Computational and Structural Biotechnology Journal 19 (2021) 4319-4335

1010101011
10101

01010

1010108811

010 wot0t01000 - COMPUTATIONAL
sooflie ANDSTRUCTURAL

01010101001 §K010108010
11010101001M10 JOURNAL

journal homepage: www.elsevier.com/locate/csbj

vodli BIOTECHNOLOGY et .

Chirality affects cholesterol-oxysterol association in water, a R

computational study

Check for
updates

Michal Markiewicz **!, Robert Szczelina”, Bozena Milanovic ?, Witold K. Subczynski ¢,

a,2,%

Marta Pasenkiewicz-Gierula

2 Department of Computational Biophysics and Bioinformatics, Faculty of Biochemistry, Biophysics, and Biotechnology, Jagiellonian University, Krakow, Poland
b Division of Computational Mathematics, Faculty of Mathematics and Computer Science, Jagiellonian University, 30-348 Krakow, Poland

¢ Department of Biophysics, Medical College of Wisconsin, Milwaukee, WI 53226, USA

ARTICLE INFO ABSTRACT

Article history:

Received 17 April 2021

Received in revised form 18 July 2021
Accepted 21 July 2021

Available online 26 July 2021

Keywords:
70.,B-Oxycholesterol
Atherosclerosis
Sterol hydration
Dimerization

Contact area dehydration

Voronoi diagram

Cholesterol (Chol) is the most prevalent sterol in the animal kingdom and an indispensable component of
mammalian cell membranes. Chol content in the membrane is strictly controlled, although the oxidation
of phospholipids may change the relative content of membrane Chol. An excess of it results in the forma-
tion of pure Chol microdomains in the membrane. It is likely that some Chol molecules detach from the
domains and self-assemble in the aqueous environment. This may promote Chol microcrystallisation,
which initiates the development of gallstones and atherosclerotic plaque. In this study, the molecular
dynamics, free energy perturbation, umbrella sampling and Voronoi diagram methods are used to reveal
the details of self-association of Chol and its oxidised forms (oxChol), namely 7a,B-hydroxycholesterol
and 7o, B-hydroperoxycholesterol, in water. In the first part of the study the interactions between a sterol
monomer and water over a short and longer timescale as well as the energy of hydration of each sterol
are analysed. This helps one to understand Chol-Chol and Chol-OxChol with different chirality self-
association in water better, which is analysed in the second part of the study. The Voronoi diagram
approach is used to determine the relative arrangement of molecules in the dimer and, most importantly,
to analyse the dehydration of the contacting surfaces of the assembling molecules. Free energy calcula-
tions indicate that Chol and 7B-hydroxycholesterol associate into the most stable dimer and that Chol-
Chol is the next most stable of the five dimers studied. Employing different computational methods
enables us to obtain an adequate picture of Chol-sterol self-association in water, which includes dynamic,

energetic and temporal aspects of the process.
© 2021 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

One of the central processes in biology is the assembly of bio-
molecules into organised structures. An important driving force
in this process is the hydrophobic effect. Its organisational power
reveals itself when amphiphilic molecules added to water self-
associate to form structured aggregates.

Cholesterol (Chol, Fig. 1), the most prevalent sterol in the ani-
mal kingdom, plays important physiological and physicochemical
roles in the human body, but also participates in the pathologic
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processes of the formation of gallstones and atherosclerotic pla-
ques. Both of these processes are related to highly elevated Chol
levels and involve the formation of Chol microcrystals [1-4]. In this
formation cholesterol crystal nucleation is a critical initial phase
[1,2] as it is the first step in the emergence of a new structure
via self-assembly and self-organisation.

Chol is amphiphilic and in a polar solvent (water) its molecules
self-assemble. Self-assembly is a rapid process, whereas self-
organisation is a significantly slower one. The activity of Chol in
water was intensively studied in the 1970s, e.g. [5-7]. These stud-
ies indicated that at very low Chol concentrations Chol micelles
and Chol monomers are in a reversible equilibrium, the critical
micelle concentration is exceptionally low, 25-40 nM at 25°, and
the total solubility of Chol in water is 4.7 uM [5]. They also indi-
cated that Chol micelles are stabilised by intermolecular attractive
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Fig. 1. Molecular structure of Chol. (Upper) The Chol atoms in the scheme are
numbered according to the IUPAC convention [19]. The chemical symbol for carbon
atoms, C, is omitted and the hydrogen atoms are not shown except for the Chol OH
group, where the H atom is explicitly included. (Lower) The 3D structure of Chol
with the smooth o- and the rough B-face marked.

forces in addition to hydrophobic repulsion by the solvent and that
Chol hydrophobicity is much less than theoretically predicted [6].

When the Chol content in a phospholipid (PL) bilayer exceeds
saturation limit [8], pure Chol cross-bilayer domains (Chol bilayer
domain, CBD) are formed [8-12]. However, pure Chol bilayers have
not been detected as thermodynamically stable spontaneously
formed Chol aggregates in water, though they possibly exist [13].
The final form of a Chol aggregate in water, obtained in a long pro-
cess of self-organisation, is a monohydrate crystal [7,14]. In terms
of its structure, a Chol monohydrate crystal consists of a very large
number of structurally ordered bilayers stacked on top of each
other [15-16], where Chol molecules are cross-linked by hydrogen
bonded (H-bond) water molecules and by direct Chol--+Chol
H-bonds [15]. However, pre-crystal aggregates that form in water
as well as CBDs are far more hydrated than monohydrate crystal,
e.g. [17,18]. On average, each Chol molecule in the CBD makes
H-bonds with 2.3 water molecules [18].

Pathologic processes involving Chol that occur in the human
body and particularly those leading to atherosclerotic plaque for-
mation are promoted by two main factors, which are a high Chol
content in the plasma membranes of the arterial cells and oxida-
tive stress, which can lead to phospholipid peroxidation. The initi-
ation of the atherosclerotic process is related to the crystallisation
of free Chol [4,20]. The possible sources of free Chol in the initial
stages of atherosclerotic plaque formation are discussed in our
previous paper [21]. In brief, one of the sources might be oxidised
low-density lipoproteins; the other Chol domains in plasma mem-
branes oversaturated with the Chol of the arterial wall cells. The
process involving the former source has been widely studied and
discussed in the literature and it seems to be well established
[22,23]. The latter has been postulated recently e.g. in Refs
[9,12,21] and the hypothesis has been put forward that a Chol
membrane domain, as a whole, may disconnect from the mem-
brane and collapse in the form of a Chol seed crystal [21]. This
paper is based on the third possibility, which assumes that a Chol
crystal nucleation starts outside a Chol oversaturated membrane.
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From such a membrane, where the molar ratio of Chol to PL
is ~ 2:1, individual Chol molecules may detach and self-associate
in the aqueous phase. The possible role of oxidative stress in this
process is significant as it generates phospholipid peroxidation,
which in the case of polyunsaturated acyl chains introduces a
hydroperoxide group into the chain at a double-bond position. This
may trigger chain fragmentation giving rise to truncated chains
with polar groups at their ends [24-27], loosening the packing of
the lipids and severely destabilising the membrane. This possibly
will facilitate detachment of individual Chol molecules from the
membrane, their self-association in the aqueous phase and the
eventual formation of a Chol crystal nucleus.

The self-assembly of Chol molecules outside the membrane,
which might eventually lead to the formation of microcrystals that
initiate pathologic processes in the human body [1-4], have not
been studied yet. The aim of this study is to elucidate how Chol
nucleation proceeds in water and how different oxidised forms of
Chol (oxysterols, oxChols) can affect it. The research was carried
out in model systems using computational methods.

However, before elucidating how the initial stages of Chol and
oxChols association in water might proceed, it is necessary to indi-
cate and characterise the basic interactions between Chol and
water, oxChol and water as well as the details of the formation
of Chol-Chol and Chol-oxChol dimers (primary nucleation
[28,29]) in water. These issues are the subject of this paper.

The oxidised forms of Chol investigated are 7co- and 7B-
hydroxycholesterol (70-OH-Chol, 7B-OH-Chol), and 7a- and 7p-
hydroperoxycholesterol (70-O0H-Chol, 7B-O0H-Chol) (Figs. 2
and S1, Supporting Information, SI). 7-OH-Chol and 7-OOH-Chol
have been chosen because they are among the major products of
Chol oxidation [30]. As 7B-OH-Chol and 7B-O0H-Chol rather than
70-0OH-Chol and 7a-OOH-Chol are found in the early and advanced
stages of human atherosclerotic plaques [31-34], it is thus impor-
tant to elucidate the effect of oxysterol chirality on the formation
and stability of Chol aggregates in water.

2. Materials and methods

In this study, both the dynamics and the energetics of the inter-
actions of Chol and oxChol molecules with water as well as Chol-
Chol and Chol-oxChol self-associations in water were analysed
using classical molecular modelling with atomic resolution and
3D Voronoi diagrams. To investigate the dynamics, molecular
dynamics (MD) simulation was used. To assess energetics, free
energy perturbation (FEP) and umbrella sampling (US) methods
were employed. These calculations were carried out using the
package GROMACS [35,36].

