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In this paper, a representative of chain-oxidized sterols, 25-hydroxycholesterol
(25-OH), has been studied in Langmuir monolayers mixed with the sphingo-
lipids sphingomyelin (SM) and ganglioside (GM;) to build lipid rafts. A
classical Langmuir monolayer approach based on thermodynamic analysis
of interactions was complemented with microscopic visualization of films
(Brewster angle microscopy), surface-sensitive spectroscopy (polarization
modulation-infrared reflection-absorption spectroscopy) and theoretical calcu-
lations (density functional theory modelling and molecular dynamics
simulations). Strong interactions between 25-OH and both investigated
sphingolipids enabled the formation of surface complexes. As known from pre-
vious studies, 25-OH in pure monolayers can be anchored to the water surface
with a hydroxyl group at either C(3) or C(25). In this study, we investigated
how the presence of additional strong interactions with sphingolipids modifies
the surface arrangement of 25-OH. Results have shown that, in the 25-OH/GM;
system, there are no preferences regarding the orientation of the 25-OH molecule
in surface complexes and two types of complexes are formed. On the other hand,
SM enforces one specific orientation of 25-OH: being anchored with the C(3)-
OH group to the water. The strength of interactions between the studied
sphingolipids and 25-OH versus cholesterol is similar, which indicates that
cholesterol may well be replaced by oxysterol in the lipid raft system. In this
way, the composition of lipid rafts can be modified, changing their rheological
properties and, as a consequence, influencing their proper functioning.

1. Introduction

Biological membranes contain a plethora of diverse lipids that differ in the type and
charge of the polar groups, the structure of the polar part (polycyclic or acyl chains
of different levels of unsaturation and the type of main backbone (glycerol versus
sphingosine) [1]. The main classes of lipids in eukaryotic cells are phospholipids
(glycerophospholipids, sphingolipids) and sterols. They are not evenly distributed
within the membrane [2,3], i.e. the internal (cytosolic) leaflet of plasma membranes
contains mainly phosphatidylethanolamines (PEs) and phosphatidylserines (PSs).
By contrast, the outer (extracellular) leaflet is composed of sphingolipids (such as
sphingomyelin, SM), glycolipids and phosphatidylcholines (PCs). Cholesterol
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(Chol) distribution is still controversial [4], as reviewed in [5].
In various organelles, the proportion of particular lipids differs;
for example, endoplasmatic reticulum or mitochondria have a
low Chol content, in contrast to myelin [6], while mitochondria
are practically devoid of SM [7].

Lipids interact with each other in biomembranes. Chol
interplays with low-melting-point lipids and high-melting-
point lipids [8], which—given the extracellular leaflet—
corresponds to PC and SM, respectively. Since natural SMs
contain mostly saturated chains as opposed to PCs, such a
system can be approximated to a mixture of Chol, saturated
(ordered) lipids and unsaturated (disordered) lipids, the beha-
viours of which have been thoroughly characterized [9].
Stronger interactions and entropically more favourable packing
in bilayers were observed for Chol mixed with lipids possessing
saturated versus unsaturated chains [10]. These findings have
also been found in monolayers: the excess free enthalpy changes
determined for mixtures of Chol with saturated compared with
unsaturated phospholipids [11,12] proved the existence of stron-
ger interactions in the former system. Not only are the
interactions of the hydrophobic parts important, but also the
nature of the polar group. Namely, Chol has been found to
have an affinity for strongly hydrated, bulky polar groups,
such as those in SM [13] or gangliosides [14], resulting from
the presence of a sphingoid base that is capable of forming
hydrogen bonds. Coalescence of Chol and SM results in mem-
brane microdomains, called lipid rafts [15]. These are defined
as heterogeneous, relatively stiff and extremely dynamic struc-
tures surrounded by plasma membrane phospholipids
(mainly PCs). Itis interesting that rafts can also bind specific pro-
teins [16]. In the current scientific literature, there are a lot of
biochemical studies confirming that lipid rafts are involved in
physiological processes, such as signal transduction [17], protein
sorting [18] and membrane polarization [19]. Recently, lipid rafts
have also been associated with the entry of enveloped viruses
(including HIV [20], coronaviruses [21-23] or Zika virus
[24,25]) and various types of toxins [26] into cells.

