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ABSTRACT

Translocation of sterols between cellular membrane leaflets is of key importance in membrane
organization, dynamics, and signaling. We present a novel translocation mechanism that differs
in a unique manner from the established ones. The bobbing mechanism identified here is
demonstrated for tail-oxidized sterols, but is expected to be viable for any molecule containing
two polar centers at the opposite sides of the molecule. The mechanism renders translocation
across a lipid membrane possible without a change in molecular orientation. For tail-oxidized
sterols, the bobbing mechanism provides an exceptionally facile means to translocate these
signaling molecules across membrane structures and may thus represent an important
pathway in the course of their biological action.
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Biological membranes are highly diverse macromolecular aggregates composed of numerous
lipid species and proteins, each having specific functions. The function of lipids depends to a large
extent on their distribution in the membranes. As a matter of fact, an asymmetric transmembrane
distribution of lipids is a rule rather than an exception. This holds for essentially all lipid species in
numerous membrane types,'? being actively maintained by cells via a set of enzymes called flippases,
floppases, and scramblases translocating phospholipids between the two membrane leaflets.>® This
asymmetry is of vast importance not only for membrane properties per se, but also for transmembrane
signaling mechanisms. For example, phosphatidylserine under normal conditions functions in the
cytosolic leaflet of a plasma membrane, but becomes a messenger of cell death when translated to
the extracellular cell surface.

Oxidative modification of cholesterol (CHOL) can occur either by an attack by reactive oxygen
species (ROS) or via relatively well-controlled cellular processes involving different enzymes,®” mostly
related to the cytochrome P450 family. While ROS generate ring-oxidized sterols, the enzymatic
process mostly leads to oxidation of the sterol tail. Within these distinct mechanisms, formation of
oxysterols with two polar moieties decorating two different sides of the steroid system thus takes
place.

Oxysterols are considered as crucial players in many biological processes despite their
relatively small concentrations in human tissues. Their biological functions are comprehensive,
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including, e.g., regulation of gene expression,®® roles as atherogenic agents, modulators of cell
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membrane permeability and metabolic intermediates,” ¥ and functions as ligands in cellular

signaling.'®%°

The tail-oxidized oxysterols (such as 24-, 25-, and 27-hydroxycholesterol) that we focus on in
this work act mostly as signaling molecules to bring up the excess of cholesterol in the cells. They
regulate cholesterol homeostasis?*? by, e.g., suppressing the activity of HMIG-coenzyme A reductase
(the rate-limiting enzyme in the cholesterol synthesis pathway) and stimulating cholesterol
esterification with its subsequent storage in lipid droplets.?*2

To fulfill the above-mentioned functions, tail-oxidized sterols need to move rapidly between
different cellular organelles such as the endoplasmic reticulum and plasma membrane. To do so, their
translocation across membrane structures should also be fast. Here, we show how tail-oxidized
oxysterols carry out membrane translocation through a unique molecular mechanism not found for
any other lipid prior to this study.

We employed unbiased molecular dynamics (MD) simulations combined with free energy
calculations (umbrella sampling),?” using an analogous simulation setup as in our previous studies.*
The oxysterols considered here included 7B-hydroxycholesterol (7B-OH-CHOL), where oxidation takes
place in the sterol ring by modifying CHOL structure by an additional hydroxyl group, and 27-
hydroxycholesterol (27-OH-CHOL), where oxidization modifies the structure of the short terminal tail
(Figure 1C). These two representative cases cover the typical structural modifications associated with
oxysterols, i.e., oxidation due to free radicals modifying the sterol ring and enzymatic oxidation taking
place in the sterol tail. This choice of a typical tail-oxidized sterol (27-OH-CHOL) vs. a ring-oxidized
sterol (73-OH-CHOL) is sufficient to demonstrate the profound difference between these two classes
of sterols. In addition, CHOL is studied as a control. The lipid membranes studied were comprised of
90 mol% POPC and 10 mol% of a sterol (i.e., CHOL, 7B-OH-CHOL, or 27-OH-CHOL). Simulations were
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performed with the GROMACS simulation package?®?° using the all-atom OPLS-AA force field for lipids
and sterols.?* 3031 A more extensive description of the methods is given in the Computational Methods
section. Topologies of sterol molecules are included in the Supplementary Information.

