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Molecular dynamics (MD) simulations of a mono-cis-unsaturated 1-palmitoyl-2-oleoyl-phosphatidylcholine
(POPC) bilayer and a POPC bilayer containing 50 mol% cholesterol (POPC–Chol50) were carried out for 200 ns
to compare the spatial organizations of the pure POPC bilayer and the POPC bilayer saturated with Chol. The
results presented here indicate that saturation with Chol significantly narrows the distribution of vertical po-
sitions of the center-of-mass of POPC molecules and POPC atoms in the bilayer. In the POPC–Chol50 bilayer,
the same moieties of the lipid molecules are better aligned at a given bilayer depth, forming the following
clearly separated membrane regions: the polar headgroup, the rigid core consisting of steroid rings and
upper fragments of the acyl chains, and the fluid hydrocarbon core consisting of Chol chains and the lower
fragments of POPC chains. The membrane surface of the POPC–Chol50 bilayer is smooth. The results have
biological significance because the POPC–Chol50 bilayer models the bulk phospholipid portion of the fiber-
cell membrane in the eye lens. It is hypothesized that in the eye lens cholesterol-induced smoothing of the
membrane surface decreases light-scattering and helps to maintain lens transparency.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Fiber-cell membranes of the human eye lens are overloaded with
cholesterol (Chol) [1,2]. Generally, when Chol exceeds the
phospholipid-Chol miscibility threshold in the membrane, immiscible
cholesterol bilayer domains (CBDs) within phospholipid-cholesterol
domain saturated with Chol (PCD), start to form [3–5]. It is hypothe-
sized that a high amount of Chol and the presence of CBDs help tomain-
tain lens transparency [3,6,7] and, therefore, possibly protect against
cataract formation [3,8]. However, their particular role in fiber-cell
membranes of the human eye lens has not been determined.

