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ABSTRACT: Cholesterol renders mammalian cell membranes more compact
by reducing the amount of voids in the membrane structure. Because of this,
cholesterol is known to regulate the ability of cell membranes to prevent the
permeation of water and water-soluble molecules through the membranes.
Meanwhile, it is also known that even seemingly tiny modifications in the
chemical structure of cholesterol can lead to notable changes in membrane
properties. The question is, how significantly do these small changes in
cholesterol structure affect the permeability barrier function of cell membranes?
In this work, we applied fluorescence methods as well as atomistic molecular
dynamics simulations to characterize changes in lipid membrane permeability
induced by cholesterol oxidation. The studied 7/-hydroxycholesterol (74-OH-
chol) and 27-hydroxycholesterol (27-OH-chol) represent two distinct groups of
oxysterols, namely, ring- and tail-oxidized cholesterols, respectively. Our previous
research showed that the oxidation of the cholesterol tail has only a marginal effect on the structure of a lipid bilayer; however,
oxidation was found to disturb membrane dynamics by introducing a mechanism that allows sterol molecules to move rapidly back
and forth across the membrane—bobbing. Herein, we show that bobbing of 27-OH-chol accelerates fluorescence quenching of
NBD-lipid probes in the inner leaflet of liposomes by dithionite added to the liposomal suspension. Systematic experiments using
fluorescence quenching spectroscopy and microscopy led to the conclusion that the presence of 27-OH-chol increases membrane
permeability to the dithionite anion. Atomistic molecular dynamics simulations demonstrated that 27-OH-chol also facilitates water
transport across the membrane. The results support the view that oxysterol bobbing gives rise to successive perturbations to the
hydrophobic core of the membrane, and these perturbations promote the permeation of water and small water-soluble molecules
through a lipid bilayer. The observed impairment of permeability can have important consequences for eukaryotic organisms. The
effects described for 27-OH-chol were not observed for 7-OH-chol which represents ring-oxidized sterols.

B INTRODUCTION

. L1l :
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Permeation of small molecules across cell membranes is of
crucial importance to life. One of the underlying molecular
mechanisms used by cells to control permeation through
membranes is the level of cholesterol. Early studies
documented that cholesterol decreases the permeability of
water through model lipid membranes." Subsequent inves-
tigations described this effect in detail >~> showing that the
effect of cholesterol in lipid membrane structures is excep-
tionally prominent at the level of the cholesterol ring.>°
Unbiased molecular dynamics (MD) simulations showed that
the rate of spontaneous water translocation through a
membrane decreases by a factor of 7 when the content of
cholesterol is increased from 0 to 33 mol %.” This is in
agreement with experimental studies that reported a 4-fold
reduction of water permeability through a bilayer containing
25 mol % of cholesterol compared to a pure phospholipid
bilayer."*~'" Cholesterol has also been shown to decrease the
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glucose, and gases such as oxygen.'”'> Recent MD
simulation studies have further shown that the free energy
barrier of translocating certain drugs and nanoparticles across a
lipid bilayer increases with increasing cholesterol content.'*™*
In biological membranes, reduction of cholesterol concen-
tration was observed to render them more permeable.”"
Cholesterol thus plays a profound role in regulating the
permeability of membranes. At the same time, cholesterol is a
key molecule regulating a variety of other properties of animal
cell membranes. For instance, cholesterol modulates the
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Figure 1. Chemical structures of compounds used in this study. POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine); DPPC (1,2-
dipalmitoyl-sn-glycero-3-phosphatidylcholine); 16:0-NBD-PE (1,2-dipalmitoyl-sn-glycero-3-phosphatidylethanolamine-N-(7-nitro-2-1,3-benzoxa-
diazol-4-yl)); 18:1-NBD-PE (1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)); chol (cholesterol); 7/-
OH-chol (7p-hydroxycholesterol); 27-OH-chol (27-hydroxycholesterol); and dithionite.

conformational ordering, thickness, and elastic properties of
cell membranes, and it also stronglg influences the phase and
the dynamics of lipid membranes.””*"

Although permeation mechanisms of chemically distinct
molecules through lipid membranes are not identical (for a
review on the topic, see refs S and 22), many properties of lipid
bilayers correlate with their permeability. For example, for
single-component lipid bilayers it has been shown that the
average surface area per lipid and permeability are proportional
to each other.” Membrane thickness has been demonstrated to
significantly influence its permeability to protons and
potassium ions; however, permeability to water and glycerol
was only weakly affected.”® Because cholesterol is known to
both decrease the average surface area per lipid and increase
membrane thickness, cholesterol-induced reduction of mem-
brane permeability is to be expected. It was also demonstrated
in a previous study that the permeability of a lipid membrane
correlates with its surface density—the parameter that depends
on both surface area and membrane thickness.”*

