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Abstract: Nearest-neighbor recognition measurements have been made for an exchangeable phospholipid
(A) interacting with an exchangeable form of cholesterol (B) in host membranes derived from 1, 2-dipalmitoyl-
sn-glycero-3-phosphocholine and varying concentrations of cholesterol, 73-hydroxycholesterol (75-OH),
and 25-hydroxycholesterol (25-OH). Whereas partial replacement of cholesterol with 75-OH strengthens
the association between A and B, a similar substitution with 25-OH weakens this association. A model
that accounts for this dichotomy, and the possible relevance of these findings to the cytotoxicity of 75-OH

and to Alzheimer’s disease are briefly discussed.

Introduction

Cholesterol is a major building block of mammalian cell
membranes.' Because of its fluidizing and condensing effects
on lipids, the structural role that this sterol plays in cell
membranes has been the subject of intense investigation. One
popular hypothesis is that cholesterol combines with high
melting lipids to form microdomains termed, “lipid rafts”. It
has also been proposed that these rafts act as organizing centers
that (i) assemble signaling molecules, (ii) assist in membrane
protein trafficking, and (iii) regulate neurotransmission.> °
Despite its popularity, the lipid raft hypothesis remains
controversial.>*

In addition to clarifying its effects on membrane structure,
attention has begun to focus on apparent connections between
some of cholesterol’s oxidation products and certain diseases.” '
In particular, the formation of 7-hydroxycholesterol (73-OH),
an oxysterol that is known to be highly neurotoxic, appears to
be associated with Alzheimer’s disease.” Although it is known
that this disease is characterized by an accumulation of
pB-amyloid, and that this peptide contributes to the formation of
7B-OH, exactly how this peptide and oxysterol may affect
membrane organization and cell death are not presently
understood.' "2
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In the work reported herein, we sought to gain fundamental
insight into the effects of 75-OH on membrane organization
by quantifying its effects on nearest-neighbor interactions in
the liquid-ordered, I, phase.'> The I, phase was of particular
interest because it has been widely used as a model for lipid
rafts, since cholesterol has been shown to associate with certain
high-melting lipids in that phase.'* To place the effects of 753-
OH into perspective, we also sought to quantify the effects of
a related oxysterol in which a hydroxyl group is located in the
isooctyl side chain of cholesterol; that is, 25-hydroxycholesterol
(25-OH)."”

Results and Discussion

Quantifying Nearest-Neighbor Interactions Using The NNR
Method. To measure the effects that 73-OH and 25-OH have
on membrane organization, we have employed the highly
sensitive, nearest-neighbor recognition (NNR) method.'®!” As
discussed elsewhere, such experiments take molecular-level
snapshots of bilayer organization by detecting and quantifying
the thermodynamic tendency of exchangeable monomers to
become nearest-neighbors of one another.'®”2' Typically, two
lipids of interest (A and B) are converted into exchangeable
dimers (AA, AB, and BB), which are then allowed to undergo
monomer interchange via thiolate-disulfide exchange. The
resulting equilibrium that is established, whereby one molecule
of AA reacts with one molecule of BB to give two molecules
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of AB, is governed by an equilibrium constant, K = [AB]%
([AA][BB]). When monomers A and B mix ideally, this is
reflected by an equilibrium constant that equals 4.0. When
homo-associations are favored, the equilibrium constant is less
than 4.0; favored hetero-associations are indicated by a value
that is greater than 4.0. Nearest-neighbor interaction free
energies between A and B are then given by wag = —1/2 RT
In(K/4).>* Here, K is divided by 4 because the heterodimer is
statistically favored by a factor of 2, which is why random
mixing is reflected by K = 4. The factor of 1/2 arises because
K governs the formation of two dimers.

Choice of Lipids. In this work, we carried out NNR exchange
reactions at 45 °C in cholesterol-rich liposomal membranes using
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) as the host
phospholipid (Chart 1). Our choice of A and B as the ex-
changeable lipids was based on the fact that the gel to liquid-
crystalline phase transition temperature (7},) of AA (41.9.°C)
is nearly identical to that of DPPC (41.5 °C), and that the
condensing behavior of BB is nearly identical to that of
cholesterol.'®**

Phase Properties. Before carrying out NNR experiments, we
first examined whether 75-OH and 25-OH significantly affect
the phase properties of cholesterol-rich membranes of DPPC.
For this purpose, we measured the fluorescence of a phase-
sensitive probe, Laurdan, and determined generalized polariza-
tion (GP) values as a function of temperature. Here, GP = (144
— L1490/ (1440 + I400), and L4 and I490 are the emission intensities
at these wavelengths (ex = 350 nm).>* As disscussed elsewhere,
such GP values reflect, most directly, the polarity surrounding
the Laurdan moiety in the bilayer and are very sensitive to
changes in phase.?*

