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A B S T R A C T

25-Hydroxycholesterol (25HC), one of the most important oxysterol molecules, can be used by cells to fight
bacterial and viral infections but the mechanism that defines its biological effects are unknown. Using molecular
dynamics, we have aimed to describe the orientation and location of 25HC in the membrane as well as the
interactions it might have with lipids. We have studied two complex model membrane systems, one similar to
the late endosome membrane and the other one to the plasma membrane. Our results reinforce that 25HC is
inserted in the membrane in a relative stable location similar to but not identical to cholesterol. 25HC fluctuates
in the membrane to a much greater degree than cholesterol, but the effect of 25HC on the phospholipid order
parameters is not significantly different. One of the most notable facts about 25HC is that, unlike cholesterol, this
molecule tends to aggregate, forming dimers, trimers and higher-order aggregates. These aggregates are formed
spontaneously through the formation of hydrogen bonds between the two 25HC atoms, the formation of hy-
drogen bonds being independent of the studied system. Remarkably, no contacts or hydrogen bonds are observed
between 25HC and cholesterol molecules, as well as between cholesterol molecules themselves at any time. It
would be conceivable that 25HC, by forming high order aggregates without significantly altering the membrane
properties, would modify the way proteins interact with the membrane and henceforth form a true innate an-
tiviral molecule.

1. Introduction

Cholesterol (CHOL) is an essential molecule for eukaryotic cells and
their membranes, modulating various physical properties of the lipid
bilayer such as fluidity and permeability [1]. CHOL is likely to interact
with sphingomyelin and saturated phospholipids, forming liquid-or-
dered phases that coexist with liquid-disordered ones in the biological
membrane [2]. Oxysterols are oxidized derivatives of CHOL produced
by different processes, enzymatic and non-enzymatic, that have many
different biological activities by either modulating the function of
proteins or the physical properties of the membranes or both [3,4]. 25-
Hydroxycholesterol (25HC), one of the most representative oxysterols,
is enzymatically synthesized from CHOL by specific cholesterol-hy-
droxylases [5,6] (Supplementary Fig. 1F and G). 25HC, similarly to

other oxysterols, has been known to regulate CHOL concentration in the
membrane [7]. Interestingly, these enzymes are specifically expressed
in macrophages and dendritic cells upon bacterial or viral infections, so
that 25HC synthesis could be directly related to the immune system
[7–9]. 25HC appears to play an important role in the regulation of
CHOL homeostasis and the innate immune response [10,11]. However,
it has been shown to be very effective in the inhibition of the cellular
entry and replication of many different types of viruses, both enveloped
and non-enveloped [5,12–17], so that this molecule has recently at-
tracted the attention of numerous researchers. The recent outbreak of
SARS-CoV-2 as well as any future viral outbreaks, which surely will
happen, pose a serious global health risk and the search for effective
antivirals is greater than ever [18].

25HC is able of inhibiting the replication of different enveloped
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viruses, suggesting that it blocks the fusion between the viral and cel-
lular [5]. More recently, it has also been shown that 25HC can inhibit
HIV entry by directly blocking the fusion through the modulation of the
biophysical properties of the membrane [19]. The capacity of 25HC of
blocking both Zika virus infection and HCV replication by direct in-
teraction with the membrane has also been demonstrated [14,20].
25HC inhibits both DNA and RNA, enveloped and non-enveloped
viruses and the list of different viruses inhibited by 25HC is growing in
the literature [21–25]. Since 25HC has shown antiviral effects against
many different types of viruses, it would be possible that it might in-
teract with particular components of the biological membrane ham-
pering the viral fusion course. Remarkably, the characteristic anionic
lipid bis(monoacylglycero)phosphate (s-s 2,2′-dioleoyl lysobispho-
sphatidic acid, BMP) (Supplementary Fig. 1E) is only found in the
membranes of late endosomes in a high concentration, where it seems
to play an essential role in endosome function and dynamics as well as
it seems a necessary requirement for viral membrane fusion [26–28].
Therefore, 25HC biological properties could be also attributed to its
capability to interact with membrane lipids, as well as its ability to
modify the biophysical properties of the membrane. In this perspective,
it should be borne in mind that the concentration of 25HC found in the
blood of healthy individuals is very low (nanomolar range) [29].
However, cellular treatment of 25HC as high as 5 μM showed sig-
nificant inhibition of replication of a large number of viruses without
any induction of cytotoxicity [25]. Therefore, information on the me-
chanism of action of 25HC might open up new opportunities for up-
coming biomedical advances.