The permeability of biological membranes correlates with
cholesterol distribution in cellular compartments and body
organs. Among all cellular membranes, the highest cholesterol
concentration is observed in the plasma membrane, which
isolates cell interior from the outside environment.”> Stratum
corneum, i.e., the external layer of skin, is also characterized by
high cholesterol concentration®® and known to be highly
impermeable.”” An organ with the highest cholesterol content
is the brain, particularly the myelin sheets insulating the
axons.”® There are also various cholesterol-rich biomaterial
applications mimicking nature, such as liposomes used in drug
delivery, where high cholesterol content prevents leakage of
encapsulated drugs.””™®' This is a common strategy in
currently approved therapies based on liposomes as drug
carriers.”™

Of the ~80 sterols known in nature, only a few, including
cholesterol, ergosterol, and some phytosterols, are crucial
components of cellular membranes. Most of the remaining
sterols are metabolites or signaling molecules. As a prime
example, there is a large variety of different oxysterols that play
important roles in biological processes such as apoptosis, lipid
metabolism, and cholesterol homeostasis. Oxysterols can be
formed by enzymatic cholesterol oxidation or by nonenzymatic
autoxidation processes as a result of (mainly) oxidative stress

involving reactive oxygen species (ROS).>* Oxysterols formed
as products of enzymatic reactions have an additional polar
group that is predominantly found in the sterol tail. These
oxysterols often act as signaling molecules. In contrast,
oxysterols that result from the exposure of cholesterol to
ROS have additional polar groups attached to the steroid ring.

Although the effects of oxysterols on lipid bilayer properties
have been extensively characterized (for a review see, for
example, ref 35), little is known about the ability of oxysterols
to modulate membrane permeability. To the best of our
knowledge, the only exception is 25-hydroxycholesterol (25-
OH-chol), which was shown to increase membrane perme-
ability to calcium and glucose.””*” At the same time, if this
matter is considered from a more general point of view,
oxidation of phospholipids is known to have severe detrimental
effects on membrane permeability. For instance, the oxidation
of polyunsaturated lipids can destabilize lipid membranes,
leading to the formation of pores and the subsequent
breakdown of the membrane.*®

Oxidation of cholesterol is known to alter its ability to
modulate membrane properties.”” This is somewhat surprising
given that the structural differences between oxysterols and
cholesterol are rather small (typically, one or two additional
oxygen-containing polar groups). Moreover, the position of the
additional oxygen-containing group is of great importance.’’

Motivated by this finding, we use here atomic-scale
simulations and free energy calculations in conjunction with
complementary experimental fluorescence techniques to
elucidate how the presence of tail- and ring-oxidized sterols
influences membrane permeability and related translocation
processes such as lipid flip-flop. Molecular simulations have
demonstrated their ability to unravel nanoscale properties of
biological membranes.”” As representatives of ring- and tail-
oxidized sterols, we chose 7p-hydroxycholesterol (78-OH-
chol) and 27-hydroxycholesterol (27-OH-chol), respectively.
We show in this work that they affect membrane permeability
in very different ways.

B MATERIALS AND METHODS

Materials. Figure 1 depicts the compounds used in this work. 1-
Palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC), 1,2-di-
palmitoyl-sn-glycero-3-phosphatidylcholine (DPPC), cholesterol
(ovine wool) (chol), 7p-hydroxycholesterol (78-OH-chol), 27-
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hydroxycholesterol (27-OH-chol), 1,2-dipalmitoyl-sn-glycero-3-
phosphatidylethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)
(16:0-NBD-PE), 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine-
N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (18:1-NBD-PE), and 1,2-dio-
leoyl-sn-glycero-3-phosphatidylethanolamine-N-(cap biotinyl) (bioti-
nylated DOPE) were obtained from Avanti Polar Lipids, Inc.
(Alabaster, AL). 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES), sodium chloride, ethylenedinitrilotetraacetic acid (EDTA),
tris(hydroxymethyl)aminomethane (Tris), and sodium dithionite
were ordered from Sigma-Aldrich (St. Louis, MO). Buffers were
prepared using Milli-Q water (Millipore, USA). Merck (Darmstadt,
Germany) supplied organic solvents of spectroscopic grade. All
chemicals were used without further purification.

Preparation of Large Unilamellar Vesicles (LUVs). Extruded
LUVs were prepared as described below. The required volumes of
chloroform solutions of POPC and either cholesterol or one of the
oxysterols were mixed with a fluorescent probe in a glass tube. The
final molar ratio of lipid-to-probe was 200:1. Solvents were evaporated
under a stream of nitrogen, and the lipid film was kept under vacuum
for at least 2 h. Then, the dry lipid film was suspended in a 10 mM
HEPES buffer (150 mM NaCl, pH 7.0, 0.2 mM EDTA). After S min
of continuous vortexing the suspension of multilamellar vesicles was
extruded through polycarbonate membranes with a nominal pore
diameter of 100 nm (Avestin, Ottawa, Canada). The final total
concentration of lipids including sterols was 20 uM.

