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Effects of membrane lipids and -proteins and cytoskeletal 
proteins on the kinetics of cholesterol exchange between high 

density lipoprotein and human red blood cells, ghosts and 
microvesicles 
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Kc' ~mdn; ('llolcstcrnl cxchallgc: Ih'ylhmcytc; I ljgh dcnnjly lipol:i'ntcii|; Mu'nlllian~' lipid; Mcml~l'ane protein; ('yh~skclclal prntcin 

"l'~ I~ctlcr UntlcrM;lllll Ihc ct'lccl~, of phlslll;~, Illcnll~l';.Ine lipid.,, and prnlcin.s ;llltl the eytoskclclon nn the kinclics ol cellular 
cholesterol cfflux, IIIc ¢1'1'¢cl.~ o f ( I ) ,  scl¢clivuly depleting ci lher sphingomy¢lill (SM} or phosl~halidyleholine (PU); (2), crossolin- 
king the cytoskelcton, ~llld (3), I'CllIOvitlg certain cytoskelutal and integral lllenlbl';.llle prnteins on radiolahellcd eholestciol efflux 
from red blnnd cells (RB( ')h: |ve heen studied. When RBC were treated with either phospholip:Lsc A ,  or sphingomyclinase (" to 
hydrolyzc either 30-4IF'; of the PC or 411-511';i of the SM, respectively, the halftimcs (tm,_') for cholesterol efflux to excess i IDI, 
were not significantly altered, with the values being 4.4 + ILK h nr 3.7 + II.4 h, respectively, compared to 4.6 + 0.b h for control 
RB('. To investigate the el'feels nf the cytoskelcton on the rate of free cholesterol IF( ' )desorpl ion  tron] the plasma membrane. 
tile cytoskelctal proteins were cross-linked by either heat-treatment or exposure to diamid¢ ;,uld cholcstci'ol el'flux from ghosts of 
these cells was illeilStlrcd. ('ross-linking tile eyloskeletal proteins by diamide trc;.llnlent resulted in no significant change in t j, : 
for treuled (3.h + [l.6 h) eOlllpared to control (4.2 _+ 0.4 h) ghosts: this stlggesls that the cytoskcletor| does m~t phly a large role in 
modulating cholesterol efflux. Tn investigate the clfccts of membrane proteins on cholesterol efflux, RB(" m i c r o v e s i c l c s ,  

containing mainly band 3 and 4 proteins and little of the cytoskclctal proteins, such as spcctrin (bands 1,2) or aelin (baud 51. w e r e  

nbtained by incubation with tile ionophnre A23187. With excess HI)I,~ present, mierovesieles exhibited a t ~ ,  of 4.2 ± 1.9 h 
(compared to the t t 2 of 4.2 ± {).4 h for control gliosls). Tile results tleso'ibcd ill Ihis paper suggest thai neither ehangillg tile 
SM/P("  ratio in tile nlenll~talle nor cross-linking the eytoskeletal protein.,, nor removing tile cyloskeluton changes the l i ,  : for 
cholesternl ¢ffh.lx to excess I!1)1. ~. Pre.,,,I,mal',ly. th,e choleslerol-I'~hospl'lolil'fid inleraclicwls an: inscnsiliw: Io Ihese perlurbalions in 
In¢lnJ'lr:lne Ml'Uelllre. 

Introduction 

The  stru: ' l ,n 'e o1' the red b lood cell ( R B C )  n lem- 
I~rane and cy loske le ton  has been  s tudied  in grea t  de-  
tail. (kmscqt ien t ly .  the R B C  sys tem affords  oppoi ' tun i -  
lies not possibl,:  wilh o the r  cell types to examine  di- 
reclly the  efl'cc~s of  m e m b r a n e  o rgan iza t ion  on tho l e s -  

('or[csponldcncc hi: M.('. Phillips,. Tht' Medical ('ollcgc of Pcnns.~l- 
vania. 33(111 ttenl~y Avenue, Phill,dclphia, PA 19120 LISA. 
i Present address: Department of Biology, The Univcrsil~., of Penn- 

sylvania. Philadelphia. PA 191()4 (LISA). 
Abbrcvialinns: BSA. I~o~inc SelU111 albumin; F('. free (unestcrilicd) 
cholesterol; Ill)L. high densily lipoprolcin, k,.. ral~: COllM;.llll [or 
cfflux; P(', phosphalidyh:holin¢; PL, r~hospholipid; PLA:, phosl~llo- 
lipase A,; RB(', red blood cell; SM, sphingomyclin: SMasc ('. 
sphingomyelinasc ('; I 1 , ,  . ,  halflime; TI .[', thin-layer ehrom:flography. 

