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Summary 

The transfer of cholesterol between liposomal membranes was examined. On 
incubation of liposomes composed of egg yolk phosphatidylcholine, phos- 
phatidic acid and cholesterol (molar percentage, 65.8 : 1.3 : 32.9 or 62.5: 
6.3 : 31.2), almost complete equilibration of the cholesterol pools was achieved 
within 6 to 8 h at 37 ° C. The rate of transfer of cholesterol from the liposomes, 
in which cholesterol was introduced by 'the exchange reaction', was not signifi- 
cantly different from that from liposomes prepared in the presence of 
cholesterol, in which the cholesterol was distributed homogenously. These 
findings indicate that half life for 'flip-flop' of cholesterol molecules in egg yolk 
phosphatidylcholine liposomes is less than 6 h at 37 ° C. 

The transfer of cholesterol between liposomes was strongly dependent on 
temperature and was affected by the fatty acid composition of the phospho- 
lipid, suggesting that the 'fluidity' of the membranes strongly influences the 
transfer rate. 

A preferential distribution of cholesterol molecules was observed in hetero- 
geneous liposomes with different classes of phospholipids. The 'affinity order' 
of cholesterol for phospholipid deduced from the present experiments is as 
follows: beef brain sphingomyelin > dipalmitoylglycerophosphocholine - 
dimyristoylglycerophosphocholine > egg yolk phosphatidylcholine. 

Introduction 

The mechanisms of transfer or exchange of cholesterol between membranes 
are unknown. It is interesting to know the mechanism governing the distribu- 
tion of cholesterol in membranes, because cholesterol is important in regulating 
membrane fluidity. Since transfer of cholesterol was reported to occur between 
liposomal membranes [1,2], these membranes should be a good system for ob- 
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taining information about this transfer mechanism. In this work, using a differ- 
ent assay technique to those described by Ehnholm and Zilversmit [ 1 ] and by 
Haran and Shoporer [2], we examined the movement  of cholesterol in soni- 
cated liposomes of various phospholipid compositions at various temperatures. 

Materials and Methods 

Lipids. Egg yolk phosphatidylcholine was prepared by chromatography on 
Aluminum Oxide Neutral and Unisil. Phosphatidic acid was prepared from egg 
yolk phosphatidylcholine by treatment with cabbage phospholipase D (EC 
3.1.4.4). Dilauroylglycerophosphocholine (C12:0-PC) and diundecanoyl- 
glycerophosphocholine (Cl l '0-PC)  were synthesized by the method of 
Cubero et al. [4]. Other lipids were obtained from the following companies: 
Sigma Chemical Company, St. Louis, MO, U.S.A. (cholesterol and ~,7-di- 
palmitoyl-D,L-a-glycerophosphocholine); Calbiochem., San Diego, CA, U.S.A., 
(~,7-dimyristoyl-L-~-glycerophosphocholine); New England Nuclear Co., 
Boston, MA, U.S.A. ([7-3H]cholesterol and glycerol-tri[2-3H]oleate); Radio 
Chemical Centre, Amersham, U.K., [4-14C]cholesterol and glycerol-tri[1-14C] - 
oleate). 

Other chemicals. Bovine albumin (fraction V) (Nakarai Chemical Co., Kyoto,  
Japan), Unisfl (Clarkson Chemical Co., Williamsport, PA, U.S.A.), Aluminum 
Oxide Neutral (Woelum, Eschwege, F.R.G.), DEAE~cellulose (DE 52, Whatman, 
Maidstone, Kent, U.K.) and Sepharose CL 4B (Pharmacia Fine Chemicals, 
Uppsala, Sweden) were also used. 

Preparation of liposomes. Liposomes composed of phosphatidylcholine, 
phosphatidic acid and cholesterol in various molar ratios were prepared by the 
method of  Huang [5]. Lipids were first dispersed in 12.5 mM phosphate buffer 
(pH 7.4) with a Vortex mixer. The final concentration of liposomes was 
10 ttmol as phospholipid per ml. The preparations were used as 'non-sonicated 
liposomes'. Sonicated liposomes were prepared as follows: Lipids were 
dispersed in a vortex mixer and sonicated for 10 min with a microprobe in a 
Branson sonifier Model W185 (operating at 18 W) at an appropriate tempera- 
ture. The preparation was centrifuged at 15 000 × g, for 15 min and the super- 
natant was used directly as 'sonicated liposomes'. To obtain homogeneous 
preparations in some experiment, the liposomes were 'sized' by chromatog- 
raphy. For this, aliquots of  liposome preparations (1 ml) were applied to a 
column of Sepharose CL-4B (1.6 × 50 cm), and the colum was eluted with 
12.5 mM phosphate buffer (pH 7.4) at flow rate of 5 ml/h. The results with 
sized and unsized liposomes were virtually identical. Therefore, routinely 'soni- 
cated liposomes' were used without  sizing. 

Determination of transfer of cholesterol between liposomes 
Cholesterol transfer was determined by the method developed for experi- 