Although the formation of SM—Chol complexes in model
studies (e.g. Langmuir monolayers) explains the formation of
rafts in membranes, their existence in natural cells is still debata-
ble [27,28] because of problems with their visualization.
However, the presence of Chol and SM in the membrane is cer-
tainly essential. The simplest model of lipid rafts is the mixture of
SM and Chol [29,30], corresponding to the strongest interactions
between these lipids (Chol:SM films of 1:2 proportion).
More complex models of lipid rafts also involve phospholipids
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine  (POPC) +
Chol + SM) and gangliosides (POPC + Chol + SM + GM,) [31].

Changes in lipid patterns that occur during pathological
processes (such as neurodegenerative diseases or cancer)
may lead to the reorganization of lipid rafts. This may result
in the destabilization and incorrect functioning of the entire
cell [32,33]. Many cell pathological processes are associated
with oxidative stress. Consequently, Chol homeostasis concen-
tration of its oxidized forms (so-called oxysterols) is increased
[34]. Oxysterols, similarly to Chol, can affect the properties of
membranes [35], and the presence of an additional polar
group can significantly modify the interactions with other
membrane components. Modifications of such interactions
have been described in the literature [35,36].

In this study, we have investigated the interactions between
a representative of a chain-oxidized oxysterol—25-hydroxy-
cholesterol (25-OH)—and two sphingolipids—GM; and SM.

In a recent report [37], we have shown an unusual surface
behaviour of 25-OH related to its dual arrangement, i.e. the
molecule can be anchored to the water surface with a hydroxyl
group at either C(3) or C(25). SM and GM; are sphingolipids,
which—owing to their chemical structure—form tightly
packed structures with Chol. We believe that in pathological
processes, while the amount of oxysterols increases, Chol mol-
ecules involved in lipid rafts may be replaced with their
oxidized form. Therefore, our experiments aim to show how
replacing Chol with 25-OH oxysterol modulates the mutual
interactions in membrane domains and their physicochemical
properties, such as packing or stiffness.

To gain insight into the nature and strength of these inter-
actions, the Langmuir monolayer method was applied.
Complemented with Brewster angle microscopy (BAM) and
polarization modulation—infrared reflection-absorption spec-
troscopy (PM-IRRAS), this clarifies the surface behaviour in
monolayers mimicking lipid rafts. The analysis was extended
to theoretical calculations (dimer formation and molecular
dynamics). The proposed approach allows us to characterize
the interactions between 25-OH and specific membrane
lipids and present their biological implications.

2. Material and methods

2.1. Materials

Natural sphingolipids of high purity (greater than 99%): SM (iso-
lated from chicken egg) and GM1 (isolated from the bovine brain),
as well as Chol and 25-OH, were supplied by Avanti Polar Lipids.
Spreading solutions of lipids were prepared in chloroform stabil-
ized with ethanol (purchased from Aldrich; HPLC grade, greater
than or equal to 99.9%). Appropriate volumes of stock solutions
were mixed to obtain aliquots for the Langmuir studies. Deio-
nized ultrapure water from a Millipore system with a resistivity
of 182MQcm and a surface tension of 72.8 mN m™" at 20°C
was used as a subphase.

2.2. Methods

2.2.1. Langmuir monolayer technique and Brewster angle

microscopy

The experiments were performed with a Langmuir trough (KSV
NIMA KN 2002; total area = 273 cm?, double barriers) placed on
an anti-vibration table. Langmuir monolayers were obtained by
spreading an aliquot of the mixed solution with a microsyringe
onto the subphase (20 +0.5°C). Surface pressure was measured
as being accurate to +0.1 mN m™" using a Wilhelmy plate made
of ashless chromatography paper (Whatman Chrl). Each iso-
therm was repeated at least three times to ensure the
experimental curves’ reproducibility to +2 A*molecule™. BAM
experiments were performed with an UltraBAM instrument
(Accurion GmbH, Goettingen, Germany) installed over the KSV
2000 (total area =700 cm?, double barriers) Langmuir trough.
The microscope was equipped with a 50 mW laser emitting
p-polarized light at a wavelength of 658 nm, a 10x magnification
objective, a polarizer, an analyser and a CCD camera. BAM
images show monolayer fragments of 720 pm x 400 pm.