lerol efllux to ex t race l lu la r  IJpoprote in  part icles [ I -4 ] .  
I:or example ,  it is possible  to obta in  ' cy toske lc ton- f ree '  
p r epa ra t ions  of  m e m b r a n e s  and to cross-l ink prote ins  
and exainine el'flux f rom ghosts  when  the I rea led  cells 
arc too fragile to wi ths tand choles te ro l  efflu:.', without  
hemolysis.  It is known that  the p lasma  m e m b r a n e  
s t ruc ture  is crit ical in de t e rmin ing  the hafftinle (t~/z) 
for cel lular  cho les te ro l  el'flux. Thus ,  Bellini et al. [5] 
d e m o n s t r a t e d  that  two types of rat liver cells had 
different  t l /z  fi~l" choles lero l  ef l lux ar, d thai p lasma 
m e m b r a n e  vesicles  isolated f rom the two types of  cells 
gave t~/ ,  va lues  identical  to the p a r e n t  cells. 

Previously, wc have invest igated the efl'~cts of  m e m -  
brane- l ip id  compos i t i on  on the rate  of  choles terol  (FC)  
desorp t ion  t'ronl the p lasma m e m b r a l l e  by compar i l lg  
cl lolestcrol  ef l lux fronl bovine,  rat and rabbit  R B C  to 
el'flux from human RBC [4], By u.~ing establ ished tech-  
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niques, 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-'4C]choles- 

terol (50 mCi/mmol), Research Products International 
(Mount Prospect, IL); [l,2-'~H]cholesterol (40-60 
Ci/mmol), New England Nuclear (Boston, MA); Phos- 
pholipas¢ A,  (PLA.,) from Naja naja and bee venom, 
sphingomy¢linase C (SMase C) from Staphyltx'occus 
aureus, ionophore A23187, bovine serum albumin, frac- 
tion V (fatty acid-free), diamide, merocyanine 540, 
Sigma (St, Louis, Me); media and antibiotics, Gibco 
(Grand Island, NY); Millipore ultrafre¢ MC filter units 
(0.2 ~m), Millipore (Bedford, MA); Sepharose CL-4B, 
PhastGel gradient 4-15% gel, PhastG¢l SDS Buffer 
Strips, Pharmacia (Piscataway, N J). 

Methods" 
Buffers, Solutions used routinely in these studies 

were: Buffer i: 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 
NaCI + 1 mM EDTA; buffer 4:90 mM KCI, 45 mM 
NaCI, 44 mM sucrose, 30 ram Hepes (pH 7.4); buffer 
5:0.154 M NaCI, l0 mM Hepes (pH 7.4); buffer 5 + 4 
mM CaCI, + 2.2 /zg/ml A23187 (in DMSO); buffer 
5 + 20 ~ M murocyanine 540. 

Anulytk'al procedures, tIDL,~ lipids were extracted 
according to Bligh and Dyer [(~], RBC lipids were 
extracted by a modification of the method of Lunge 
and colleagues [I], 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 et 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 
~intiUation counting in a Beckman LS68(X) counter 
using standard dual-label procedures to determine 
counts due to a specific isotope. Sphingomyelin (SM), 
phosphatidylcholine (PC), phosphatidylethanolaminc 
and lyso-PC were determined by thin-layer chromatog- 
raphy (TLC) (chloroform~methanol~water, 65: 25 : 4, 
v/v) on 250-ram Anasil G plates from Analabs (North 
Haven, CT). The phospholipid bands were visualized 
by iodine staining, scraped and tile phosphorus was 
determined as described above. 

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

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

Preparation of lipase-treated RBC. Cholesterol- 
labelled RBC were treated with 36 units of bee venom 
PLA2 together with 4(} U/mi cells of Naja naja PLA 2 
in buffer 1 + 10 mM CaCI 2 for 60 rain at 37°C [I 1,31]. 
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 
5{}% hematocrit and stored at 4°C (and used within 2 
days of the treatment). The procedures of Verkleij et 
ak [! I] were also used to treat RBC with sphingomyeli- 
nase C (SMase C). Libelled RBC were treated with 38 
mU/ml cells of Staphylococcus aureus SMasc C in 
buffer I for 20 rain at 37°C. The reaction was stopped 
as described for the PLA2qreated 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. 