First, we performed free energy calculations to quantify the translocation of CHOL across the
bilayer. The obtained free energy profile shown in Figure 1A (red line) is symmetric, demonstrating the
existence of two equivalent free energy minima at a distance of about 1 nm from the bilayer center.
Based on these positions, the free energy barrier for CHOL translocation between the two leaflets of
the lipid bilayer is around 13.8 kJ/mol (Figure 1A), in agreement with previous studies.3>3* In the
positions identified as free energy minima, the cholesterol hydroxyl group accommodates at the
membrane-water interface, the tilt of the cholesterol ring (for precise definition see Supplementary
Information) being about 20-30° with respect to membrane normal. This is further corroborated by
the tilt angle distribution shown in Figure S2. However, during the translocation process the tilt of
CHOL depends on its position along the membrane normal (Figure 1B). This is highlighted by an abrupt
change around the membrane center, where CHOL turns upside down, demonstrating the established
translocation mechanism in line with previous studies of CHOL translocation.32-34

For the ring-oxidized 7B-OH-CHOL, the calculations revealed a free energy profile (Figure 1A,
green line) that is rather similar to that of CHOL. However, the barrier for 7B-OH-CHOL translocation is
slightly larger, reflecting the presence of two polar groups in the 7B-OH-CHOL structure (Figure 1C).
Like for CHOL, the 7B-OH-CHOL orientation changes again abruptly in the membrane center, in line
with the established translocation mechanism (Figure 1B). The tilt angle distribution (see Figure S2)
demonstrates that the most probable orientation of 7B-OH-CHOL corresponds to the situation where
sterol rings are tilted about 20-30° with respect to membrane normal. A small artificial asymmetry in
the free energy profile between the two bilayer leaflets, resulting in a difference of about 4 kJ/mol in
the positions of free energy minima (see Table 1), is due to a slightly different lipid composition
between the two leaflets in the closest vicinity of the translocating sterol. This local asymmetry results
from local movement of sterols and lipids within leaflets, with the average composition of both leaflets
being identical.

Unbiased MD simulations carried out for POPC/CHOL and POPC/7B-OH-CHOL revealed no
spontaneous translocation events during the simulation time of 1 ps. Taken together with the high
viscosity of the membrane interior, this is consistent with the free energy barriers of 14-18 kJ/mol (i.e.,
6-8 ksT) observed for translocation of these two sterols (Figure 1A).
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Figure 1. (A) Free energy profiles of CHOL (red), 27-OH-CHOL (purple), and 7B-OH-CHOL (green). The
transparent area around each curve shows the corresponding statistical error. When the 3B-hydroxyl
group of 27-OH-CHOL faces water (z > 0), we call this the parallel orientation; when its 27-hydroxyl
group faces water, we call this the antiparallel orientation. (B) Time evolution of the tilt angle (for
definition see Supplementary Information) of each sterol molecule with respect to bilayer normal, 90°
representing a situation where the sterol molecule is perpendicular to the bilayer normal, while 0° and
180° correspond to the situations where the sterol molecule is parallel to the bilayer normal. (C)
Molecular structures of sterols and lipids studied. The z coordinate represents the position of the
sterol’s centre of mass.