Better understanding of the physiological role of membrane
saturation with Chol requires improved molecular-level knowledge
of the interactions between Chol and membrane lipids. We have
investigated experimentally, using EPR spin-labeling methods, the
properties of the phospholipid-cholesterol domain saturated with
CD, phospholipid–cholesterol
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cholesterol, PCD, in lens lipid membranes from different animals
(cow and pig [9–11]), from animals at different ages (six-month-
and two-year-old cows [10–12]), and from different eye regions
(the cortex and nucleus of two-year-old cows [12]). The phospholipid
composition of the fiber-cell membrane is significantly different for
different species [13–15], ages [15], and regions of the lens [16]. The
phospholipids differ both in the chemical structure of their headgroups
and the degree of saturation of their acyl chains. Nevertheless, depth
dependences (profiles across the bilayer) of quantities characterizing
the bulk membrane, including order parameter, hydrophobicity, and
oxygen transport parameter (oxygen diffusion–concentration product),
are nearly identical in all of the investigatedmembranes. Therefore, we
concluded that a saturating content of Chol in the fiber-cell membrane
keeps the bulk physical properties of the PCD the same independently
of the phospholipid composition. The profiles mentioned above are
very similar when the CBD is not yet formed in the membrane and
when it is already formed (i.e., in the PCD surrounding the CBD [9,12]),
the latter of which is the case of membranes in aged eyes. This allowed
us to conclude further that the CBD plays some role specific to the fiber-
cell plasma membrane. The CBD provides a buffering capacity for Chol
concentration in the surrounding phospholipid bilayer, keeping it at a
constant saturating level to ensure certain physical properties of the
membrane. These results are especially significant for human lenses.
Among mammalian lenses, human lenses have the longest lifespan
and changes in their phospholipid composition due to age are the
most pronounced [17].
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Fig. 1. Molecular structures with numbering of atoms of POPC (a) (according to Sun-
daralingam's nomenclature [61]) (“2” signifies oleoyl and “3” the palmitoyl chain)
and Chol (b) molecules (the hydrogen atoms as well as the chemical symbol for carbon
atoms, C, are omitted). Torsion angles at the beginning and end of each acyl chain are
indicated.
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To achieve a better understanding of the properties of the lens
lipid membrane, we also carried out EPR spin-labeling studies of 1-
palmitoyl-2-oleoyl-phosphatidylcholine (POPC) bilayers in the
cholesterol-dependent liquid-ordered phase. A POPC–Chol bilayer
(like other phosphatidylcholine [PC] bilayers) is in the liquid-
ordered phase when the Chol content is between 30 and 50 mol%.
Below this range (but above ~7 mol%), the liquid-disordered and
liquid-ordered phases coexist, and above this range, a pure Chol
bilayer domain (CBD) starts to form in the bilayer. Thus, 50 mol% is
an approximate saturating Chol content for the POPC bilayer. When
the Chol content reaches saturation, the most drastic changes that
occur in the bilayer are observed in the profiles of hydrophobicity
and the oxygen transport parameter [18,19]. In liquid-ordered PC
bilayers of the lowest Chol content of ~30 mol%, as well as in bilayers
without Chol, these profiles are bell-shaped [20,21]. At Chol satura-
tion, the shape of these profiles becomes rectangular and is practically
the same as for lens lipid membranes [22,23]. The discontinuities in
these profiles (an abrupt increase) occur near the vertical positions
of the ninth (C9) and tenth (C10) carbon atoms in the acyl chains
(i.e., approximately at the depth at which the rigid tetracyclic Chol
structure is immersed in the bilayer). Hydrophobicity profiles were
obtained experimentally for frozen membranes where lipid motions
were halted [10]. Alternatively, profiles of the oxygen transport
parameter were obtained at physiological temperatures for liquid-
crystalline membranes [10,11]. In the bilayer saturated with Chol,
the oxygen transport parameter from the membrane surface to the
approximate depth of C9 was as low as in a gel-phase membrane,
and at locations deeper than C9, it was as high as in the fluid-phase
membrane. Thus, the abrupt increase in the parameter value in both
bilayer leaflets occurs within the distance of one carbon–carbon
bond (i.e., 1.3–1.5 Å). This is difficult to explain unless one assumes
that at a saturating Chol content the vertical fluctuations of lipid
atoms are smaller than in membranes below a saturating Chol content.
As a result, the vertical alignment of all corresponding lipid groups is
high, and all Chol rings are immersed to the same membrane depth,
which is close to the position of C9 in PC acyl chains. To determine the
shapes of the profiles, very small probes (i.e., molecular oxygen and
the nitroxide moiety) are used [18]. Thus, the best way to confirm the
effect of Chol on vertical alignment in themembrane is to usemolecular
dynamics (MD) simulationwith atomic resolution. Atomistic MD simu-
lations have proven to be extremely useful in membrane research (see
[24] and references therein). They provide direct information about
atomic level mechanisms not accessible by any of the current experi-
mental techniques. Additionally, MD simulated systems are not per-
turbed by any probe as is often the case in experimental studies.

In the present research,we used an atomisticMD simulationmethod
to characterize depth-dependent dynamic structures of a liquid-ordered
POPC bilayer containing 50 mol% Chol and a liquid-disordered POPC bi-
layerwithout Chol. Comparison of these bilayers indicates that saturation
with Chol significantly narrows the distribution of vertical positions of
each lipid atom at all bilayer depths. As a result, the phospholipid bilayer
surface becomes smoother, which is in accord with our hypothesis based
on the experimental results discussed above.

We believe that these data contribute to a better understanding of
the role of Chol in maintaining eye-lens transparency. We hypothesize
that cholesterol-induced smoothing of the membrane surface should
decrease light-scattering and help to maintain lens transparency.