ments on transfer of  phosphatidylcholine between liposomes by van den 
Besselar et al. [3]. The principle of the method is that two populations of 
liposomes can be separated according to surface charge on a DEAE-cellulose 
ion-exchange column. Transfer of cholesterol between liposomes was deter- 
mined by measuring the transfer of radioactive cholesterol from 'donor '  to 
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'acceptor '  liposomes. The incubation was performed at an appropriate tempera- 
ture in 12.5 mM phosphate buffer  (pH 7.4) with 0.5 pmol  of  each type  of  
l iposome preparation, in a final volume of 1.5 ml. The 'donor '  l iposomes 
(liposomes with 1.3 mole% phosphatidic acid) contained phosphatidylcholine,  
phosphatidic acid and cholesterol in a molar ratio of  I : 0.02 : 0.5, a trace of  
[ 3H ] cholesterol and [ ~ 4C ] glycerol-trioleate as a 'non-exchangeable marker' .  The 
'acceptor '  l iposomes (liposomes with 6.3 mol% phosphatidic acid) contained 
phosphatidylcholine,  phosphatidic acid and cholesterol in a molar ratio of  1 : 
0.1 : 0.5. A mixture of  equal amounts  of  'acceptor '  and 'donor '  l iposomes 
(0.5 pmol  each as phospholipid) was incubated at various temperatures for an 
appropriate period. Then the mixtures (1.5 ml) were rapidly passed through a 
DEAE-cellulose column (0.8 × 1 cm) equilibrated with 12.5 mM phosphate 
buffer at room temperature,  and the column was eluted with 4.5 ml of  the 
same buffer.  Fractions of  0.6 ml were collected and their radioactivity was 
counted in a Packard liquid scintillation counter  (Model 3320). By this proce- 
dure, the liposomes could be separated within 5 min. About  80% of  the 'donor '  
l iposomes were recovered in the eluate, while practically all the 'acceptor '  
l iposomes were bound to the column. 

The percentage transfer o f  [3H]cholesterol from the 'donor '  l iposomes to the 
'acceptor '  l iposomes was calculated as follows: 

1 3H/~4C of  donor  liposomes after incubation × 100% 
3H/~4C of donor  liposomes before incubation 

After  a long incubation (more than 12 h) recovery of  the 'donor '  l iposomes 
from the column was poor  (4%). This difficulty was overcome by adding serum 
albumin (110 pg/ml) to the incubation mixture; In the presence of  albumin, 
recovery of  'donor '  l iposomes prepared with any kinds of  phospholipids was 
about  80%. In confirmation of  the observation of  Bloj and Zilversmit [7] we 
found that the extent  of  cholesterol transfer was not  affected by  the presence 
of  albumin in the medium. 

In some experiments,  the increase of  the ratio of  ~4C/3H in liposomes with 
1.3 mol% phosphatidic acid and [3H]glyceroltrioleate was measured after 
incubating them with liposomes containing 6.3 mol% phosphatidic acid and 
[14 C]cholesterol.  

Determination of cholesterol. Cholesterol in the eluate from the DEAE- 
cellulose column was determined quantitatively as follows: lipids were 
extracted from the eluate by  the method of  Bligh and Dyer [8],  and then the 
cholesterol was isolated from the lipid extracts on a silicic acid column eluted 
with chloroform. The cholesterol content  was determined by  the method of  
Zlatkis et al. [ 9 ]. 

Results 

Transfer of cholesterol between egg yolk phosphatidylcholine liposomes 
The transfer of  cholesterol between liposomes containing egg yolk phos- 

phatidylcholine and cholesterol in a molar ratio of  1 : 0.5 is shown in Fig. 1. 
The ratio of  [3H]cholesterol/[14C]glyceroltrioleate in liposomes with 1.3 mol% 
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Fig.  1. T r a n s f e r  o f  c h o l e s t e r o l  b e t w e e n  egg y o l k  p h o s p h a t i d y l c h o h n e  h p o s o m e s  L l p o s o m e s  c o m p o s e d  of  
egg y o l k  p h o s p h a t l d y l c h o l i n e ,  p h o s p h a t l d m  ac id ,  a n d  c h o l e s t e r o l  ( m o l a r  p e r c e n t a g e ,  6 5 . 8  1 .3  3 2 . 9 ) ,  
w i t h  t r a c e  a m o u n t s  o f  [ 3 H ] c h o l e s t e r o l  a n d  [ 1 4 C ] g l y e e r o l t r i o l e a t e  we re  i n c u b a t e d  a t  3 7 ° C  w i t h  an  equa l  
a m o u n t  o f  l i p o s o m e s  c o m p o s e d  o f  egg y o l k  p h o s p h a t l d y l c h o h n e ,  p h o s p h a t l d l e  ac id  a n d  c h o l e s t e r o l  
( m o l a r  p e r c e n t a g e ,  6 2 . 5  6 . 3 : 3 1 . 2 ) .  The  3 H / 1 4 C  r a t i o  m the  f r a c t i o n  c o n t a i n i n g  h p o s o m e s  w i t h  
1.3 m o l %  p h o s p h a t i d i c  ac id  w a s  m e a s u r e d  (A) .  L l p o s o m e s  c o m p o s e d  o f  egg y o l k  p h o s p h a t l d y l c h o h n e ,  
p h o s p h a t l d l c  ac id ,  a n d  c h o l e s t e r o l  ( m o l a r  p e r c e n t a g e ,  6 5 . 8  1 .3  • 3 2 . 9 ) ,  w i th  a t r ace  a m o u n t  o f  [ 3 H ] -  
g l y c e r o l t n o l e a t e  ( 6 7 3 2  c p m )  were  i n c u b a t e d  a t  3 7 ° C  wi th  h p o s o m e s  c o m p o s e d  o f  egg y o l k  p h o s p h a t l d y l -  
c h o l i n e ,  p h o s p h a t i d m  ac id ,  a n d  c h o l e s t e r o l  ( m o l a r  p e r c e n t a g e ,  6 2 . 5  6 .3  3 1 . 2 )  a n d  a t r ace  a m o u n t  o f  
[ 1 4 C ] c h o l e s t e r o l .  The  1 4 C / 3 H  r a t i o  m the  f r a c t i o n  c o n t a i n i n g  the  f o r m e r  h p o s o m e s  was  m e a s u r e d  (B). 
The  p e r c e n t a g e  t r a n s f e r  s h o w n  in (C) was  c a l c u l a t e d  f r o m  A (e)  a n d  B (©). 

phosphatidic acid [all]cholesterol and [ 14 C]glycerOltriOleate decreased 
gradually (Fig. 1A) when these liposomes were incubated at 37°C with 
liposomes containing 6.3 tool% of phosphatidic acid. Transfer of cholesterol 
reached a maximum after incubation for 6 h at 37°C (Fig. 1C). The ratio of 
[14C]cholesterol/[aH]glyceroltrioleate in liposomes with 1.3mo1% phos- 
phatidic acid and [aH]glyceroltrioleate increased when these liposomes were 
incubated with liposomes containing 6.3 mol% phosphatidic acid and [14C]- 
cholesterol (Fig. 1B). The transfer of cholesterol from liposomes with 1.3 mol% 
phosphatidic acid to liposomes with 6.3 tool% phosphatidic acid was almost the 
same as that observed in the reverse direction (Fig. 1C). These results show that 
cholesterol molecules can be exchanged between liposomes. 

