in
buffer 2 at 4°C and used within 7 days of collection.

Preparation of lipase-treated RBC. Choiesterol-
labelled RBC were treated with 36 units of bee venom
PLA, together with 40 U/ml cells of Naja naja PLA,
in buffer 1 + 10 mM CaCl, for 60 min at 37°C [11,31].
The reaction was stopped by washing the RBC three
times with saline + 1 mM EDTA + 0.2% BSA. The
cells were washed once in buffer 2, resuspended to a
50% hematocrit and stored at 4°C (and used within 2
days of the treatment). The procedures of Verkleij et
al. [11] were also used to treat RBC with sphingomyeli-
nase C (SMase C). Labelled RBC were treated with 38
mU/ml cells of Staphylococcus aurcus SMase C in
bufter | for 20 min at 37°C. The reaction was stopped
as described for the PLA ytreated cells; the RBC were
stored at 37°C (and used within 1 day of the treatment).
The SMase C-treated cells were cold-labile [12].

The phospholipids from both types of lipase-treated
cells were characterized by TLC and phosphorus assays
to determine the changes in phospholipid content due
to lipolysis.

Chelesterol exchange experiments. The kinetics of
cholesterol exchange between RBC and extraceliular
HDL, were monitored as described [4]. Briefly, the
labeled RBC (at a 5-109 hematocrit) were incubated
with HDL ; (at a 10-fold excess of acceptor HDL; in
terms of cholesterol concentration) in buffer 2. The
mixture was shaken at 37°C for the desired time before
the cells and lipoprotein were separated by centrifuga-
tion. The supernatant containing the lipoprotein was
analyzed directly by scintillation counting; the RBC
pellet was washed twice and then the cholesterol was
extracted and counted. The cholesterol efflux experi-
ments with RBC ghosts were performed as described
above for RBC, except that the ghosts and HDL , were
separated by filtration through a 0.2 um Millipore
filter unit, Control experiments showed that the recov-
ery of lipoprotein in the filtrate was > 95% and that
no counts due to ghosts could be detected in the
filtrate.

The fraction of ["*Clcholesterol in the lipoprotein
was determined for each time-point in triplicate. The
resulting time-course was fitted to a model for ex-
change between two homogeneous pools as described
previously [4] using non-linear regression (Enzfitter,
Elscvier Biosoft, Cambridge, UK). The rate constant
(k.) and the halftime (¢, ,,) for cholesterol efflux from
the RBC were derived from this analysis.

Preparation of RBC ghosts. Ghosts were prepared
according to Steck et al. [13] from [“Clcholesterol-
labelled RBC, using 5 mM sodium phosphate (pH 7.6).
The labelled ghosts were resealed by an incubation at



37°C for 40 min in phosphate-buffered saline and then
washed three times in buffer 2,

The cholesterol and protein contents of the ghosts
were determined (and were in the range of 0.15-0.25
mg chol /mg protein). The distribution of proteins was
determined by SDS-PAGE by adapting the method of
Steck and colleagues [14] to the Pharmacia PhastSys-
tem; a 4-15% SDS gradient gel was used and the
positions of the major protein bands were determined
for ghosts and RBC.

Preparation of diamide-treated ghosts. Labelled RBC
were cross-linked with diamide following the proce-
dure described by Franck and colleagues [15]. Briefly,
RBC were washed 3 times in buiier 3 and then incu-
bated in buffer 3 + 5 mM diamide for 40 min at 37°C.
The cells were then washed once in buffer 3 and twice
in phosphate-buffered saline before ghosts were pre-
pared as described above (cross-linked RBC were too
fragile to conduct cholesterol exchange experiments,
since the cells lysed within 30 min of incubation).
Cross-linking of cytoskeletal proteins by diamide was
verified by SDS-PAGE, as described above.

Preparation of heat-treated  ghosts. Labelled RBC
(10% hematocrit) were heated for 15 min at 50°C in
buffer 1 [16). The cells were washed three times with
hutfer ! to remove microvesicles and then were pre-
pared as ghosts, as described above. Cross-linking of
cytoskeletal proteins was confirmed by gel elec-
trophoresis.