At low cholesterol concentrations (2.5 mol %), a gel to liquid-
crystalline (i.e., liquid-disordered, [;) phase transition was
evident with a melting temperature of ~41 °C (Figure 1). In
contrast, when 40 mol % cholesterol was included in the bilayer,
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which is known to maintain the /, phase from 30 to 55 °C, the
GP values were found to decrease modestly and linearly with
increasing temperatures.>> Incremental replacement of choles-
terol with 73-OH showed this same “‘signature” for the [, phase
(i.e., a similar linearity and a similar slope). However, all of
the GP values were lowered to a similar extent at each
temperature. When the total sterol content in the bilayer
consisted of 20 mol % cholesterol (which leads to a transition
from a gel/l, coexistence phase to a I,/ly coexisence phase, as
the temperature is increased from 30 to 55 °C), a broad but
distinct inflection was observed in the plot of GP versus
temperature (Figure 2).> Significantly, a very similarly shaped
curve was found in bilayers containing 10 mol % of cholesterol
plus 10 mol % 73-OH, reflecting the same phase behavior. Here
also, all GP values were lowered to a similar extent at each
temperature. For bilayers that contained 20 mol % cholesterol
plus 20 mol % 25-OH, the GP/temperature profile was virtually
identical with that found with 40 mol % cholesterol (Supporting
Information). Taken together, these results indicate that partial
replacement of cholesterol by 75-OH or 25-OH leaves the
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Figure 1. Plot of GP versus temperature in liposomes made from DPPC/
DPPG/cholesterol/73-OH (57.5/2.5/40/0 mol %) (®), (95/2.5/2.5/0, mol %)
(¥), (57.5/2.5/30/10 mol %) (M), (57.5/2.5/20/20 mol %) (A), (57.5/2.5/
10/30 mol %) (#).%¢
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Figure 2. A comparison of GP values as a function of temperature for
liposomes containing 20% cholesterol (a), and 10% cholesterol + 10%
76-OH (#), with ones containing 40 mol % cholesterol (®) and 2.5%
cholesterol (H).

bilayer in the same /, phase. The lower GP values in the presence
of 75-OH are a likely consequence of close proximity of this
fluorophore to the polar 75-hydroxyl group, and not greater
water accessibility from any “softening” effects. If there were
any “softening” of the bilayer by the presence of 75-OH, one
would expect to observe an increase in the slope as the
temperature is increased, and this is clearly not the case. It
should be noted that these results are also fully consistent with
those of a previous study, in which cholesterol was fully replaced
by these sterols.'°

NNR Measurements. Exchangeable phospholipid dimers AA,
BB, and AB that were used in this investigation were synthe-
sized using established procedures.'®?° Liposomes that were
prepared via extrusion had average diameters, which were
170—190 nm (dynamic light scattering; Nicomp 270, Gaussian
analysis). Analysis of these dispersions after NNR exchange
reactions were completed showed no significant change in their
size or size distriubtion.

Figure 3 summarizes the results of our NNR measurements.
In brief, incremental replacement of cholesterol by 75-OH in
membranes containing a total sterol content of 40 mol % resulted
in a steady increase in K. A significant increase in K was also
evident in the [,/l; coexistence region for bilayers containing
10 mol % cholesterol plus 10 mol % 73-OH (Figure 3). In sharp
contrast, replacement by 25-OH resulted in a steady decrease
in K. On going from 40 mol % cholesterol to 20 mol %
cholesterol + 20 mol % dihydrocholesterol (i.e., a slightly more
lipophilic sterol), no significant change in K (Figure 3) or GP
values (Supporting Information) were observed.

A Model for the Efffects of 73-OH and 25-OH on Sterol—
Phospholipid Association. A simple model that can account for
the strengthening of the association between A and B in the
presence of 73-OH, and also the weakening of this association
in the presence of 25-OH, is based on occupied areas (or lateral
pressure) near the surface of the membrane. In the monolayer
leaflets of liquid phospholipid bilayers, the phospholipid head
groups occupy only about half the lipid/water interface and the
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independent of charge (not shown).
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Figure 3. All NNR exchange reactions were carried out at 45 °C in
liposomes made from DPPC and the indicated mole percentages of sterols,
plus 5 mol % of AB. Equilibrium was confirmed by following dimer
distributions as a function of time and by carrying out analogous reactions
starting with 2.5 mol % of AA and BB (Supporting Information).?' The
dotted line marks the K value found in the presence of 40% cholesterol;
error bars represent one standard deviation and were obtained from time
course measurements.
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Figure 4. Model showing an enhanced condensing effect on going from
cholesterol to 73-OH.