2.1. Simulation systems parameters and conditions

2.1.1. Simulation parameters

For the Chol and oxChol molecules, all-atom optimised poten-
tials for liquid simulations (OPLS-AA) [37] were used. The atomic
charges on each sterol molecule were calculated using the Res-
trained Electrostatic Potential (RESP) method [38], and are given
in Table 1 (Data in Brief, Markiewicz et al., XXXX). The missing tor-
sional parameters for the hydroperoxy group of 7-OOH-Chol were
obtained by fitting to the rotational profile calculated for 36 rota-
mers using Hybrid Methods for Interaction Energies [39,40] (de-
tails are given in Data in Brief, Markiewicz et al., XXXX), and are
given in Table 2 (Data in Brief, Markiewicz et al., XXXX). For water,
the transferable intermolecular potential three-point model
(TIP3P) was employed [41]. The linear constraint solver (LINCS)
algorithm [42] was used to preserve the length of every covalent
bond with a hydrogen atom with LINCS order of 4 (for MD and
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Fig. 2. Three-dimensional structures of Chol and oxidised forms of Chol. From left to right: Chol, 7a-OH-Chol, 78-OH-Chol, 70-O0OH-Chol, 73-O0H-Chol. The atoms are

represented in standard colours.

Table 1
Average L1 water- sterol distance (Sterol-water distance) and sterol volume (Sterol
volume).

Sterol Sterol volume [A3] Sterol-water distance [A]
Chol 561.66 + 16.65 4.18 + 0.09
07a 571.10 £ 17.63 4.16 £ 0.10
07b 569.99 + 18.25 4.16 £ 0.10
007a 590.10 + 15.61 412 + 0.09
007b 598.17 £+ 17.04 417 +0.09

The time average (between 10 and 100 ps) L1 water-sterol distance and the volume
available to the sterol molecule for Chol; 7a-OH-Chol (O7a); 7p-OH-Chol (07b); 7o~
OOH-Chol (007a); 7p-O0H-Chol (007b) in water. Abbreviations used in the
Table are explained in the text (o (a) and B (b) are chiral forms of the hydroxy and
hydroperoxy groups, ‘7’ refer to the C7 carbon atom of the sterol molecule, cf.
Fig. 1).

US calculations) and 12 (for FEP calculations), and the time step
was set to 2 fs.

The van der Waals (vdW) interactions were cut off at 1.0 nm
(for MD simulations), 1.2 nm (for FEP calculations) and 1.4 nm
(for US calculations). Long-range electrostatic interactions were
evaluated using the particle-mesh Ewald summation method with

Table 2
Average energies of sterol-water and water-water interactions.

a p-spline interpolation order of 5 and direct sum tolerance of 107
[43]. For the real space, a cut off of 1.0 nm (for MD simulations),
1.2 nm (for FEP calculations) and 1.4 nm (for US calculations),
three-dimensional periodic boundary conditions, and the mini-
mum image convention were used. The higher cut off values for
FEP calculations were used to minimize errors in the Gibbs free
energy associated with truncating the long-range electrostatic
interaction, and for US calculations to increase the readability of
the potential of mean force plots.

2.1.2. Simulation conditions

Unrestrained MD simulations were carried out in the NVT
ensemble (the number of particles, N, system volume, V, and tem-
perature, T, constant) at a physiological temperature 310 K. The
temperatures of the solute and solvent were controlled indepen-
dently using the Berendsen method [44] with a relaxation time
of 0.6 ps. The list of nonbonded pairs was updated every five steps
(10 fs).

Free energy perturbation and umbrella sampling calculations
were carried out in the NTp ensemble (the number of particles,
N, system temperature, T, pressure, p, constant) at a physiological
temperature 310 K (37 °C) and pressure of 1 atm. The temperatures

Energies [kcal/mol]

Sterol Coulomb sterol-water vdW sterol-water Coulomb water-water vdW water-water
Chol -15.3+39 -31.9+3.0 —23265.8 £ 95.7 3205.0 + 67.5
07a -255+5.0 -31.2+33 -23181.9 + 113.0 3185.8 + 74.5
07b -26.5+5.2 -30.5+34 —23228.1 +103.7 3198.3 + 69.7
007a -28.2+52 -31.2+3.2 —23176.9 £ 101.9 3189.1 + 70.1
007b -256+5.2 -30.7 £ 3.2 —23194.5 + 103.3 3193.0 + 71.5

The time average (between 10 and 100 ps) energies of sterol-water and water-water Coulomb and vdW interactions for Chol; 7a-OH-Chol (07a); 73-OH-Chol (O7b); 70-OOH-
Chol (007a); 7B-O0H-Chol (0O07b) in water. Abbreviations used in the Table are explained in the text (ot (a) and B (b) are chiral forms of the hydroxy and hydroperoxy groups,

7' refer to the C7 carbon atom of the sterol molecule, cf. Fig. 1).
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of the solute and solvent were controlled independently using the
Nosé-Hoover method [45,46] with a relaxation time of 0.6 ps. Pres-
sure was controlled anisotropically by the Parrinello-Rahman
method [47] with a relaxation time of 1.0 ps.

2.2. Unrestrained MD simulation

Each simulation system consisted of one or two sterol mole-
cules, previously pre-equilibrated in 100-ps MD simulation in
water, placed in a water box (40 x 40 x 40 A3
containing ~ 2000 water molecules (water density ~ 1 g/cm?).
The systems were MD simulated for 10 ns using the package GRO-
MACS 5.2 [36].

2.2.1. Sterol-water interaction

To study sterol-water interactions, a Chol monomer or a mono-
mer of each of its four oxidation forms (7o-OH-Chol, 73-OH-Chol
and 7a-O0H-Chol, 7B-O0H-Chol) was placed in a water box and
MD simulated. The first 100 ps of the generated trajectory was
recorded every 2 fs, from 100 ps to 5 ns, every 400 fs, afterwards
every 1.2 ps.

2.2.2. Sterol-sterol interaction in water

Of the two sterol molecules placed in a water box and MD sim-
ulated one was Chol, the other was Chol or one of the four oxChols.
The initial distance between the centres-of-mass (CM) of the sterol
molecules was 10 A. Each generated trajectory was recorded every
1.2 ps.

2.3. Energy calculations

2.3.1. Free energy perturbation

The FEP method was used to assess the energy of sterol hydra-
tion. The energy of hydration is the free energy change when a
solute molecule is transferred from vacuum to water. Hydration
is understood as a stabilising interaction of a solute with a solvent
[48] and involves mainly such interactions as hydrogen (H-) bond-
ing and electrostatic and vdW interactions. Thus, hydration relates
to both a soluble and an insoluble material [48].

In this free energy calculation [49], the systems consisting of a
50 x 50 x 50 A® water box containing a Chol or oxChol monomer
and ~ 4000 water molecules were used (basic concepts of the free
energy method are in SI). Decoupling of the sterol interactions with
water molecules is carried out in 30 steps: the first 10 steps decou-
ple the Coulomb interaction; the following 20 steps decouple the
vdW interactions. For the latter the soft-core potential was applied
with the oo parameter of 0.5, the power of A of 1 and the power of
the radial term of 6.

For each 2, the same computational procedure is applied, 1) sys-
tem optimisation involving 5000 steps of the steepest descent
energy minimisation, followed by 5000 steps of L-BFGS (quasi-
Newton optimisation algorithm) [50]; 2) system equilibration
involving 100-ps MD simulation at a constant volume and 100-
ps MD simulation at a constant pressure of 1 atm; 3) 1-ns produc-
tion MD simulation at 310 K in the NTp ensemble. The free energy
change is calculated using the Bennett Acceptance Ratio method
[51] implemented in the package GROMACS 2016.

2.3.2. Umbrella sampling

The free energy of the association of two sterol molecules in
water was calculated from the free energy profile along a reaction
coordinate obtained from US simulations [52]. Here the reaction
coordinate is the distance between the C13 carbon atoms (Fig. 1)
of the associating molecule (Chol or oxChol) and the target (Chol)
(C13-C13 distance).
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To determine the starting configurations for umbrella sampling
windows, the associating molecule was pulled towards the target
in a steered MD (SMD) simulation [53]. In this 5.5-ns SMD simula-
tion, the harmonic potential with the spring constant of 1000 kJ/(-
mol-nm?) was assigned to the C13 carbon atom of the associating
molecule (Fig. 1) and the molecule was pulled at a constant veloc-
ity of 0.0003 nm/ps (0.3 nm/ns) along the reaction coordinate.
From the trajectory generated in SMD simulation, 70 starting con-
figurations were selected for the US simulations. For each window,
MD simulation with harmonic bias potential (US simulation) with
a spring constant of 1000 kj/(mol-nm?) was carried out for 10 ns
and preceded by 100-ps system equilibration.

The weighted histogram analysis method (WHAM) [54] imple-
mented in the package GROMACS was used to analyse the free
energy change on the association of sterol molecules in water. A
Bayesian bootstrap analysis and 500 bootstrap profiles (Fig. S2b,
SI) were used to calculate the average energy profile and mean
square displacements. From the profile, the average free energy
change and its standard deviation were obtained.

To calculate the free energy of the dimer formation, a system
consisting of two sterol molecules in a 40 x 40 x 40 A3 box filled
with ~ 2000 H,0 molecules was used. Initially, the sterol molecules
were separated by ~ 18 A. Both molecules were positionally unre-
strained and free to move with only the C13-C13 distance
constrained.