Preparation of microvesicles. Microvesiculation of
RBC was induced with the ionophore A23187 [17].
Cholesterol-labelled RBC were incubated with 1 vol-
ume of buffer § + 4 mM CaCl, + 2 ug/ml A23187 (in
DMSO) for 16 hours at 37°C (at a 50% hematocrit).
This mix was washed and the pellet resuspended in
buffer 5 and centrifuged for 5 min at 500X g to re-
move RBC and then centrifuged twice for 30 min at
16000 X ¢ to wash the microvesicle pellet. The pellet
was resuspended in buffer 5 and characterized by gel
electrophoresis and analyzed for protein and choles-
terol contents. The yicld was about 1%. Microvesicles
were also obtained by exposing RBC to merocyanine
540 [18). Labelled RBC (at a 109% hematocrit) were
incubated in buffer 5 + 20 M merocyanine 540. The
mixture was incubated for 15 min at 37°C and then
centrifuged to remove the RBC. The supernatant was
spun for 30 min at 16000 X g to pellet the microvesi-
cles. This pellet was resuspended in buffer 1 and
characterized as described above for the A23187 mi-
crovesicles. The yicld for merocyanine 540 microvesi-
cles was extremely low ( < 0.1%).

Cholesterol-exchange experiments with microvesicles
and HDL ;. Cholesterol-labelled microvesicles were in-
cubated with HDL, as described above for RBC ex-
change experiments. At each time-point, a 100 ul
aliquot of the incubation mixture was applied to a 2 ml
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Sepharose CL-4B column equilibrated in bufier 2 (at
room temperature). These columns had previously been
calibrated using labelled microvesicles and [*HHDL,.
The fractions containing the lipoprotein were collected
(in about 4 min) and counted by scintillation counting
and analyzed as described above for the RBC system.
Appropriate controis were run to determine the amount
of contamination of HDL ; with microvesicles ( < 5%)
and the recovery of HDL; from the columns (> 95%).

Results and Discussion

The aim of the studies presented here is to elucidate
how various plasma-membranc components affect the
rate of cholesterol release from cells. The influence of
the following perturbations of membrane and cyto-
skeleton structure on the kinetics of cholesterol efflux
from red blood cells, RBC ghosts and RBC microvesi-
cles have been monitored. (1) The choline-containing
phospholipids (phosphatidylcholine  and  sphingo-
myelin) were depleted by exposure to phospholipases.
(2) The cytoskeletal proteins were cross-linked and
immobilized by treatment with cither diamide or heat.
(3) The cvtoskeleton was detached by the formation of
microvesicles.

Membrane lipids

To investigate the roles of membrane lipids on
cholesterol efflux, we focussed on two of the lipids
found in the outer leaflet of the membrane of the
RBC, phosphatidylcholine (PC) and sphingomyelin
(SM). It is well-cstablished from studies with modecl
membranes that the lipid composition of the donor
lipid /water-interface can have a large effect on the
rate of cholesterol transfer (for a review, sce Ref. 19).
The rate of cholesterol exchange is much slower from
model membranes with a high SM/PC ratio [20-24};
this occurs because of greater Van der Waals attrac-
tion between cholesterol and SM than cholesterol and
PC [20,25]. Previous results from this laboratory [4]
comparing cholestero! efflux from RBC of different
mammalian species suggested that increasing the mem-
brane SM/PC ratio slightly raises the ¢, , for choles-
terol exchange. In the work presented here, we focus
exclusively on human RBC and use lipases to alter the
PC or SM in the membrane to further examine the
cffects of thesec membrane components on cholesterol
exchange.

Fig. 1 shows the time-courses of cholesterol effluy
from control and SMasc C-treated RBC. The lipase-
treated cells show a similar halftime for cholesterol
exchange to the untreated cells. Table 1 summarizes
the ¢, ,, for the cfflux of cholesterol for control, PLA ;-
and SMase-C-treated RBC. The PLA ytreated cells
have 30-40% of their PC removed and yet the £, ; is
the same as for the untreated cells. With the SMasc-
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Fig. 1. Time-courses of cholesterol efflux from control and SMase
C-treated human RBC o human HDL . RBC were treated with
SMase C as described in Materials and Methods, Suspeasions at
§-10% hematoerits of RBC (0.2-7.3 ug cholesterol, 810-1560 cpm
[MCIFC /7 ue FO) were incubated with HDL , (final concentration of
0,72 g FC/ul) in a final volume of 100 al of butfer 1+0.27% BSA.
After incubation with gentle shaking at 37°C for the indicated times,
the cells and medium were separated and analyzed. The fraction of
[MCIFC remaining in the cells was detenmined as it function of the
incubation time. Each point is the mean (+ 8.1 of nine determina-
tions, The lines were obtained by computerized fitting of the experi-
mental dine as described in Materials and Methods, ©---con 0