Cholesterol exchange t:rperiments The kinetics of 
cholesterol exchange between RBC and extracellular 
HDL,~ were monitored as described [4]. Briefly, the 
labeled RBC (at a 5-10% hematocrit) were incubated 
with HDL,~ (at a 10-fold excess of accepter tiDL~ 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 effiux 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 /~m MiUipore 
filter unit. Control experiments showed that the recov- 
ery of lipoprotcin in the filtrate was > 95% and that 
no counts due to ghosts could be detected in the 
filtrate. 

The fraction of [14C]cholesterol 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, 
Elsevier Biosoft, Cambridge, UK). The rate constant 
(k~) and the halftime (tz/,) 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 [14C]cholesterol- 
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-(1.25 
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 Franek and colleagues [15]. Briefly, 
RBC were washed 3 times in buffer 3 and then incu- 
bated in buffer 3 + 5 mM diamide for 40 rain 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 311 rain of incubation). 
Cross-linking of cytoskeletal proteins by diamide was 
verified by SDS-PAGE, as described above. 

PreiJaration of heat-treatt, d gizo.~'ts. Labelled RBC 
(10% hematocrit) were heated for 15 rain at 50°C in 
buffer I [16]. The cells were washed three times with 
buffer ~ 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 microcesicles. Microvesiculation of 
RBC was induced with the ionophore A23187 [17]. 
Cholesterol-labelled RBC were incubated with 1 vol- 
ume of buffer 5 + 4 mM CaCI, + 2 t tg /ml  A23187 (in 
DMSO) for 16 hours at 37°C (at a 51)% hematocrit). 
This mix was washed and the pellet resuspendcd in 
buffer 5 and centrifuged for 5 min at 500 x g to re- 
move RBC and then centrifuged twice for 30 rain at 
16000 x g  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 yield was about 1%. Microvesieles 
were also obtained by exposing RBC to merocyanine 
540 [18]. Labelled RBC (at a 10% hematocrit) were 
incubated in buffer 5 + 20/,tM 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- 
des. This pellet was resuspended in buffer 1 and 
characterized as described above for the A23187 mi- 
crovesicles. The yield for merocyanine 540 microvesi- 
des  was extremely low ( < 0.1%). 

Cholesterol-exchange experiments with microcesicles 
and HDL 3. Cholesterol-labelled microvesicles were in- 
cubated with HDL 3 as described above for RBC ex- 
change experiments. At each time-point, a 100 p,I 
aliquot of the incubation mixture was applied to a 2 ml 
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Sepharose CL-4B column equilibrated in bufler 2 (at 
room temperature). These columns had previously been 
calibrated using labelled microvesicles and [~lq]HDL 3. 
The fractions containing the lipoprotein were ~ollected 
(in about 4 rain) and counted by scintillation counting 
and analyzed as described above for the RBC system. 
Appropriate controls were run to determine the amount 
of contamination of HDL3 with microvesicles ( < 5%) 
and the recovery of HDL 3 from the columns (> 95%). 

Results and Discussioa 

The aim of the studies presented here is to elucidate 
how v,~rious plasma-membrane 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- 
des have been monitored. (I) The choline-containing 
phospholipids (phosphatidylcholine and sphingoo 
myelin) were depleted by exposure to phospholipases. 
(2) The cytoskeletal pr,3teins were cross-linked and 
immobilized by treatme~t with either 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-established from studies with model 
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, see Ref. 19). 
The rate of cholesterol exehange 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] 
coniparing cholesterol efflux from RBC of different 
mammalian species suggested that increasing the mem- 
brane SM/PC ratio slightly raises the tl/2 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 
effects of these membr~me components o~ cholestero! 
exchange. 