Each sterol molecule used in US simulations had been previ-
ously pre-equilibrated in 100-ps MD simulation in water in the
NTp ensemble.

2.4. Analyses

The interactions between a sterol monomer and water mole-
cules were assessed for two time periods, during the first 100 ps
of MD simulations to evaluate the system equilibration and at
equilibrium (beyond 100 ps); also by calculating the free energy
of sterol hydration.

When evaluating the association of sterol molecules in water,
special attention was paid to the time scale, dehydration of the
contacting surfaces of the sterol molecules on association, geome-
try and stability of the dimer that formed and the free energy of
association.

2.4.1. Voronoi diagram

The Voronoi diagram is frequently used to find near-neighbour
objects to a given object (basic definitions and properties of the
Voronoi diagram are in SI and depicted in Figs. 3 and 4). In this
study, the Voronoi diagram is applied to analyse the hydration of
sterol molecules in water, the geometric properties of sterol dimers
formed in water and the behaviour of the water between two
sterol molecules during their association.

2.4.1.1. Sterol hydration. To analyse sterol-water interactions, the
systems described in Section 2.2.1 were used. To monitor equili-
bration processes of the systems, for the first 50,000 frames
(equally spaced in time by a 2-fs interval) of each generated trajec-
tory, a 3D Voronoi diagram was constructed using the Python
package DMG-a. [55]. To speed up computations, the sites/objects
of the Voronoi diagram comprised only the heavy atoms of sterol
and water. For more information cf. SI. The sterol-water interac-
tions at equilibrium (long-term) were analysed in an analogical
way.

The first hydration layer (L1) of sterol was defined as all water
molecules whose Voronoi cells were neighbours of the sterol Vor-
onoi cells. The second hydration layer (L2) was a set of water mole-
cules whose Voronoi cells were neighbours of the L1. Layers L3, L4,
and so on were defined in an analogical way (Fig. 4). The number of
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Fig. 3. 3D Voronoi cell (green lines) of the middle (blue) site. In the example, the
faces of the Voronoi cell (sides) are polygons enclosed by four pairwise intersecting
lines. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Fig. 4. Schematic 2D depiction of Voronoi cells, sides, neighbours, hydration layers,
and boundaries for an imaginary molecule, called here CHOL, immersed in water.
All neighbours of the red dot are marked as green dots. The sides of the Voronoi
cells neighbouring the red dot are green. Hydration layers L1, L2, L3 are blue, violet
and green, respectively. The boundary between layers L1 and L2 is shown as a red
line. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

water molecules in each water layer corresponded to the number
of Voronoi cells forming the layer. The layers were constructed
using an algorithm similar to the Breadth First Search (BFS) algo-
rithm in Graph Theory [56].

2.4.1.2. Water between two aggregating sterol molecules. When two
sterol molecules in water approach each other to eventually form a
dimer, a fraction of their hydration layers gradually disappears.
Since the formation of a dimer requires total dehydration of the
contacting surfaces of both sterols, the most crucial in the process
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is the behaviour of the layer L1 water as it is the closest to the
sterol molecule and relatively tightly bound to it. Two sterol mole-
cules form a dimer when significant fragments of their surfaces are
in contact i.e. when their Voronoi cells have common sides (are
neighbours). The sum of the areas of the common sides defines
the contact surface, which is given in the nm? units or as the %
of the total molecular area. The contact surface of each molecule
constitutes a fraction of its total surface, which, on the other hand,
is the sum of the outer surfaces of the sterol’s 3D Voronoi cells.

To describe the behaviour of water at the initiation of dimer for-
mation, the concept of a water cross-layer is introduced. A cross-
layer is formed when some of the water molecules in the hydration
layers, e.g. L1 of two sterol molecules, M1 and M2, become common
to both hydration layers. Using the Voronoi diagrams, it is possible
to determine the number of these water molecules i.e. those
belonging to the cross-layer CL1. The cross-layer CL1 is the inter-
section of the layer L1(M1) with L1(M2). The appearance and
growth of the cross-layer CL1 and the decline of the hydration lay-
ers L1(M1) and L1(M2), and finally, the disappearance of the inter-
facial (between the contacting surfaces) fraction of the CL1 water
indicate the formation of a dimer.

2.4.2. Arrangement of sterol molecules in an aggregate

To establish the relative orientation of a pair of sterol molecules
that form an aggregate a local orthogonal coordinate frame is
assigned to each molecule. The frame (Fig. 5) is defined as follows,
1) its origin coincides with the position of the carbon atom C10
(Fig. 1); 2) its ‘horizontal’ plane is defined by three carbon atoms,
C6, C10 and C13 (Fig. 1); 3) one of the two in-plane axes is defined
by the line connecting C10 and C13 (u), the other is orthogonal to u
and close to the line connecting C10 and C6 (v); 4) the third axis
(w) is orthogonal to both u and v, and points in the direction indi-
cated by the right-hand rule (Fig. 5) - the same as that of the
methyl groups on the sterol rough side (Fig. 1).

The current relative orientation of two sterol molecules is
defined by three angles formed between the two local coordinate
frames (u, v, w and u, v, w') of the molecules, i.e. u-u/, v-v/,
w-w' angles. Each angle can change within a range of 0° to 180°
(0 and = radians, respectively). 0° means that two vectors are par-
allel to each other and point in the same direction; © means that
the vectors are parallel and point in the opposite directions; 0.57
means that the vectors are perpendicular to each other. Both in
the paper and SI, the u vector is red, the v is green and the w is
blue, the plots of the corresponding angles in relevant figures are
also given in the respective colours.

The distance between two sterol molecules forming a dimer is
measured as interatomic separations between pairs of the corre-
sponding C6, C10 and C13 atoms (cf. Fig. 1) of both molecules, that
is by C6-C6, C10-C10 and C13-C13 distances. Plots of the distances
in relevant figures are green, red and blue, respectively.

3. Results and discussion
3.1. Sterol-water interaction

3.1.1. Systems equilibration

The equilibration of the systems consisting of a sterol molecule
inserted into the water box was observed during the initial 100 ps
of MD simulation, sampled every 2 fs, whereas a very quick reac-
tion of water on the appearance of the sterol monomer was
observed during the first 2 ps of the MD simulation, sampled every
2 fs. This ‘short-term’ reaction and the details of the initial sterol
hydration are described in detail and depicted in Fig. S3 in SL
Equilibration of the system was assessed by determining the time
dependence of 1) the average distance between the sterol molecule
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Fig. 5. Local orthogonal coordinate frame assigned to each sterol molecule. The
carbon atoms C6, C10 and C16 (labelled) define the horizontal plane of the
coordinate frame. The orthogonal axes of the coordinate frame are drawn in red,
green, blue and labelled (see text). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

and the water molecules from the first hydration shell (L1) as well
as the average volume available to the sterol molecule, obtained
from the Voronoi diagram analysis (Fig. 4); 2) the electrostatic
and vdW energies of sterol-water and water-water interactions,
obtained directly from unrestricted MD simulations.

The time profiles of the volume available to the Chol molecule
(molecular volume) and the average L1 water-Chol distance are
shown in Fig. 6. Analogical plots for the other sterols are shown
in Fig. S4 (SI). The time profiles of the Chol-water Coulomb and
vdW energies are shown in Fig. 7 and those for the other sterols
are shown in Fig. S5 (SI). The profiles in the figures demonstrate
that during the first picoseconds of MD simulation all quantities
visibly decrease and later on, they stabilised. The values of the
molecular volume of sterol molecules and the average L1 water-
sterol distance are given in Table 1 and those of energies are given
in Table 2. The values of the water-sterol distance and the vdW
energy were similar for all sterols, whereas those of the sterol vol-
ume and the Coulomb energy depended on the number of polar
groups on the sterol molecule (Table 2).

The initial decreases of all quantities had the same origin and
were due to the formation of a water clathrate around the non-
polar part of a sterol (Fig. 8) and sterol---water H-bonds (on aver-
age, ~ 2.4, ~ 4.3, and ~ 5.1 water molecules are H-bonded to the
polar groups of Chol, 7-OH-Chol, and 7-OOH-Chol, respectively,
cf. Section 3.1.2.1, Fig. 8). These sterol-water interactions imposed
initial rearrangements of water molecules in the vicinity of the
sterol molecule. The time scale of these initial water rearrange-
ments (Figs. 6, 7, S4 and S5) was virtually the same as that of water
molecule rotation in bulk water, of ~ 1.5-2.0 ps [57,58].
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Fig. 6. Mean (a) volume available to the Chol molecule and (b) distance between
Chol and the water molecules from L1 as a function of time, during 100 ps, plotted
every 100 fs.
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Fig. 7. Interaction energies of the pre-equilibrated Chol with water (Chol-water
interaction), electrostatic (red); vdW (blue), during 100 ps, plotted every 2 fs. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

The sterol-water interaction was attractive as both the Coulomb
and vdW energies were negative (Figs. 7, S5). It is interesting to
note that for the Chol-water interaction, the Coulomb energy is
half of the vdW energy (Fig. 7) and for the sterols with an addi-
tional polar group the magnitude of both interactions is quite sim-
ilar (Fig. S5).