We next examined the possibility of asymmetric transfer of cholesterol 
between liposomes with 1.3 mol% phosphatidic acid and those with 6.3 mol% 
phosphatidic acid. Mixtures of liposomes with 1.3 tool% phosphatidic acid and 
with 6.3 mol% phosphatidic acid, containing equal amounts of [all]cholesterol, 
were incubated at 37°C for various periods. As shown in Table I, the ratio of 
SH/'4C in liposomes with 1.3 tool% phosphatidic acid increased gradually from 
4.76 reaching 5.23 after 8 h. 
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T A B L E  I 

U N E V E N  D I S T R I B U T I O N  OF C H O L E S T E R O L  B E T W E E N  LIPOSOMES WITH 1 3 M O L % P H O S P H A -  
TIDIC ACID A N D  T H O S E  W I T H  6.3 MOL% P H O S P H A T I D I C  A C I D  

L l p o s o m e s  wi th  1.3 tool% phospha t ldac  acid ,  wh ich  were  c o m p o s e d  of  0.5 ~ m o l  egg yo lk  phospha t ldy l -  
c h o h n e ,  0 .01 ~zmol phospha t ld i c  acid,  0 .25  # too l  non- labe led  choles tero l ,  75 4 0 0  d p m  of  [ 3 H ] c h o l e s t e r o l  
and  15 800  d p m  of  [ 1 4 C ] g l y c e r o l t n o l e a t e  ( 3 H / 1 4 C  = 4 .76) ,  were  i n c u b a t e d  for  var ious  t imes  a t  37°C 
wi th  an equal  a m o u n t  of  l i posomes  c o m p o s e d  of  all the  same c o m p o n e n t s ,  b u t  wi th  6.3 tool% phospha-  
tldic acid ins tead  of  1.3 tool% phospha t id l c  acid.  Af t e r  i ncu b a t i o n ,  ah q u o t s  of  the  r eac t i on  mlx t t t r e  (1 .5  
ml )  were  passed t h r o u g h  a DEAE-ce l lu lose  c o l u m n  to  sepaxate l i posomes  wi th  1.3 mol% phospha t ld l c  
acid.  T he  3 H / 1 4 C  ra t io  in l i pos ome s  wi th  1.3 tool% phospha t id l c  acid was d e t e r m i n e d .  

I n c u b a t i o n  t i m e  Rat io  of  3 H/14  C m l l posomes  wi th  Rela t ive  increase m the  ra t io  of  
(h)  1.3 mo l% phospha t ld l c  acid 3 H / 1 4 C  

0 4 .76  100 
1 4 .80  101 
2 4 .92  103 
4 4.98 105  
6 5 .10  107 
8 5.23 110 

The percentage increase in the 3H/14C ratio after 8 h was 10%, indicating that 
55.0% of the total cholesterol was present in liposomes with 1.3 mol% of phos- 
phatidic acid, and 45.0% was present in those with 6.3 mol% of phosphatidic 
acid. This uneven distribution of cholesterol may explain why the percentage 
transfer of cholesterol from liposomes with 1.3 mol% phosphatidic acid to 
those with 6.3 mol% phosphatidic acid reached a plateau at about 45%, instead 
of 50%. Consistent with this, the percentage transfer in the reverse direction 
reached a plateau at 50 to 55%. 

The transfer of cholesterol between non-sonicated liposomes was rather 
slow, and did not reach a plateau within 8 h, (data not shown). This slow 
transfer probably merely reflects the inaccessibility of the inner lamellae of 
liposomes to other liposomes. Over 20% transfer was observed between multi- 
lamellar liposomes, suggesting that cholesterol incorporated into the outermost 
lamellae can move into the center of the liposomes by sequential transfer 
between adjacent lamellae [10]. 

Transfer of cholesterol between homologous liposomes containing cholesterol 
and various phospholipids 