2.2.2. Polarization modulation—infrared reflection—absorption

spectroscopy
PM-IRRAS spectra were obtained using the KSV PM-IRRAS
instrument installed over the KSV NIMA KN 1003 (total area =
273 cm?, double barriers) Langmuir trough. The angle of inci-
dence was set to 80°. A Langmuir monolayer was prepared as
described above, compressed to the selected surface pressure
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Figure 1. 7—A isotherms registered for mixed systems of 25-OH with SM (a); changes in free enthalpy of mixing (AG®™) as a function of 25-OH content (b).
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Figure 2. 7—A isotherms registered for mixed systems of 25-OH with GM, (a); changes in free enthalpy of mixing (AG®) as a function of 25-OH content (b).

value and stabilized for 5 min. Each spectrum was a result of
6000 scans with a spectral resolution of 8 cm™. Measurements
were performed at least two times to ensure reproducibility of
the results. The obtained spectra were processed with OPUS soft-
ware: background subtraction, baseline correction (straight lines,
1x) and smoothing (Savitzky-Golay method).

2.2.3. Theoretical calculations

The dipole systems’ geometry optimization was performed using
density functional theory (DFI) modelling employing the
Gaussian 16 software package [38]. All calculations were performed
using the B3LYP functional [3942] with a 6-311G(d,p) basis set
[43,44] and the D3 version of Grimme’s empirical dispersion with
the original D3 damping function [45]. Systems were optimized
using the default UltraFine integration grid, default integral cut-
offs and a combination of EDIIS and CDIIS tight convergence pro-
cedures, with no Fermi broadening. The base superposition error
was eliminated by using the counterpoise correction.

Molecular dynamics was calculated in the Amber 2018 soft-
ware [46]. Simulated systems consisted of two monolayers,
having 77 molecules of SM and 51 25-OH molecules, and 56 mol-
ecules of GM; and 56 25-OH molecules, in two mutual
orientation of molecules (the polar group of the sphingolipids
neighbouring with either the C(3)-OH or C(25)-OH group of
25-OH), separated by 30 000 water molecules. For GM;, 128 Na
ions were added to neutralize the system. A vacuum of 100 A
was left in the Z-direction between adjacent periodic boxes to

avoid the monolayers interacting. A general amber force field
[47] was used for lipid molecules. A TIP3P model was used to
simulate water molecules [48].

The energy of the systems was minimized by 50000 steps.
Systems were equilibrated by 75000 steps with a 0.001 ps time
step, followed by 300000 steps with a 0.002 ps time step. Pro-
duction calculations were carried out under an isothermal-
isobaric ensemble with constant surface tension (NPyT) with a
0.002 ps time step. The temperature was set at 293 K, and a Lan-
gevin thermostat was used. A Berendsen barostat was used to
control the pressure at 1 bar. The simulation was carried out
for 80 ns, and the last 10 ns were used for analysis.

3. Results and discussion

3.1. Analysis of miscibility and interactions in Langmuir
films

In the first step of our studies, the surface pressure-area
isotherms for 25-OH/SM and 25-OH/GM; monolayers
differing in oxysterol content (X=0.25, 0.50 and 0.75) were
recorded. The results were used for quantitative analysis
of the interactions with the excess free enthalpy of mixing
AG®€ = Ny I(Alz — (A1 Xy + AzXz))dﬂ [49,50]. The obtained
results are presented in figures 1 and 2. Textures of floating
layers (visualized with BAM) are shown in figures 3 and 4.
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Figure 3. BAM images of mixed films formed by 25-OH and sphingomyelin at surface pressure values designated in the isotherms in figure 1.
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Figure 4. BAM images of mixed films formed by 25-OH and ganglioside GM, at surface pressure values designated in the isotherms in figure 2.

Additionally, based on experimental curves, miscibility
diagrams were made (electronic supplementary material,
figures S1 and S2).

Isotherms registered for mixed systems are situated between
those for single-component films. Even a small addition of oxy-
sterol (Xs5.0n = 0.25) significantly shifts the isotherm towards
smaller areas per molecule and causes the inflection associated
with the phase transition, observed in the isotherm of pure
SM, to disappear. For mixtures of an oxysterol mole fraction of
X25.0n=0.25 and X5504=0.50, one collapse is observed
(figure 1a), proving the miscibility of the components (con-
firmed by a homogeneous BAM image (figure 3a)). Analysis
of the excess free enthalpy of mixing, AG™“ (figure 1b), shows
that, for all analysed mixed 25-OH/SM systems, negative devi-
ations from ideal behaviour are observed, indicating that stable
surface complexes may be formed. Their stoichiometry was
determined based on the minimum in the AG®™® (Xs5.01)
curves and is in the range of X »5 = 0.37-0.40.