2. Methods

2.1. System description and parameters

Atomic-scale MD simulations of two membrane systems (each
composed of 200 lipid molecules) were performed. One system
comprised only POPC (Fig. 1a) (POPC bilayer), and the other POPC
and Chol (Fig. 1b) molecules (1:1 ratio) (POPC–Chol50 bilayer).
Each of the bilayers was hydrated with 6000 water molecules (30
H2O/lipid). Bilayers were constructed in two steps. First, 100 vertically
oriented (along the z-axis) molecules (either POPC or POPC and Chol)
were placed regularly in alternating POPC and Chol stripes in the x, y
plane to form one layer (Fig. S1, Supplementary Material). Then, the
second layer was obtained from the first by a 180° rotation and shifting
to reduce the free volume between the layers. Each bilayer was
simulated for over 200 ns using the GROMACSv4.0 software package
[25]. The initial structure of Chol was the crystal structure of cholesterol
molecule A, as determined by Shieh et al. [26], and that of POPC was
taken from our previous bilayer system [27]. Hydrogen atoms were
added to both structures.

For POPC andCholmolecules, all-atomoptimizedpotentials for liquid
simulations (OPLS-AA) [28] were used. For water, the transferable
intermolecular potential three-point model (TIP3P) was used [29]. The
linear constraint solver (LINCS) algorithm [30] was used to preserve
the length of any covalent bond with a hydrogen atom, and the time
step was set to 2 fs. The van der Waals interactions were cut off at
1.0 nm. Long-range electrostatic interactions were evaluated using the
particle-mesh Ewald summation method with a β-spline interpolation
order of 5 and direct sum tolerance of 10−5 [31]. For the real space, a cut-
off of 1.0 nm, three-dimensional periodic boundary conditions, and the
usual minimum image convention were used [31].

MD simulations were carried out in the NPT ensemble (the number
of particles, pressure, and temperature were constant) at a pressure of
1 atm and temperature of 310 K, which is above themain-phase transi-
tion temperature for a pure POPC bilayer of −5 °C [32]. The tempera-
tures of the solute and solvent were controlled independently by the
Nose–Hoover method [33], with the relaxation time set at 0.6 ps. Pres-
sure was controlled anisotropically by the Parrinello–Rahman method
[34], with the relaxation time set at 1.0 ps. The list of nonbonded pairs
was updated every five steps.

3. Results

3.1. Characterization of the membranes

3.1.1. Equilibration
In the molecular modeling study of a lipid bilayer, the convergence

of the surface area of the bilayer is an adequate first indicator of the
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bilayer thermal equilibration. Fig. 2 shows time profiles of the POPC–
Chol50 bilayer potential energy (Fig. 2a) and the surface area, together
with the profile of the surface area of the POPC bilayer (Fig. 2b), from
the onset of simulation until 200 ns. At a steady state, these parameters
should remain constant. As Fig. 2a and b show, for the POPC–Chol50 bi-
layer both the potential energy and the area of the simulation box stabi-
lizedwithin 80 ns ofMD simulation. The surface area of the POPC bilayer
stabilized within a shorter time. For analysis, the last 100-ns fragment of
the trajectory generated in 200-ns of MD simulation of each bilayer was
used. Fig. S1 (Supplementary Material) indicates that the initial regular
arrangement of the molecules in the POPC–Chol50 bilayer is lost after
100 ns due to translational diffusion (Fig. S2, Supplementary Material).
Within 200 ns ofMD simulation, displacement of themolecules is limited
but, nevertheless, large enough to destroy the initial bilayer structure.
Snapshots of the POPC and POPC–Chol50 bilayers at the end of the
respective 200-ns trajectories are shown in Fig. 3.