Preparation of Giant Unilamellar Vesicles (GUVs). GUVs
were prepared by using the electroformation method developed by
Angelova et al.*' and modified later as described in ref 42. Proper
volumes of a chloroform solution of POPC, cholesterol/oxysterol (10
mol %), 18:1-NBD-PE (0.5 mol %), and biotinylated DOPE (2 mol
%) were mixed in a glass tube to get 100 nmol of lipids per sample. A
100 pL aliquot of these mixtures was spread with a Hamilton syringe
on a pair of titanium plates and heated to =40 °C to accelerate
solvent evaporation. Lipid-coated plates were kept in vacuum for at
least 1.5 h. Each pair of the titanium plates was connected by using
parafilm (Bemis, Neenah, WI), which also serves as an isolator. The
chamber formed this way was filled with ~900 uL of sucrose solution
(285 mOsm) and sealed with parafilm. GUVs were formed by
applying a sinusoidal alternating electrical current to the plates. The
following sequence of voltages and frequencies was used: starting with
a peak-to-peak voltage U = 0.15 V, the voltage was increased stepwise
to 1.1 V at 10 Hz for 47.5 min, continuing with U = 1.1 V at 10 Hz for
further 100 min, and finishing with U = 1.3 V at 4 Hz for 30 min.

NBD-Dithionite Quenching: Kinetics Measurements. Steady-
state (SS) fluorescence measurements were performed on a
Fluorolog-3 spectrofluorometer (model FL3-11; Jobin Yvon Inc,
Edison, NJ) equipped with a xenon-arc lamp. NBD probe excitation
and emission wavelengths were set at 470/544 nm. All fluorescence
quenching kinetics were recorded by using 1 and 7 nm excitation and
emission slits, respectively.

The prepared samples were transferred to a 1 cm quartz cuvette
and equilibrated at 37 + 0.2 °C, unless specified otherwise, by using
water-circulating thermostat for 15 min before each measurement.
Sodium dithionite powder was dissolved in a 100 mM TRIS buffer
(pH 10.0) to get a 1 M solution. Fresh dithionite solution was added
with a pipet to 1.5 mL LUV dispersion in the cuvette at time #, (140 s
after starting the measurement when the stability of the fluorescence
signal was confirmed) and briefly but vigorously mixed with a pipet.
The fluorescence intensity F(t) was continuously recorded until the
time ¢ = t; at which a Triton X-100 solution was added to the cuvette.
The average speed of fluorescence quenching within the interval (%,
t,) was calculated as

f F(t)

roo S (1= £ ) e

=fa) Fo/

St = 1) (1)

The final concentration of dithionite in the sample was 50 mM.
NBD-Dithionite Quenching: Fluorescence Microscopy. Fluo-
rescence microscopy measurements were performed by using an

Olympus FluoView 1000 confocal laser scanning microscope
(Olympus, Hamburg, Germany) equipped with a UPlanSApo 60X
water immersion lens with a numerical aperture of 1.2. An NBD dye
was excited using a 488 nm continuous wave Sapphire laser
(Coherent, Santa Clara, CA) with an excitation intensity of 2—3
UW focused in a diffraction-limited confocal volume and detected
with a PMT detector through a band-pass 490—525 nm filter.

The bottom surface of the observation chamber (Lab-Tek, NUNC,
Germany) was prepared with the following steps. First, it was treated
with biotin-conjugated bovine serum albumin (0.1 mg/mL) for ~30
min and washed carefully several times with Milli-Q water afterward.
Later, streptavidin (20 pg/mL) was added to the chamber and left for
incubation for ~15 min, followed by several washings with Milli-Q
water. Next, 40 uL of the GUV sucrose solution (285 mOsm) was
added to the observation chamber filled with 360 uL of 10 mM
HEPES buffer (pH 7.4, 10 mM NaCl, 285 mOsm; fixed with glucose
solution). GUVs were left to settle and create bindings between
biotinylated DOPE and streptavidin for at least 30 min, and 10 L of
1 M dithionite solution (solvent: 100 mM TRIS buffer, pH 10.0) was
gently added to the chamber. The final dithionite concentration in the
chamber was 25 mM. To study fluorescence quenching of the probe
in the GUV membrane, images of the area of interest were taken every
4 s for up to 25 min.