Fig. 1 shows the time-courses of cholesterol efflu~: 
from control and SMase C-treated RBC. The lipase- 
treated cells show a similar halftime for cholesterol 
exchange to the untreated cells. Table I summarizes 
the t ~/2 for the efflux of cholesterol for control, PLA 2- 
and SMase-C-treated RBC. The PLA2-treated cells 
have 30-40% of their PC removed and yet the tt/2 is 
the same as for the untreated cells. With the SMase- 
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Fig. I. Time.courses of choh:sterol cfflux from control aml SMasc 
('-Irl:Ii icd human RIK" to hunlan IrlDt.~. RBC were treated v i l l i  
SMilse ( '  as i.lescribl~d in Mal~rials and Mizlliotl.,,. SUSl~Cll.'~iims al 
5= I(1¢~ kcmait~riis of RBC (0,2-7.3 p,g cholesterol, 810-+ I.%0 fpnl 
[ i4 ( ' ]F ( ' /~g  FC)were incuhaled with I IDL ~ (final concenir:itkm of 
0.72 ; lg  FC'/ul)  in a final volume of lllO p l  i l l  buffer I +0.2% BSA. 
Af ler incubation wi lh genlle shaking al 37°(" for Ihe indiealcd times. 
Ihe cells and medium were .~l.'pariiled alilt analyzed. 'rhc fraction of 
[I~£,]FC reniaining in ilia: ccll.~ was dclenli inlzd il.~ a ftinelioil iff the 
incubalion lime. Eadl  puinl i.5 the mean (4-S.I). I  i l l  nine delerl l l i l la- 
thins. The lines were ol~iiiincd by ¢ompnlerizi:d fillflig of Ihe experi- 
menial data as described in Materials and Mclhods, ~ . . . . . .  c,, 

control RBC: i~o, SMasc ('-ircalcd RIK',  

C-treated cells, 40-50% of their SM is converted to 
ccramidc and the t a/: is slightly lower (3.7 h), although 
the difference is not statistically significant (by "l'ukc~,'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 f ir ~ lbr cholesterol cfflux from four species of 
RBC with widely varying S M / P C  ratios showed only a 
slight inc~ase with increasing S M / P C  ratio. 

The effects on RBC of the two lipascs used in the 
work presented here have been thoroughly described 
by various authors t! 1,27-31], The changes in S M / P C  

ratio reported in Table I are consistent with the earlier 
work. Treatment of RBC with PLA2 results in a 
shape-change from b;eoncave to echinocyte, detectable 
under a light microscope which agrees with previous 
results [27,28] and our data (not shownL Exposure of 
RBC to SMase C leads to the formation of stomato- 
cytes [27,28]. TI~e use of other lipases was precluded 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 lipases 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 lipascs on microvcsicles, and like 
ghosts, the microvesicles appear to be much less spe- 
cific than RBC fi)r each lipase. As a result of these 
observations, only intact RBC were treated with li- 
pases. 

The two lipases used in the work prcsenled here 
function diffcrenlly. PLA, revaawcs the sn2 acyl-chah) 
and cleaves only i,2-diacylglycerophospholipids, inchid- 
ing PC, phosphatidylethanohuninc, phosphatidyiserinc 
and phosphatidylinositoi [27], although in the outer 
leaflet of the RBC membrane, P~ is the preferred 
suhstrate. (kmsistent with this, no significant change it) 
lhc level of phosphatidylethanolarllinc could be de- 
tected by TLC. The resttltanl cleavage products, fility 
acid and lyso-PC, were removed by the subsequent 
washes will) bovine sertun albumin. No iyso-P(" could 
hc detected hy TLC analysis of extracted lipids: this is 
consistent will) the fact that lysis was < 5q; in all our 
experiments and a report that 2 mole,: lyso-PC incor- 
porated in the membrane causes 5IF'.I henn)lysis of 
RBC [411]. SMase C, specific for sphingomyelin [271, 
cleaves the phosphorylcholine group from sphingo- 
myelin, leaving ceramide~ more than 90% of the SM in 
the RBC membrane is is) the outer leaflet. According 
to Verkleij and colleagues [I I]. the eeramide created 
by the actkm of SMase C does not leave the bilayer but 
accumulates in droplet:: as detected by electron nil- 
crography. 