The time profiles of the water-water Coulomb and vdW ener-
gies during the first 100 ps of MD simulation of a Chol monomer
in water are shown in Fig. 9 a and b, respectively, and of oxChol
monomers in Fig. S6 (SI). Evidently, bulk water-water interactions
are affected neither by the Chol (Fig. 9) nor the oxChol (Fig. S6, SI)
molecules. Figs. 9 and S6 additionally illustrate that the water-
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Fig. 8. Examples of direct interactions of water molecules with the sterol polar groups and the non-polar body. From left to right: water molecules H-bonded to Chol, 7a-OH-
Chol, 7B-OH-Chol, 7a-O0H-Chol, 78-O0H-Chol and linking the C3-OH and C7a-O0H groups of 7a-O0H-Chol; below: water clathrate around the Chol non-polar body.
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Fig. 9. Energies of water-water interactions, (a) Coulomb (red), (b) vdW (blue), during 100 ps, plotted every 2 fs. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

water Coulomb interaction is attractive (negative), whereas the
vdW interaction is repulsive (positive). The average internal
(bonded) energy of a sterol molecule is stable from the beginning
of MD simulation (no initial change of the energy), which implies
that the initial decreases in the sterol-water distance and interac-
tion energies were not caused by any structural changes of the
sterol molecule and also that the internal energy does not depend
on the volume available to the sterol molecule.

3.1.2. Equilibrated system

The results presented in Section 3.1.1 indicate that the water
molecules belonging to L1 react to the appearance of a sterol mole-
cule. This reaction is short-term and lasts for less than 2 ps (Figs. 6,
7, S4 and S5), thus the system equilibrates quickly.
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To study the properties at equilibrium, the systems consisting
of a sterol molecule in a water box were MD simulated for 10 ns.
Even though equilibration of the systems was fast, the first 1-ns
fragment of the generated trajectories is not included in their anal-
yses. The analyses concern 1) the organisation of water molecules
interacting with the sterol monomer; 2) the exchange of water
molecules H-bonded to the sterol OH and OOH groups (Fig. 8); 3)
the exchange of water molecules clathrating the non-polar part
of a sterol molecule (Fig. 8). In separate calculations 4) the hydra-
tion energy of each sterol molecule is obtained (cf. Section 2.3.1).

3.1.2.1. Water---sterol H-bonds. All sterol molecules studied in this
paper have a hydroxyl group attached to the C3 carbon atom
(C3-0H, Fig. 1). The oxChol molecules have an additional hydroxyl
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or hydroperoxy group attached to the C7 carbon atom (C7-OH or
C7-0O0H, Figs. 2 and S1, SI). These polar groups are H-bond donors
and acceptors. Water molecules are also donors and acceptors of
H-bonds. Thus, the sterol polar groups make H-bonds with water
readily through both oxygen and hydrogen atoms (Fig. 8). To iden-
tify H-bonded water molecules, the same criteria of the H-bond
formation were used as in our previous paper [18]: H-bond dis-
tance of 3.5 A and H-bond angle of 30° (when calculating the angle
either the water or the Chol oxygen atom is the H-bond donor). For
all sterols in water, the C3-OH group makes H-bonds with 2.3-2.4
water molecules similarly to the group of a Chol in the CBD [18].
1.4-1.5 of them are H-bonded through the oxygen atom
and ~ 0.9 through the hydrogen atom (Table 3). The C7-OH group
binds fewer water molecules than C3-OH, ~ 2.0, and again more
through the oxygen than the hydrogen atom (Table 3). In contrast,
for the C7-O0H group the number of H-bonded water molecules
through the hydrogen atom is almost the same as that through
the hydroxyl (O) and the ether (Ogr) oxygen atoms (Table 3). Water
molecules also form a chain linking both polar groups of 0xChol, as
illustrated in Fig. 8.

It is interesting to note that the volume of a water molecule in
the first hydration layer (L1) of Chol of 31.52 + 0.67 A is larger than
in the second and third (L2, L3) of 30.0 + 0.38 and 29.93 + 0.26 A3,
respectively, (Fig. S7). For other sterols, these values are very
similar.

3.1.2.2. Ordering of water molecules by sterol. The ordering effect of
the sterol hydroxy and hydroperoxy groups on water is evident in
the radial distribution functions (RDFs) of water molecules relative
to sterol polar groups shown in Fig. 10. RDFs of water molecules
relative to the sterols’ C3-OH group are compared in Fig. S8 (SI).
This ordering of water results from water---sterol H-bonding (cf.
Section 3.1.2.1).

The almost equal numbers of H-bonds between water and the
0, Ogr, and H atoms of the C7-O0OH group is not apparent from
the RDFs in Fig. 10c. Due to the close distance between these
atoms, RDFs of water relative to O and Ogr, ‘see’ water molecules
ordered by both oxygen atoms and possibly also by the H atom.
This results in distorted shapes and a broadening of the RDFs and
shifting of their maxima. Thus, only a direct calculation of the
number of H-bonded water molecules, based on geometric criteria,
gives their proper number.

The non-polar body of a sterol molecule also has an ordering
effect on the nearby water molecules that form a clathrate around
it (Fig. 8). The water molecules in a clathrate are at a defined dis-
tance from the sterol molecule (cf. Table 1) and their mutual H-
bonds are orientated tangent to the sterol surface (Fig. 8). This
ordering effect can be seen as the maxima of the RFDs in Fig. 11.
The Chol methyl groups (Chol-CHs) located on the rough side of
the sterol molecule (C18 and C19 in Fig. 1) have a relatively large
ordering effect on water (Fig. 11c). A similar ordering was imposed
by C18 and C19 on carbon atoms of the phosphatidylcholine (PC)
acyl chains in the dimyristoyl-PC (DMPC) bilayer containing
22 mol% Chol [59].

3.1.2.3. Exchange of the sterol-bound water molecules with bulk.
Water molecules that are H-bonded and clathrate a sterol molecule
form together the sterol’s L1 water (cf. Section 2.4.1.1). The number
of water molecules in L1 is ~ 80, of which between 2.4 and 5,
depending on the number and kind of the sterol’s polar groups,
are H-bonded (Table 3). These water molecules exchange with bulk
water. Here, the characteristic exchange times of three groups of
sterol-bound water molecules, i.e., forming a clathrate, H-bonded
and belonging to L1, are assessed. A detailed description of the
analysis of the exchange of the sterol-bound water molecules with
bulk is given in SI. The decay curves illustrating the exchange pro-
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cesses of the Chol-bound water from the three groups together
with the fitted curves are shown in Fig. 12 and of the oxChol-
bound water in Fig. S9 (SI). The figures also indicate that the
exchange is completed in less than 40 ps.

The goodness of fit (details are given in SI) is assessed by calcu-
lating the reduced 2 which in all cases is practically 1.0 and indi-
cates a perfect fit of each decay curve to a sum of two exponential
functions (Figs. 12 and S9, SI). Thus, each exchange process has two
components, one is “slow” and the other is “fast”. Each component
has a characteristic exchange time (time constant), Tc, and the ‘am-
plitude’, A, indicating the contribution of the component in the
decay process. The fitted parameters (Tc; and A;) are given in
Table 4.

For all sterols, in the exchange process of the L1 and clathrating
water, the “slow” component with Tc between 7 and 8 ps makes a
large contribution, of ~ 80%. A smaller contribution, of ~ 20%, is
made by the “fast” component with Tc of 0.8-1.8 ps (Table 4). In
the case of water H-bonded to C3-OH, Tc’s of both components
do not depend on the chemical structure of the sterol molecule
(Table 4). Conversely, in the case of C7-OH of oxChol the rate of
the H-bonded water exchange depends on the chirality of the
group, and for the o form it is slower than for the p form (Table 4).
The exchange is also slower for the C7-OOH o form than for the B
form (Table 4). The contributions of the “slow” and “fast” compo-
nents to the exchange processes of the water H-bonded to the ster-
ols’ polar groups are ~50-60% and ~ 40-50%, respectively (Table 4).

The contribution of components with different time constants
to the exchange process of the water H-bonded to a PC head group
was broadly discussed in Ref. [60]. That discussion is also relevant
to water---sterol H-bonds analysed in this paper.

The exchange time of clathrating water is virtually the same for
all sterols. This is because the clathrate is a network of mutually H-
bonded water molecules, surrounding a sterol molecule, which are
held at a specific distance from the sterol by the attractive vdW
interactions. The exchange of these water molecules with bulk is
relatively slow.

The differences between Tc’s of water H-bonded to the C7-OH
and C7-0O0H groups for the o and the B form of oxChol possibly
stem from the difference in the orientation of the groups in both
forms and the likelihood that the water molecules H-bonded to
these groups simultaneously participate in the water clathrate.
The C7a-OH and C7a-0O0H groups are oriented towards the oxChol
smooth face (a-face, Fig. 1). The water molecules H-bonded to
these groups belong to the firm clathrate structure, and even
though the polar groups might somewhat disturb it, their exchange
time with bulk is similar to that of the clathrating water. The C7p-
OH and C7B-O0H groups are oriented towards the rough face (p-
face, Fig. 1) of the steroid moiety. On this side, the clathrate is per-
turbed by the two CHs3 groups and the polar groups might addition-
ally destabilise it. In effect, the network of the clathrating water is
looser and possibly has a smaller effect on the water molecules H-
bonded to C7B-OH and C7B-OOH. Thus, they exchange with bulk
similarly quickly as those H-bonded to C3-OH, which only weakly
participate in the clathrating water network.