Atom-Scale Molecular Dynamics Simulations. We performed
all-atom molecular dynamics (MD) simulations of lipid bilayers
containing 90 mol % POPC and 10 mol % cholesterol, 7-OH-chol,
or 27-OH-chol (denoted below as POPC/chol, POPC/73-OH-chol,
and POPC/27-OH-chol, respectively). Additionally, we studied a
pure POPC bilayer (called POPC) as a control case. Detailed
compositions of all bilayers are listed in Table 1. The initial structure

Table 1. Detailed Compositions of All Lipid Bilayers
Simulated in This Work; Given Here Are the Numbers of
Each Molecule/Ion Type in the Listed Systems

7-OH- 27-OH-

system POPC chol chol chol Na* CI”  water
POPC 128 17 17 6366
POPC/chol 114 14 17 17 6366
POPC/7p- 114 14 17 17 6366
OH-chol
POPC/27- 114 14 17 17 6366
OH-chol

of the POPC bilayer was created by arranging POPC molecules on an
8 X 8 grid, resulting in a bilayer consisting of two leaflets of 64 lipids
each. Bilayers containing 10 mol % of a sterol were created by
randomly replacing 14 lipid molecules with sterol molecules.

The all-atom OPLS force field**** was used to describe the
interactions, unless mentioned otherwise. The topologies of sterols
were created as described in ref 39, while the parameters describing
POPC molecules were taken from refs 45 and 46. To restrain covalent
bonds, the LINCS algorithm was used,”’ allowing the use of a 2 fs
time step. Analogously, the SETTLE algorithm was employed for
water molecules.*® Periodic boundary conditions were applied in all
three directions. Long-range electrostatic interactions were computed
by usin§ the particle mesh Ewald (PME) algorithm with a cutoff of
1.0 nm,” Fourier spacing of 0.1 nm, and a sixth-order interpolation of
the mesh. A long-range dispersion correction to energy and pressure
was added.

The Nosé—Hoover thermostat with a coupling constant of 0.4 ps
was used to keep the system temperature at 310 K.°*°' The bilayer
and the solvent were coupled to separate thermostats. The
Parrinello—Rahman barostat was employed to keep pressure at 1
atm with a coupling constant of 1 ps and a compressibility of 4.5 X
107 bar™".>> A semi-isotropic scheme of pressure coupling was used,
meaning that the pressure in the x and y directions (ie., the bilayer
plane) was coupled separately from the pressure in the z direction
(i.e., bilayer normal). The GROMACS 4.6.x software package was
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used in all simulations.”>** As to equilibration, each system was first

energy-minimized by using the steepest descent algorithm and then
equilibrated in the NpT ensemble for at least S0 ns.

For free energy analysis, two series of umbrella sampling
simulations were performed. In the first series, a single water
molecule was pulled from the membrane—water interface to the
center of a bilayer (POPC, POPC/chol, POPC/73-OH-chol, or
POPC/27-OH-chol), and in the second series a single POPC
molecule was pulled from one leaflet of the lipid bilayer to the other.
Umbrella sampling was performed with a total of 32 (first series) or
71 (second series) windows. The initial configurations for umbrella
windows were selected randomly at 0.1 nm intervals. Each window
was simulated for 50 or 100 ns (first or second series, respectively),
where the first 20 or 40 ns (first or second series, in respective order)
was used for equilibration. In each umbrella window, the pulled
molecules were restrained using a harmonic potential with a force
constant of 3000 k] mol™" nm™> The restrains were applied only
along the reaction coordinate (i.e., the normal to the bilayer surface)
while the pulled molecules were free to move in other directions.

For completeness, let us mention that additional pulling
simulations were performed prior to actual umbrella sampling
simulations 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 a water
molecule or the COM of the phosphate group of POPC molecule was
used as the pulling group. The force constant applied to the pulled
water molecule was 1000 kJ mol™' nm™, and the pull rate was 0.002
nm ns~'. The force constant applied to the pulled phosphate group
(when pulling POPC) was 500 kJ mol™' nm™, and the pull rate was
0.002 nm ns~ .

The weighted histogram analysis method (WHAM) was used to
compute the potential of mean force (PMF) along the reaction
coordinate. WHAM analysis was performed using the GROMACS
g_wham tool with 284 bins (when pulling POPC) or 128 bins (when
pulling water) and a 0.025 nm bin width. Statistical uncertainties were
estimated by using bootstrap analysis. A bootstrap sample size of 100
was used in this study.

B RESULTS

Tail-Oxidized Sterol Modulates Membrane Perme-
ability and/or Lipid Flip-Flop. Fluorescence quenching
experiments were performed on oxysterol-containing POPC
LUVs at 37 °C. An NBD fluorescent lipid analogue
incorporated in the lipid bilayer of the LUVs was irreversibly
quenched by dithionite added to the liposomal dispersion. The
kinetics of the quenching process was documented by
measuring fluorescence intensity in time after the dithionite
addition. The obtained results, normalized to 1 for the signal
before the quencher addition and to O for the completed
quenching, are shown in Figure 2. The measurements were
performed separately for two different NBD lipids.