The above observations suggest tliat the kinetics of 
cholesterol efflux after treatment will) SMase C may be 

TABLE I 

The effects Of llhosldiol#la.w re'utreCht on chok'stcrol £1]ha lh,m RB(" 

The time-ctmrses wt.,rc run tmth:r the conditions described it) Fig. I. The rate ¢OllMail|s were determined by computei mr)doling. :is described in 
Materials and Meth~Is. Eadl  I|leasul'elllel)l iS the l | l~an ( +  ~ ,D , )  111 nine th.'tcrnmialiOllS. The t~ : values are no! siglii l icantly ddIcrclit, as 
delermined by Tukey's test [2of 

Treatment c,:-PL removed Ratio i)! I lalflime fi)r 
U:; of conl-ol) SM/PC ( w / w )  F(" efl lux (II) 

Control RBC I) ( | .q/ I  4.6 ± l).h 
PLA ,-RBC 31)-4ll 1.9/I 4.4 + (i.8 
SMasc C-RBC 40-50 0.5/I  3.7 + 0.4 



quite complex because cholesterol may bc sequeslcrcd 
into a droplet of ceramide, it is difficult to predict 
what  changes in cholesterol-phospholipid interactions 
would accompany the formation of the ceramidc drop- 
lets: it is likely that, unlike SM. ccram[dc molecules 
partition to the ,inner leaflet of the RBC memhranc. It 
seems tlmt in the outer leaflet of the RBC membrane, 
the strength of interaction of cholesterol molecules 
with ho~t lipid molecules does not change much be- 
cause the tn/2 lor exchange of cholesterol to HDL is 
quite insensitive to the conversion of SM to ceramide. 
In agreement with the results shown in Fig. I, Slotte el 
al. [33] have sliown that treatment of fibroblasts with 
SMase C does not alter cholesterol cfflux to HDI+. 
ltowevcr, there is a redistribution of cholesterol I'lom 
tile plast11;.| nlenlbr;.nlc of tile fibroblasls lo internal 
membranes: Ihis suggests II1;.11 greater changes in 
choleslcrol-phospholipid packing density occur in thc 
inner leaflel of lilt plasma tneml~rane. 

The hick of change in cholesterol efl'lux from 
PI+A ,-treated RB(" nlenlbr:mes may hc a rcflcclion of 
tile high cholesterol content of the membrane 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 tile PI. does not change the average nlolccular 
packing density significantly. Consequently, the t t/~ " for 
cholesterol efllux remains nlore-or-less eonslant. Data 
attained with Pl+/cholestcrol nlonolayers 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 surfacc 
pressure [211]. This highly-condensed state of the 
PL/cholesterol bilayer appears to exist in the RBC 
nlcmhrane. II1 this situation, variations in :lcyl-chain 
composition of the PL are not expected to alter the 
average cholesterol nlicroenvironnlenl very nluch; con- 
sistent with this concept, thc initial rate of efflux of 
cholesterol fronl RBC is not significantly altered by 
manipulating thc PC acyl-chain composition (of. Fig. I 
in Rcf. 41). The change in RBC shape on lip.ase 
trealnlent may iiJso help Io nlainlain a constanl rate of 
cholesterol exchange. Thus, various authors [28,34] have 
suggested that the lipase-treated RBC change shape to 
acconnnodate the change in bilayer packing. The loss 
of PL by treatment with lipases may result in a c o m -  
pensat ing  shrinkage of the membrane, so that the 
average interactions of cholesterol within the mem- 
brane do not change much. Whether or not there arc 
changes in the phospholipid domains [35] of the RBC 
membrane on lipolysis is not known. 

C yt o ske l e ta l  pro teb t s  

The RBC cytoskeleton is fi~rmed nminly by spectrin, 
actin and band 4.1, while ankyrin anchors the he+work 
to the plasma membranc by binding to both band 3 and 
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Fig .  2. TillB.'-t 'oBrsgt.+ o f  d m l c ~ , l C l o l  c f f l u x  f r o l | l  c o ] l l r o l  a n d  tJi~mlitJ¢ o 

t l 'Ca ted  R B ( "  g l | o s l s  no 1111111:111 I I I ) l . v  I n c u l m t i o n s  a t l d  Ct~l|dilh~11~ 

w t ' r c  a.,, d e s c r i b e d  f o r  F ig .  I, e x c e p t  l h a l  g l l o s l  l ' f fC l )a ra l ions  (5_++ 7.2 

p g  c h o l c s t c i ' o l .  4511-11155 c p n l  [Nt'JF('lt+r. I " ( ' ) w c , - c  i n c u b a t e d  w i t h  