The only difference between CHOL and 25HC is the hydroxylation
of carbon C25 of CHOL, change that reduces the hydrophobicity of the
parent molecule and dramatically transforms 25HC into a bioactive
molecule. Due to its hydrophobic character and its high phospholipid/
water partition coefficient, 25HC possible effects on biological systems
must be attributed to its ability to locate itself in the biological mem-
brane and possibly change the membrane structure and dynamics
[30,31]. The octanol/water partition XLogP3 value [32] of 25HC (6.8)
is lower than that of CHOL (8.7), i.e., 25HC is not as hydrophobic as
CHOL. However, it is important to highlight that the hydrophobicity of
a molecule does not give any indication about its location, orientation
and interactions inside the membrane. Moreover, 25HC might modify
the membrane physical properties and therefore modify its interaction
with other biological molecules, especially proteins, that could explain
its biological properties. As commented above, the only difference be-
tween 25HC and CHOL is the addition of a hydroxyl group in carbon
C25. This, in principle, simple addition to CHOL should not sig-
nificantly affect the properties of the phospholipid matrix compared to
the parent molecule but must lead to a significant change in the global
properties of the membrane since it introduces a polar group capable of
hydrogen bonding in the most hydrophobic part of the membrane pa-
lisade structure. There should be no strong preferences for the head or
tail of 25HC to point towards the water solvent but it should increase its
interaction with membrane lipids, with CHOL/25HC molecules, speed
up the flip-flop process, induce aggregation, etc., leading to a change in
the membrane biophysical properties [33]. In fact, it has been described
that 25HC disorders lipid membranes, expands the membrane and re-
duces membrane thickness [30]. 25HC could retain the orientation that
CHOL has in the membrane or could even have an inverted orientation
relative to it, i.e., with the steroid ring near the centre of the bilayer and
the hydroxyl group at carbon C25 near the phospholipid interphase.
Indeed, it has been recently suggested that 25HC could possess both
different orientations in the membrane [34,35]. However, the pre-
ference seems to be higher for the molecule having its C3 hydroxyl
group anchored to the membrane interphase than its C25 counterpart
[35]. It has also been proposed that both hydroxyl groups of 25HC
would be located at the membrane interface, near the phospholipid
head-groups [36] but such 25HC orientation should greatly affect the
physical properties of the membrane. Therefore, it can be inferred that

25HC can affect the biological membrane or interact with cellular
proteins or both, but it is clear that a general and common mechanism
is at play. Though the precise mechanism of the broad antiviral action
of 25HC is far from been understood, the existence of a general and
common mechanism points out to the biological membrane as its main
target.

Molecular dynamics (MD) is a very convenient methodology to
explore the dynamics, location, interaction and structure of many dif-
ferent types of molecules inside biological model membranes [37]. The
fact that the 25HC mode of action could be through modulation of the
membrane properties, it seems reasonable to reason that the biological
mode of action of 25HC might be attributed to its interactions with lipid
molecules, its effect on the membrane general structure, and, last but
not least, its location and orientation in the membrane. In this study, we
have used atomistic MD to define the location and orientation of 25HC
in the membrane and at the same time to determine the presence of any
interactions with membrane phospholipids and CHOL. Trying to get as
close as possible to reality, we have studied two different model bio-
membrane systems, one of them similar to the lipid composition of the
plasma membrane (PM) and the other one to the late endosome
membrane (LEM). We have studied four other systems, two PM-derived
and two LEM-derived, containing different CHOL/25HC relationships
(Table 1) so in total we have studied six membrane complex systems.
Our results support that 25HC 1) tends to be primarily oriented per-
pendicular to the membrane surface, 2) tends to aggregate through
hydrogen bonding with each other, even 25HC molecules pertaining to
different leaflets, and 3) does not aggregate with CHOL or other lipids.
Surprisingly, one of the 25HC molecules was observed to rotate during
the molecular dynamics simulation so that its hydroxyl groups ex-
changed positions, i.e., the hydroxyl group at the C3 carbon was nearer
the centre of the bilayer and the hydroxyl group at the C25 carbon was
nearer to the phospholipid interphase. Our data suggest that the broad
antiviral properties of 25HC could be ascribed to its membranotropic
effects and consequently through modulation of the biophysical mem-
brane properties.

2. Materials and methods

Unrestrained all-atom MD simulations were obtained using NAMD
2.13 [38] with the CHARMM36 force field for the protein and the lipids
and the CHARMM general force field for 25HC [39–41]. All other MD
parameters have been described previously [42]. To remove un-
favourable atomic contacts, the membrane model systems were

Table 1
Systems and number of components used in this study. The NaCl concentration
was 0.15 M. The production trajectories for each one of the six different systems
were calculated for 555 ns.

Systems

Late endosome membrane Plasma membrane

LEM_0 LEM_12 LEM_24 PM_0 PM_24 PM_48

POPC 160 160 160 180 180 180
POPE 80 80 80 40 40 40
PI-3P 20 20 20 – – –
POPS – – – 20 20 20
BMP 60 60 60 – – –
CHOL 80 68 56 160 136 112
25HC – 12 24 – 24 48
H2O 28,904 28,902 28,924 28,157 28,164 28,173
Na+ 202 202 202 99 99 99
Cl− 82 82 82 79 79 79
Dimensions

x/y/z (Å)
120/120/114 116/116/114

PL:CHOL:25HC 80:20:0 80:17:3 80:14:6 30:20:0 30:17:3 30:14:6
CHOL/25HC – 5.66 2.33 – 5.66 2.33
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equilibrated for 1 ns after 100,000 steps of minimization. The pro-
duction trajectories for each one of the six different systems were run
for a total of 555 ns.