Immediately after the quencher addition (in 140 s after
starting the measurement), the fluorescence intensity drops to
about half of its initial value. This results from the dithionite
molecules accessing the readily available outer lipid layer of the
LUV membrane, where it quenches all molecules of NBD lipid.
At this short time scale (a few seconds), the molecules of NBD
lipid-analogues located in the inner lipid layer are unaffected
and still fluoresce. The initial drop of fluorescence intensity is
followed by slower quenching kinetics recorded over couple of
minutes (Figure 2, 150—400 s). This longer time is needed for
the dithionite to reach the molecules of NBD lipid-analogue
located initially in the inner part of the lipid bilayer. There are
two possible scenarios to consider. First, the dithionite
molecules might permeate through the membrane and quench
the NBD lipid-analogue inside of the vesicles. Second, the

0.8

—— POPC

—— POPC/chol

——— POPC/7B-OH-chol
—— POPC/27-OH-chol

T=37°C

0.7 ~

0.6 1
0.5+
0.4

0-37 thick line: 16:0-NBD-PE e

thin line: 18:1-NBD-PE

Normalized Fluorescence Intensity
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Figure 2. Fluorescence quenching kinetics of 16:0-NBD-PE (thick
lines) and 18:1-NBD-PE (thin lines) embedded in liposomal
membrane of 100 nm unilamellar vesicles by dithionite. Liposome
bilayer compositions: POPC (blue); POPC with 10 mol % of
cholesterol (purple); POPC with 10 mol % of 7-OH-chol (green);
POPC with 10 mol % of 27-OH-chol (red). Samples were measured
at 37 °C.

molecules of NBD lipid-analogue located in the inner lipid
layer of the vesicle can translocate (i.e., flop) to the outer lipid
layer already exposed to the dithionite solution. The two
scenarios are not mutually exclusive and can happen
simultaneously.

A closer look at the quenching curves presented in Figure 2
reveals that the normalized fluorescence intensity drops
initially to only ~0.65 instead of 0.5 as might have expected.
This discrepancy between the results and the theory presented
above is due to the fact that even after long extrusion through
100 nm pore polycarbonate membranes a small population of
the vesicles is still expected to be multilamellar. The small
vesicles encapsulated in larger ones are initially completely
inaccessible to dithionite, thus increasing the fraction of the
unquenched NBD lipid-analogue molecules. This initial
quenching is within the experimental error and identical with
all the samples regardless of the sterol presence. As to the
extent of the initial drop of fluorescence intensity, other factors
that can also play a role include (a) a different pressure applied
during the extrusion of liposomes, resulting in a modified
population of LUVs; (b) a different exposure of the lipid
headgroup probe to the quencher depending on the phase of
the bilayer; and (c) a difference in surface areas of the inner
and outer leaflets of the bilayer, resulting in unequal
concentrations of the probe in the two leaflets. Nevertheless,
the extent of the initial drop of fluorescence intensity is not
expected to influence the kinetics of quenching that is the key
subject of this study.

When the results obtained for different sterols are compared
at a longer time scale, it is striking that the case of 27-OH-chol
is very distinct. While the quenching kinetics in POPC,
POPC/chol, and POPC/7-OH-chol liposomes are similar, in
POPC/27-OH-chol it is strongly accelerated. The speed of
quenching calculated via eq 1 for all studied lipid composition
follows the trend POPC/chol < POPC/74-OH-chol < POPC
<« POPC/27-OH-chol. According to the two scenarios
proposed earlier in the article, this result means that 27-OH-
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Figure 3. Short-time (left panel) and long-time (right panel) fluorescence quenching kinetics of 16:0-NBD-PE by dithionite. Liposome bilayer
compositions: DPPC (blue); DPPC with 10 mol % cholesterol (purple); DPPC with 10 mol % 7/3-OH-chol (green); and DPPC with 10 mol % 27-
OH-chol (red). Samples were measured at 27 °C. Right panel (inset): speed of quenching calculated via eq 1.

chol (1) increases the permeability of the lipid bilayer to
dithionite and/or (2) increases the rate of NBD lipid flip-flop.
While interrelated to each other, these two mechanisms imply
modification of two distinct membrane characteristics that
would have different consequences for biological membranes.
The increased permeability reduces the asymmetry in the
composition of the aqueous media separated by a membrane.
The increased flip-flop rate, on the other hand, reduces
asymmetry in lipid composition between the two layers of the
bilayer. Both these asymmetries are abundant in living cells and
both are vital for their functions. Distinguishing between the
two scenarios is not an easy task. A number of experimental
and computational data described below were collected to
elucidate the molecular mechanism of membrane properties
alterations induced by 27-OH-chol.