Fig. 2 shows the transfer of cholesterol between homologous liposomes con- 
taining distearoyl-, diplamitoyl-, dimyristoyl-, dilauroyl-, and diundecanoyl- 
glycerophosphocholine, egg yolk phosphatidylcholine and beef brain sphingo- 
myelin at 37°C. Transfer was fast with egg yolk phosphatidylcholine, and 
diundecanoylglycerophosphocholine liposomes, and slower with dilauroyl- 
glycerophosphocholine liposomes. Liposomes composed of dimyristoyl-, 
dipalmitoyl-, and distearoylglycerophosphocholine and beef sphingomyelin 
showed even slower transfer of cholesterol; even after incubation for 12 h, only 
20--25% transfer was observed with liposomes containing dipalmitoylglycero- 
phosphocholine. The difference in the rate of cholesterol transfer between egg 
phosphatidylcholine liposomes and dipalmitoylglycerophosphocholine 
liposomes is probably not due to a difference in vesicle size, because the two 
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Flg. 2. T r a n s f e r  o f  c h o l e s t e r o l  b e t w e e n  h o m o l o g o u s  h p o s o m e s  c o n t a i n i n g  c h o l e s t e r o l  a n d  va r ious  p h o s -  
p h o h p l d s ,  egg y o l k  p h o s p h a t l d y l c h o h n e  h p o s o m e s  (o) ,  d i u n d e c a n o y l g l y e e r o p h o s p h o c h o h n e  h p o s o m e s  
(a ) ,  d l l a u r o y l g l y c e r o p h o s p h o c h o l i n e  l i p o s o m e s  (D), d l m y r l s t o y l g l y c e r o p h o s p h o c h o l i n e  h p o s o m e s  (o) ,  
d l p a l m i t o y l g l y c e r o p h o s p h o c h o l i n e  l i p o s o m e s  (A), d i s t e a r o y l g l y c e r o p h o s p h o c h o l i n e  h p o s o m e s  (m) a n d  
bee f  b r a i n  s p h m g o m y e l i n  l i p o s o m e s  (v) .  L i p o s o m e s  c o m p o s e d  o f  p h o s p h a t i d y l c h o l i n e  o r  s p h i n g o m y e h n ,  
p h o s p h a t l d m  ac id ,  a n d  c h o l e s t e r o l  ( m o l a r  p e r c e n t a g e ,  6 5 . 8  1 .3  : 3 2 . 9 ) ,  [ 3 H ] c h o l e s t e r o l  a n d  [ 1 4 C ] -  
g l y e e r o l t r l o l e a t e  were  i n c u b a t e d  a t  3 7 ° C  f o r  va r i ous  p e r i o d s  w i t h  the  h o m o l o g o u s  h p o s o m e s  c o n t a i n i n g  
p h o s p h a t i d y l c h o l i n e ,  p h o s p h a t i d m  ac id  a n d  c h o l e s t e r o l  ( m o l a r  p e r c e n t a g e ,  6 2 . 5  : 6 .3  " 31 .2 ) .  The  p e r c e n t -  
age t r a n s f e r  was  o b t a i n e d  as d e s c r i b e d  m the  t e x t .  
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Fig. 3. T e m p e r a t u r e - d e p e n d e n c e  o f  c h o l e s t e r o l  t r ans f e r .  C h o l e s t e r o l  t r a n s f e r  b e t w e e n  h o m o l o g o u s  
h p o s o m e s  was  d e t e r m i n e d  a f t e r  6 h i n c u b a t i o n  a t  v a r i o u s  t e m p e r a t u r e s .  T r a n s f e r  was  m e a s u r e d  b e t w e e n  
egg y o l k  p h o s p h a t i d y l c h o H n e  h p o s o m e s  (o) ,  d i u n d e c a n o y l g l y e e r o p h o s p h o c h o h n e  l i p o s o m e s  (a ) ,  
d i l a u r o y l g l y c e r o p h o s p h o e h o h n e  l i p o s o m e s  (o) ,  d l m y r i s t o y l g l y c e r o p h o s p h o c h o l l n e  h p o s o m e s  (e) ,  
d l p a l m i t o y l g l y c e r o p h o s p h o c b o h n e  l i p o s o m e s  (~),  d l s t e a r o y l g l y c e r o p h o s p h o c h o h n e  l i p o s o m e s  (m) a n d  
s p h i n g o m y e h n  h p o s o m e s  (~).  T h e  assay  s y s t e m  was  as d e s c r i b e d  m the  l e g e n d  fo r  Fig.  1. 
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types of  liposomes showed the same pattern of elution from a Sepharose CL 4B 
column. 

The effect of  incubation temperature on the rate of transfer was next exam- 
ined (Fig. 3). The temperature required for half maximum transfer {25%) was 
25°C with egg yolk phosphatidylcholine liposomes, about 30°C with dilauroyl- 
glycerophosphocholine liposomes, 45 ° C with both dimyristoyl- and dipalmitoyl- 
glycerophosphocholine liposomes and 50°C with distearoylglycerophospho- 
choline and sphingomyelin liposomes. In the system composed of  diundecanoyl- 
glycerophosphocholine liposomes, the temperature-dependence of  cholesterol 
transfer was quite peculiar, and showed no steep curve like that observed in 
other systems. 

Effect of  cholesterol content on the transfer rate 
Dimyristoylglycerophosphocholine liposomes containing various amounts of 

cholesterol were incubated at various temperatures for 6 h. As shown in Fig. 4, 
the net content of cholesterol in the liposomes did not have any significant 
effect on the transfer rate. Liposomes containing only a trace of labeled 
cholesterol showed very little transfer activity below 15°C, indicating that the 
transfer is extremely slow when the membranes are in a gel state. 
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Fig. 4. E f fec t  of  cho les te ro l  c o n t e n t  on  the  t rans fe r  ra te .  L lp o so mes  con ta in ing  d l m y r l s t o y l g l y c e r o p h o s -  
p h o c h o h n e  and  var ious  a m o u n t s  of  cho les te ro l  were  m c u b a t e d  for  6 h at  var ious  t e m p e r a t u r e s  to  m e a s u r e  
the i r  cho les te ro l  t r ans f e r  ra tes .  The  cho les te ro l  c o n t e n t s  of  the  h p o s o m e s  were  as fol lows:  • ,  labeled  
cho les te ro l  only  (35  nCl, 400  C i / m m o l ) ;  o, 0 .5;  ~, 1.0,  as m o l a r  r a t m s  to phosphol ip ld .  