Two membrane models systems have been studied, one similar to
the plasma membrane (PM) membrane and the other the late endosome
(LEM) membrane (Table 1). The PM system without 25HC contained
180 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) mole-
cules, 40 of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE), 20 of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS)
and 160 of cholesterol (CHOL) (molar ratio of 9:2:1:8) [26]. The LEM
system without 25HC contained 160 POPC molecules, 80 of POPE, 20
of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoinositol-3-phosphate (PI-
3P), 60 of bis(monoacylglycero)phosphate (BMP) and 80 of CHOL
(molar ratio of 8:4:1:3:4) [26] (Table 1). See Supplementary Fig. 1 for
the structure of each one of the lipids. Each model system contained
400 lipid molecules (200 lipid molecules in each leaflet) in a rectan-
gular box. Both PM and LEM systems were surrounded by more than
28,000 molecules of water (the solvent-to-lipid ratio was always greater
than 70) (cf. Table 1). These ratios represent an excess of water in the
membrane systems [43]. The bilayer normal was parallel to the z-axis.
At the beginning, the simulation boxes for the PM and LEM systems had
the dimensions of 11.6/11.6/11.4 nm and 12/12/11.4 nm, respec-
tively, in the x/y/z directions. Both the height of the simulation box and
the cross sectional area were permitted to fluctuate independently of
each other. The initial layouts at t = 0 ns are depicted in Fig. 1 for both
LEM and PM systems. The molecule of 25HC was generated and
minimized using Discovery Studio 4.0 (Accelrys Inc., San Diego, USA).
The CHARMM General Force Field (CGenFF) compatible stream files of
25HC, which contained the optimized parameter and topology data,
were obtained using the Charmm-Gui web server (http://www.
charmm-gui.org, [44]). The hydrocarbon chains of the phospholipids
were specifically chosen, since the presence of the oleoyl chains in-
crease the overall mobility of the hydrocarbon chains and hence in-
crease the fluidity in the x-y plane of the membrane systems. It should
be taken into account that both PM and LEM systems, although having a
similar phospholipid composition to the original biological membranes,
are an approximation to them, since they do not reflect the hydrocarbon
heterogeneity of a biological membrane, lack leaflet composition
asymmetry and lack sphingolipids. The LEM and PM membrane models
were prepared using the Charmm-Gui web server (http://www.
charmm-gui.org, [44]). The membrane model systems were first gen-
erated without including the molecule of 25HC (Fig. 1). Afterwards,
CHOL molecules were randomly replaced with 25HC to obtain the
desired CHOL/25HC ratios (Fig. 1). All 25HC molecules were oriented
initially in the standard cholesterol orientation, i.e., the C3 carbon close
to the water interface. The simulations were run under an electro-
statically neutral environment with an appropriate number of chloride
and sodium ions to reach 0.15 M NaCl in the systems, i.e., physiological
conditions (Table 1).

The surface of the membrane was defined by the average layer of
the phosphate atoms of the lipid head-groups and were oriented par-
allel to the x-y plane. VMD [45] was used for analysis and visualization.
The radial distribution function (with a resolution of 0.1 Å) and the
number of molecular contacts were obtained using standard VMD
plugins. SCD order parameters, membrane thickness, molecular areas,
centre-of-masses and molecule tilt were calculated as previously de-
scribed [42] using VMD “Membplugin” [46]. Mass density profiles were
calculated using the VMD “Density Profile Tool” plugin [47]. The sur-
face area per lipid was calculated as previously described [42]. The
orientation of 25HC and CHOL relative to the membrane was measured
by the angle defined by the vector defined by carbons C3 and C17 of the
molecules of 25HC/CHOL and the z-axis of the membrane (see Sup-
plementary Fig. 1F and G for numbering). The conditions used to de-
termine the presence of a hydrogen bond were a distance less than 2.5 Å
between donor and acceptor heavy atoms and a donor-H-acceptor angle
of at least 150° [48]. The study was made over the entire MD simulation

except where noted.

3. Results and discussion

3.1. Membrane equilibration

To assess the suitability of the simulation methodology and to
evaluate the equilibration of the membrane systems, we studied the
time variation of the area per lipid for all the lipids in the systems
[49,50]. The time plots of the average molecular area for all the lipids
in both types of systems are shown in Fig. 2. The molecular areas of
POPC, POPE, PI-3P, BMP, CHOL and 25HC for the systems LEM0,
LEM12 and LEM24 are shown in Fig. 2A–C, respectively, whereas the
molecular areas of POPC, POPE, POPS, CHOL and 25HC for the systems
PM0, PM12 and PM24 are shown in Fig. 2D–F, respectively. The data
indicate that CHOL, 25HC and the phospholipids were equilibrated
relatively early on the course of the simulation showing that the
membrane system reached a steady state after ~25–30 ns of simulation.
For the last 30 ns of the simulation, the average area of all the lipids are
shown in Supplementary Table 1. Those values are comparable to those
previously reported [42,51,52]. The molecular areas of POPC, POPE,
PI-3P and POPS in the different systems are very similar to each other.
However, it is remarkable to emphasize the differences in variability of
the molecular areas pertaining to CHOL and 25HC, much higher for the
later than for the former, which would imply that the 25HC molecule
oscillates in the membrane more than CHOL (Fig. 2B–C and E–F).

