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The importance of cholesterol as a component of animal cell 
membranes has fostered many studies of its properties in biological 
and model membranes and liposomes.1'2 Of particular interest 
are the intraliposomal effects of the sterol on the properties of 
the constituent lipids and their liposomal aggregates1-3 and the 
interliposomal transport of cholesterol between donor and 
acceptor liposomes.4,5 The latter topic intersects the important 
area of drug delivery via liposomes.6 

Our development of methodology for the chemical differen
tiation of lipid head groups in the outer (exo) and inner (endo) 
leaflets of synthetic bilayer liposomes,7 together with a protocol 
for following the subsequent endo-to-exo trans-bilayer migration 
(flip-flop) of the differentiated lipids, allowed us to study the 
connection between lipid molecular structure and intraliposomal 
dynamics,8 and recently, we began an investigation of the effects 
of extrinsic modulators (e.g., bound polymers) on intraliposomal 
dynamics.9 

Here, we describe the effects of cholesterol on the intraliposomal 
dynamics of the model liposomal membrane constructed from 
the cationic, pseudoglyceryl lipids 1-F and l-NF.8a Not only do 
the results reveal a pronounced sensitivity of trans-bilayer lipid 
migration to cholesterol content, but they also form the basis of 
a remarkably simple assay of interliposomal cholesterol transfer 
that requires neither the separation of donor and acceptor 
liposomes nor the use of radiolabeling or fluorescence method
ologies. The latter procedures significantly complicate the 
tracking of cholesterol transfer.4 

Intraliposomal Effects. Small, unilamellar coliposomes of 1:7 
functional (1-F) and nonfunctional (1-NF) pseudoglyceryl 
ammonium ion lipids,8a containing variable quantities of cho
lesterol, were created from CHCb-cast films of the ternary 
mixtures in 10 mM aqueous KCl-HCl solutions at pH 3.9. 
Solutions were preincubated and purged with nitrogen at 25 0C 
for 10 min and then sonicated (3 min, 55 0C, 60 W, immersion 
probe), cooled to 25 0C, and filtered through 0.8-/Mn Millex filters. 
Final lipid concentrations were 5 X 10"5 M 1-F and 3.5 X 10"4 

M 1-NF 
Coliposomes prepared in this way and containing 0-20 mol % 

of cholesterol were 37—40 nm in diameter by dynamic light 
scattering7 and exhibited a gel-to-liquid crystalline phase transition 
(rc) at 43-44 ° C, as determined from the temperature dependence 
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Figure 1. Percent flip-flop of surface-differentiated coliposomes of 1:7 
1-F/l-NF as a function of incubation time at 40 0C. From bottom to 
top, the curves represent coliposomes containing 1, 2.5, 3.5, or 5 mol % 
of cholesterol. Inset: linear relationship (r = 1.000) between % flip-flop 
and mol % cholesterol in the 1-F/l-NF coliposomes after 2 min of 
incubation at 40 0C. 
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of the fluorescence polarization of added trans-1,6-diphenyl-1,3,5-
hexatriene.10 

The cholesterol-loaded coliposomes of 1:7 1-F/l-NF were 
surface differentiated by brief exposure to 1 X 10"* M glutathione 
at 25 0C in 0.005 M Tris buffer, pH 8, M = 0.01 (KCl).7'8'-* 
Rapid (Ic = 0.09 s_1) cleavage of the exoliposomal p-nitrophenyl 
benzoate esters of 1-F afforded /vnitrophenylate residues that 
were readily monitored by UV spectroscopy at 400 nm. Exo
liposomal cleavage was complete in 1.5 min," and the flip-flop 
protocol7,8 was then initiated. The external pH was lowered to 
2.5 with HCl; the liposomes were incubated for several minutes 
at 40 0C to induce flip-flop and then recooled to 25 0C. 
Readjustment to pH 8 with NaOH then generated a new, rapidly-
formed p-nitrophenylate absorbance that represented the ester-
olysis of formerly endoliposomal 1-F lipids that had flipped to 
exo sites during incubation. Residual endoliposomal 1-F was 
then determined by hydrolysis at pH 8 (70 0C, 10 min.). 