control RRC: @ ®, SMuse C-treated RBC,

C-treated cells, 40-50% of their SM is converted to
ceramide and the ¢ 5 is slightly lower (3.7 h), although
the difference is not statistically significant (by Tukey's
test [26]). The minor effect of changing the SM and PC
contents by lipases in the RBC membranes is consis-
tent with previous work from this laboratory [4), where
the t,,, for cholesterol efftux from four species of
RBC with widely varying SM/PC ratios showed only a
slight increase with increasing SM/P7 ratio.

The effects on RBC of the two lipases used in the
work presented here have been thoroughly described
by various authors [11,27-31]. The changes in SM/PC

TABLE |

The cffects of phosphalipase treatment on cholesteral efffuy from RBC

ratio reported in Table 1 are consistent with the earlier
work. Treatment of RBC with PLA, results in a
shape-change from biconcave to echinocyte, detectable
under a light microscope which agrees with previous
results [27,28] and our data {not shown). Exposure of
RBC to SMase C leads to the formation of stomato-
cytes [27,28]. The use of other lipases was prectuded by
the resultant lysis of the cells or by the fact that the
appropriate PL was not in the outer half of the plasma
membrane and, thus, not available to the lipase [11].
The action of lipascs on RBC ghosts is much less
specific than in whole cells, perhaps due to the ‘leaki-
ness' of the ghosts, Some work has been presented [32]
on the effects of lipases on microvesicles, and like
ghosts, the microvesicles appear to be much less spe-
cific than RBC for cach lipase. As a result of these
observations, only intact RBC were treated with li-
pascs.

The two lipases used in the work presented here
function diffcrently. PLA, reioves the sn acyl-chain
and cleaves only 1,2-diacylglycerophospholipids, includ-
ing PC, phosphatidylethanolamine, phosphatidylserine
and phosphatidylinositoi [27]), although in the outer
leaflet of the RBC membrane, P is the preferred
substrate, Consistent with this, no significant change in
the level of phosphatidylethanolamine could be de-
tected by TLC. The resultant cleavage products, tatty
acid and lyso-PC. were removed by the subsequent
washes with bovine serum albumin, No lyso-PC could
be detected by TLC analysis of extracted lipids: this is
consistent with the fact that lysis was < 5% in all our
experiments and a report that 2 molSe lyso-PC incor-
porated in the membrane causes 5004 hemolysis of
RBC [4i]]. SMase C. specific for sphingomyelin [27],
cleaves the phosphorylcholine group from sphingo-
myelin, leaving ceramide: more than 90% of the SM in
the RBC membrane is in the outer leailet. According
to Verkleij and calleagues [11], the ceramide created
by the action of SMase C does not leave the bilayer but
accumulates in droplets as detected by celectron mi-
crography.

The above observations suggest that the kinetics of
cholesterol efflux after treatment with SMase C may be

The time-courses were run under the condittons deseribed in Fig. 1. The rate constants were determined by computer modeling. as described in
Materials and Methods. Each measurement is the mean (+5.0.) of nine determimions. The . values are not significantly difterent, as

determined by Tukey's 1est {20).