Similarly, the average distance between the phosphate atoms of the
phospholipids and the oxygen O3 atoms of CHOL and 25HC of opposite
leaflets, remained practically constant after ~30–35 ns of the simula-
tion time stressing the fact that the systems were equilibrated after that
time (Supplementary Fig. 2). These values were similar to those pre-
viously reported for other systems containing CHOL (i.e., the system
POPC/PSM/CHOL presented a bilayer thickness of ~46 Å for [51]).
Interestingly, the fluctuation of the phospholipids along the whole si-
mulation for all systems is slightly higher than for the CHOL and 25HC,
which would imply that the movement variation of the phospholipids
along the z-axis is greater than those of CHOL and 25HC. At the same
time, the fluctuation of 25HC is greater than that one of CHOL, which
also correlates with the greater fluctuation in molecular area of 25HC
noted above. Similarly, the fluctuation along the z-axis is also higher for
the LEM system than for the PM one. The average distance values for
the last 30 ns are shown in Supplementary Table 1 and Supplementary
Fig. 2G. The values for all the lipids are higher for the PM system than
for the LEM system by about 3 Å [42]. Interestingly, BMP seems to
induce the phospholipids in the LEM system to have a larger molecular
area than in the PM one but a lower thickness for the same phospho-
lipids in the LEM system respect the PM one. These differences should
originate from the different lipid packing in both membrane systems
and demonstrate the presence of significant differences in location and
structure for the phospholipids in both LEM and PMmembrane systems.

In order to check the behaviour of all lipid molecules in the mem-
brane throughout the simulation, we have determined the variation of
the centre-of-mass of their representative atoms, phosphates for phos-
pholipids and oxygens for CHOL and 25HC (Fig. 3A–F). At first glance,
the centre-of-masses of the different atoms remained reasonably stable
after ~30–35 ns of the simulation time so that all the systems were
equilibrated after that time as well as the movement variation of 25HC
along the z-axis is greater than CHOL. The data also shows that all
molecules, except one (see below), maintain their position along the
whole simulation without any flip-flop between the two leaflets or
changing their orientation in the leaflet where they are. However, one
of the 25HC residues (residue no. 6 in the LEM24 system) changed its
orientation at the leaflet it was present, but not from one leaflet to the
other, at the beginning of the simulation (Fig. 3G). The change in or-
ientation was a relatively slow one, since it flipped from one orientation
to the other in about 140 ns (Fig. 3H). Interestingly, the molecule
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remained parallel to the membrane surface in the central part of the
palisade structure of the membrane for about 20 ns. Since the longest
distance from oxygens O3 and O25 of 25HC is 16.1 Å and this distance
was never reached for any of the 25HC molecules, including residue 6
of the LEM24 system, 25HC were either inclined with respect to the
membrane surface or the side chain was not completely extended or
both. Considering the specific structure of 25HC, i.e., that it does have a
tetracyclic ring and a side chain, it does not completely span one
membrane monolayer and that the distance between its oxygens O3 and
O24 in its most extended configuration is 16.1 Å, 25HC location inside
the membrane is similar to that of CHOL and is tilted with respect to the
membrane perpendicular (see below).

3.2. Membrane mass density profiles

The average last 30 ns of the simulation mass density profiles for all
the lipids in both LEM and PM membrane model systems are shown in
Supplementary Fig. 4. All of the profiles are reasonably symmetric
between the two leaflets of the membrane, implying a similar behaviour
for all the lipids inside it. By comparing the mass density profiles be-
tween both LEM (Supplementary Fig. 4A, C, and D) and PM systems
(Supplementary Fig. 4G, I, and L), it is interesting to highlight that the
profiles from the later system are much more wide-spread than those of
the previous one, and this description applies to all the lipids in each
system. The increased bandwidth of the mass density profiles of the

lipids would indicate a similar position but slightly different orientation
and/or movement inside the leaflets. This difference in behaviour
should be ascribed to a greater rocking of the lipids in the LEM systems
than in the PM ones and this difference would probably be due to the
presence of the BMP phospholipid in the former one. As previously
commented, BMP is unique and with a relatively high concentration in
late endosomes [26,27] and BMP, due to its particular structure, is a
cone-shaped lipid, i.e., a lipid with negative spontaneous curvature
[53]. Therefore, BMP has the capacity to modify the curvature of the
membrane and strain it [54]. Due to these properties of BMP, the
average width of the membrane is 3 Å larger in the PM system than in
the LEM one (Supp. Fig. 4B, D and F for the LEM systems and Supp.
Fig. 4H, J and L for the PM systems, respectively). With respect to CHOL
and 25HC, it can be said that, although both of them share a similar
depth in the membrane, their position is not identical, (Supp. Fig. 4D
and F and Supp. Fig. 4J and L, respectively). After obtaining the second
derivative of the curves (not shown for briefness), the O3 atom of 25HC
is roughly 1 Å lower than the O3 of CHOL for all the samples containing
both types of molecules, implying that either the 25HC position in the
membrane is slightly lower or 25HC is more tilted or both than CHOL
(see below).