3.1.2.4. Energy of sterol hydration. As stated in the Methods section,
the energy of hydration is the Gibbs free energy change (AG) when
a solute molecule is transferred from vacuum to water. This energy
is calculated using the FEP method (cf. Section 2.3.1). The values of
the energy for the sterols studied here are given in Table 5.

The negative values of the energy of hydration for all sterols
(Table 5) indicate that the transfer of each sterol molecule from
vacuum to water is energetically favourable even though the
entropy of the system decreases due to reduction in the water
mobility, particularly that from the first and second hydration
shells (Fig. S7, SI). The transfer is energetically favourable because
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Table 3

Number of water molecules H-bonded to the polar groups of a sterol monomer in water.
Sterol/Polar group Chol 07a 07b 007a 007b
OH-C3 2.38 £ 0.71 232 £0.70 232 +0.74 232 +£0.72 2331073
OH-C3 1.50 + 0.60 1.44 + 0.60 1.47 + 0.60 1.44 £ 0.59 1.47 + 0.61
OH-C3 0.88 £ 0.34 0.88 + 0.34 0.85 + 0.37 0.88 + 0.34 0.86 + 0.37
OH-C7/00H-C7 1.98 + 0.80 2.02 +0.76 2.85 +0.83 2.67 £0.79
OH-C7 1.28 + 0.60 1.28 + 0.59 1.06 + 0.67 0.95 + 0.65
OH-C7 0.70 + 0.46 0.74 £ 0.44 0.88 £ 0.35 0.83 £ 0.39
O-C7 0.91 + 0.64 0.89 + 0.65
Total 2.38 £ 0.71 430+ 1.1 434+ 1.1 517 +£1.1 50+ 1.1

The average numbers of H-bonded water molecules to OH and OOH groups attached to the C3 and C7 atoms of the monomeric sterol molecules and separately to the hydroxy
and ether oxygen (OH-C3, OH-C7, Ogr-C7) and hydrogen (OH-C3, OH-C7) atoms (the bonding atom is marked bold) of Chol; 7a-OH-Chol (07a); 78-OH-Chol (O7b); 70-OOH-
Chol (007a); 78-O0H-Chol (O07b) in water, for systems in equilibrium. The total number of H-bonded water molecules per sterol molecule is given in the bottom row. Errors

are standard deviations relative to time averages over 1 ns time periods.
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Fig. 10. Radial distribution functions (RDF) of water oxygen atoms relative to a sterol (a) C3-OH; (b) C7-OH; (¢) C7-O0H group. (a) C3-OH O atom (red), C3-OH H atom (blue);

(b) C7-OH O atom (green), C7-OH H atom (yellow); (c) C7-O0H hydroxyl O atom (green), ether Ogr atom (black) and hydroxyl H atom (yellow). (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. RDFs of water oxygen atoms relative to (a) all Chol C atoms; (b) C atoms of the Chol ring; (c) Chol methyl groups (Chol-CH3) located on the rough side of the sterol
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Fig. 12. Exchange of the Chol-bound water with bulk. (a) L1, (b) clathrating, and (c) H-bonded water. The decay curve (blue) of the initial number of water molecules in a
given group is fitted to two exponential functions (orange); the blue and orange curves are superimposed and overlap with each other. The reduced 2 of all fits is essentially
1.0, which indicates perfect fits. (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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Table 4
Exchange of sterol-bound water molecules with bulk.

Sterol Water group Ay [%] Tcq [ps] A; [%] Tc, [ps]

Chol L1 83.8+0.3 7.08 = 0.02 155+04 0.96 + 0.03
Clathrate 84.6 + 0.4 7.02 = 0.02 146 £ 0.4 1.11 £ 0.05
OH-C3 56.0+0.3 5.38 + 0.03 436 04 0.60 = 0.01

07a L1 769 0.8 7.89 = 0.05 214 0.7 1.83 £ 0.08
Clathrate 824+ 0.6 7.32 +0.04 16.3 £ 0.6 1.49 £ 0.08
OH-C3 540+03 5.78 + 0.03 455+ 04 0.70 = 0.01
OH-C7 59.5 + 04 7.32 £ 0.05 394 0.5 0.71 £ 0.02

07b L1 82.1+04 7.58 +0.03 169+ 0.4 1.13 £ 0.05
Clathrate 84.4+04 7.27 +0.03 148 +0.3 1.03 + 0.05
OH-C3 56.8 + 0.4 5.56 + 0.04 425+ 0.5 0.66 * 0.02
OH-C7 63.8+0.3 5.72 £ 0.02 35.8+03 0.63 + 0.01

007a L1 783 0.7 7.64 + 0.05 20.2 £0.7 1.41 £ 0.07
Clathrate 829+ 0.5 7.07 £ 0.03 16.1 £ 0.5 1.16 £ 0.06
OH-C3 593 + 04 5.16 £ 0.03 40.1 £ 04 0.61 + 0.01
OOH-C7 48.0 £ 1.1 6.92 +0.12 50.0 + 1.1 1.27 £ 0.05

007b L1 799 + 04 7.43 +0.03 19.1+04 1.28 £ 0.05
Clathrate 83.2+04 6.90 + 0.03 158 +04 1.16 £ 0.05
OH-C3 57.7+0.2 5.15 £ 0.02 419 +03 0.63 + 0.08
OOH-C7 58.1+0.5 5.35+0.04 41.0 £ 0.5 0.86 + 0.02

Parameters of two-exponential non-linear fits to decay curves of the number of water molecules in the first hydration layer (L1); clathrating water (Clathrate); water H-
bonded to the OH-C3, OH-C7 and OOH-C7 polar groups, of the sterol molecule. Contribution (A;, %) and time constant (Tc;, ps) of the individual decay curves for Chol (Chol);
70-OH-Chol (07a); 7B-OH-Chol (07b); 7a-O0H-Chol (007a); 7B8-O0H-Chol (O07b). Errors of the fitted parameters correspond to standard errors.

Table 5
The Gibbs free energy change (AG) when a sterol molecule is
vacuum to water.

transferred from

Sterol AG [kcal/mol]
Chol —4.70 £ 0.17
70.-OH-Chol —8.94 £0.18
7B-OH-Chol -9.68 £0.16
70-O0H-Chol —8.96 £ 0.13
7B-O0H-Chol -8.32£0.15

Abbreviations used in the Table are explained in the text (o and B are chiral forms of
the hydroxy and hydroperoxy groups, ‘7’ refers to the C7 carbon atom of the sterol
molecule, cf. Fig. 1).

H-bonds that are formed between the sterol polar groups and
water decease the system’s Coulomb energy and also because, as
Figs. 7 and S5 show, the vdW interactions between the sterol and
water are attractive (negative) which further decreases the sys-
tem’s energy. As oxChols have additional polar groups able to make
H-bonds with water, their transfer lowers the energy of the system
more than that of a Chol molecule. At the same time, the Coulomb
and vdW sterol-water interactions order water molecules in the
vicinity of the sterol molecule, which restricts their motion and
decreases entropy of the system. Thus, the energy gain on transfer-
ring Chol from a vacuum to water is similar to the energy of a sin-
gle water---water H-bond of 4.4 - 5.5 kcal/mol [61,62]; for oxChol it
is larger.

The values of the sterol-water nonbonded interactions (Table 2)
as well as those of the free energy of sterol hydration (Table 5) can
be compared to those obtained for tryptophan, whose chemical
structure is somewhat similar to that of an oxChol molecule. The
enthalpy of hydration for tryptophan is ~ —34 kcal/mol and the free
energy is ~ —12 kcal/mol [63]. These values are within the range of
those for oxChols of ~ =55 and ~ -9 kcal/mol, respectively, (Tables 2
and 5). For all amino acids, independent of their hydrophobicity,
the energy of hydration is negative and decreases with the number
of polar groups and net electrostatic charge. A similar trend is
observed for Chol and oxChols.
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3.2. Chol-sterol interaction in water

3.2.1. Chol-sterol dimer formation

The behaviour of two sterol molecules inserted into a water box
was generated in 10-ns MD simulation. One of the sterol molecules
was Chol and the other was either Chol or one of the four oxChol
species. Even though the encounter of two mainly non-polar mole-
cules in water is to a large extent a random event, in all systems,
the two sterol molecules formed a dimer in much less than 10 ns
(Figs. 13, S10 and S11).

The formation, integrity and geometrical stability of a dimer
were assessed by monitoring the relative position of the molecules,
determined by the C6-C6, C10-C10 and C13-C13 distances (cf.
Fig. 1, Section 2.4.2); the relative orientation of the molecules,
uniquely defined by three angles between the corresponding
orthogonal vectors assigned to each molecule (Fig. 5, Section 2.4.2);
the area of the common surface and the volumes of the sterols
hydration layers, obtained from the Voronoi analysis (Sec-
tion 2.4.1); and the Coulomb and vdW Chol-sterol interaction ener-
gies, obtained from group interaction energy calculations. These
quantities as functions of time during 10 ns are shown in Figs. 13,
14, S10-S13 (SI). It should be noted, however, that the interatomic
distances in the dimer that formed depended on which surfaces of
the sterol molecules (smooth, rough) were in contact and whether
the molecules were in the head-to-head or head-to-tail relative
orientations (see below).