Interestingly, the above-described results were very similar
for two different NBD lipid-analogues. 18:1-NBD-PE has two
unsaturated oleoyl chains in the place of saturated palmitoyl
chains of 16:0-NBD-PE (see Figure 1). On the basis of these
structural differences, one could expect that the two NBD
lipids would differ in their flip-flop kinetics. At the same time
the permeability of the membrane should be only marginally
affected, since the fluorescent lipid content in the bilayer was
only 0.5 mol %. In this view, the similarity of the 16:0-NBD-PE
and 18:1-NBD-PE results (Figure 2, thick and thin lines,
respectively) suggests that the rapid quenching induced by 27-
OH-chol arises from increased membrane permeability to
dithionite. Because of complexity of the studied processes, this
finding is only a suggestive hint, not a proof.

To further examine the potential of 27-OH-chol to affect
membrane properties, the dithionite quenching experiment
was repeated for 16:0-NBD-PE embedded in DPPC liposomes.
In contrast to POPC, both acyl chains of DPPC are fully
saturated (Figure 1). At 27 °C (ie., below the main phase
transition temperature of 41 °C), a DPPC bilayer is in the gel
phase, where the diffusion of lipid molecules is strongly
hindered. Under these circumstances, no flip-flop of
phospholipids and a very low (if any) permeability of
dithionite through the bilayer are expected. Indeed, as can
be seen in Figure 3 (left panel), a very fast drop in fluorescence
intensity after addition of dithionite to the sample is followed
by an almost constant signal in the time range of 150—400 s.
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This behavior is observed consistently in all lipid compositions.
However, at longer times, the kinetics recorded for DPPC/27-
OH-chol/16:0-NBD-PE is noticeably faster than in the other
systems (Figure 3, right panel). To quantify these results, the
speed of quenching was evaluated via eq 1. As depicted in the
inset in the right panel of Figure 3, the speed of quenching
calculated for the DPPC/27-OH-chol/16:0-NBD-PE compo-
sition is significantly larger than for the other three systems.
When the same DPPC-based samples were measured at SO
°C in their liquid-crystalline phase, the result (Figure 4)
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Figure 4. Fluorescence quenching kinetics of 16:0-NBD-PE by
dithionite. Liposome bilayer compositions: DPPC (blue); DPPC with
10 mol % cholesterol (purple); DPPC with 10 mol % 74-OH-chol
(green); and DPPC with 10 mol % 27-OH-chol (red). Samples were
measured at 50 °C.

displayed the same trend for the quenching kinetics as for
POPC systems at 37 °C (Figure 2). The differences observed
between the sterols in DPPC bilayers were slightly more
pronounced than in POPC bilayers. The speed of quenching in
POPC-based liposomes measured at 37 and DPPC-based
systems at 50 °C is depicted in Figure S, demonstrating again
the exceptionally large quenching speed induced by 27-OH-
chol.
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40 (i.e., when POPCs move from the bilayer to the water phase).
sl DPPC, 50°C The free energy barriers for the flip-flop of POPC in the sterol-
~m--POPC, 37°C containing and pure POPC bilayers are ~90 and ~50 kJ/mol,
.’g 30 respectively. These high values provide compelling evidence
2 that changes in flip-flop rates cannot be the explanation for the
o ) , observed differences in fluorescence quenching speeds
S 20 - discussed above. Based on these free energy results,
3 spontaneous lipid flip-flops across a bilayer are extremely
- 13 slow: typical flip-flop rates with similar free energy barriers are
T 104 in the ballpark of 10758 571 corresponding to rates V\fhere on
;’.)_ .. . average a single lipid would flip-flop once every 24 h,*>*° and
51 S R sterols that rigidify membranes will further slow these
0 . . . . processes down. While in our simulations we did not consider
no sterol chol 7b-OH-chol 27-OH-chol the translocation of fluorescent lipids (such as 18:1-NBD-PE),

Membrane Composition

Figure S. Speed of quenching, calculated according to eq 1.
Liposomal bilayer composed of DPPC with/without 10 mol % sterol
measured at S0 °C (orange); liposomal bilayer composed of POPC
with/without 10 mol % sterol measured at 37 °C (green). The 16:0-
NBD-PE fluorescence probe incorporated in bilayer was quenched by
dithionite.

Altogether, the results of the quenching experiments suggest
that, unlike the other sterols, 27-OH-chol increases the
permeability of lipid bilayers to a significant extent, while its
influence on the rate of lipid flip-flops is unknown. Next, all-
atom MD simulations were used to elucidate this issue in
greater detail.