3.3. 25HC orientation in the membrane

As noted above, 25HC molecules seem to be more tilted than CHOL

Fig. 1. The initial (t = 0 ns, A, C, E, G, I, K) and final (t = 555 ns, B, D, F, H, J, L) layouts of the PM and LEM systems in apical and perspective representation: (A, B)
LEM0, (C, D) LEM12, (E, F) LEM24, (G, H) PM0, (I, J) PM24 and (K, L) PM48. The phosphate atoms of the phospholipids, defining the upper and lower boundaries of
the membrane, are depicted in VDW representation and red colour. The phosphate atoms clearly define the boundary between the exterior and interior part of the
membrane. 25HC and CHOL molecules are depicted in surface representation, yellow and blue, respectively. Phospholipid and water molecules as well as sodium and
chloride atoms have been removed for clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 2. Time variation of the molecular areas for the whole simulation time for each lipid species in the (A) LEM0, (B) LEM12, (C) LEM24, (D) PM0, (E) PM24 and (F)
PM48 membrane model systems. The following lipids are depicted: POPC (black), POPE (blue), POPS (orange), PI-3P (red), BMP (magenta), CHOL (olive) and 25HC
(yellow). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in both LEM and PM membrane systems. To verify the 25HC orienta-
tion, the orientations of both 25HC and CHOL molecules in the mem-
brane were studied considering the angle formed by the molecular axis
defined by the vector joining carbons C3 and C17 of both molecules and
the membrane z-axis (Supplementary Fig. 1). The tilt angle histograms
of these molecules for the last 30 ns of the molecular dynamics simu-
lation are shown in Fig. 4. The average tilt angle of CHOL in the LEM0
and PM0 systems, i.e., without 25HC, were 160.2 ± 1.3° and
168 ± 0.8°, respectively (180° being completely perpendicular to the
membrane surface, the O3 oxygen towards the membrane surface)
(Fig. 4A and D). It should be remembered that there are 80 and 160
molecules of CHOL in the LEM0 and PM0 systems, respectively, and the
data shown here represent the average over all those molecules. The
average tilt angle of CHOL in the LEM12 and LEM24 systems were
160.6 ± 1.6° and 160.1 ± 1.5°, respectively (Fig. 4B), whereas the
average tilt angle of 25HC in the LEM12 and LEM24 systems were
158.3 ± 2.9° and 153.5 ± 2.1°, respectively (Fig. 4C). The average
CHOL tilting in the LEM systems was very similar in all of them, re-
gardless of the 25HC concentration. However, the 25HC tilting or-
ientation was lower than CHOL in both LEM12 and LEM24 systems,
about 6° lower in the later system, where the 25HC concentration was
greater. The average tilt angle of CHOL in the PM24 and PM48 systems
were 167 ± 0.7° and 166.9 ± 0.8°, respectively (Fig. 4E), whereas the
average tilt angle of 25HC in the PM24 and PM48 systems were
167.1 ± 1.3° and 166.4 ± 1°, respectively (Fig. 4F). The tilting angle
of CHOL in both PM24 and PM48 systems was therefore identical to the
PM0 system, so that the 25HC presence has no effect on the tilting angle
of CHOL. Interestingly, the tilting angle of 25HC also was identical to
the CHOL average orientation, showing that both CHOL and 25HC were
identical in membrane orientation in all PM systems (but not in the LEM
ones). As observed in Fig. 4G and H, the average orientation of 25HC
and CHOL in the LEM and PM systems is an oblique one, much more
tilted in the former than in the later. These values again reinforce the
different behaviour of 25HC and CHOL in both LEM and PM membrane
model systems: similar in the PM system but different in the LEM one.
This behaviour should be related to the spread on the density profiles
observed in the LEM systems compared to the PM ones (Supplementary
Fig. 4).

3.4. 25HC behaviour

It is interesting to compare the distribution of 25HC at the begin-
ning and at the end of the MD simulation (Fig. 1C and D for LEM12,
Fig. 1E and F for LEM24, Fig. 1I and J for PM24 and Fig. 1K and L for
PM48). As it was commented above, at the beginning of the simulation
in both PM and LEM model systems the 25HC molecules were posi-
tioned randomly inside the membrane substituting CHOL molecules at
their same positions but without touching each other, i.e., at the be-
ginning no 25HC were next to another 25HC molecule in each system.
However, at the end of the simulation, many of the 25HC molecules
were forming dimers, trimers and tetramers, both in the same leaflet
and in between the two leaflets (Fig. 1).

We have studied the number of 25HC molecules that are within 7 Å
of each other and have any contacts between them in the course of the
last 30 ns of the simulation time and the results are summarized in
Supplementary Table 2. The number of 25HC molecules that present a
significant number of contacts are significant and it can be observed
that the more number of 25HC molecules in the system, the more

molecules having contacts between them are observed. From the data
shown in Supplementary Table 2, i.e., 25HC residue numbers of those
molecules in contact between them, two interesting facts can be in-
ferred. The first one is that there are different degrees of “aggregation”
between 25HC, since it can be observed that there are dimers, trimers,
tetramers and higher aggregated numbers, being the dimers and trimers
the more abundant aggregation numbers. The second one, is that the
aggregation 25HC does not occur only in one of the leaflets but in both
of them, so that we can find aggregates of 25HC pertaining to different
leaflets. Significantly, those 25HC that are contacting each other and
pertaining to different leaflets are joined by interactions between their
oxygen atoms at carbon C25.