Fig. 5. T rans fe r  of  cho les te ro l  i n c o r p o r a t e d  e xoge nous ly  in to  l iposomes .  L ip o so mes  (10  p m o l  as phospho-  
hp ld  p h o s p h o r u s )  con ta in ing  65 .8  tool% of  egg yo lk  p h o s p h a t l d y l c h o h n e ,  1.3 mol% of phospha t id i c  acid, 
and  32 9 tool% of cho les te ro l  wi th  a t race  of  [ 1 4 C ] g l y c e r o l t m o l e a t e  were  i n c u b a t e d  for  6 h at 3 7 ° C  wi th  
an equa l  a m o u n t  of  h p o s o m e s  con t a in ing  62 .5  tool% of egg y o l k  p h o s p h a t i d y l c h o l i n e ,  6 .3 tool% of phos-  
pha t ld lc  ac id ,  and  31 .2  tool% of  cho les te ro l  wi th  a t race  of  [3 H]ch o l e s t e ro l  in a final v o l u m e  of  4 ml.  Th e  
r eac t i on  m i x t u r e s  were  rap id ly  sub jec ted  to  DEAE-ce l lu lose  c o l u m n  c h r o m a t o g r a p h y  (1.5 X 7 c m )  to  
sepa ra t e  the  f o r m e r  l iposomes .  An a l iquo t  of  t he  e lua te  (0.9 ml )  con ta in ing  l i posomes  (0 .5  p m o l  p h o s p h o -  
lipid) w i th  1.3 tool% p h o s p h a t i d m  acid,  was f u r t h e r  i n c u b a t e d  a t  37°C  wi th  an equa l  a m o u n t  of  h p o s o m e s  
con ta in ing  62 .5  tool% of egg yo lk  p h o s p h a t i d y l c h o h n e ,  6.3 tool% of phospha t id i c  acid,  an d  31 .2  tool% of 
cho les te ro l  m a final v o l u m e  of  2 mL The  pe rcen t age  t r ans fe r  of  [3 H ] e h o l e s t e r o l  was  ca l cu la t ed  (o).  Th e  
pe rcen t age  t r ans fe r  of  cho les te ro l  f r o m  l iposomes  wi th  1.3 mol% phospha t ld i c  acid an d  e n d o g e n o u s  [3 H] -  
cho les te ro l  to  those  wi th  6.3 tool% phospha t id l c  acid is also s lown  (e) .  
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Transfer of exogenously incorporated cholesterol 
If cholesterol molecules move very slowly from the outer to the inner layer 

of the bilayer transferred cholesterol should remain for some time in the outer 
layer. To test this possibility, egg yolk phosphatidylcholine liposomes with 
1.3 mol% phosphatidic acid were incubated with egg yolk phosphatidylcholine 
liposomes with 6.3 mol% phosphatidic acid and a trace of ['4C]cholesterol. The 
former liposomes were then separated by DEAE-cellulose column chromatog- 
raphy, and incubated at 37°C with liposomes containing 6.3 mol% phosphatidic 
acid (Fig. 5). The rate of transfer of cholesterol from the liposomes was not 
significantly different from that from liposomes prepared in the presence of 
labeled cholesterol, in which the cholesterol was 'evenly' distributed between 
the outer and inner bilayers. This result shows that cholesterol transfered 
liposomes from other liposomes has the same transfer rate as that endogenously 
incorporated into the liposomes. Complete equilibration of labeled cholesterol 
in the bflayer occurred in liposomes having cholesterol in both layers of the 
bilayer, indicating that equilibration of transverse diffusion of cholesterol in 
egg yolk phosphatidylcholine liposomes was reached within 6 h at 37 ° C. 

Asymmetric transfer of cholesterol from egg yolk phosphatidyleholine 
liposomes to dipalmitoylglycerophosphocholine liposomes 

Egg yolk phosphatidylcholine liposomes containing labeled cholesterol were 
incubated at 37°C with an equimolar amount of dipalmitoylglycerophospho- 
choline liposomes (Fig. 6A). Transfer of labeled cholesterol from egg yolk 
phosphatidylcholine liposomes to dipalmitoylglycerophosphocholine liposomes 
reached 50% within 8 h. Although the rate of transfer was about the same as 
that observed between egg yolk phosphatidylcholine liposomes, the percentage 
transfer gradually increased even after 8 h. The reverse transfer of cholesterol 
from dipalmitoylglycerophosphocholine liposomes to egg yolk phosphatidyl- 
choline liposomes was also examined. The transfer rate in this direction was 
about half that observed in the opposite direction, and about the same as that 
observed between homologous dipalmitoylglycerophosphocholine liposomes. 