In turn, for X55.05=0.75, two collapses are visible: the
first at 7=33.5mN m™' (slightly higher than that for pure
25-OH), and the second at 7=49.5mN m™! (coinciding with
the collapse pressure for the mixture of Xss.0p =0.50). Con-
sidering this, it can be supposed that there is an excess of
unbound oxysterol in this mixture—the first collapse can be
attributed to the transition of free (unbound) oxysterol from
two dimensions to three. In the miscibility diagrams, the cor-
responding phases are denoted as P1 and P2 (see electronic
supplementary material, figure S1). This can be additionally
supported with BAM images (figure 3b), where bright
domains appear exactly at the first collapse, indicating the
‘ejection” of oxysterol molecules from the film. The second
collapse results from the collapse of all the mixture com-
ponents, i.e. 25-OH/SM complexes and bilayers formed by
unbound oxysterol (figure 3c).

Let us proceed to the analysis of the other investigated
system.
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In this case, isotherms for mixed films also lie between
those for pure components (25-OH and GM;). The addition
of oxysterol shifts the transition visible on the isotherm of
pure GM; (attributed to the phase transition between the
liquid expanded and liquid condensed state [51]) from 20 to
15mN m™! (for X s.01=0.25 and Xos.011 = 0.50). Neverthe-
less, the film topography images of pure GM; and its
mixtures of Xp5.0n=0.25 are completely homogeneous (in
the entire range of the studied pressures; an example image
is presented in figure 4a). However, the behaviour is unclear
for mixtures with a higher oxysterol content. Low-pressure
BAM images (figure 4b,c) show the formation of circular
domains, which disappear with increasing pressure (at about
15 mN m™!). For these mixtures, more than one inflection is
observed in the course of the isotherms. This is especially inter-
esting for an equimolar mixture. Based on AG® analysis, it can
be concluded that stable surface complexes of 1:1 stoichi-
ometry are formed (figure 2b). Therefore, one collapse should
be expected to appear in the isotherm. However, two collapses
are visible in the course of the isotherm. The situation we are
dealing with may result from a different arrangement of 25-
OH molecules in the above-mentioned surface complexes
with GM; (as indicated in the phase diagram, electronic sup-
plementary material, figure S2): when 25-OH is anchored on
the water surface with the OH group in the C3 position (1) or
with the OH in the tail (C25) (}). GM; can be anchored to the
surface only with its head group. In the case of a film contain-
ing a mole fraction of 25-OH =0.75, we are dealing with a
mixture containing an excess of oxysterol. Therefore, the first
inflection can be related to the two-dimensional to three-
dimensional transition of unbounded 25-OH (figure 4d), and
the second one to the collapse of surface complexes (figure 4¢).
To sum up, we can see that the type of sphingolipid molecule
can force changes in the arrangement of oxysterol molecules in
complexes and determine their properties, such as stability. In
turn, it may change the lipid pattern in rafts and affect their
proper functioning. Comparing the interactions in complexes
with those in analogous systems with Chol (see electronic sup-
plementary material, figure S3), one can see that the strength of
interactions may also be of great importance. The strength of
the interactions (reflected in AG®“ values) shows that the inter-
actions are only slightly weaker (10% less) in the 25-OH/GM;
system (approx. —2.7 k] mol™") than in the analogous Chol/
GM; system (approx. -3 kJ mol™). The situation is quite

different for mixed systems with SM. Here, the strength of inter-
actions increases (by about 30%) when Chol is replaced by
oxysterol (from -1.1kJ mol™ [52] to -1.6kJmol™! at
30 mN m™! and X =0.25). The stoichiometry of the complexes
also changes (from Xcpo1 = 0.33 to X5.0n = 0.40). However, to
better characterize the organization of molecules in mixed
layers, PM-IRRAS experiments and theoretical calculations
were performed.

3.2. Rheological properties of Langmuir monolayers

In the next stage, we analysed the influence of 25-OH on lipid
raft properties during pathological processes (when the level
of oxysterols increases). To achieve this goal, we determined
molecular packing in the mixed systems: Chol/sphingolipid
and 25-OH/sphingolipid by calculating changes in compres-
sibility moduli. Compressibility modulus curves are
presented in electronic supplementary material, figure S4.
Additionally, values obtained for the surface pressure of
30mN m™" (corresponding to conditions in biomembranes
[53]) have been compared in figure 5.