We have also calculated the average normalized number of hy-
drogen bonds between each and every one of the 25HC molecules in the
course of the last 30 ns of the simulation time and the results are
summarized in Supplementary Table 2. Similarly to what was shown
above, the number of 25HC molecules that present hydrogen bonding
are significant and, likewise, the more number of 25HC in the system,
the more molecules having hydrogen bonding between them are ob-
served. From the data presented in Supplementary Table 2, it can be
observed that the residue numbers of those 25HC presenting hydrogen
bonding is nearly identical to those molecules presenting contacts be-
tween them (see above). 25HC molecules located in the same leaflet
and in both leaflets may present hydrogen bonding between them. It
should be noted that contact values can be obtained from any contact
between all atoms of the molecules but hydrogen bonding can occur
only through oxygen atoms at carbons C3 and C25. Nevertheless, per-
centage data from contacts and hydrogen bonding are nearly identical.
We have determined the average number of hydrogen bonds per 25HC
pair in aggregated form for the last 30 ns of simulation time and the
values obtained are: 0.57 ± 0.24 for the lem12 system, 0.76 ± 0.34
for the lem24 system, 0.60 ± 0.26 for the pm24 system and
0.79 ± 0.30 for the pm48 system. The average number of hydrogen
bonds per 25HC pair in non-aggregated form, per CHOL pair and per
25HC/CHOL pairs are practically zero, i.e., non-existent. These data
demonstrate the presence of a specific interaction between different
25HC molecules in the membrane but not with CHOL. The percentage
of 25HC interacting between each other is shown in Supplementary
Table 2. The percentage values also show that the interaction between
different 25HC molecules are independent of the membrane system,
since interaction percentages are very similar between the LEM and PM
systems (Supplementary Table 2).

As noted above, 25HC residue no. 6 in the LEM24 system changed
its orientation at the leaflet it was present and flipped 180°, its rings
pointing towards the centre of the bilayer. This residue always re-
mained at the upper leaflet. Interestingly, this residue formed a trimer
with 25HC residues no. 14 and 19 (Supplementary Table 2 and
Supplementary Fig. 5). It can be observed in Supplementary Fig. 5 the
structure of the trimer they form, where it can be seen the arrangement
of the molecules, so that their OH groups are in close contact. For re-
sidue no. 6, the OH group involved in binding is the O3 atom, whereas
for residues 14 and 19 are the O25 oxygen atoms. Since 25HC molecule
no. 6 in the LEM24 system is the only one which has been found to
rotate 180°, all other 25HC molecules form aggregates though their O25
oxygen atoms.

We have obtained the radial distribution function, g(r), for each of
the lipid molecules in the different systems in order to ascertain the
probability of locating each lipid in relation to 25HC (Supplementary

Fig. 3. Time variation of the centre-of-mass for the phosphate atoms of the phospholipids and the oxygens of CHOL and 25HC molecules for each one of the lipid
types in the (a) LEM0, (c) LEM12, (e) LEM24, (b) PM0, (d) PM24 and (f) PM48 systems. POPC, POPE, POPS, PI-3P, BMP and CHOL are drawn in black (—), blue (—),
orange (—), red (—), magenta (—) and dark yellow (—), respectively. 25HC O3 and O25 oxygens are drawn in cyan (—) and olive (—), respectively. For the system
LEM24 shown in (E), data for 25HC correspond to residues 1–5 and 7–24. The centre-of-mass of the O3 (black, —) and O25 (red, —) oxygen atoms pertaining to the
25HC residue no. 6 of system LEM24 are shown in (G). The z-axis distance difference between the O3 and O25 oxygen atoms of the LEM24 25HC residue no. 6 is
shown in (H). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Tilt angle histograms corresponding to the last 30 ns of the molecular dynamics simulation for the 25HC (blue) and CHOL (red) molecules with respect to the
perpendicular of the membrane surface for the (A) LEM0, (B) LEM12, (C) LEM24, (D) PM0, (E) PM24 and (F) PM48 late endosome (panels A, B and C) and plasma
(panels D, E and F) membrane model systems. Panels G and H present the combination of all data for the late endosome and plasma membrane model systems,
respectively. The tilt angle is defined by the vector joining the membrane z-axis and carbons C3 and C17 of both 25HC and CHOL. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6). For both the LEM12 and LEM24 systems and for the first 30 ns of
simulation, the most intense signals originated from both BMP and
CHOL (Supplementary Fig. 6A and C). For BMP and CHOL in the LEM12
system the highest g(r) values appear at about 6.7 Å and 7.6 Å, re-
spectively, whereas in the LEM24 system the highest g(r) values appear
at about 7.9 Å and 7.3 Å, respectively. For the last 30 ns of simulation,
the most intense signal originates from CHOL for both LEM12 and
LEM24 systems: for the LEM12 system, the highest g(r) value of CHOL
appears at about 6.7 Å (Supplementary Fig. 6B), whereas for the LEM24
system the highest g(r) value appears at about 7.5 Å (Supplementary
Fig. 6D). As observed in the figures, the signals corresponding to the
other lipids are smaller than those from CHOL. For both the PM24 and
PM48 systems and for the first 30 ns of simulation, the most intense
signals originated from CHOL (Supplementary Fig. 6E and G). For
CHOL in the PM24 system the highest g(r) value appear at about 7.3 Å,
whereas in the PM48 system the highest g(r) value appear at about
7.1 Å, respectively. For the last 30 ns of simulation, the most intense
signal for the PM24 system originates from POPS followed by CHOL
(Supplementary Fig. 6F), whereas for the PM48 system it is the oppo-
site, the most intense signal originates from CHOL followed by POPS
(Supplementary Fig. 6H). For the PM24 system, the highest g(r) value
of POPS appears at about 6.1 Å whereas that of CHOL appears at about
7.1 Å, and for the PM48 system, the highest g(r) value of CHOL appears
at about 8.2 Å whereas that of POPS appears at about 10.6 Å. These
data indicate that for the LEM12 and LEM24 systems, at the beginning
of the simulation, both BMP and CHOL had the highest probability to be
found near 25HC. However, at the end of the simulation, CHOL and to a
lesser extent the other lipids had the greater probability to be found
around 25HC in the membrane. For the PM24 and PM48 systems and at
the beginning of the simulation, CHOL and POPS had the highest
probability to be found near 25HC; the same probability is maintained
until the end of the MD simulation. These data also reveals that 25HC
behaves differently in both LEM and PM systems, since it prefers to be
surrounded by CHOL in the former system and POPS/CHOL in the later
one.