Free Energy Profiles Exclude Lipid Flip-Flop as a
Fluorescence Quenching Mechanism. Figure 6 shows the
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Figure 6. Free energy profiles for a single POPC molecule crossing a
lipid bilayer. POPC molecule was pulled through a bilayer composed
of pure POPC (blue); POPC with 10 mol % cholesterol (purple);
POPC with 10 mol % 7f-OH-chol (green); and POPC with 10 mol %
27-OH-chol (red). The location z = 0 corresponds to the center of a
lipid bilayer.

free energy profiles of a single POPC molecule carrying out a
flip-flop from one leaflet to the other in bilayers composed of
pure POPC (blue), POPC with 10 mol % cholesterol (purple),
POPC with 10 mol % 7f4-OH-chol (green), and POPC with 10
mol % 27-OH-chol (red). In all cases the free energy profile
shows a minimum around z = 2 nm and z = —2 nm (i.e,
corresponding to the equilibrium positions of POPC in a lipid
bilayer) and a maximum at z = 0 nm (ie., for the POPC
headgroup located in the middle of the lipid bilayer). Also, as

expected, the free energy increases at z > 3 nm and z < =3 nm

this conclusion applies to them, too, since the NBD unit
increases probe’s polarity in the headgroup region and is
therefore expected to increase the translocation barrier from
one leaflet to the other. Figure 6 also highlights an essential
feature between the three sterol-containing systems: the free
energy barriers of POPC/chol, POPC/7$-OH-chol, and
POPC/27-OH-chol for flip-flop are largely similar, i.e., of the
order of 80—90 kJ/mol, being much larger than the barrier of
the POPC system, strongly supporting the view that flip-flops
are extremely rare.

Free Energy Profiles of Water Translocations Support
the Oxysterol-Driven Mechanism of Membrane Per-
meation. To estimate the effects of the three sterols on the
permeability of a lipid bilayer, we used umbrella-sampling
simulations to calculate the free energy barrier for a water
molecule to pass through a lipid bilayer. The permeability can
be studied in many ways; here the water molecule is used as
representative of small and polar molecules passing through a
lipid bilayer. Figure 7 depicts the free energy profiles in the
four different systems studied. In all cases, the free energy
profile has a shallow local minimum in the middle of the
bilayer and a maximum at about 0.4-0.5 nm from the
membrane center. Most important, however, is the free energy
barrier that a water molecule has to overcome to pass through
the bilayer. The barrier is the largest in POPC/chol, followed

35
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Figure 7. Free energy profiles for a single water molecule permeating
through a lipid bilayer. Water molecule was pulled through a bilayer
composed of pure POPC (blue); POPC with 10 mol % cholesterol
(purple); POPC with 10 mol % 7-OH-chol (green); and POPC with
10 mol % 27-OH-chol (red). The position z = 0 corresponds to the
center of the lipid bilayer. For clarity, only half of the lipid bilayer is
shown.
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Figure 8. 18:1-NBD-PE incorporated into encapsulated POPC/27-OH-chol GUV membranes quenched by dithionite. The images (from left to
right) highlight a sequence of pictures collected in time after addition of the quencher to the space outside the multivesicular liposome.

Measurements were performed at 25 °C.

in decreasing order by POPC/7f-OH-chol, POPC, and
POPC/27-OH-chol. Assuming that permeation is an activated
process, the free energy data suggest that permeation of water
and related small polar molecules would be the fastest in
POPC/27-OH-chol, followed (in order of decreasing per-
meation rate) by POPC, POPC/7p-OH-chol, and POPC/
chol, which is consistent with the results of fluorescence
quenching experiments shown in Figures 2, 4, and 5.

Atomic-scale simulations together with fluorescence quench-
ing experiments performed on LUVs are thus supporting the
view that 27-OH-chol increases the permeability of POPC
bilayer to polar molecules.

Multivesicular Liposomes Serve as a Proof of
Membrane Permeabilization by 27-OH-Chol. The above
collected evidence supports increased permeability of POPC/
27-OH-chol membrane as a more probable source of the
accelerated quenching kinetics in this system than the
augmented flip-flop of lipids. In the search for the ultimate
answer to this problem, we performed NBD-dithionite
quenching experiments on giant vesicles with a fluorescence
confocal microscope at various conditions. Interestingly, we
found that giant liposomes that encapsulate other vesicles
inside them provide a convincing proof for the increased
membrane permeability scenario. Figure 8 presents such a
liposome composed of POPC/27-OH-chol lipid mixture in a
series of images collected at different times after addition of
dithionite to the sample. This so-called multivesicular liposome
consists of three distinct GUVs that are nested within one
another like Russian dolls. The time evolution depicted in
Figure 8 demonstrates that the fluorescent probes in the
membranes of the three GUVs are quenched in a series, one
after another, starting from the outermost membrane. Shortly
after addition of dithionite to the sample, we observed that
NBD lipid molecules in the outermost GUV membrane were
quenched first (Figure 8, S min). The images at later times
(10—25 min) show that the fluorescence intensity measured
from the membranes of inner GUVs decreases, one at a time,
until all fluorescence is gone. Because the inner GUVs can be
quenched only if dithionite permeates through outer GUVs,
these results proof that 27-OH-chol does indeed facilitate the
lipid bilayer permeability to dithionite.