Time profiles of the three angles and distances, the common
area, and the two energies for the Chol-Chol dimer are displayed
in Fig. 13, and for the Chol-oxChol dimers in Figs. S10 and S11
(SI). The process of Chol-Chol dimer formation and the subsequent
behaviour of the Chol molecules in the dimer during 10-ns MD
simulation are shown in film SF1 (SI), as an example. The formation
and the behaviour of Chol-oxChol dimers followed a similar course.
The film SF1 and the figures reveal the dynamic character of the
Chol-sterol dimers, which can be recognised in the figures as sig-
nificant fluctuations in all measured quantities. Moreover, the
three angles not only fluctuate but also drastically change their
values. Changes of ~ 90° (V2m) are rare and short-term; changes
of ~ 180° (1) occur more often and last for a longer time. The latter
changes imply that one molecule reverses its orientation relative to
the other. Yet the profiles indicate that irrespective of these reori-
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Fig. 13. Time courses of the relative orientation, distance, contact area and
intermolecular interaction energies of two Chol molecules in water before and
after dimer formation, together with snapshots of the representative configurations
of the molecules in the dimer. The grey areas connect configurations of the
molecules in the dimer (at the top) with the numerical values of (a) angles between
corresponding vectors, u (red), v (green) and w (blue); (b) distances between the C6
(red), C10 (green) and C13 (blue) atoms (cf. Section 2.4.2) and the smallest distance
between any atoms (black), of both molecules; (c) area of the contact surface; (d)
energies of Coulomb (blue) and vdW (green) Chol-Chol interactions. Noise in the
time profiles indicates the dynamic nature of the relatively stable dimer, whereas
temporary simultaneous changes of ~ 180° (1) in any two angles illustrate that one
molecule reverses its orientation relative to the other. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

entations and fluctuations, once the dimer is formed the molecules
remain in contact and the dimer preserves its integrity.

Figs. 13, 14, S10-S13 (SI) illustrate the initial processes that take
place when two sterol molecules are inserted in water. The figures
indicate that during the first 10 ns, not only a dimer is formed but
it also often undergoes geometrical rearrangements. A detailed
inspection of the time profiles in Fig. 13 indicates that the config-
uration of the initially formed Chol-Chol dimer is smooth-rough,
where the smooth surface (o-face, Fig. 1) of one molecule faces
the rough surface (B-face, Fig. 1) of the other, and head-to-head,
where the C3-OH groups of both molecules are on the same side
of the dimer (Fig. S14, row #1). However, this configuration is
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Fig. 14. Dehydration of contacting surfaces of two Chol molecules during dimer
formation. Time profiles of the volume of the layer L1 water of (a) Chol1 (CHL1) and
(b) Chol2 (CHL2) forming a Chol-Chol dimer, (c) the cross-layer CL1 water of both
molecules and (d) area of the contact surface as % of the total area of each sterol
molecule - the red (Chol1) and green (Chol2) lines overlap. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

not stable. Then the dimer’s configuration converts to the
smooth-smooth for ~ 2.5 ns. In this state, the vdW energy is low
and stable but the Coulomb energy makes a relatively large posi-
tive contribution and together with the distances and angles, fluc-
tuates significantly, which destabilises the dimer (Fig. 13; Table 6).
At ~ 4.5 ns, the dimer returns to the smooth-rough configuration
where the vdW energy has a higher value than for the previous
one and fluctuates more. Nonetheless, the distances, angles, Cou-
lomb energy and contact area fluctuate less (Table 6) except for
some instability at ~ 5.5 ns, when the configuration of the
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Table 6
Relative orientation and distance between sterol molecules in the dimer.
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Dimer Time e’ [°] —_ wew' [°] C6-C6 C10- Cl13- Evaw Ecou
[ns] [A] CI0[A] | CI3[A] | [kecal/mol] | [kcal/mol]
2.5-4.0 24.4+14.7 153.2+14.5 | 166.4+89 | 59+14 | 6.2+0.6 | 58+£04 | -129+1.6 | 05+0.3
Chol-
Chol 45-55 38.1+15.7 50.0+12.2 30.6+9.0 | 48+1.0 | 5.8+04 | 59+04 | -125+19 | 04+0.2
6.5-10.0 | 30.8+17.0 474+14.5 | 33.7+11.8 | 48+0.8 | 59+0.5 | 6.1+04 | -12.1+1.7 | 04+0.2
Chol 40-60 | 1483+11.8 | 1485+14.1 | 21.2+11.0 | 6.5+08 | 7.3+04 | 7.3+0.6 | -11.9+12 | 03+0.2
ol
O7a
8.0-10.0 | 36.7+11.0 48.6+9.5 30.8+6.8 | 46+05 | 5.7+04 | 5702 | -13.7+1.2 | 04+0.2
Chol 3.5-9.0 17.0 £ 11.1 40.6 +10.1 358486 | 45+05 | 58403 | 59+04 | -123+1.5 | 03+0.3
ol
O7b
9.0-10.0 | 156.3+12.7 | 153.9+10.6 14969 | 7.7+£09 | 8.0£0.6 | 6.6+04 | -11.1£2.0 | 03+0.2
Chol-
007a 2.0-5.0 13.1+ 119 | 241+ 102 | 20.1+ 83 | 52+0.5 | 59+03 | 6.0+0.3 | -12.7+1.5 | 0.03+0.3
Chol-
007b 3.0-10.0 | 154.6+12.4 382+ 9.8 153.849.2 | 9.6+1.8 | 95+1.6 | 5.7+0.5 | -143+£1.5 | 04+0.2

Average values of the u-u’, v-v/, w-w’ angles, C6-C6, C10-C10, C13-C13 distances (defined in Section 2.4.2) and the energy of sterol-sterol vdW (E,qw) and Coulomb (Ecoy)
interactions for time periods when the dimer is in a stable state (Time); the grey areas indicate the seemingly optimal smooth-rough, head-to-head configurations of the
molecules in the dimers and also stable smooth-smooth, head-to-tail configuration of the Chol-O07b dimer; the names of the dimers are abbreviated, cf. the main text.

molecules changes temporarily to head-to-tail and then returns to
the previous one. The instabilities in the dimer structure are asso-
ciated with the reversal of the relative orientation of the molecules
in the dimer (Fig. 13).

It is somewhat puzzling why the configuration of the molecules
in the Chol-Chol dimer in water is not mainly smooth-smooth. At
this configuration the Chol rings are almost parallel to each other
(Fig. S14, row #1), the vertical distance between the rings is less
than 4.5 A and their vdW interactions are strong, which a relevant
fragment of the energy profile in Fig. 13 indicates. The smooth-
smooth configuration of the Chol dimer is the preferred one in lipid
bilayers [64-66]. However, this geometry of the dimer in water
probably causes unnecessary additional ordering of water mole-
cules by the Chol-CH3 groups exposed to water of both Chol mole-
cules (Figs. 1, S14, row #1). The groups, as evidenced in Fig. 11¢c,
have a relatively strong ordering effect on the neighbouring water
molecules. In the smooth-rough configuration, only the rough face
of one Chol is exposed to water; in effect the neighbouring water is
less ordered and water entropy less decreased.

To assess better the integrity and geometrical stability of the
Chol-Chol dimer in water, the 10-ns MD simulation was extended
to 100 ns. The time courses of the relative orientation, distance,
contact area and intermolecular interaction energies of two Chol
molecules over 100 ns are shown in Fig. S10 (SI). The profiles
clearly show that once the dimer is formed it preserves its integrity
even though the relative configuration of the molecules in the
dimer is changing constantly and does not tend to a definite one.
In fact, Figs. S10 and S12 (SI) indicate that at ~ 42" ns of MD sim-
ulation the Chol-Chol dimer disintegrates for a short while, never-
theless, it integrates again to remain in that state for the
next ~ 55 ns of MD simulation. The longer MD simulation reveals
that, in addition to the smooth-rough and smooth-smooth head-
to-head configurations, a smooth-smooth head-to-tail is also quite
populated. Such a configuration is rather unlikely in the lipid
bilayer because it introduces a polar group in the bilayer centre.
The 100-ns MD simulation is certainly preferred to show the
dynamic character of the dimer in water (Fig. S10, SI), although
the 10-ns MD simulation is better for showing the initial processes
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that lead to dimer formation such as dehydration of the interfacial
surfaces of the sterol molecules, formation of the cross-layer and
the contact surface (Fig. 14) as well as the time scales of these pro-
cesses. Besides, based on the 10-ns MD simulation results the gen-
eral conclusion can already be drawn that the Chol-Chol and also
Chol-oxChol dimers are dynamic entities (film SF1, SI).

In the Chol-oxChols dimers, the additional polar groups at C7
strongly interact with water (Figs. 8 and 10, Table 3), so it is rather
unlikely that they are placed between the rings of the sterols in the
dimer. Thus, for the o form, oxChol is expected to be turned
towards Chol with its rough face and for the B form, with its
smooth face.

A relatively stable Chol-O7a (abbr. from Chol-7a-OH-Chol)
dimer with smooth-rough, head-to-head configuration (Figs. 15
and S14, row #2), limited fluctuations and low values of interatomic
distances, of ~ 0.5 nm, and vdW energy, of 13.7 kcal/mol (Table 6) is
formed only after ~ 7 ns (Fig. S10). Here, as expected, the oxChol
opposes Chol with its rough face (Fig. 15). For the previous several
nanoseconds, the configuration is head-to-tail where the C6, C10
and C13 atoms of one molecule are in the reversed positions rela-
tive to those in the other. As a result, the C6-C6, C10-C10 and
C13-C13 distances are > 0.5 nm, nevertheless they are quite stable
(Table 6, Fig. S10). Nevertheless, the time profiles of the contact area
and the vdW energy shown in Fig. S10 (SI), clearly indicate that the
smooth-rough dimer in the head-to-head configuration is more
stable than in the head-to-tail one (Table 6, Fig. S10).