As can be seen, the addition of 25-OH or Chol into the SM
and GM; monolayers influences the organization of films from
both sphingolipids; however, the organization is different. In
the case of SM, even a small addition of oxysterol (Xss.01 =
0.25) changes the physical state of the film from liquid to con-
densed (C;! > 250 mN m™!). For mixtures with Chol, the
change is clearly visible for an equimolar mixture. However,
the film stiffening is stronger for the oxysterol-containing
system. The situation is different for mixtures with GMj,
where no significant changes in the film’s rheological proper-
ties are observed when the molar fraction of 0.25 (both Chol
and 25-OH) is added. For a 1:1 mixture, the film stiffness
increases, but the physical state remains the same (liquid
state). Only at the highest concentration of both sterols is a sig-
nificant increase in molecular packing observed. A slightly
stronger condensing effect of Chol is observed for all the ana-
lysed molar fractions compared with its oxidized derivative.

The obtained results agree with the analysis of thermo-
dynamic interactions (stronger interactions in Chol/GM;
and 25-OH/SM systems than in Chol/SM and 25-OH/GM;
mixed films).

Additionally, to show how the sphingolipid layer’s
stability is affected by the presence of 25-OH, changes in
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surface pressure versus time have been recorded and pre-
sented in electronic supplementary material, figure S5. For
comparison, analogous data for Chol are shown. The
obtained dependencies suggest that the studied oxysterol
influences the kinetic stability of mixed monolayers at
30 mN m™' to a greater extent than Chol.

3.3. Structural origin of the observed interactions

analysed with PM-IRRAS

PM-IRRAS is a complementary tool for the study of Lang-
muir monolayers, which enables the identification of
functional groups involved in interactions with the subphase
and between molecules in the monolayer [54,55] and descrip-
tion of the conformation of phospholipid acyl chains [56,57].
Additionally, since the PM-IRRAS signal’s intensity is related
to the orientation of the moment of transition of individual
vibrations, one can estimate the molecular orientation in the
layer [58]. In this study, we examined the spectral behaviour
of 25-OH/sphingolipid systems compared with the results
obtained from pure lipid monolayers (25-OH, SM and
GM,). Let us first discuss the 25-OH/SM (X5s5.0p = 0.50)
mixture (figure 6).

The spectra obtained for the 25-OH/SM system in the
C-H stretching region (3000-2800 cm™") show bands from
both components (SM and 25-OH), including characteristic
peaks from CH, asymmetric stretching in 25-OH (appearing
at ca 2961 and 2982 cm™).

It can be noted that the spectrum probed from the mixed
film at 20 mN m™" shows some differences in comparison
with the pure SM film.

(1) The CH, asymmetric stretching band overlaps with its
undertone (band at ca 2930 cm ™) and with the other band
due to the Fermi resonance (band at ca 2899 cm™?) [56].

(2) The CH, symmetric stretching band is shifted to
2847 cm™.

(8) CH; symmetric and asymmetric stretching bands become
less intensive.

These observations (especially the spectral position of the
CHj; stretching bands) suggest that hydrocarbon chains in a
mixed monolayer at a surface pressure of 20 mN m™" are prob-
ably in a more ordered all-trans conformation [57]. When the
film is compressed to 43 mN m™, the intensity of the signal
(at 2880 cm™") from CHj; symmetric stretching vibrations
increases, indicating a decrease in hydrocarbon chain ordering
[59] and/or changes in molecular orientation [58]. The bands
from the main functional groups’ vibrations are located in
the spectral region below 1700 cm™'. The amide I band
(mainly attributed to C=0O stretching in the amide moiety) rep-
resents two components from a population of non- (or weakly)
H-bonded and H-bonded moieties (observed in a pure SM
monolayer at 1663 and 1642 cm ™", respectively) [60]. The com-
pression of pure SM does not influence the band positions and
results only in their mutual intensity (the band at 1663 cm™
weakens while the band at 1642 cm™" becomes more intensive
with the surface pressure increase) [60]. In the case of
the 25-OH/SM (X35.0n=0.50) monolayer compressed to
20 mN m~?, the band from the non-hydrated amide I shows
a much higher intensity and is also shifted to 1649 cm™". The
intensity ratio between the hydrated and non-hydrated
amide I signals, observed for the mixture, is different from
the spectrum of pure SM recorded at the same surface pressure
and points to higher dehydration (and, as a result, conden-
sation) of the mixed monolayer. Values of the compression
moduli also support the latter conclusion. Further increases
in surface pressure result in the appearance of the single
wide band at 1655 cm™'. This may suggest that, in 25-OH/
SM mixed films, surface ordering based on H-bonding
between C=0 and —~OH (or -NH) groups located in the inter-
facial region of SM molecules is disturbed. This can be
explained by the fact that the C = O moiety in SM becomes pre-
ferentially involved in interactions with 25-OH molecules
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Figure 7. PM-IRRAS spectra of the 25-OH/GM; (X5.n = 0.50) monolayer compared with the spectra of pure GM; at selected values of the surface pressure
registered in the spectral regions 30002800 (a), 18001500 (b) and 1300-1000 ™ ().