Treatment CePL remaoved Ratio ol Halftime for
(“¢ of contral) SM/PC (w/w) FC efftux (h)
Control RBC 0 0.9/} 4.6+0.0
PLA,-RBC 0-10 1.9/1 14408
SMuse C-RBC J0-50 05/1 37+04




quite complex because cholesterol may be sequestered
into a droplet of ceramide. It is difficult to predict
what changes in cholesterol-phospholipid interactions
would accompany the formation of the ceramide drop-
lets: it is likely that, unlike SM. ceramide molecules
partition to the ‘nner leaflet of the RBC membrane. It
scems that in the outer leaflet of the RBC membrane,
the strength of interaction of cholesterol molecules
with host lipid molecules does not change much be-
cause the ¢, , for exchange of cholesterol to HDL is
quite insensitive to the conversion of SM (o ceramide.
In agreement with the results shown in Fig. 1, Slotte ¢t
al. [33] have shown that treatment of fibroblasts with
SMasce C does not alter cholesterol efflux o HDLL.
However, there is a redistribution of cholesterol from
the plasma membrane of the fibroblasts to internal
membranes:  this suggests that  greater changes in
cholesterol-phospholipid packing density oceur in the
inner leaflet of the plasma membrane,

The lack of change in cholesteral eftlux  from
PLA -treated RBC membranes may be a reflection of
the high cholesterol content of the membranc. The
cholesterol /phospholipid lateral packing density is very
high due to the condensation of PL acyl-chains by
cholesterol, so that degradation and removal of some
of the PL does not change the average molecular
packing density significantly. Consequently, the 7, ,, for
cholesterol efflux remains more-or-less constant. Data
attained with PL/cholesterol monolayers suggest that
when the monolayer is highly condensed due to a high
content of cholesterol, the lateral molecular packing
density is relatively insensitive to changes in surface
pressure [20]. This highly-condensed state of the
PL/cholesterol bilayer appears to exist in the RBC
membrane. In this situation, variations in acyl-chain
composition of the PL are not expected to alter the
average cholesterol microenvironment very much; con-
sistent with this concept, the initial rate of cfflux of
cholesterol from RBC is not significantly altered by
manipulating the PC acyl-chain composition (cf. Fig. 1
in Rel. 41). The change in RBC shape on lipase
treatment may also help to maintain a constant rate of
cholesterol exchange. Thus, various authors [28,34] have
suggested that the lipase-treated RBC change shape to
accommodate the change in bilayer packing. The loss
of PL by trcatment with lipases may result in a com-
pensating shrinkage of the membrane, so that the
average interactions of cholesterol within the mem-
brane do not change much. Whether or not there are
changes in the phospholipid domains [35] of the RBC
membrane on lipolysis is not known.

Cytoskeletal proteins

The RBC cytoskeleton is formed mainly by spectrin,
actin and band 4.1, while ankyrin anchors the network
to the plasma membranc by binding to both band 3 and
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Fig. 2. Tinmwe-courses of cholesterol efftux from control and diamide-
treated RBC ghosts to human HDL . Incubations and conditions
were as described for Fig. 1, exeept that ghost preparations (5,372
@e cholesterol, 450-1058 epm [MCIFC /e FC) were incubated with
HDL, (ina! concentration of 0.60 pg FC/kl) i a final volume of
100 1t of buffer 1+ 029 BSA. Each point is the mean (+ 8.1 of
nine determinations, O ------ O, control ghosts: @ @, diamide-
treated ghosts,

spectrin. Band 3 (an integral membrane protein) is also
associated with glycophorin (another integral mem-
branc protein), which is linked to the spectrin-actin
network via band 4.1 [36). To determine the influence
of the cytoskeleton on cholesterol efflux, RBC were
treated in two different ways. One approach was (o
cross-link spectrin (thereby disrupting the evtoskeleton)
with diamide [15); the other approach was to heat-treat
the RBC, which dizrupts the cytoskeletal attachment
points to the membrane. Modifying the RBC cyto-
skeleton made the RBC very fragile and prone to lysis
upon shaking. Duc to this lysis, all cholesterol-cx-
change experiments involving modification of the cyto-
skeleton were carried out with RBC ghosts.

Since all of the following work was done with RBC
ghosts, cholesterol efflux from unmedified RBC ghosts
(sce Fig. 2 for a time-course) was compared to choles-
terol efflux from whole cells. The results, summarized
in Table I demonstrate that cholesterol efflux from
ghosts (4.2 + 0.4 h) is comparable to that from whole
cells (4.6 + 0.6 h). Examination of the ghost prepara-
tions by SDS-PAGE showed that bands 1 and 2 (spec-
trin) and 3 (the anion transport protein) are clearly
visible, as are some of the minor protein components
of the ghosts (Fig. 3). Cross-linking of spectrin by
either diamide or heat-treatment created a high molec-
alar weight band of spectrin, as described previously
[15].
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TABLE 1i

Cholesteroi ¢fjTux from different RBC preparations

The time-courses were tun under the conditions described in Figs.
1-5. The rate constants were determined by computer modeling, as
described in Materials and Mcthods. The 1, values are mean
values (+8.D.). Each kinetic experiment was run in triplicate. n is
the number of cell preparations.

