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Cholesterol transfer from sonicated liposomes of phosphatidylcholine 
containing 10 or 30 mole percent cholesterol was measured with erythrocytes 
as acceptor. The activation energies of the (rate-limiting) bilayer- 
cholesterol dissociation were determined. In parallel experiments, phos- 
phatidylcholine was replaced by an analog lacking the carbonyl oxygens, 
dietherphosphatidylcholine. The activation energies for dissociation of 
cholesterol from this phospholipid were three Cal/mole smaller than those 
for cholesterol-phosphatidylcholine dissociation, at both concentrations 
of cholesterol. These results demonstrate the involvement of the carbonyl 
oxygen in cholesterol-phospholipid bonding and support the hypothesis of 
lipid-lipid hydrogen bonding in the hydrogen belts of membranes. 

We have postulated the existence of lipid-lipid hydrogen bonding in those 

regions of a bilayer that we like to call "hydrogen belts" (1,2) because they 

are neither hydrophobic nor polar but consist of hydrogen bond acceptors (the 

CO groups of phospho- and sphingolipids) and hydrogen bond donors (the OH of 

cholesterol, sphingolipids, water). Evidence for cholesterol-phospholipid 

hydrogen bonding has been obtained from activation energies of permeability 

(3) and NMR studies (4) with the use of phospholipid analogs in which the 

hydrogen bonding CO groups had been abolished (etherphospholipids). Here, 

we measure the activation energy of the desorption of cholesterol from bi- 

layers of diester- and diether-phosphatidylcholine, with erythrocytes as 

acceptors. It has been shown that the transfer of cholesterol from liposomes 

to erythrocytes or other acceptors proceeds not by collision but by choles- 

terol traversing the aqueous phase, with the rate determined by the desorp- 

tion step (5-9). Thus, the activation energies of transfer can be expected 

to mirror the forces with which cholesterol is anchored in each membrane. 
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MATERIALS AND METHODS 

Phosphatidylcholine (PC), i.e., 1-hexadecanoyl-Z-oleoyl-sn-glycerophos- 
phocholine, and dietherphosphatidylcholine (PC*), i.e., 1-hexzecanyl-2-oleyl- 
sn-glycerophosphocholine, were synthesized (10); 14C-cholesterol was obtained 
zoom New England Nuclear. For liposomes, either 10 or 30 mole% labelled 
cholesterol was added to the phospholipid, the solvent was removed and the 
lipid sonicated for 1 hr in buffer of 5 mM Tris-HCl, pH 7.4, 0.1 M KCl, 
0.06 M NaCl, 10 mM dextrose, and 0.5% NaN3 (11). The clear solution was 
centrifuged at 35,000 x g for 1 hr. The concentration of phospholipid was 
ca. 4 mg in all vesicle preparations. The 30 mole% cholesterol preparations 
of both PC and PC* were further characterized by Sepharose 4B chromatography. 
Both contained small amounts, similar in quantity, of larger vesicles and ca. 
90% unilamellar vesicles of identical Stokes radius, 14.2 nm. Rat erythro- 
cytes were washed and suspended (50:50 v:v) in the same buffer. For choles- 
terol transfer measurements, 1 ml each of liposomes and erythrocytes were 
mixed and incubated for 2 hr with shaking at various temperatures. After 
centrifugation at 1,600 x g for 10 min, the packed erythrocytes were washed 
two times, lipids were extracted with cold isopropanol, and radioactivity 
counted. Transfer was not faster than 5 percent of cholesterol in 2 hours, 
so that reverse transfer could be neglected. Linearity of transfer during 
the first four hours was established in separate experiments. It has been 
reported repeatedly that the rate-limiting step is cholesterol desorption 
(5-9). For verification, we varied the erythrocyte concentration from 2.5% 
to 25%; this had no influence on transfer rates. 

RESULTS AND DISCUSSION 

Energies of activation (E,) for desorption of cholesterol from phosphatidyl- 

choline bilayers have been measured repeatedly (6,7,9,10,12-16) with values from 

9.0-20.0 Cal/mole reported. Poznansky and Czekanski (13) found that E, was de- 

pendent on the concentration of cholesterol in the bilayer, varying from 20.0 

Cal/mole at 10% to 9.5 Cal/mole at 40%. Our results, 19.6 Cal/mole at 10 mole% 

cholesterol (Fig 2) and 14.2 Cal/mole at 30 mole% cholesterol (Fig'l), confirm 

this dependence of E, on cholesterol concentration and are completely compatible 

with the values reported by Poznansky and Czekanski. The reason for the dif- 

ference in E, is not clear, but it is known that a number of other parameters 

of phosphatidylcholine/cholesterol bilayers change at the 30 mole% cholesterol 

level (16-18). A change in the packing of the lipids is usually thought to be 

responsible. Whatever the cause, the concentration-dependent difference also 

appears in the PC*/cholesterol system (Fig 1 and Fig Z), and therefore is not 

dependent on the presence or absence of phospholipid CO groups. 

The replacement of phosphatidylcholine by dietherphosphatidylcholine re- 

duces, at both cholesterol concentrations, the E, of cholesterol desorption by 

ca. 3 Cal/mole (see Fig 1 and Fig 2). Since the structures of the phospholipids 
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Fig 1. Arrhenius plot of transfer rate, over temperature range 22-37'C, for 
release of cholesterol from unilametlar liposomes containin 70% phospholipid 
and 30% cholesterol. - PC/cholesterol vesicles; -e-v- PC s /cholesterol 
vesicles. Ea = Cal+ SEM. - 

are otherwise strictly identical, and the packing of the bilayers the same (as 

judged by vesicle radius), it must be the presence or absence of the CO groups 

that is responsible for the difference. If  it is argued that PC* is possibly 

somewhat more hydrophobic, because of the conversion of the fatty acid C-l 

esters to ether groups: such increased hydrophobicity (a CH2 group adds ca. 
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Pig 2. Arrhenius plot of transfer rate, over temperature range 22-37OC for 
release of cholesterol from unilamellar liposomes containin 90% phospholipid 
and 10% cholesterol. - PC/cholesterol vesicles; -.-.- PC 
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vesicles. E, = Cal f SEM. - 
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-0.7 Cal free energy to hydrophobic bonding) (19) should elevate rather than 

reduce Ea; thus, our argument is strengthened. No other conclusion can be drawn 

than that the CO group is directly responsible for 3 Cal/mole activation energy 

of cholesterol desorption. This value is in the range, 2-6 Cal/mole, expected 

for the free energy of a hydrogen bond. The result provides evidence for lipid- 

lipid hydrogen bonding, either directly or with mediation by water, in the hydro- 

gen belt of the phosphatidylcholine/cholesterol bilayer. 
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