3.5. 25HC/lipid interaction

We have also studied the –SCD order parameters of the phospholipid
hydrocarbon chains in the presence and absence of 25HC in order to see
differences, if any, in the systems studied in this work (Supplementary
Figs. 7–12). The values of the –SCD order parameters give us a clue
about the order of the phospholipids in the systems since an –SCD value
of 0 designates isotropic orientation, i.e., complete disorder, a value of
0.5 states complete order along the normal bilayer and a value of
−0.25 points to full order [55]. For the LEM0 system, system con-
taining 20% CHOL but no 25HC, the average –SCD values of the acyl
chains of all phospholipids distant from CHOL, i.e., in the bulk mem-
brane model system, are according to the profiles observed earlier for
both simulated and experimental data of systems containing CHOL
[41,56,57] (Supplementary Fig. 7). Significantly, the hydrocarbon
chain –SCD order parameters of the phospholipid acyl chains near the
CHOL molecules were higher than those corresponding to the bulk
ones, implicating that the proximity of the phospholipids to the CHOL
molecules induced an increase in their order (decrease in fluidity) as it
should be (Supplementary Fig. 7). Interestingly, the increase in order
parameter was more significant for the PI-3P phospholipid and to a
lesser extent also for BMP (Supplementary Fig. 9E–F and Supplemen-
tary Fig. 7G–H) compared to both POPC and POPE phospholipids
(Supplementary Fig. 7A–B and Supplementary Fig. 9C–D). For the
LEM12 system, i.e., system containing 17% CHOL and 3% 25HC, the
average –SCD values of the acyl chains of the bulk phospholipids were
similar to the profiles observed for the LEM0 system (Supplementary
Fig. 8). The hydrocarbon chain –SCD order parameters of the phos-
pholipid acyl chains near the CHOL and 25HC molecules were slightly
higher than those corresponding to the bulk ones, indicating that the

proximity of the phospholipids to both CHOL and 25HC induced an
increase in their order (Supplementary Fig. 8A–H). Interestingly, the
–SCD order parameters of the phospholipid acyl chains near CHOL were
slightly higher than those near 25HC except for PI-3P, where the order
parameters of the phospholipids near 25HC were higher than those near
to CHOL (Supplementary Fig. 8E–F). For the LEM24 system, i.e., system
containing 14% CHOL and 6% 25HC, the average –SCD values of the
acyl chains of the bulk phospholipids were also similar to the profiles
observed for the LEM0 system (Supplementary Fig. 9). Similar to what
was noted above, the hydrocarbon chain –SCD order parameters of the
phospholipid acyl chains near the CHOL and 25HC were slightly higher
than those corresponding to the bulk ones, indicating that the proximity
of the phospholipids to both CHOL and 25HC induced an increase in
their order (Supplementary Fig. 9A–H). In this case, the –SCD order
parameters of the phospholipid acyl chains near CHOL were relatively
similar to those near 25HC.

For the PM0 system, i.e., system containing 40% CHOL and no
25HC, the mean –SCD values of the acyl chains of all phospholipids
distant from CHOL, i.e., in the bulk membrane model system, are
comparable to the profiles obtained for both simulated and experi-
mental data of systems containing CHOL [41,56,57] (Supplementary
Fig. 10). Interestingly, the –SCD order parameters of the phospholipid
acyl chains near the CHOL molecules were very similar to those cor-
responding to the bulk ones, implicating that at this high percentage of
CHOL its induced effects are of long range and similar to all phospho-
lipids present in the system. Unlike the LEM0 system, no differences
were found for the distinct phospholipids present in the PM0 system.
For the PM24 system, i.e., system containing 34% CHOL and 6% 25HC,
the average –SCD values of the acyl chains of the bulk phospholipids
were nearly identical to the profiles observed for the PM0 system
(Supplementary Fig. 11). In this case, the–SCD order parameters of the
phospholipid acyl chains near CHOL and 25HC were very similar to
those of the bulk ones and no differences were found between the dif-
ferent phospholipids. For the PM48 system, i.e., system containing 28%
CHOL and 12% 25HC, the average –SCD values of the acyl chains of the
bulk phospholipids were very similar to the profiles observed for the
PM0 and PM24 systems (Supplementary Fig. 12). And similarly to what
was observed for the PM24 system, the –SCD order parameters of the
phospholipid acyl chains near CHOL and 25HC were very similar to
those of the bulk ones and no differences were found between the dif-
ferent phospholipids. In summary, for the LEM systems, i.e., LEM0,
LEM12 and LEM24, the order parameters of the phospholipid acyl
chains near CHOL and 25HC were slightly higher than those pertaining
to the bulk ones, possibly because the CHOL/25HC global percentage in
those systems was 20%, i.e., relatively low. However, small differences
were found when comparing the order parameters of the phospholipids
near CHOL and 25HC, implying that subtle differences might exist be-
tween the effects produced by CHOL and 25HC. As for the case of the
three PM systems, i.e., PM0, PM24 and PM48, there were no significant
differences between the order parameters of the phospholipid acyl
chains corresponding to the bulk ones or those phospholipids near
CHOL or 25HC. These data would suggest that its effect on the phos-
pholipid order is nearly identical and no differences between CHOL and
25HC exists in the PM systems. These data would reflect the long-range
effects produced by both CHOL and 25HC in the membrane and stress
that no significant effects on the –SCD order parameters of the phos-
pholipid hydrocarbon chains can be discerned between these two dif-
ferent types of molecules.