The unexpectedly stable smooth-rough, head-to-head configu-
ration of the Chol-007a (abbr. from Chol-7a-O0H-Chol) dimer
is achieved within ~ 2 ns and remains such during the whole MD
simulation, except for a short instability at ~ 7 ns (Fig. S11, SI).
Against earlier anticipation, here the oxChol opposes Chol with
its smooth face (Figs. 15, S14, row #4). Thus, the polar OOH group
is located between the rings. But a closer look at the molecules in
Fig. S14 row #4 (SI) demonstrates that the Chol ring is shifted par-
allelly relative to the oxChol ring, in effect the OOH group is well
outside the contact surface and its interference with the non-
polar intermolecular interactions is minimised. The values for the
three angles in Table 6 indicate that the rings of both molecules
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Fig. 15. Relative orientations of sterol molecules in the dimers and distribution of the water molecules form L1 of each sterol. From left to right: the smooth-rough head-to-
head configuration of the Chol-Chol; Chol-07a; Chol-07b; Chol-007a dimers, and the smooth-smooth head-to-tail configuration of the Chol-O07b dimer.

are indeed almost parallel to each other. The packing of the mole-
cules in the dimer is best illustrated in the CPK model in Fig. S14
(row #4, right).

The Chol-07b (abbr. from Chol-78-OH-Chol) dimer adopts a
quite stable smooth-rough, head-to-head configuration within less
than 3.5 ns (Fig. S10, SI). Here, the Chol opposes oxChol with its
rough face (Figs. 15, S14, row #3). Stability of this configuration
can be rationalised using the same arguments as in the case of
the Chol-Chol dimer. Nevertheless, during the last ns of MD simu-
lation one of the molecules rotates ~ 180° relative to the other and
the dimer adopts the head-to-tail configuration, which increases
the C6-C6, C10-C10 and C13-C13 distances, destabilises the vdW
energy and decreases the intermolecular contact area (Table 6,
Fig. S10).

The Chol-0O07b (abbr. from Chol-7B-O0H-Chol) dimer forms
within ~ 2 ns of MD simulation in a somehow expected stable,
smooth-smooth head-to-tail geometry (Fig. S11, SI). This means
that against unfavourable entropic contribution, Chol and oxChol
expose their CH3 groups to the water phase (Figs. 15, S14, row
#5). But the smooth-smooth geometry results in a strong inter-
molecular vdW attraction (Table 6), which, most likely, counterbal-
ances decreased entropy.

The rough-rough configuration of the sterol molecules in a
dimer formed in water is energetically and sterically unfavourable
and it never occurred in these MD simulations, although it was
observed in lipid bilayers [65,66].

Despite poor statistics, on the basis of the results presented in
Figs. 13, S10 and S11 one can conclude that in the 10-ns MD sim-
ulation, except for the Chol-7B-O0OH-Chol dimer, the smooth-
rough head-to-head arrangement of molecules in the Chol-sterol
dimers is the most prevalent or firm. In smooth-rough Chol-Chol
and Chol-7a,B-OH-Chol dimers, the C6-C6 distances, of 4.5-
4.8 A, are smaller than the C10-C10 and C13-C13 distances, of
5.7-6.0 A (Table 6). This is because the rings of the sterol molecules
are angled relative to each other along the edge defined by the C6,
C7, C15 carbon atoms (Fig. 15), with the average v-v' and w-w’
angles (green and blue, respectively, in Figs. 13, S10 and S11) within
a range of 40 to 50° and 30 to 35¢°, respectively, (Table 6). This tilt-
ing is necessary to enable better accommodation of the C18 and
C19 methyl groups between the contacting surfaces. However, in
the smooth-rough Chol-O07a dimer, where the steroid rings are
almost parallel to each other, the accommodation of the Chol
C18 and C19 methyl groups and the “isolation” of the polar OOH
group are facilitated by the relative shift of the rings along the v-
axis (Figs. 5, 15, and S14, row #4). At the head-to-head configura-
tion the contact area of the molecules is larger than otherwise—
this is particularly apparent in the case of the Chol-O7a dimer
(Fig. S10), but also of the Chol-Chol and Chol-O7b dimers (Figs. 13
and S10). This orientation enables water-mediated H-bonds to
form between the C3-OH groups, as well as the C3-OH and C7-
OH or C7-O0OH groups of both sterol molecules in the dimer
(Fig. 16), which additionally stabilises its structure. However, as
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Figs. 13, S10 and S11 and particularly Fig. S10 for the Chol-Chol
dimer MD simulated for 100 ns clearly demonstrate, the molecules’
positions and orientations in the dimers fluctuate significantly and
reorientations are common, thus the dimers are dynamic.

3.2.2. Dehydration of contacting surfaces on dimer formation

An interesting and important aspect of Chol-sterol aggregation
in water is the total dehydration of the contacting (interfacial) sur-
faces of the sterol molecules just before the dimer is formed (cf.
Section 2.4.1.2).

The process of dehydration is monitored, using the Voronoi
analysis, by recording the growth in the volume of the cross-
layer CL1 water with the concomitant decrease in the volumes of
the L1 water (cf. Section 2.4.1.2) of both molecules (Figs. 14, S12
and S13). As the time profiles in Figs. 14, S12 and S13 indicate, once
the dimer is formed, the volumes of the L1 water of each molecule
and the CL1 water stabilise. This is because the L1 and CL1 water
disappears only from the surfaces that are in contact; the L1 water
still covers the non-contacting surfaces of the molecules, whereas
the CL1 water forms a ring-like structure surrounding the dimer
in its horizontal plane. The distributions of the L1 and CL1 water
around the Chol-Chol dimer are shown in Fig. 17 and the total
dehydration of the contacting surfaces in all dimers is evident in
Fig. 15.

The subsequent steps of the dehydration process can be seen in
film SF2 (SI) as the growth of the interfacial fraction of cross-layer
CL1 water due to the merging of the interfacial fractions of the L1
water of two Chol molecules approaching each other (cf. Sec-
tion 2.4.1.2), and the final disappearance of the interfacial fraction
of CL1 on the Chol-Chol dimer formation. The rehydration and
dehydration of the contacting surfaces during the reorganisation
of the molecules in the Chol-Chol dimer can also be seen.

It is also interesting to compare the number of water molecules
H-bonded to each sterol molecule in the monomeric (Table 3) and
dimeric (Table S1, SI) states in water. The numbers for dimers are
practically the same as for monomers, which proves that the polar
groups of the sterols in the dimer are well exposed to water.

3.2.3. Free energy of dimer formation

The free energy of the association of two sterol molecules in
water is calculated using the US method (cf. Section 2.3.2). The free
energy profiles along the reaction coordinates (potential of mean
force, PMF) obtained from US simulations are shown in Fig. 18.
The profiles are shifted to a value of 0 kcal/mol for the monomeric
states and corrected by the addition of the volume correction fac-
tor 2kTIn(4nr?) [67]. From each profile, the average free energy
change is obtained as the difference between the minimum
(dimeric state) and the initial (monomeric state) energy values.
The values of the free energy change on sterols dimerisation are
given in Table 7.

The negative values of the Gibbs free energy change (AG) indi-
cate that the Chol-sterol association in water is spontaneous, thus
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Fig. 16. Chains of H-bonded water molecules linking the polar groups of the molecules in the dimer. From left to right: Chol-Chol; Chol-07a; Chol-O7b; Chol-007a; and
Chol-007b. The Chol-007b dimer has head-to-tail configuration, so the C3-OH groups of the sterols are too far to be linked by H-bonded water molecules.

Fig. 17. The distributions of the water molecules from the first hydration shell, L1, (lines) and from the first cross-layer, CL1, (sticks). From left to right: LT water of Chol1 and

Chol2 - side view; L1 and CL1 water - side view; only CL1 water - top view.
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Fig. 18. Potential of mean force profiles as functions of the C13-C13 distance (cf.
Section 2.3.2) of Chol-Chol; Chol-07a; Chol-07b; Chol-007a; and Chol-O07b
dimerisation.

the most stable form of two sterol molecules in water is a dimer.
The dimer-water vdW and Coulomb interactions should be similar
to the monomer-water interactions (Table 2), but the sterol-sterol
vdW interactions that are attractive (Table 6) additionally lower
the enthalpic term of AG on the dimer formation. On dimerisation,
the molecules lose much of their individual motional freedom,
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Table 7
The Gibbs free energy change (AG) on the formation of a Chol-Chol and Chol-oxChol
dimer in water.