The net amount of cholesterol in liposomes was next examined (Fig. 6B). 
The amount of cholesterol in egg yolk phosphatidylcholine liposomes with 
1.3 mol% phosphatidic acid ('donor liposomes') was determined after incubating 
them with dipalmitoylglycerophosphocholine liposomes containing 6.3 mol% 
phosphatidic acid ('acceptor liposomes') for various periods. The normalized 
cholesterol contents, calculated by dividing the observed values by the counts 
of [~4C]glycerol trioleate, changed from 2.3 to 2.0 after 2 h and finally to 
1.25 after 8 h of incubation. The amount of cholesterol in dipalmitoylgly- 
cerophosphocline liposomes ('donor liposomes') was also determined after 
incubating these liposomes with egg yolk phosphatidylcholine liposomes 
('acceptor liposomes'). The cholesterol content increased from 2.0 to 3.0 after 
8 h incubation. When mixtures of egg yolk phosphatidylcholine liposomes and 
dipalmitoylglycerophosphocholine liposomes were incubated for 12 h, the 
cholesterol content of the former decreased to 30% of the original content 
(Fig. 7A). On the contrary, the cholesterol content of dipalmitoylglycerophos- 
phocholine liposomes increased 45% on incubation with egg yolk phosphatidyl- 
choline liposomes. The cholesterol contents in liposomes did not change signifi- 
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cantly on incubation with homologous liposomes (dipalmitoylglycerophospho- 
choline liposomes) (Fig. 7B). On incubation of homolgous egg yolk phos- 
phatidylcholine liposomes, however, the cholesterol content of liposomes con- 
taining 1.3 mol% phosphatidic acid increased about 6%. This increase was quite 
consistent with the results obtained in the experiments described before 
(TableD. Cholesterol transfer between dipalmitoylglycerophosphocholine 
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Fig. 6. Choles tero l  t r ans fe r  f rom egg p h o s p h a t t d y l c h o h n e  l iposomes  to  d l p a l m l t o y l g l y c e r o p h o s p h o -  
chol ine  h p o s o m e s  and vice versa (A).  L lpos ome s  con ta in ing  65 .8  tool% of egg p h o s p h a t l d y l c h o l m e ,  
1.3 tool% of p h o s p h a t l d m  acid,  a nd  32.9  tool% of  choles tero l ,  wi th  t race  a m o u n t s  of  [ 3 H ] c h o l e s t e r o l  and  
[ 1 4 C ] g l y c e r o l t r i o l e a t e  were  i n c u b a t e d  at  37°C wi th  l i posomes  con ta in ing  62 .5  tool% of  d lpa lml toy l -  
g l y c e r o p h o s p h o c h o l i n e ,  6.3 tool% of  p h o s p h a t i d m  acid,  a nd  31.2  mol% of choles te ro l  (o).  L ipososmes  
con ta in ing  6 5 . 8 m o 1 %  of  d i p a l m l t o y l g l y c e r o p h o s p h o c h o l i n e ,  1 . 3 m o 1 %  of phospha t id i c  acid, and  
3 2 . 9 m o 1 %  choles te ro l ,  wi th  [ 3 H ] c h o l e s t e r o l  and  [ 1 4 C ] g l y c e r o l t r l o l e a t e  were  also i n c u b a t e d  wi th  
h p o s o m e s  con t a in ing  62 .5  tool% of egg phospha t idy l cho l ine ,  6 .3 tool% of  phospha t id i c  acid,  and  
31 2 tool% of  cho les te ro l  (e ) .  Trans fe r  of  l abe led  cho les te ro l  b e t w e e n  h p o s o m e s  was assayed  a t  var ious  
h m e s .  Net  c o n t e n t  of cho les te ro l  in h p o s o m e s  dur ing  l n c u b a h o n  of  m i x t u r e s  of  t w o  kinds  o f  l iposomes  
(B). L l posom es  (1 p m o l  as p h o s p h o h p l d )  con ta in ing  65 .8  tool% of d i p a l m i t o y l g l y c e r o p h o s p h o c h o l i n e ,  
1.3 tool% of  phospha t ld l c  acid,  and  32.9 tool% of  cho les te ro l  an d  [ 1 4 C ] g l y c e r o l t r i o l e a t e  were  i n c u b a t e d  
at 37°C wi th  an  equal  a m o u n t  of  h p o s o m e s  con t a in ing  62 .5  mo1% of egg p h o s p h a t l d y l c h o l i n e ,  6 .3 tool% 
of phospha t ld i c  acid,  and  31.2  tool% of  cho les te ro l  m a final v o l u m e  of  3 ml.  Th e  r eac t ion  m i x t u r e s  were  
passed t h r o u g h  a DEAE-ce l lu lose  c o l u m n  (0.6 X 2 c m )  to  separa te  t h e  f o r m e r  h p o s o m e s ,  and  the  c o l u m n  
was washed  wi th  3 ml  of  p h o s p h a t e  b u f f e r  (pH 7.4) .  The  r a d i o a c t i w t y  of  an  a l iquo t  (0.6 ml )  was  c o u n t e d ,  
whi le  the  r e m a i n i n g  e lua te  (4 ml)  was e x t r a c t e d  by  t he  p r o c e d u r e  of  Bligh an d  Dyer .  Choles te ro l  was 
d e t e r m i n e d  as descr ibed  m the  t ex t .  The  a m o u n t  of  cho les te ro l  m l i posomes  wi th  1.3 tool% phospha t id i c  
acid,  which  was n o r m a l i z e d  by  dividing by  the  a m o u n t  of  [ 1 4 C ] g l y c e r o l t n o l e a t e  r e co v e red  f r o m  the 
e lua te  was d e t e r m i n e d  a t  var ious  t imes  (o).  The  cho les te ro l  c o n t e n t  of  egg p h o s p h a t l d y l c h o h n e  h p o s o m e s  
wi th  1.3 tool% p h o s p h a h d l c  acid a f te r  i n c u b a t i o n  wi th  d i p a l m l t o y l g l y c e r o p h o s p h o c h o l i n e  l iposomes  wi th  
6 3 tool% p h o s p h a t l d m  acid  was also a s sayed  (c) .  
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Fig 7.  A s y m m e t r i c  transfer o f  c h o l e s t e r o l  b e t w e e n  h p o s o m e s .  E x p e r i m e n t s  were  p e r f o r m e d  a t  37VC by 
t h e  s a m e  p r o c e d u r e  as t h a t  d e s c r i b e d  fo r  Fig.  7B.  The  c h o l e s t e r o l  c o n t e n t  o f  l i p o s o m e s  wzth 1 .3  tool% 
p h o s p h a t l d m  ac id  a f t e r  i n c u b a t i o n  w i t h  l i p o s o m e s  w i t h  6 .3  m o l %  p h o s p h a t l d l c  ac id  is s h o w n  re la t ive  to  
t he  o r ig ina l  c o n t e n t  o f  c h o l e s t e r o l  (1 .8  n g  o f  c h o l e s t e r o l / d p m  o f  g l y c e r o l t r i o l e a t e ) .  The  i n c u b a t i o n  
s y s t e m s  were  as fo l lows :  D l p a l m ) t o y l g l y c e r o p h o s p h o c h o h n e  h p o s o m e s  w i t h  1 .3  tool% o f  p h o s p h a t l d m  
ac id  ~--- egg p h o s p h a t l d y l c h o l i n e  h p o s o m e s  w i th  6 .3  tool% p h o s p h a t l d i c  ac id ,  ~; egg p h o s p h a t i d y l c h o l i n e  
l i p o s o m e s  w i th  1 .3  tool% p h o s p h a t l d m  ac id  ~- d l p a l m i t o y l g l v c e r o p h o s p h o c h o h n e  l l p o s o m e s  w i th  
6 .3  tool% p h o s p h a t l d m  ac id ,  A egg p h o s p h a t l d y l c h o h n e  h p o s o m e s  w i t h  1 .3  tool% p h o s p h a t i d l c  ac id  ~- 
egg p h o s p h a t i d y l c h o h n e  l i p o s o m e s  w i t h  6 .3  tool% p h o s p h a t l d l c  ac id ,  c ,  s p h i n g o m y e h n  l l p o s o m e s  w i t h  
1.3 tool% p h o s p h a t i d m  ac td  ~- d i p a l m i t o y l g l y c e r o p h o s p h o e h o l i n e  h p o s o m e s  w i t h  6 .3  m o l %  p h o s p h a t l d l c  
ac id ,  n ,  d l p a l m l t o y l g l y c e r o p h o s p h o c h o l i n e  l i p o s o m e s  w i t h  1 .3  tool% p h o s p h a t l d i c  ac id  ~- s p h i n g o m y e l i n  
h p o s o m e s  w i t h  6 3 m o 1 %  p h o s p h a t ] d m  ac id ,  v ,  d l p a l m l t o y l g l y c e r o p h o s p h o e h o h n e  h p o s o m e s  w i t h  
1.3 tool% p h o s p h a t l d l c  ac id  ~ d l p a l m l t o y l g l y c e r o p h o s p h o c h o h n e  h p o s o m e s  w i t h  6 .3  m o l %  p h o s p h a t l d i c  
ac id ,  e ,  d , m y n s t o y l g l y c e r o p h o s p h o c h o l i n e  h p o s o m e s  w i t h  1 .3  m o l %  p h o s p h a t i d l c  a c l d ¢  dapa lmi toy l -  
g l y c e r o p h o s p h o c h o h n e  h p o s o m e s  w i t h  6 .3  tool% p h o s p h a t i d i c  ac id ,  ~; d l p a l m i t o y l g l y c e r o p h o s p h o c h o h n e  
h p o s o m e s  wÂth 1 .3  mo l% p h o s p h a t L d l c  ac id  ~ d i m y r l s t o y l g l y c e r o p h o s p h o c h o l l n e  h p o s o m e s  w i th  
6 .3  tool% p h o s p h a t l d m  a m d  ( I )  