The situation changes quite radically when the dynamics of the tail-oxidized 27-OH-CHOL is
being considered (Movie S1, DOI: 10.5281/zenodo.1171345). In contrast to CHOL and 7B-OH-CHOL,
the translocation of 27-OH-CHOL is a very frequent event. Namely, we observed translocations of 27-
OH-CHOL taking place at a high rate of about 1/560 ns per molecule (i.e., there were about 20
translocation events within 800 ns of unbiased simulation containing 14 sterol molecules). Even more
intriguingly, the results revealed that the translocation mechanism is completely different from that
observed for CHOL or 73-OH-CHOL. No change of sterol orientation with respect to the bilayer normal
was observed. What happens instead may be best described as “bobbing” of the sterol molecule,
where 27-OH-CHOL moves back and forth along the membrane normal almost like a piston in a
cylinder, thereby steadily moving across the bilayer without changing its orientation. The 27-OH-CHOL
oxysterol (Figure 1C) moves from a position, where its 33-hydroxyl group is exposed to the water phase
and the 27-hydroxyl group is buried inside the lipid bilayer, to a new position, where the 27-hydroxyl
group is exposed to the water phase and the 3B-hydroxyl group is buried inside the bilayer core. The
tilt angle distribution (see Figure S2) clearly shows that the most probable orientation of 27-OH-CHOL
molecule is parallel to the bilayer normal.

Figure 2 shows snapshots from umbrella sampling simulations, illustrating the bobbing of 27-
OH-CHOL, as contrasted to the translocation with a flip of 73-OH-CHOL (see also Figure S1 in
Supplementary Information). In the analysis, the bobbing of 27-OH-CHOL revealed local deformation
with the bilayer becoming thinner as the hydroxyl groups (3B-hydroxyl or 27-hydroxyl) became
exposed to the membrane-water interface.

Table 1. The free energy barriers for sterol translocation between different leaflets of POPC bilayer.

System ‘ Free energy barrier (kJ/mol)
POPC/CHOL 14+1
POPC/7B-OH-CHOL 18+1
POPC/27-OH-CHOL 8+1/10%1*

* The free energy barrier from a parallel orientation with the 3B-hydroxyl group of 27-OH-CHOL facing water to
an antiparallel setting with the 27-hydroxyl group facing water and that in the opposite direction.

Given that the translocation mechanism of 27-OH-CHOL is distinctly different from that of
CHOL or 7B-OH-CHOL, one can expect that also the free energy barrier for the translocation of 27-OH-
CHOL is different compared to that of CHOL or 73-OH-CHOL. This is indeed the case (Figure 1A, purple).
The free energy barrier from a parallel orientation (the 3p-hydroxyl group of 27-OH-CHOL facing water)
to an antiparallel setting (the 27-hydroxyl group facing water) is now reduced down to a value of about
8.2 kl/mol (i.e., roughly 3 ksT), explaining also why bobbing was observed frequently in unbiased MD
simulations (Movie S1, DOI: 10.5281/zenodo.1171345). In the opposite direction (from the antiparallel
to the parallel orientation), the barrier is slightly higher, i.e., 10.3kJ/mol (about 4 ksT).

The orientation of 27-OH-CHOL does not change on the timescale of the translocation process,
which explains why the reported free energy profile is asymmetric: i.e., one does not need to consider
here the much slower subsequent rotation of 27-OH-CHOL since, unlike for CHOL or 73-OH-CHOL, such
a rotation is not required for the translocation process. The two free energy minima are located at
about 0.4 nm (parallel orientation) and 0.9 nm (antiparallel orientation) from the bilayer center, with
the former being about 2-3 kJ/mol deeper than the latter (Figure 1A). The presence of two polar groups



at the opposite ends of 27-OH-CHOL thus has a pronounced effect on the free energy profile, reducing
the translocation free barrier to a value comparable to the energy of thermal fluctuations.

27-OH-CHOL 78-OH-CHOL

Figure 2. Snapshots of (A-C) 27-OH-CHOL and (D-F) 7B-OH-CHOL oxysterols during their translocation
processes across a membrane. Shown here are the 3B-hydroxyl group (red), the 7B- and 27-hydroxyl
groups (green), the oxysterols’ ring/tail structures (orange), the POPC headgroup (cyan), and lipid
chains (grey).