The extent of flip-flop, expressed as a percentage of the 22-
25% endoliposomal 1-F remaining after the initial surface 
differentiation, was strongly dependent on the cholesterol content 
of the coliposomes. The data appear in Figure 1, where % flip-
flop is plotted against incubation time at 40 0C. The curves 
represent the time course of flip-flop for coliposomes containing 
1, 2.5, 3.5, and 5 mol % of cholesterol.12 At 40 0C, below the 
Tc, 1-5 mol % of cholesterol enhances the flip-flop mobility of 
1-F, in accord with previous observations concering its effect on 
phospholipid mobility in gel-phase liposomes.13 

Most interestingly, the extent of flip-flop for the coliposomes 
with cholesterol loadings of 1-5 mol % is found to be linear in 
cholesterol when we examine data for 2-min (or 4-min) incubations 
at 40 0C (see inset, Figure 1). This correlation time implies that 
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Figure 2. Results of donor-to-acceptor coliposome cholesterol transfer 
at 40 0C. Percent flip-flop in acceptor 1:7 1-F/l-NF coliposomes as a 
function of incubation time with 33 mol % cholesterol loaded donor 
coliposomes at 40 0C, pH 4. The donor/acceptor ratio was 5:95, and the 
subsequent flip-flop protocol involved a 2-min incubation at 40 0C. Longer 
incubation times of 60 or 120 min did not significantly alter the % flip-
flop from that observed at 30 or 40 min. 

a determination of % flip-flop for a 1-F/ 1-NF coliposome containg 
x mol % of cholesterol (x < 5) will define the cholesterol content. 
A simple procedure for tracking cholesterol transfer between 
coliposomes can be based upon these observations. 

Interliposomal Cholesterol Transfer. Aqueous solutions of 
"donor" 1:7 1-F/l-NF coliposomes, containing 33 mol % choles
terol, were mixed and incubated at pH 4 and 40 ° C with solutions 
of similar "acceptor" coliposomes that contained no cholesterol. 
The donor/acceptor ratio was 5:95, so that if all of the cholesterol 
equilibrated, the acceptors would contain ~2.5 mol % of the 
sterol.14'15 At various times, aliquots were removed, stored at 0 
0C, and then subjected to the flip-flop protocol.16 The observed 
% flip-flop (after 2 min of incubation at 40 0C) was a function 
of the time of the initial donor acceptor incubation at 40 0C, cf. 
Figure 2. 

Based on the results contained in Figure 1, we interpret Figure 
2 to mean that cholesterol is transferred from the donor to acceptor 
liposomes at 40 0C, thus enabling flip-flop when the coliposomes 
are subsequently subjected to the appropriate protocol.12'17 

Moreover, using the % flip-flop vs % cholesterol relation of the 
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which features mutually repulsive cationic liposomes and lipids. 
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inset in Figure 1, the % flip-flop data of Figure 2 can be converted 
to a correlation of the mol % of cholesterol transferred as a function 
of time. A first-order kinetics treatment then affords k = 1.8 X 
10"3 S-1 for cholesterol transfer at 40 0C. 

We also obtained donor-to-acceptor cholesterol transfer data 
at 43 0C (~ Te) and 50 0C (>7'c). Analysis as above gave k = 
2.6 X 10"3 s-1 (43 0C) and it = 7.9X 10"3 S"1 (50 0C). Although 
the temperature interval is too small for a reliable Arrhenius 
treatment, we estimate E3. for cholesterol desorption from the 
donor coliposomes at ~30 kcal/mol and the half-time for the 
transfer process at 25 0C at ~ 1.3 h. The activation energy seems 
too large; the E*. for cholesterol transfer between phosphatidyl
choline liposomes is only ~ 21 kcal/mol.'5 However, the transfer 
half-time seems reasonable,4 especially in view of the small size 
and high curvature of our liposomes. These factors result in 
more facile desorption of cholesterol and faster transfer.18 Of 
course, a major difference between our liposomes and those of 
previous cholesterol exchange experiments resides in the lipid 
head groups: cationic ammonium ions vs zwitterionic phospho-
cholines. The effects of this alteration are still unclear. 

Cholesterol transfer from liposomes that contain sphingomyelin 
is significantly slowed, possibly due to "greater lateral packing 
density in the lipid-water interface when sphingomyelin is 
present."4'19 Indeed, incorporation of iV-palmitoyl sphingomyelin 
into the 1-F/l-NF donor coliposomes20 did slow cholesterol 
transfer to acceptor coliposomes: at 40 0C, k = 8.4 X 10-4 s_1 

in the presence of sphingomyelin and 1.8 X 10-3 s_1 in its absence. 
The novel method of following interliposomal cholesterol 

transfer described here is distinguished by its simplicity; analysis 
of acceptor cholesterol content based on lipid flip-flop does not 
require separation of the donor and acceptor liposomes, nor is it 
necessary to use labeled or fluorescent sterols.15'18'21 This new 
methodology should be applicable whenever the transferred 
molecules stimulate lipid flip-flop in the acceptor lipsome. 
Applications to drug delivery6 are obvious; for example, exper
iments with amphotericin B are now in progress in our laboratory 
and will be reported in due course. 
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