B DISCUSSION

Similarly to cholesterol, also oxysterols affect the physical
properties of lipid bilayers.” Ring-oxidized sterols (such as 7-
ketocholesterol, 7a-hydroxycholesterol, 7f-OH-chol, 4p-
hydroxycholesterol, and 3f,5a,6f-trihydroxycholestane) in-
crease the ordering of lipid acyl chains, increase membrane
thickness, and decrease surface area per lipid. Thus, they
induce changes to membrane properties in a manner that is
similar to cholesterol. However, cholesterol affects membrane
properties stronger than ring-oxidized oxysterols. The observed
differences between ring-oxidized sterols and cholesterol result

from a larger tilting of ring-oxidized oxysterols, which aims to
satisfy the hydration of all polar groups in the oxysterol
molecule. The changes induced by ring-oxidized oxysterols
suggest that also the permeability of the bilayer should be
reduced. In our current studies, we indeed observed that 7f-
OH-chol decreases membrane permeability (Figures 4 and 7),
yet the effect of cholesterol is stronger.

Tail-oxidized oxysterols (such as 27-OH-chol, 24S-hydroxy-
cholesterol, 25-hydroxycholesterol, and 25S-cholestenoic acid)
also induce the above-mentioned changes in the lipid bilayer
properties, and for some measured parameters they are equal
to those of cholesterol. Nevertheless, the behavior of tail-
oxidized oxysterols is more complicated. In our previous
studies, 27-OH-chol was found to move very fast back and
forth between the two adjacent lipid leaflets, without changing
its orientation.”” We called this process “bobbing” to
differentiate it from the standard flip-flop process, which
involves reorientation of a translocating molecule. Bobbing of
tail-oxidized sterols is associated with local deformation of the
bilayer structure: bilayer becomes thinner, allowing for a local
and transient connection between water and the —OH groups
of 27-OH-chol at the two opposite water—membrane
interfaces. Such deformation may increase membrane perme-
ability. Moreover, in previous studies of 25-OH-chol, it was
suggested that this oxysterol could act as a “shuttle”, promoting
permeation of glucose and calcium.””

On the basis of the results of fluorescence quenching
experiments performed on liposomal dispersions in the present
work, one can conclude that the tail-oxidized sterol (27-OH-
chol) speeds up the quenching process significantly. Additional
measurements and atomic-scale simulations helped us to
identify and explore two possible mechanisms underlying this
difference: (1) increased permeability of the lipid bilayer to the
quencher (dithionite) and (2) increased flip-flop of the
fluorescent lipid analogue.

We found that the quenching kinetics of two different NBD
lipid analogues was very similar, which suggests that the
mechanism employed by 27-OH-chol is not likely based on
increasing lipid flip-flop rate. This hypothesis is supported by
our biomolecular simulation results, showing that the free
energy barriers calculated for phospholipid translocation events
contradict the idea that 27-OH-chol would foster lipid flip-flop
more than 78-OH-chol or cholesterol. Importantly, the free
energy calculations also showed that 27-OH-chol enhances
permeation of water molecules through a POPC bilayer: the
free energy barrier of water permeation (Figure 7) is the
smallest in bilayers composed of 27-OH-chol and POPC, and
the trend among the different studied systems (Figure 7) is
consistent with that observed in the fluorescence quenching
data.

Altogether, we found that the studied oxysterols do not seem
to influence lipid flip-flop kinetics differently to any significant
degree than cholesterol. We did find, however, that 27-OH-
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chol permeabilizes a POPC bilayer to dithionite and water.
This behavior is in accord with previous studies, which showed
that 25-OH-chol (another member in the family of tail-
oxidized oxysterols) increases membrane permeability for

. 12,36,58
calcium and glucose.” ™

B CONCLUSIONS

We demonstrated that 27-OH-chol, as a representative of tail-
oxidized sterols, promotes membrane permeability to
dithionite (anionic molecule) and water (polar molecule).
Putting this together with previous studies that have showed
increasing membrane permeability for calcium (cation) and
glucose (hydrophilic molecule) due to the presence of 25-OH-
chol, we can conclude that tail-oxidized sterols promote the
permeation of small charged particles, hydrophilic molecules,
and water. Our atomic-scale biomolecular simulations suggest
bobbing®” and related deformations of the bilayer structure to
be a generic mechanism for tail-oxidized sterols to facilitate
permeability and to impair the permeability barrier. In contrast,
based on our observations, the ring-oxidized sterols do not
compromise permeability of lipid bilayers. These differences
exemplify the distinct roles of these two classes of oxysterols.
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