While the bobbing mechanism has not been identified in previous studies, a similar mechanism
was suggested as a possible explanation for the increase of bilayer permeability upon enrichment in
25-OH-CHOL.* A previous theoretical study® using an implicit membrane model to evaluate the free
energy landscape related to sterol translocation through a lipid bilayer also predicted the existence of
two asymmetric minima, in agreement with the results presented here. However, the free energy
barrier obtained in the present study is smaller than predicted previously, which is mainly due to
formation of local membrane deformations facilitating bobbing. This effect simply could not be
recovered in previous studies employing an implicit membrane model.® Finally, our results point to
the fact that the bobbing behavior of tail-oxidized sterols is not operational for CHOL or ring-oxidized

sterols, which also decrease membrane permeability for water, gases, and small drug-like molecules.?®
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To summarize, we identified and characterized a novel mechanism of molecular translocation

33-34,44-46 in which a sterol molecule

through a lipid bilayer. Unlike the established flip-flop mechanism,
changes its orientation to accommodate its 33-hydroxyl group at the membrane-water interface, the
bobbing mechanism identified here involves translocation without a change in molecular orientation
(which, nevertheless, may subsequently take place at longer timescales through a rotational motion in
the interfacial region). The bobbing mechanism was observed here only for 27-OH-CHOL, which
contains an additional hydroxyl group located at the sterol tail. The unbiased simulations of POPC/7p-
OH-CHOL and POPC/CHOL systems did not show any sign of bobbing due to the lack of polar group in
the tail. It is plausible to assume that similar translocation events take place also with other molecular

species having two polar centers at opposite ends of the molecule.

Our results suggest that bobbing is a frequent process occurring at the nanosecond time scale.
Since tail-oxidized sterols act as signaling molecules, their dynamic properties are of crucial importance
for cell function. It has been demonstrated*’-*® that 25-OH-CHOL transfers rapidly from cell membranes
to the endoplasmic reticulum with a rate that is a hundred times larger compared to that of CHOL.
Similarly, the transport rate of 24S- and 27-OH-CHOL from erythrocytes to the plasma membrane is
high, while similar transport of 4B-OH-CHOL and CHOL is barely measurable.® Bobbing may thus be
seen as a potential mechanism facilitating rapid translocation of tail-oxidized oxysterols through
cellular compartments towards receptors, often localized in the nucleus surrounded by two
membranes.

COMPUTATIONAL METHODS

All-atom molecular dynamics (MD) simulations were performed for bilayers consisting of 90 mol% of
POPC and 10 mol% of cholesterol (CHOL), 7B-OH-CHOL, or 27-OH-CHOL (denoted below as
POPC/CHOL, POPC/7B-OH-CHOL, and POPC/27-OH-CHOL, respectively). The initial structure of the
POPC bilayer was created by arranging POPC molecules on an 8 x 8 grid, resulting in a bilayer consisting
of two leaflets with 64 lipids each. Bilayers containing 10 mol% of a sterol were constructed by
randomly exchanging 14 lipid molecules by sterol molecules. The lipid composition of both leaflets was
identical.

Each system was first energy minimized using the steepest descent algorithm and then equilibrated in
the NpT ensemble for at least 50 ns. Finally, two sets of simulations were performed. The first set
consisted of three unbiased simulations, each 1 microsecond long, where the last 800 ns were used
for analysis. The second set consisted of three umbrella sampling simulations. The umbrella sampling
simulations were performed in a manner, where a single sterol molecule was pulled from the
membrane-water interface toward the bilayer centre. Prior to the umbrella sampling simulations,
corresponding pulling simulations were performed in order to generate a series of configurations for
umbrella sampling. In the pulling simulations, the investigated molecules were pulled along the z axis
and the center of mass (COM) of the sterol molecule was used as the pulled group. The force constant
applied to the pulled sterol molecule was 500 kJ mol* nm2 and the pull rate was 0.001 nm ns™.. After
pulling simulations, umbrella sampling was performed with a total of 71 windows. The initial
configurations for umbrella windows were selected randomly at 0.1 nm intervals. Each window was
simulated for 100 ns, where the first 40 ns were used for equilibration. In each umbrella window, the
pulled molecules were restrained using a harmonic potential with a force constant of 3000 kJ mol™* nm-
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2, The restrains were applied only along the reaction coordinate (i.e., along the normal to the bilayer
surface), while the pulled molecules were free to move in other directions. Additional computational
details are given in the Supplementary Information.
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