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There is a growing amount of evidence that laterally segregated
domains of lipids are an integral part of biological membrane
structure and function. These domains, referred to as lipid rafts,
are now appreciated as a vitally important functional component
of signaling and organization in the cell.' —® Experimental models
of rafts have been studied extensively through synthetic lipid
bilayers, with an emphasis on the biophysical interactions between
low- and high-melting lipids and cholesterol.*”” The role of steroids
in promoting domain formation in these model systems has received
a great deal of attention. Cholesterol decreases chain entropy in
neighboring lipids due to its rigid ring structure and associates more
readily with ordered, saturated chains than with disordered, unsatur-
ated chains. Chemical alterations to the steroid rings and hydro-
carbon tail of cholesterol can lead to a decrease in domain
formation.®”'°

The role of the polar headgroup is a less well understood aspect
of steroid-induced domain formation. Removing the hydroxyl
headgroup altogether or substituting it with more bulky groups has
a detrimental effect on phase separation,® "' while replacing it with
a charged group has a variety of effects.®'> Of great interest is the
difference between cholesterol and its oxidation product, choles-
tenone (4-cholesten-3/3-one). This reaction is catalyzed in certain
bacteria, and its affect on the host membrane is postulated as
necessary for pathogenesis.'® Though cholesterol and cholestenone
differ only in the replacement of the hydroxyl group with a keto
group and in the shift in position of one double bond (from the B
ring A’ to the A ring A* position), cholestenone’s propensity to
form ordered domains is substantially reduced.® ' In fact, it has
been demonstrated that cholestenone can inhibit domain formation,
making it one of the few identified domain inhibiting steroids®~
and worthy of deeper study. It is unknown why this small chemical
change leads to such a substantial difference in behavior or if there
is a common mechanism that operates among these domain-
inhibiting steroids.
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Atomistic computational molecular dynamics (MD) simulations
have been used extensively to characterize the effect of steroids
on lipid bilayers.'” ' More recently, coarse-grained MD simula-
tions have been developed to extend the access of computational
techniques, allowing larger systems and simulations on the micro-
second time scale. For example, using the Martini coarse grain force
field,?° cholesterol flip-flop?'->? and lateral phase separation®® have
been studied. By their very nature, however, coarse-grained
simulations are limited as a strategy for studying the effects of small
changes in chemistry, as is the case in comparing cholesterol and
cholestenone. In this current work, we have overcome this by
systematically changing the properties of the steroid headgroup as
a means of modeling the effects of altered chemistry. By isolating
single physical variables (e.g., headgroup hydrophobicity), our
computational strategy allows us to make fundamental connections
between physical phenomena (e.g., domain formation) and basic
chemical characteristics. This type of computational experiment has
previously been successful in our studies of ion—lipid interactions.?*>

In the Martini coarse-grain force field, multiple atoms are
represented as single beads, with each falling into one of four
categories: nonpolar (further classified from most nonpolar [C1]
through least nonpolar [C5]), intermediately polar (including either
hydrogen bond donating [Nd] or accepting [Na]), polar (from most
polar [P5] through least polar [P1]), and charged. Standard
parametrization of cholesterol represents the hydroxyl group as type
P1.2° Here, we have run a series of simulations in which we have
changed the cholesterol headgroup type to represent a range of
hydrophobicities, modeling the physical differences with choles-
tenone. The geometry of the molecules, namely the bond lengths
and angles, was not altered from the cholesterol parametrization
presented previously.?® The bilayers we use here are similar to those
previously shown to exhibit lateral phase separation,® consisting
of 256 di-16:0PC lipids, 256 di-18:2PC lipids, and 128 steroids at
full hydration. Each of the eight systems was simulated for 3.5 us,
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Figure 1. Lateral density of bilayer components, showing varying degrees of lateral separation and colocalization of steroid and saturated lipid. Each
column represents results from a single simulation, where the steroid headgroup is represented by the indicated bead type. Probability distributions for each

of the bilayer components are given as projections onto the bilayer plane.
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and the final 1.5 us were used for analysis. Additional details are
provided as Supporting Information.

Our simulations show that headgroup hydrophobicity dramati-
cally affects a steroid’s propensity to enhance lateral domain
formation, as shown in Figure 1. Those bilayers which contain
steroids with polar or intermediately polar headgroups display a
distinct separation between the saturated and diunsaturated lipid.
These bilayers also show strong colocalization of the steroid with
the saturated lipid. The bilayer containing steroids with type C5
headgroups shows separation between lipids, but weaker colocal-
ization of the steroid and saturated lipid. The bilayers containing
the steroids with type C3 or C1 headgroups show considerably less
separation between the saturated and diunsaturated lipids and far
weaker colocalization of the steroid with the saturated lipid. In fact,
these bilayers show a lesser extent of separation than a bilayer
without any steroid, suggesting that the steroids with nonpolar
headgroups function as domain inhibitors. We note that, while we
would expect the Na bead to most closely model cholestenone’s
headgroup, it does not reproduce the experimental behavior (domain
inhibition). However, this most likely reflects subtleties in force-
field parametrization and lipid composition and does not change
our overall conclusion regarding headgroup hydrophobicity and
domain formation. The size of the domains was determined by the
number of diunsaturated lipids in contiguous contact, and quantita-
tive details are given in the Supporting Information.

These differences in domain formation result from differences
in the steroid molecule orientation. Until recently, it was thought
that the upright orientation of cholesterol, where the molecule is
parallel to the lipid tails and the headgroup is at the lipid—water
interface, was the only favorable steroid conformation. However,
cholesterol has been shown to favor an orientation perpendicular
to the bilayer normal axis, buried in the hydrophobic core while in
polyunsaturated lipid bilayers, using neutron diffraction®® and
coarse-grain MD.?'** Additionally, in a non-phase separated simu-
lation, a keto-sterone (closely related to cholestenone) was also
shown to adopt a perpendicular orientation.>” As shown in Figure
2, our results demonstrate that, in bilayers containing a saturated
and diunsaturated lipid, an increase in headgroup hydrophobicity
triggers a switch to this buried, perpendicular orientation, as
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Figure 2. Increasing headgroup hydrophobicity shifts the steroid’s tilt
relative to the bilayer normal (top) and headgroup depth (bottom), from
the upright orientation to a buried, perpendicular orientation.

observed through large tilt values and maximal headgroup density
in the bilayer center for the steroids containing type C1 and C3
headgroups. Those steroids with polar and intermediately polar
headgroups have lower tilt values, with an average of 21°, similar
to that of cholesterol in di-16:0PC found through experiment*® and
computation.?® These steroids also each have maximal headgroup
density at the lipid—water interface, though the steroid with the
intermediately polar, hydrogen bond donating headgroup may favor
slightly deeper bilayer penetration. Steroids with the C5 headgroup
display a trimodal headgroup distribution, thus maintaining an
equilibrium between the upright and perpendicular orientations.

Our results, which take advantage of a reductionist, computational
strategy, demonstrate that the role of cholesterol’s headgroup is to
anchor the steroid in the upright orientation, allowing the stiff, steroid
rings to order the neighboring lipid tails, thus promoting formation of
lateral domains. Changing the physicochemical properties of the
headgroup, mimicking the difference between cholesterol and chole-
stenone, causes the steroids to favor a fully inserted, perpendicular
orientation. Our results demonstrate that steroids in this conformation
inhibit lateral domain formation, likely by disrupting the interactions
between neighboring lipid chains that would otherwise favor domain
formation. We suggest that the destabilization of the upright orientation
is a common mechanism of domain inhibiting steroids.
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