Cell preparation Halftime for FC n
efflux (h)

Control RBC 4.6+0.6 6

Control ghosts 42404 4

Diamide-ghosts 36+0.6 5

Heated ghosts 4.0+0.4 4

A231I87 microvesicles 42419 4

The time-courses of cholesterol eftiux from ghosts
and diamide-treated ghosts are compared in Fig, 2.
The time-courses are similar for the two preparations
and the halftimes, which are not significantly ditferent
from each other, arc listed in Table II. A slight de-
crease in the 1), for cholesterol exchange from RBC
ghosts after oxidative cross-linking of sulfhydryl groups
in membranc proteins by diamide has been reported
[37]. The cross-linking of spectrin via intermolecular
disulfide coupling [38] decreases the laterai mobility of
the band-3 protein. It follows that alterations in the
lateral mobility of the latter integral membrane protein

bands 1,2

band 3
o band 5

hemoglobin
dye front

1 2 3

Fig. 3. SDS-PAGE of RBC ghosts and microvesicles. Lane 1 shows a
merocyaunine-340 microvesicle preparation, lane 2 shows a ghost
preparation, while lane 3 shows a A23187 micravesicle preparation,
The sumples were incubated in running buffer (10 mM Tris-HCl (pH
8.0) 1 mM EDTA. 2.5% SDS. 1% dithiothreitol and 0.01% Bro-
mophenol blue) for 30 min at 37°C and then 4 pg of ghost or 40 ng
of microvesicle protein were loaded onto the 4-15% gradient Phast-
gel. The gel was run at 15°C fer 74 V /h with an applied voltage of
250 V and stained with Coomassie blue.

have no effect on the ability of cholesterol to leave the
RBC membrane. Cross-linking of spectrin by hcat
treatment also does not alter the ¢, , for cholesterol
efflux (Table 11).

This comparison of cholesterol efflux from RBC,
ghosts and diamide- or heat-treated ghosts suggests
that disrupting the cytoskeletor (by chemical cross-lin-
king or by heat-trecatment) does not significantly influ-
cnce cholesterol efflux from the membranes. These
results imply that the PL-cholesterol molecular packing
and interactions in thc RBC membrane are not per-
turbed by the interaction of the cytoskeletal proteins.

Cholesterol efflux from RBC microvesicles

The RBC were also manipulated to obtain mem-
branes in which the proleins and lipids were unre-
strained by cytoskeletal attachments. Microvesicles
prepared by using cither ionophore A23187 [17] or
merocyanine 540 [18] tend to retain band 3 (an integral
membranc protein) and band 4 (a cytoskeletal protein),
but to lose glycophorin (an integral membrane protein)
and several of the cytoskeletal proteins (bands 1 and 2,
spectrin and band 5, actin), as well as the cytoskeleton
itself. The fact that this reorganization occurred with
our microvesicles prepared by the above methods is
substantiatcd by the SDS-PAGE data in Fig. 3. The
yicld of microvesicles obtained with A23187 treatment
of RBC was sufficient for a full analysis of the kinetics
of cholesterol exchange; the yield with merocyanine
treatment was extremely small and only one control
cholesterol exchange experiment could by performed
with the preparation,