rather than water or other SM molecules. A similar behaviour
was observed for Chol/SM systems [61] and confirmed SM's
high affinity for Chol and its derivatives. In the 1300-
1000 cm™ region, the signals from SM overlap with bands
from vibrations of 25-OH. Namely, in the spectrum of the
25-OH/SM system, broad, positive intensive bands (1285-
1223 cm™) resulting from overlapping bands from the dehy-
drated component of PO,” asymmetric stretching in SM [61],
C-N stretching (amide III), C(3)-O-H scissoring in 25-OH
[37] and various deformation vibrations of hydrocarbons in
both molecules are visible. Interestingly, the hydrated com-
ponent of the asymmetric PO,” band [61] is observed as a
negative signal at 1217 cm™" (the band is more negative at a
surface pressure of 20 mN m™' than at 43 mN m™"). The
latter suggests that SM’s orientation in the mixed monolayer
is different from that observed in the monolayer of the pure
compound. This is additionally supported by the positive,
quite strong absorption band (at 1200 cm™") from C(25)-O
stretching in 25-OH.

The second analysed system is a mixture of 25-OH/GM;
(X25.01 =0.50) (figure 7).

Signals in the C-H stretching region (3000-2800 cm™) in
the spectra from the 25-OH/GM; mixture show quite well
the defined bands from the CH; asymmetric stretching (at
2952 cm™') and CH, asymmetric (at ca 2921 cm™") and sym-
metric (at ca 2835 cm™) stretching vibrations, while the
CHj; symmetric stretching band (in contrast to the spectrum
from the pure GM; monolayer) is almost unnoticeable. Both
the shape and band position as well as their mutual intensity
ratio are purely affected by the surface pressure, which
suggests that compression does not influence acyl chain
order in mixed monolayers. In the spectral region 1800-
1500 cm™, the monolayer of pure GM; shows a broad
absorption band resulting from C=0O (amide I) and -O-C=
O stretching as well as NH bending modes (amide II) [51].
As can be seen, the intensity of this signal increases with com-
pression. The addition of 25-OH to the GM; monolayer
causes striking changes in the analysed bands: (i) they
become better defined (peaks at 1745, 1695, 1655 and
1562 cm™! can be easily distinguished); however, (ii) their

intensity decreases significantly. This can result from (i) a
better defined surface ordering of GM; in the mixed mono-
layer and (ii) orientation changes of carbohydrate moieties
in the GM; structure. Both effects are probably induced by
the attractive interactions with 25-OH, leading to the mono-
layer condensation. As the GM; molecule possesses five
carbohydrate rings in its structure, the absorption in the
region 1300-1000 cm™" is dominated by the bands from O-
C-O asymmetric stretching, -OH deformation vibrations
together with deformation vibrations of hydrocarbons as
well as the amide III band (C-N stretching). Owing to the
large number of infrared-absorbing functional groups in
GM; as compared with 25-OH, it can be assumed that signals
in this region mainly inform about GM;. Regarding the pure
GM; monolayer, it can be noted that the intensity of a broad
band (1285-1207 cm™') varies significantly with surface
pressure. At 20 mN m’}, it is negative, while at 40 and
50 mN m™" the band becomes the most intensive in the analysed
region. Because of changes in the surface pressure, intensity
shifts are also observed for bands at 1162 and 1139 cm™". This
confirms the existence of the GM; molecules in the form of
two different conformers that are characteristic for the liquid
expanded and the liquid condensed phases [51]. In the 25-
OH/GM,; system, bands characteristic for the GM; conformer
from the condensed liquid phase are already observed at
20 mN m™", which is also supported by the results from iso-
therms (lack of inflections below 47 mN m™" associated with
the phase transition). This also supports the hypothesis on
attractive interactions with 25-OH, leading to film condensation.