Ill)l++ f f im: l  ¢OllCl211| | i l l ion o f  I1.1'111 o .g  | : ( ' / / j , ~ )  i |t  ;I f i lm!  vO[tlll+ll~ o f  
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spcctrin. Band 3 (an integral membrane protein) is also 
associated with glycophorin (another integral mem- 
brane protein), which is linked Io tile speclrin-aclin 
network via band 4.1 [36]. To determine the influence 
of tile cytoskclcton t111 cholesterol efflux, RBC were 
II'e;.|led ill |we diffcncnt ways. One approach was to 
cross-link spectrin (thereby disrupting the cyloskelcton) 
wilh diamide [15]; the other approach was to heat-treat 
the RBC, which di:~rupts the cyloskeletal attachment 
points to the membrane. Modifying the RBC cyto- 
skeleton made the RBC very fragile and prom: to lysis 
upon shaking. Due to this lysis, all cholesterol-ex- 
change experiments involving modification of the cyto- 
skeleton were carried out with RBC ghosts. 

Since all of the fl)llowing work was done with RBC 
ghosts, cholesterol efflux from unnmdificd RBC ghosts 
(see Fig. 2 for a time-course) was compared to choles- 
terol efflux from whole cells. The results, summarized 
in Table I! demonstrate that cholesterol cfl'lux from 
ghosts (4.2 ± 0.4 h) is comparable to that from whole 
cells (a.6 ± 0.6 h). Examination of the ghost prepara- 
tions by SDS-PAGE showed that bands I and 2 (spcc- 
trin) and 3 (the anion transport protein) are clearly 
visible, its are some of the minor protein components 
of Ihc ghosts (Fig. 3). Cross-linking of speclrin by 
either diamide or heat-treatment created a high molec- 
ular weight band of spcctrin, as described previously 
[k+]. 



108 

TABLE il 

Cholesterol Gfflux from different RBC preparations 

The time-courses were run under the conditions described in Figs, 
I-5. The rate cxmstants were determined by computer modeling, as 
de,~ribed in Materials and Methods. The t=/: values are mean 
values t ±S.D.). Each kinetic experiment was run in triplicate, n is 
the number of cell preparations. 

Cell preparation Halftime fl)r FC n 
efflux (h) 

( 'onlml RBC 4.6 :i: 0.6 h 
Control ghosts 4.2 ± 0,4 4 
I)iamide-$hosts 3,h t 0.h 5 
Ilvatcd ghosts 4.0 ± 0,4 4 
A23187 microvcsiclvs 4.2 .~: I.t~ 4 

The time-courses of cholesterol efflux front ghosts 
and diamide-treated ghosts are compared in Fig. 2. 
The time-courses are simihtr for the two preparations 
and the halftimes, which are not significantly different 
from each other, are listed in Table !!, A slight de- 
crease in the tz/,= for cholesterol exchange from RBC 
ghosts after oxidative cross-linking of sulfhydryl groups 
in membrane proteins by diamide has been reported 
[37]. The cross-linking of spectrin via intermolecular 
disulfide coupling [38] decreases the lateral 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 
band 5 

globi hemo n 
. . . .  dye front 

1 2 3 
Fig, 3, SDS-PAGE of RIK" ghosts and microvcsiclcs, Lane I shows a 
mcrt~'Yanine-540 microvesicle preparation, lane 2 shows a ghost 
preparation, while lane 3 shuws a A2318"/microvesicle preparation. 
The ,samples were incubated in running bufl~r (10 mM Tris-IICI (pll  
8,0), ! m M  EDTA, 2,5% SDS, I% dithiothreitol and 0.01% Bro- 
rm~henol blue) for 30 rain at 37~C and then 4/zg of ghost or 40 p,g 
of mic~wesicle protein were loaded onto the 4-15% gradient Phast- 
gel, The gel was run at 15°C for 74 V / h  with an applied voltage of 

250 V and stained with Ctmma~sie blue. 

have no effect on the ability of cholesterol to leave the 
RBC membrane. Cross-linking of speetrin by heat 
treatment also does not alter the tt/2 tbr cholesterol 
efflux (Table il). 