The ¢xperimental approach for cholesterol efflux
from muicrovesicles to acceptor HDL, was similar to
that described above for cholesterol efflux from whole
cclls or ghosts. A mcthodology for separation and
analysis of the acceptor HDL, particles and the mi-
crovesicles was developed, because the microvesicles
and lipoprotein could not be separated by cither cen-
trifugation or filtration. After the specified incubation
time, the acceptor HDL, (approx. 10 nm diamcter)
and donor RBC microvesicles (approx. 150 nm diame-
ter) were separated from each other on a small gel
filtration column as described in Materials and Meth-
ods. Fig. 4 shows a typical profilc scen when [MC)
cholesterol-labelled microvesicles are separated from
{(*Hlcholesterol-labelled HDL 1 A typical time-course
for cholesterol efflux from A23187-microvesicles is
shown in Fig. §. 1t is apparent from Table 11 that the
t,2 for cholesterol cfflux from these microvesicles is
the same, within experimental error, as that from con-
trol RBC or ghosts. An experiment performed using
microvesicles made with merocyanine 540 gave the
same ¢, ,, as that reported for A23187-microvesicles in
Table 11. It follows that detachment of the cytoskeleton
and removal of some integral membrane proteins does
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Fig. 4. Separation of A23IR87 microvesicles from HDL , on Sepharose
CL-4B. HDL  labelled with [*H] cholesterol () (65 gp cholesterol,
1800 cpm/ppe FC) in a final volume of 100 xl buffer 14 0.2% BSA
wias loaded onto a 2 ml Sepharose-CL-4B column. The column was
cluted with buffer 1+0.2% BSA and SO pl fractions were collected
and analyzed. A23187 microvesicles labelled with {MC] cholesterol
(®) (8 pg cholesterol, 1330 cpm/eg FC) in a finat volume of 100 ut
hufier 1+ 0.29% BSA were eluted similarly.

not have any conscquences for the kinetics of choles-
terol efflux from the RBC plasma membrane. Presum-
ably, the cholesterol-phospholipid interactions in the
membrane arc not significantly affected by the linkage
to the cytoskeleton even though the inner leaflet of the
membrane is relatively enriched in cholesteiol [39].
Consistent with this idea, disruption of the interaction
of the membrane skeleton with the bilayer does not
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Fig. 5. Time-course of cholesterol efflux from A23187-microvesicles

to HDL ;. Microvesicles (6.5 ug cholesterol, 2100 cpm ["CIFC/pug

FC) were incubated with HDL , (66 pg cholesterol) in a final volume

of 130 pl of Buffer 1+0.2% BSA. Incubation conditions were as

described in Fig. 1. The incubation mixture was separated on a

Sepharose CL-4B column as described in Fig. 4. Each point is the
mean of three determinations.
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affect phospholipid asymmetry in human RBC mem-
branes [16].

Conclusions

It is well-established from model membrane studies
that the ¢, ,, for cholesterol exchange is sensitive to the
FC/PL interaction energy [19]. In agreement with this,
we feported that increasing membrane SM content
raises f, ,, in simple mixed SM/PC bilayers [4]. How-
cver, as judged by comparison of different species of
RBC, increasing SM in the RBC membrane was found
to have a relatively small effect. The data presented in
this paper arc consistent in that altering the SM/PC
ratio in human RBC by lipolysis does not kave a
marked effect on 1 ,. This indicates that although
lipolysis incvitably leads to a reorganization of the PL
components of the membrane bilayer, the cholesterol
packing is apparently not changed much. Consistent
with this, the ¢, ,, for cholesterol exchange from differ-
ent specics of RBC is similar although there are varia-
tions in the PL. compositions [4). It follows that the
RBC membrane is remarkably resilient and can main-
tain essentially constant FC/PL intcractions despite
large alterations in phospholipid composition. The high
level of cholesterol present in the membrane is proba-
bly important for this property because a high FC/PL
ratio ensures a condensed lateral packing which is
inscnsitive to moderate alterations in the FC/PL ratio
{20). In addition, changes in membrane shape with
variation in lipid composition may play a compensatory
role.

The fact that the cytoskeleton can be immobilized
or removed with no effect on ¢, , indicates that the
FC/PL interactions in the outer monolayer of the
plasma membrane are not affected by the phospholipid
bilayer-protein interactions involved in the attachment
of the cytoskelcton. This occurs even though the mobil-
itics of some integral membrane proteins are altered by
the manipulation of the cytoskeleton. It seems that for
the RBC membrane, which contains a relatively limited
complement of integral proteins, the proteins do not
modulate the average cholestero! packing in a major
way. Presumably, in other cell plasma-membranes
which contain a larger variety of proteins, the proteins
do modulate the cholesterol packing in the membrane
and lead to different cell types having different ¢, ,
values for cholesterol exchange.
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