Dimer AG [kcal/mol]
Chol-Chol -5.35+0.13
Chol-07a —4.53 + 0.07
Chol-07b —-5.78 £ 0.15
Chol-007a —4.54 + 0.06
Chol-007b —-491 +0.10

oxChol are: 7a-OH-Chol (07a); 78-OH-Chol (O7b); 7a-O0OH-Chol (007a); 73-O0H-
Chol (OO07b). o and B are chiral forms of the hydroxy and hydroperoxy groups, ‘7'
refers to the C7 carbon atom of the sterol molecule (cf. Fig. 1).

however, the dimer as a whole is in a constant motion. This might
somewhat compensate for the lost of individual mobility and
reduce the entropy decrease on the dimer formation. Again,
entropy decrease caused by the dimer-induced reorganisation of
the water molecules should be similar to that caused by a mono-
mer. The energetic cost of the release of the water molecules from
the contacting surfaces of the molecules on their dehydration can
be estimated on the basis of the hydration energy of the Chol mole-
cule. The dehydrated surface constitutes 20% of the whole Chol
surface (Fig. 14) and Chol hydration energy is —4.70 kcal/mol
(Table 5). Thus, the energy of dehydration of the contacting sur-
faces of two Chol molecules is ~ 1.9 kcal/mol. However, the
released water increases the system entropy and favours
dimerisation.

As a more negative value of AG implies a stronger association of
the molecules in the dimer, one can conclude that the Chol-O7b
dimer is the most stable and the Chol-Chol dimer is the next most
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stable of the five dimers studied. Also, that dimers of Chol with
oxChol in the B form are more stable than their oo counterparts
(Table 7).

The energy of Chol-Chol attraction in the micelle was evaluated
by Gilbert et al. [6] to be within a range of 2 to 4 kcal/mol. The
upper value of this range is not far from the value of the free energy
gain on Chol dimerisation derived here, of 5.35 kcal/mol (Table 7).
On the other hand, the vdW energy of Chol-Chol attraction in the
dimer in water is estimated here as ~ -12 kcal/mol (Table 6),
whereas Haberland and Reynolds [5] and Gilbert et al. [6] esti-
mated the free energy of micellization as —12.6 kcal/mol. The val-
ues obtained in this study and those published in Refs [5,6] are
somehow cross-rearranged, although the results of both groups
lead to the common conclusion that Chol molecules in the aggre-
gate (dimer) attract each other. Thus, the formation of a Chol-
sterol dimer in water is not exclusively due to the hydrophobic
effect (“the hydrophobic repulsion by water” as Gilbert et al. say)
but also due to the specific intermolecular attractive interactions.

4. Results summary

Cholesterol is an amphipathic molecule with a tiny polar OH
group, attached to the carbon atom C3 of a large non-polar part
consisting of a tetracyclic ring and a short hydrocarbon chain,
attached to the carbon atom C17 (Fig. 1). As such, Chol is insoluble
in water but soluble in lipid bilayers. In the body, over 90% of cel-
lular Chol is located in the plasma membrane and, in a much smal-
ler amounts, in intracellular membranes [68-70]. Outside the
membrane, Chol aggregates, which is often a cause of pathologic
processes, the best recognised of which are the formation of gall-
stones and atherosclerotic plaque.

The aim of this study is to build a model of the initiation of the
atherosclerotic plaque formation which starts from assembling
tiny Chol crystals outside the membrane e.g. [1]. Oxidised forms
of Chol are also detected in these microcrystals, particularly 7p-
OH-Chol, 7-ketocholesterol and 7p-O0H-Chol [31,33,34]. To shed
light on the dynamics and energetics of primary nucleation [28]
of Chol in water, a model study was undertaken using computa-
tional methods. This methodology enables the events leading to
molecular self-assembly to be both observed and a detailed analy-
sis of them to be performed. To this end, computer models of one
or two sterol molecules in a water box were built, MD simulated
and analysed to obtain numerical data elucidating the propensity
of Chol and its oxidised forms to associate in water.

The study has two specific goals; one is to obtain basic biophys-
ical information on the sterol-water interactions and the other is to
illustrate and elucidate the behaviour of sterol molecules in water
and intermolecular interactions that lead to their association
which, when it occurs in the human body, might initiate some
pathologic process.

The results of the basic biophysical aspect of this study concern
the effect of a sterol molecule on the surrounding water molecules,
as well as interactions between the sterol and the water on both
very short (2 ps) and longer (100 ps) time scales. After a sterol
molecule is inserted into a water box, the system equilibrates
within ~ 2 ps (Figs. 6, 7, S4 and S5). Water molecules are ordered
by both the sterol polar groups, with which they make H-bonds,
and by the sterol non-polar part, around which they make a clath-
rate. For each sterol, the clathrating water exchanges with bulk
with a time constant of ~ 7 ps. The time constant of the H-
bonded water exchange with bulk depends on the position and chi-
rality of the polar group on the sterol molecule and is ~ 5 ps
or ~ 7 ps (Table 4). The free energy calculations indicate that the
energy of sterol hydration is negative for all sterols studied and
its value depends on the number of the sterol polar groups
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(Table 5). Similar results were obtained for all amino acids inde-
pendently of their hydrophobicity [63].

Elucidation of how the contacting areas of two sterol molecules
that form a dimer dehydrate (film SF2, SI) can also be considered a
basic biophysical result. Nevertheless, this process is crucial to the
aggregation of molecules in water, thus is of great relevance to the
second aspect of this study.

As dimerization is the first step in the aggregation process, the
second specific goal of this study begins from analysing the forma-
tion of Chol-Chol and Chol-oxChol dimers. It should be recalled here
that the dimer is judged to be formed when Voronoi cells on the
surface of one molecule share sides with those of the other mole-
cule which implies that there are no water molecules between
the contacting surfaces. Two sterol molecules in water assemble
into a dimer rapidly, within the first nanoseconds of MD simulation,
and their prevailing configuration, observed in 10 ns of MD simula-
tions, is smooth-rough and head-to-head except for the Chol-7p-
OOH-Chol dimer, whose configuration is smooth-smooth head-to-
tail. This configuration is also present in the 100-ns MD simulation
of the Chol-Chol dimer (Fig. S10, SI). In each dimer, the area of the
surface common to both molecules is ~ 1 nm? which
constitutes ~ 20 % of the total surface area of each molecule. Even
though the dimer, once formed, preserves its integrity during the
simulations, the arrangement of the molecules is not fixed—the
molecules stay together but they are in constant restricted motion
and their relative orientation often changes by 180°.

The 100-ns MD simulation of the Chol-Chol dimer in water indi-
cates that a smooth-smooth, head-to-head configuration occurs
but is not prevailing. Thus, the arrangement of the molecules in a
Chol-Chol dimer in water differs from that in the lipid bilayer,
where Chol-Chol dimers are mainly, but not only, in the smooth-
smooth and head-to-head configuration [64-66]. Such geometry
should be expected because smooth-smooth contact is of low
energy and head-to-tail orientation in a lipid bilayer is very
improbable. Although the motional freedom of Chol molecules in
a lipid bilayer is much more restricted than in water [18], Chol
dimers in the bilayer are also dynamic and the dimer itself is not
very stable [64,65].

Dehydration of the contacting surfaces on molecular self-
assembly had not been intensively studied until recently. The
importance of the process in amyloid nucleation is comprehen-
sively discussed in a very recent paper [29]. In the present study,
the dehydration of the contacting surfaces of sterols on self-
association is analysed using the Voronoi diagram approach and
its consecutive steps are illustrated in Fig. 14, S12 and S13 and in
film SF2. Dehydration of the interfacial surfaces of associating
molecules, formation of the cross-layer water, and growth of the
area of the contact surface are all inter-related. The processes occur
very fast after the molecules encounter each other, which, on the
other hand, is a random event.

The results obtained in this study indicate that the free energy of
dimerization is lower for Chol dimers with oxChol in the B than the
o form and is the lowest for the Chol-78-OH-Chol dimer (Table 7).
In the 10-ns MD simulation, this dimer has a stable smooth-rough,
head-to-head arrangement. One can contemplate whether such ori-
entations of the molecules in the dimer can facilitate and promote
the formation of larger sterol oligomers. As high levels of 73-OH-
Chol together with 7-ketocholesterol (which is not studied here)
are detected in early and advanced forms of atherosclerotic plaques
[31,33], oligomerisation of Chol and some of its oxidised forms cer-
tainly takes place. The process of sterol oligomerisation is currently
being analysed by us and the formation of trimers and tetramers of
sterols in water will be the subject of our next publication.

The arrangement of Chol molecules in liquid-crystalline PC
bilayers containing Chol was analysed using computer modelling
in Ref. [71]. That study revealed that in the bilayer Chol molecules
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are spontaneously packed in such a way that three of them form a
triangle around a central molecule. However, the molecules are not
in direct contact but are separated from one another by PC acyl
chains [71]. In the monohydrate Chol crystal at room temperature
the unit cell contains eight Chol molecules in two four-molecule
subcells related by twofold symmetry (rotation of 180° coupled
with a translation) [15]. The four molecules in the subcell are ver-
tically arranged such that their rings make almost 90° angles with
one another [72]. Thus they pack differently from those in the
bilayer. At this stage of our study it is not possible to say what
the arrangement of Chol molecules in prenucleation clusters [73]
is. However, we believe it more likely that the geometry of sterol
trimers and tetramers in water is similar to that in the bilayer than
in crystal, so possibly they have a triangular-like arrangement.
Such geometry may better promote association of subsequent
molecules, leading to the formation of the crystal nucleus, and
facilitate accommodation the CHs; and additional polar groups of
Chol and oxChol molecules.
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