l iposomes and sphingomyelin l iposomes was determined by the same procedure 
{Fig. 7B); the cholesterol content o f  sphingomyelin l iposomes increased, while 
that of  dipalmitoylglycerophosphocholine l iposomes decreased. On the con- 
trary, on incubation of  heterogeneous l iposomes,  such as dipalmitoylglycero- 
phosphochol ine and dimyristoylglycerophosphocholine l iposomes,  there was 
no appreciable change in the cholesterol contents  of  the l iposomes (Fig. 7C). 

Effect of  liposomes concentration on the transfer of cholesterol 
The rate of  transfer was measured as a function of  the total l iposome con- 

centration (Table II). Liposomes composed  of  egg yolk phosphatidylcholine 
and cholesterol (1 : 0.5) were incubated at 37°C for 30 min. Within the con- 
centration range of  1.33 mM to 0 .083 mM phospholipid, no appreciable differ- 
ence was observed in cholesterol transfer. Thus the rate of  random collision 
between l iposomes is probably not  rate limiting in cholesterol transfer under 
the present experimental conditions.  This finding is not  consistent with results 
on cholesterol transfer between l iposomes and erythrocyte ghosts [12] ,  but we 
cannot explain the discrepancy at present. 
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T A B L E  II 

E F F E C T  O F  L I P O S O M A L  C O N C E N T R A T I O N  O N  T H E  T R A N S F E R  R A T E  

E q u i m o l a r  m i x t u r e s  o f  h p o s o m e s  c o n t a i n i n g  6 5 . 8  too l% o f  egg  y o l k  p h o s p h a t i d y l c h o l m e ,  1 .3  too l% o f  
phosphatidlc  acid, and 3 2 . 9  too l% o f  c h o l e s t e r o l ,  w i t h  t r a c e  a m o u n t s  o f  [ 3 H ] e h o l e s t e r o l  a n d  [ 1 4 C ] g l y -  
c e r o l t r i o l e a t e  a n d  l i p o s o m e s  c o n t a i n i n g  6 2 , 5  too l% of  egg  y o l k  p h o s p h a t i d y l c h o h n e ,  6 .3  too l% o f  p h o s -  
p h a t i d i c  ac id  a n d  3 1 . 2  too l% o f  c h o l e s t e r o l  we re  i n c u b a t e d  a t  37°C f o r  2 h a t  v a r i o u s  t o t a l  l i p o s o m e  con -  
c e n t r a t t o n s .  T h e  p e r c e n t a g e  t r a n s f e r  w a s  m e a s u r e d  as d e s c r i b e d  in  t h e  Mate r i a l s  a n d  M e t h o d s .  

L l p o s o m a l  c o n c e n t r a t i o n  T r a n s f e r  o f  c h o l e s t e r o l  
as p h o s p h o h p l d  (%) 
( raM)  

0 . 0 8  2 2 . 5  
0 . 1 7  2 6 . 5  
0 . 3 3  2 5 . 0  
0 . 6 7  2 6 . 5  
1 .33  2 7 . 5  

Discussion 

The transfer of cholesterol between liposomal membranes was examined. 
Cholesterol molecules can be exchanged between liposomal membranes in the 
absence of any specific protein. The present procedure for assaying cholesterol 
transfer between liposomes, which was originally devised for detecting 
phospholipid exchange by van den Besselar et al. [3], has the advantage over 
systems using the immune-agglutination technique [1] and the NMR technique 
[2], that it is rapid and so the rate of transfer can be determined easily. 

