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Cholesterol’s ability to condense fluid phospholipid membranes Chart 2
has been known for almost 80 yearBespite numerous studies of
cholesterot-phospholipid interactions, the mechanism by which this
sterol uncoils phospholipids in monolayer and bilayer assemblies
has remained a mystefy!® In a recent publication, we hypoth-
esized that the cholesterol’s condensing action is a direct conse- HO HO
quence of the hydrophobic effeétSpecifically, we postulated that cholesterol dihydrocholesterol
the flexible acyl chains of phosphollplds are able to complemept, A=1.96+0.20 A=1.10+0.11
perfectly, the shape of neighboring cholesterol molecules, resulting
in a high number of hydrophobic contacts and tight packing. In a
sense, the sterol acts as a template for unraveling neighboring
phospholipids. Here, we report the results of a structaivity

investigation that provide compelling evidence for such a mecha- HO )
nism. coprostanol cholestane
Previous nearest-neighbor recognition (NNR) experiments have K=1.69+0.19 K=0.64+0.07

shown that cholesterol induces homophospholipid association in
fluid bilayers made from exchangeable dimekg,, AB, andBB
(Chart 1)?02! Related studies, involving exchangeable forms of
cholesterol, have shown that this effect is due to the sterol becoming

a favored nearest-neighbor of two or more of the longer phospho- ., HO
lipids, which leads to a liquid-ordered pha3dé3 Stronger steroet gho.este,y, methyl ether sitosterol
phospholipid interactions, therefore, are expected to result in a K=0.83+0.02 K=1.39+0.17

higher degree of homophospholipid association. In the present work,

we have tested our condensing mechanism by means of a structure bicity, shape, and ability to migrate within the hydrocarbon core

activity approach. Specifically, we have examined the degree of of the bilayer have been varied.

homophospholipid association in bilayers containdiy, AB, and On the basis of our mechanism, replacement of cholesterol by

BB in the presence of a series of natural sterols whose hydropho-dihydrocholesterol should lead to stronger steghospholipid
association due to an increase in the sterol's hydrophobicity and
more effective acyl chain contact with the B-ring of the sterol; this,

o) in turn, should lead to a higher degree of homophospholipid

Chart 1

j\/\ HN)K/\SJr o H association (Chart 2). By similar reasoning, coprostanol (a stereo-
HN S}’ H 2 HNJ\/\S’S\/WN isomer of dihydrocholesterol, having a curved shape due to cis
2 o 00 @00 oj fusion of its A and B rings) would be expected to show a lower
0. 00 P 0 /OGJ 24 degree of homophospholipid association relative to dihydrocholes-
//P\o O/P\O o Q0 terol, since fewer hydrophobic contacts with neighboring acyl chains
}o é—o are possible. Finally, removal of thegdydroxyl group of dihy-
}O o 5 o ?’0 o 5 S drocholesterol (to give cholestane) would free the sterol from the
o) o o o headgroup region of the bilayer, allowing it to find an optimum
Y o location within the hydrocarbon core for maximum hydrophobic

interactions. In such a case, homophospholipid association should
be relatively high. Here, we report NNR evidence that verifies each
of these predictions.

As discussed elsewhere, equilibrium mixtures of exchangeable
lipid dimers that are generated via thiolatisulfide interchange
reactions are defined by an equilibrium consté&gtwhich governs
the monomer interchange amoAg., BB, andAB (eqgs 1 and 252
When A and B mix ideally, this is reflected by an equilibrium
constant that equals 4.0. When homophosopholipid associations are
favored, the equilibrium constant is less than 4.0; favored hetero-
phospholipid associations are indicated by a value that is greater

AA BB AB than 4.0.
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AA +BB— [AA + AB +BB] — AB
equilibrium mixture

AA + BB = 2AB 1)

(2)
Dimers AA, BB, and AB were synthesized using methods

previously described Experimental procedures that were used in
forming liposomes (reverse-phase evaporation), carrying out mono-

K = [AB]%([AA][BB])

Table 1. Equilibrium Constants for Dimer Interchange
entry sterol? aqueous phase Kb
1 cholesterol HO 1.96+ 0.20
2 dihydrocholesterol kO 1.10+0.11
3 coprostanol RO 1.69+ 0.19
4 cholestane kO 0.64+ 0.07
5 HO 3.92+0.16
6 cholesterol RO 1.99+ 0.20
7 cholesteryl methyl ether o) 0.83+ 0.02
8 sitosterol HO 1.39+ 0.17

a Mol % of sterol (29%) is based on the total lipid that is present, where

mer |nterchange reac“onsl and analyz|ng dimer distributions each phosphollpld counts as two I|p|d mOIeCUI'Equ““anm constants

(HPLC) were also similar to those previously descrif#to ensure
that product mixtures were thermodynamically controlled, liposomes
were prepared from two different compositions that had identical
sterol and phospholipid monomer content, that is, from an equimolar
mixture of AA andBB plus 29 mol % of a given sterol, and also
from AB plus 29 mol % of the same sterol. All interchange reactions
were carried out at 60C, which is in excess of the gel to liquid-
crystalline-phase transition temperature of the phospholipids, to
maintain the physiologically relevant fluid pha®eEquilibrium
constantsK, were calculated from averaged dimer compositions
from both sets of experiments.

Table 1 summarizes our principal findings. As expected, the

calculated from eq 241 SD); equilibrium was reached in all cases within
6 h at 60°C.

and 8). Thus, sterelphospholipid interactions are sensitive to the
hydrophobicity of the alkyl side chain as well as the sterol nucleus.

In summary, the results of this structuractivity investigation

have provided compelling evidence that cholesterol unravels
neighboring phospholipids by acting as a rigid hydrophobic
template, which helps maximize hydrophobic interactions within
the membrane.
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pholipid association was: cholestarre dihydrocholesterol>
coprostanob cholesterol (entries-14). A control experiment that
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was carried out in the absence of sterol showed ideal mixing, as References

has been previously reported (entry?5).

To test for the possibility that hydrogen bonding contributes to
cholesterot-phospholipid association, we performed an additional
set of NNR experiments in fD.26 In principle, replacement of 0
by D,O should lead to stronger hydrogen bonding, stronger
cholesterot-phospholipid interactions, and a greater preference for
homophospholipid association. As shown in Table 1, the value of
K that was observed for cholesterol-containing bilayersj0 yvas
the same as that found in,& (entries 1 and 6). These results
indicate that hydrogen bonding does not contribute significantly to
cholesterot-phosholipid associations.

To obtain further evidence that cholesterphospholipid interac-
tions are dominated by hydrophobic forces, we examined the
influence of cholesteryl methyl ether on the mixing behavior of
these phospholipids. By “capping” the sterol’s hydroxyl group with
a methyl group, the possibility of direct hydrogen bonding between
the sterol's B-hydroxyl group and the carbonyl oxygen of a
neighboring phospholipid is eliminat@8The fact that cholesteryl
methyl ether induces greaterdegree of NNR (lower value df)
than cholesterol supports our conclusion that hydrogen bonding
effects are negligible (entries 1 and 7).

One final issue that we sought to clarify in this study was the
influence that hydrophobicity within the pendant alkyl chain of the
sterol has on phospholipid mixing. For this purpose, we compared
the effect of cholesterol with that of sitosterol. As seen in Table 1,
the introduction of a single ethyl group at the C-24 position (i.e.,
on going from cholesterol to sitosterol) significantly increases the
sterol's ability to induce homophospholipid association (entries 1
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