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

Chok;vterol efflux J}'om RBC microt'esich,s 
The RBC were also manipulated to obtain mem- 

brittles in which the proteiqs and lipids were unre- 
strained by cytoskeletal attachments. Microvcsicles 
prepared by using either ionophore A23187 [17] or 
merocyanine 540 [18] tend to retain hand 3 (an integral 
membrane protein) and band 4 (a cytoskeletal protein), 
but to lose glycophorin (an integral membrane protein) 
and several of the cytoskeletal proteins (bands I and 2, 
spectrin and band 5, actin), its well its the cytoskcleton 
itself. The filet that this reorganization occurred with 
our microvcsiclcs prepared by the above methods is 
substantiated by the SDS-PAGE data in Fig. 3. Tile 
yield of microvesicles obtained with A23187 treatment 
of RBC wits sufficient for it full analysis of tile kinetics 
of cholesterol exchange: the yield with merocyanine 
treatment wits extremely small and only one control 
cholesterol exchange experiment could by performed 
wi!h the preparation, 

The experimental approach for cholesterol efllux 
from mtcrovesicles to acceptor HDL.~ was similar to 
that described above for cholesterol efflux trolu whole 
cells or ghosts. A methodology for separation and 
analysis of the accepter HDL.~ particles and the mi- 
crovesicles wits developed, because the microvesicles 
and lipoprotein could not be separated by either ,:en- 
trifugation or filtration. After the specified incubation 
time, the accepter HDL,~ (approx. l0 nm diameter) 
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 it typical profile seen when [14el 
cholesterol-labelled microvesicles are separated from 
[~Hlcholcsterol-labellcd HDL.~. A typical time-course 
for cholesterol cfflux from A23187-microvesicles is 
shown in Fig. 5. It is apparent from Table ll that the 
It/2 for cholesterol efflux from these microvcsicles is 
the same, within experimental error, its that from con- 
trol RBC or ghosts. An experiment performed using 
microvesicles made with meroeyanine 54(1 gave the 
same t t/., as that reported for A23187-microvesieles in 
Table II. It follows that detachment of the cytoskeleton 
and removal of some integral membrane proteins does 
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Fig. 4. Separat ion of A23187 re | t roves | t ies  from HDL~ on Sepharose 
CL-4B. IIDL,~ labelled with 1'~11] choleslerol  (O) (65 p g  cholesterol,  
18111) cpm/ / . tg  FC') in a fin,'d voh.me of I(11) p,I buffer I -t 0.2e4 BSA 
was loaded onto  a 2 ml Sepharose-CL-4B coh.mu. The coh|mll was 
cluled with I)uffer 1+0 .2% lISA ;lad 50 #1 I'r:~ctions were collected 
and analyzed. A23187 re | t roves | t ies  I-'tbelled with I t ' | (  '] cholesterol  
(e)  (8 # g  cholesterol,  1331) c p m / p g  F( ' )  in a fim|l volulnc of 100 p,[ 

buffer  I + 0.2t"~ , lISA were eduted simihu'ly. 

not have any consequences for the kinetics of choles- 
terol efflux from the RBC plasma membrane. Presum- 
ably, the cholesterol-phospholipid interactions in the 
membrane are not significantly affected by the linkage 
to the cytoskeleton even though the inner leaflet of the 
membrane is relatively enriched in cholesterol [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 efllux from A23187-micr(wesicles 
to I I D L v  Microvesicles (6.5 pg  cholesterol,  21(1(I cpm [ t4C]FC// . tg  
FC) were incubated with HDL~ (66 # g  cholesterol)  in a final volume 
of 10(1 p.I of Buffer I +0 .2% BSA. Incubat ion 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  determinat ions.  
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affect phospholipid asymmetry in human RBC mem- 
branes [16]. 

Conclusions 

it is well-established from model membrane studies 
that the t~/2 for cholesterol exchange is sensitive to the 
FC/PL interaction energy [19]. In agreement with this, 
we reported that increasing membrane SM content 
raises t~/2 in simple mixed SM/PC bilayers [4]. How- 
ever, 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 I~ave a 
marked effect on t~/2. This indicates that although 
lipolysis inevitably leads to a reorganization of the PL 
components of the membrane bilayer, the cholesterol 
packing is apparently not changed much. Consistent 
with tr, is, the t,/2 for cholesterol exchange from differ- 
ent species of RBC is simihtr 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 interactions 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 
insensitive to moderate alterations ita 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 cytoskclcton can be immobilized 
or removed with no effect on t~/, 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 cytoskeleton. This occurs even though the mobil- 
itie~: 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 cholesterol 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 tt/2 
values for cholesterol exchange. 
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