4. Conclusions

Many molecules that have hydrophobic and/or amphipathic struc-
tures interact not only with proteins but also with membrane lipids
[58,59]. The various biological properties of these molecules would
indicate that diverse mechanisms are at play, but would also indicate
the presence of a common point of convergence, i.e., the biological
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membrane. The biological and pharmacological attributes of these
molecules, as well as their biomedicinal effects, should be associated to
a membrane modulation mechanism [59,60]. 25HC, one of the most
important oxysterol molecules derived from CHOL, appears to be di-
rectly related to the innate immune system and may be a fundamental
weapon used by cells to fight bacterial and viral infections [61]. We
have intended in this work to define the location of 25HC in the
membrane and the detailed interactions it might have with lipids in the
membrane using MD simulations. Furthermore, compare it at the same
time with CHOL, its parent molecule. For that aim, we have studied two
complex model membranes, one similar to the late endosome mem-
brane, LEM, and the other one to the plasma membrane, PM. Our re-
sults support that 25HC is inserted in the membrane in a relative stable
and steady location, similar but not identical as CHOL. Furthermore,
25HC fluctuates in the membrane to a much greater degree than CHOL
both in the x-y plane and in the z-axis, much more in the LEM system
than in the PM one. Remarkably, the effect of 25HC on the phospholipid
order parameters are not significantly different from CHOL, being the
effects modulated by both molecules nearly identical in the PM system.
One of the most notable facts about 25HC is that, in contrast to CHOL,
tends to aggregate between the same 25HC molecules, forming dimers,
trimers and higher-order aggregates, being the dimers and trimers the
more abundant aggregation numbers. Apart from that, these aggregates
occur not only on one leaflet, but also between different leaflets. These
aggregates form spontaneously through the formation of hydrogen
bonds between both oxygen atoms of 25HC, being the formation of
hydrogen bonds independent of the system studied, be it the LEM or PM
systems. Surprisingly, no contacts or hydrogen bonds are observed
between 25HC and CHOL molecules as well as between CHOL mole-
cules themselves at any time. Interestingly, CHOL molecules have
higher probability to be found near 25HC molecules than any other
phospholipid type in the LEM systems; in contrast, both CHOL and
POPS are the molecules with higher probability to be found near 25HC
molecules in the PM systems. In this context, the actual concentration of
25HC in the membrane should also be taken into account. Blanc et al.
have shown that, upon viral infection, cells produce 25HC in the nM
range and present IC50 values for 25HC lower than 1 μM [11]. These
authors also commented the possibility that the biological 25HC effects
could be concentration dependent, i.e., relatively low concentrations of
25HC could involve a direct mode of action (protein) and relatively
high concentrations could involve an indirect one (membrane). How-
ever, it should not be ruled out that 25HC could function at both levels
and at the same time. The relative concentration of 25HC/CHOL that
we have used in this work is much higher than that found in the cell
membrane, either produced by the cell after viral infection or after
exogenous addition. At the same time, it could be possible that the
spontaneous 25HC aggregation that we have observed in this work
could depend on the concentration of 25HC in the cell membrane.
However, and as noted above, the percentage of aggregated 25HC
molecules was similar in the four different systems studied here, which
would suggest that 25HC aggregation, regardless of absolute con-
centration, would be significant in the plasma and/or endosomal
membranes. Some membrane fusion proteins are known to require
CHOL-rich domains for fusion to occur, presumably by giving place to
special sites located at the boundaries between CHOL and phospholi-
pids [62]. It would be conceivable that 25HC, by forming high-order
aggregates without significantly disturbing the properties of the mem-
brane, would modify those protein interaction zones, similar but not
identical to those formed by CHOL. 25HC would modify the way those
proteins interact with the membrane, leading to a reduction and/or
inhibition on the fusion rate and henceforth forming a true innate an-
tiviral molecule. In that situation, it also could be expected that the
hydrogen bond network between the different phospholipids should be
completely altered compared to the normal situation, i.e., without
25HC [63]. Therefore, the subtle addition of a hydroxyl group at carbon
25 of CHOL, giving place to 25HC, modifies the interfacial properties of

the CHOL molecules and, therefore, leads to the inhibition of membrane
fusion. The antiviral effect of 25HC could consequently be attributed to
its capacity to modulate the membrane biophysical properties and
consequently, molecules, similar to 25HC, which could modify the in-
terfacial properties of the membrane could serve as antiviral molecules.
Its broad antiviral effect should point to 25HC or its derivatives as a
potential bioactive molecule for the treatment of diverse viral diseases.
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