3.4. Theoretical calculations
3.4.1. DFT modelling

We conducted computer simulations to quantify the energy
of interaction between molecules in the 25-OH/SM and
25-OH/GM; systems. The first step was a quantum-
chemical simulation. Using DFT modelling, we calculated
the bond energy of the molecules in the dimers. This
energy is defined as the difference between the dimer
energy and the sum of the separated molecules. The energies
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Figure 8. Models of geometrically optimized 25-OH/SM and 25-OH/GM; dimers calculated using the B3LYP functional with the 6-311G(d,p) basis set.

Table 1. Bond energies of 25-OH/SM and 25-OH/GM, dimers depending on the mutual orientation of molecules.

binding energy (kcal mol™")

mutual orientation of molecules in the dimer 25-0H/SM 25-0H/GM,

polar group neighbouring C(3}-0H of 25-OH  25-OH methyl groups outside 3267 3416
25-0H methyl groups inside —31.76 -2

polar group neighbouring C(25}-0H of 25-OH  25-OH methyl groups outside -2 3018
25-0H methyl groups inside —22.18 —36.26

per dimer are presented in table 1. The mutual orientations of
the molecules are shown in figure 8.

In the case of 25-OH/SM, the lowest bond energy is found
for the arrangement with the polar group neighbouring C(3)-
OH, regardless of how methyl groups in 25-OH are oriented
(—32.67 kcal mol ™ and —31.76 kcal mol™" for methyl groups
oriented outwards and inwards, respectively). For the systems
with the polar group neighbouring C(25)-OH, bond energies
are approximately one-third lower and equal to —23.50 kcal
mol™" and —22.18 kcalmol™" for methyl groups oriented
outside and inside, respectively. In turn, for the 25-OH/GM;
system, the most energetically preferred arrangement
is with inward-facing methyl groups. The binding ener-
gies are —42.11 kcal mol™' and —36.26 kcal mol™" for polar
groups neighbouring C(3)-OH and C(25)-OH, respectively.
For outwardly directed methyl groups, the bond energies are
—34.16 kcalmol™" and —30.18 kcal mol™" for polar groups
neighbouring C(3)-OH and C(25)-OH, respectively.

3.4.2. Molecular dynamics simulations

To reproduce the experimental conditions for the investigated
systems, we conducted simulations of classical molecular
dynamics. The analysed monolayers consisted of 77 SM

molecules and 51 25-OH molecules or 56 GM; molecules and
56 25-OH molecules. The average area per lipid as a function
of time, showing equilibrium of the systems, is presented in elec-
tronic supplementary material, figure S6. The systems were
subjected to surface tensions equal to 10, 30 or 48 mN m ™. The
side order of simulated monolayers is shown in figure 9. For
the 25-OH/SM system with polar groups neighbouring C(3)-
OH, the total potential energy is equal to —21354 kcal mol™*,
while in the case of the polar group neighbouring C(25)-OH, it
is equal to —21 021 kcal mol ™. Such a difference is not observed
in the 25-OH/GM; system, for which the potential energy is
35049 kcal mol™ and 35044 kcal mol™ for the polar groups
neighbouring C(3)-OH and C(25)-OH, respectively.

Figure 9 shows the density profiles of the hydroxyl groups
and mass centres of the polar groups of the analysed mono-
layers. It can be seen that for the 25-OH/SM system, when
the polar group is initially adjacent to C(25)-OH, after 70 ns
of simulation 30% of the oxysterols changed orientation
(figure 10b). For the polar group’s initial orientation neigh-
bouring C(3)-OH, only 8% changed their orientation
(figure 10a). This effect is not so significant for the 25-OH/
GM; system. In this case, 6% and 5% of 25-OH molecules chan-
ged their initial orientation for the system with polar groups
neighbouring C(25)-OH and C(3)-OH, respectively. This
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3