rest of the surface is filled with partially hydrated CH, groups
from the acyl chains.>”*® When cholesterol is present, its
hydroxyl group fills in that same space, and thus, its condensing
effect on phospholipid monolayers consists, exclusively, of
decreasing the surface area of the phospholipids by releasing
into the lipid region their methylene groups proximal to the ester
groups. This results in a partial straightening of the acyl chains,
which promotes chain—chain interactions and leads to the
formation of the liquid-ordered phase (Figure 4). This partial
straightening of the acyl groups also thickens the monolayer
and renders the effective chain lengths comparable to the size
of the cholesterol molecule. It is this matching of size that allows
cholesterol and phospholipids to form complexes, which is
detected by our NNR measurements and is the hallmark of the
liquid-ordered phase.® "

A corollary of this mechanism is that if a cholesterol
derivative (i.e., an oxysterol) occupies a surface area that is
larger than that of cholesterol, then it should be more effective
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in displacing the acyl chains and, hence, produce a more stable
liquid-ordered phase. The results of our NNR experiments with
75-OH support this hypothesis; that is, 75-OH, which prefers a
surface conformation that has a larger surface area than
cholesterol, produces a better stabilization of the heterodimer.?’

The reduction in K that results from the partial replacement
of cholesterol with 25-OH can then be accounted for if one
assumes that the sterol inserts into the monolayer (either partially
or completely) in an “upside down” fashion, which exposes the
side-chain hydroxyl group to the interface (not shown).'® Tt
should be noted that, since 25-OH contains one small polar head
at each end of the sterol, both upside down as well as “right-
side-up” orientations are possible.'> This would result in an
interfacial area that is less than that of cholesterol, a sterol that
still possesses the same overall cross-sectional area, but reduced
stabilization of the heterodimer, AB. Alternatively, this weaken-
ing effect by 25-OH may be due to repulsive interactions
between the polar 25-hydroxyl group (buried deep within the
membrane) and the acyl chains of neighboring phospholipids,
which are strongly lipophilic.

Biological Implications. The magnitude of the effects reported
herein are small but significant. Thus, a change in K from 8.95
(wag = 254 cal/mol, 40% cholesterol) to 11.63 (wag = 337
cal/mol, 10% cholesterol + 30% 7/3-OH) corresponds to a free
energy difference of 83 cal/mol. It is noteworthy, in this regard,
that recent Monte Carlo simulations have shown that for ternary
mixtures of sphingomyelin/1-palmitoyl, 2-oleoyl-sn-glycero-3-
phosphocholine/cholesterol (35/30/35, mol/mol/mol), a change
in nearest-neighbor interactions energies of only 50 cal/mol is
sufficient to transform large domains into phase-separated
regions.?” Thus, changes in interaction energies on the order of
tens of calories per mole of lipid are sufficient to cause major
changes in membrane structure. The fact that the effects of 7/3-
OH are directly proportional to its concentration further implies
that small but significant effects should exist even at much lower
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concentrations. How much of a change in interaction energy is
needed to cause a cell membrane to malfunction, however, is a
question that remains to be answered.

If the primary role of amyloid S-peptide in the development
of Alzheimer’s disease is to oxidize cholesterol to 75-OH, then
the present findings suggest that modest changes in the
distribution of cholesterol throughout the membrane may be a
key factor in the loss of proper celluar function. Specifically, it
is conceivable that even a modest excess of 75-OH due to
oxidative stress may increase the percentage of cholesterol that
becomes nearest-neighbors of high-melting lipids and reduce
the percentage of cholesterol that is available for becoming
nearest-neighbors of transmembrane proteins, e.g., signaling
proteins. To the extent that a cholesterol microenvironment is
necessary for the proper functioning of such proteins, this
redistribution would be expected to have negative consequences.

Conclusions

Nearest-neighbor recognition measurements that have been
carried out in the liquid-ordered phase have revealed a di-
chotomy between 73-OH and 25-OH, in terms their effects on
sterol—phospholipid association relative to cholesterol. Thus,
whereas partial replacement of cholesterol with 73-OH strength-
ens the association between A and B, a similar replacement
with 25-OH weakens this association. These findings demon-
strate how the location of a hydroxyl group that has been added
to cholesterol can control the directionality of an oxysterol’s
effects on nearest-neighbor interactions in the [, phase. In a
broader context, these results suggest that changes in the lateral
distribution of cholesterol in the membranes of neurons, resulting
from an excess of 74-OH, may have relevance to Alzheimer’s
disease.
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