On incubation of liposomes composed of egg yolk phosphatidylcholine, 
phosphatidic acid and cholesterol {molar ratio, 1 : 0.02 or 0.1 : 0.5) at 37°C, 
almost complete equilibration of the cholesterol pools was achieved within 6-- 
9 h. Cholesterol transfered into the liposomes from the other liposomes showed 
the same transfer rate as that incorporated into the liposomes, exogenously. 
These clearly indicates that 'flip-flop' of cholesterol molecules occurs in the egg 
yolk phosphatidylcholine liposomes. Contradictory results have been obtained 
in previous studies on the rate of 'flip-flop' of cholesterol or its derivatives. The 
half-life for flip-flop was reported to be 70 min at 30°C for the fluorescent 
cholesterol analogue, sterophenol, in egg yolk phosphatidylcholine liposomes 
[13], 6 days for cholesterol in dipalmitoylglycerophosphocholine liposomes 
[6] and 13 days for cholesterol in influenza viral envelopes [14]. Quite 
recently, Bloj and Zilversmit [7] reported that the half-lives for transfer of 
cholesterol incorporated into dipalmitoyl- and egg yolk phosphatidylcholine 
were 4.7 and 3.1 h, respectively. In our system, the half time for cholesterol 
flip-flop was calculated to be shorter than 6 h in egg yolk phosphatidylcholine 
liposomes at 37°C. Our results agree with the observations of Bloj and 
Zilversmit [7 ]; they found that the transfer process in egg yolk phosphatidyl- 
choline liposomes had a half-life of 2--3 h. This rate is compatible with that 
reported for cholesterol transfer between red blood cells and plasma [15]. 

Cholesterol transfers between, red blood cells and low density lipoprotein or 
high density lipoprotein [16], red blood cells and plasma [17], and red cell 
ghosts and low density lipoprotein [18] were found to be temperature-depen- 
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dent. In all cases, the transfer was greater at 37°C than at 10°C. In our work 
the temperature dependence of the transfer between liposomes was demon- 
strated more clearly. The temperature dependence observed in the present 
experiments may be related to the fluidity of the membranes. The 'fluidity' of 
the membranes was not, however, the only factor controlling the exchange of 
cholesterol, since dimyristoylglycerophosphocholine, dipalmitoylglycerophos- 
phocholine, distearoylglycerophosphocholine and beef sphingomyelin liposomes 
showed almost the same temperature-dependence of cholesterol exchange, 
although their thermodynamic characters must be different. The activation 
energies for the transfer between erythrocyte ghosts and dioleoyl- and 
dipalmitoylphosphatidylcholine liposomes were reported to be --9.5 kcal/mol 
and --19.3 kcal/mol, respectively [12]. The energy for cholesterol transfer 
between egg phosphatidylcholine liposomes was calculated to be about 
--5 kcal/mol. This value corresponds fairly well with the value obtained for 
transfer between erythrocyte membranes and dioleoylphosphatidylcholine 
liposomes. 

We observed asymmetric transfer of cholesterol when heterogeneous 
liposomes containing different classes of phospholipids were incubated together. 
Asymmetric transfer of cholesterol was observed from egg phosphatidylcholine 
liposomes, containing phospholipid with a lower melting point, to dipalmitoyl- 
glycerophosphocholine liposomes, containing phospholipid with a higher 
melting point. This finding suggests that cholesterol has a higher 'affinity' for 
phospholipid with a higher melting point. When incubated with egg yolk phos- 
phatidylcholine liposomes, dipalmitoylglycerophosphocholine liposomes 
seemed to contain cholesterol in a molar ratio of 1.5 to phospholipid, if phos- 
pholipid is not transferred under the present conditions. Recently, phospho- 
lipid transfer between liposomes was reported by Martin and MacDonald [19] 
and be Duckwitz-Peterlein et al. [20]; they observed asymmetric transfer of 
phospholipid between two types of liposomes. The transfer of phospholipids in 
fluid membranes appears to be more rapid from more fluid to less fluid mem- 
branes than in the reverse direction. Therefore it is possible that egg phos- 
phatidylcholine as well as cholesterol is transferred between membranes. Under 
the present experimental conditions, however, we did not observe any signifi- 
cant transfer of 14C-labeled egg yolk phosphatidylcholine between egg yolk 
phosphatidylcholine liposomes and dipalmitoylglycerophosphocholine 
liposomes. 

It remains to be resolved how cholesterol molecules are localized in 
dipalmitoylglycerophosphocholine liposomes and why the liposomes can take 
so much cholesterol. With a mixture of dipalmitoylglycerophosphocholine 
liposomes and liposomes containing a phospholipid differing by 2 carbon 
atoms, dimyristoylglycerophosphocholine, no increase or decrease in the 
cholesterol content of either type of liposomes was observed. A 'preferential 
affinity' of cholesterol for beef sphingomyelin was also found in mixtures of 
dipalmitoylglycerophosphocholine and sphingomyelin liposomes. The 'affinity 
order' of cholesterol for the phospholipids deduced from the present experi- 
ments is sphingomyelin> dipalmitoylglycerophosphocholine = dimyristoyl- 
glycerophosphocholine > egg yolk phosphatidylcholine. The order observed 
here does not agree with that obtained by differential scanning calorimetry 
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[21,22]. In the latter studies on the distribution of  cholesterol in phospho- 
lipid bilayers, it was found that in lipid bilayers showing phase separation 
cholesterol interacted preferentially with the phospholipid species with the 
lower transition temperature, while in mixtures which differed by 2 carbon 
atoms and showed cocrystallization of  the paraffin chains cholesterol inter- 
acted randomly with both phospholipids. The latter studies also showed a 
preferential affinity of  cholesterol for sphingomyelin. At present, we cannot 
explain the difference in the affinity order obtained with the two different 
systems. It is interesting, however, that even with different liposomal mem- 
branes, cholesterol showed an apparent 'preferential affinity' for various phos- 
pholipid species. 
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