Figure 9. Monolayers obtained after 70 ns production of molecular dynamics for 25-OH/SM (a,b) and 25-OH/GM; (c,d) systems at 30 mN m~" with different mutual

orientations: polar groups neighbouring ((3)-0H (a,c) or ((25)-0H (b,d).
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Figure 10. Density profiles of specified atoms for monolayers compressed to 30 mN m™". The left-hand side shows the 25-OH/SM (a) and 25-OH/GM, (c) systems
with polar groups neighbouring ((3)-OH; the right-hand side presents 25-OH/SM (b) and 25-OH/GM; (d) systems with polar groups neighbouring ((25)—OH.

behaviour illustrates that the 25-OH/SM system with polar
groups adjacent to C(3)-OH is more energetically preferred.

We also determined the order of the phospholipid chains
by calculating the |SCD|, parameter. It is defined as

1/2{3cos 26)) — 1
scpl, = 20RO 1,

where O is the angle between the vector joining carbons C,_;
and C,;1 and the monolayer normal. Angle brackets denote a
time average.

Figure 11 shows the obtained |SCD|, values for systems
with different orientations of 25-OH and surface tensions
equal to 10, 30 or 48 mN m™". It can be seen that significantly
higher values of the |SCD|, parameters were obtained for
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30 mN m™". Polar groups of SM (a) and GM (b) neighbouring C(3)—OH; polar groups of SM (c) and GM, (d) neighbouring ((25)—OH.

25-OH/SM systems. For the 25-OH/GM; system and
48 mN m™}, equilibrations were not obtained. It can be seen
that slightly higher values were obtained for the systems
with the polar group adjacent to C(3)-OH.

Systems with the lowest surface tension, i.e. 10 mN m},
are characterized by high values of the |SCD|, parameter,
which is in agreement with the experimental results. Increasing
surface tension causes a slight decrease in the |SCD|, value.

4. Summary and conclusion

In this paper, systems composed of a representative of
chain-oxidized Chol, 25-OH, mixed with SM or GM;, have
been examined and compared. Several complementary
methods (classical Langmuir monolayer technique based
on surface pressure measurements, BAM, PM-IRRAS and
theoretical calculations) gave consistent results. The most
important findings are as follows.

(1) 25-OH forms surface complexes with both SM and GM;,
as indicated by thermodynamic analysis (AG®™ plots)
and changes in the PM-IRRAS spectra.

(2) The introduction of 25-OH molecules into the mono-
layers from sphingolipids causes film stiffening (which
is confirmed by the compressibility moduli, PM-IRRAS
analysis and molecular dynamics).

(3) Analysis of 7—A isotherms complemented with molecular
dynamics and DFT modelling confirmed that SM
enforces one specific orientation of 25-OH in surface
complexes (being anchored with the C(3)-OH group to

the water). PM-IRRAS results indicate that probably
hydrogen bonds are formed between the interfacial
region of SM and the 25-OH molecule.

(4) GM; allows the 25-OH to anchor to the water surface
with either the C(3)-OH or C(25)-OH group and form
two types of complexes. Unfortunately, in BAM images,
we could not observe two collapses corresponding to
the two types of complexes, probably because of the
similar value of the refractive index for GM; and water.

(5) Compared with Chol/SM mixtures, the strength of inter-
actions (reflected in AG®™“ values) in the 25-OH/SM
system is stronger (by ca 30%), and the monolayer is
more rigid. In analogous systems with GM;, the inter-
actions with 25-OH are slightly weaker by 10% than in
a mixture containing Chol. However, interaction strength
is still of comparable order.

(6) Furthermore, in the case of ring-oxidized Chol derivatives
(7a- and 7p-hydroxyChol,, abbr. 7a-OH and 7B-OH)
and SM interaction, their strength is weaker than in those
involving 25-OH. This effect is especially pronounced for
78-OH/SM (approx. —500 ] mol ™).

(7) The surface behaviour of 25-OH in mixed systems with
sphingolipids may have important biological impli-
cations. A comparable strength of interactions between
GM; and Chol versus 25-OH indicates that, if both sterols
are present, they can compete for the interaction with the
GM;. In SM’s case, weaker interactions with Chol than
25-OH prove that oxysterol molecules may replace Chol.

(8) The above-described changes due to incorporation of oxy-
sterols observed in simple raft models (mimicked with the
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Langmuir monolayer technique) might be generalized to
the analogous processes in living natural systems.
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