The values reported below are time averages over the 100-ns
trajectory generated in the production run (100–200 ns) and the
ensemble of molecules or their fragments. Errors in the derived average
values are standard deviation estimates.
Fig. 3. Snapshots of the POPC (a) and POPC–Chol50 (b) bilayers at 200 ns of MD simu-
lation. Water and hydrogen atoms are removed to better show details of the bilayers.
The Chol molecules are shown as yellow sticks. The OH group of Chol is shown in stan-
dard colors as the CPK model. The remaining atoms are coded in standard colors as
lines.
3.1.2. Membrane thickness and cross-sectional area per lipid
Bilayer thickness is evaluated as the distance between the average

positions of phosphorus (P) atoms in the two leaflets of a bilayer (P–P
distance) and can be used as a comparative quantity. The average P–P
distance in the POPC bilayer is 39.2±3.3 Å, and in the POPC–Chol50
bilayer, it is 45.7±2.6 Å (Table 1). Thus Chol, as expected, increases
the membrane thickness. Concomitant with the increase, Chol causes a
decrease in the average cross-sectional area/POPC (APOPC) from 65.3±
1.1 Å2 in the POPC bilayer to 48.9±2.7 Å2 in the POPC–Chol50 bilayer
(Table 1). The average surface area per POPC in the POPC–Chol50 bilayer
was obtained by subtracting the mean cross-sectional area of 50 Chol
molecules (50×AChol) from the total surface area of the membrane and
then dividing it by 50 (i.e., the number of POPC molecules present in
each leaflet) [35,36]. The mean surface area of a Chol molecule (AChol)
in the Chol crystal [26] is ~37 Å2, and in a Chol monolayer is ~39 Å2
Fig. 2. Time profiles of the POPC–Chol50 bilayer potential energy (a), and the simula-
tion box surface area (black line) together with that for the POPC bilayer (gray line)
(b), from the onset of MD simulations. The thin line in panel (b) indicates the average
value after equilibration of the POPC–Chol50 simulation box surface area of 43.4±
1.3 nm2.
[37]. Our MD simulations of a pure Chol bilayer at 310 K give an average
cross-sectional area per Chol of 37.9±0.1 Å2 (results to be published
elsewhere) and this value was used to estimate the APOPC in the POPC–
Chol50 bilayer. Values of the average cross-sectional area per POPC and
Chol indicate a significant Chol condensing effect [37] in the POPC–
Chol50 bilayer, but the main conclusions of this paper do not depend
on exact values for AChol and APOPC (see Section 4, Discussion).
Table 1
Average membrane parameters. Average values of the surface area available to the lipid
(Area); distance between average positions of phosphorus (P) atoms in the two leaflets
of a bilayer (P–P distance); molecular order parameter, Smol; tilt angle of chains, as well
as the upper (δ) and lower (ω) fragments of the oleoyl-chain, for the palmitoyl- (P) and
oleoyl- (O) chains of POPC; number of trans (# trans) and gauche (# gauche) rotamers
per chain (torsion 11 in the O-chain is excluded); and roughness parameter, in the POPC
and POPC–Chol50 bilayers. The errors are standard deviation estimates. In the case of
tilt, the entries are as follows: the most probable value (for ω, “/” separates the values
for both modes), and, in parentheses, the average tilt and standard deviation.

POPC POPC–Chol

Area (Å2) 65.1±0.6/POPC 48.4±0.5/POPC
38.0±0.2/Chol

P–P distance (Å) 39.2±3.3 45.7±2.6
Smol

P chain 0.31±0.02 0.61±0.02
O chain 0.23±0.01 0.50±0.02

Tilt (°)
P chain 23 (32.7±19.0) 12 (15.6±9.2)
O chain 27 (35.5±20.0) 11 (17.1±13.6)
δ 30 (41.6±22.3) 13 (20.1±13.6)
ω 32/154 (72.8±50.2) 17/161 (50.7±54.1)

# trans
P chain 8.12±0.30 9.00±0.42
O chain 7.33±0.41 7.55±0.51

# gauche
P chain 4.22±0.30 3.41±0.40
O chain 4.81±0.09 4.70±0.10

Roughness (Å) 1.71±0.09 1.32±0.07

image of Fig.�3
image of Fig.�2
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3.1.3. Chain order
The liquid-crystalline phase of the bilayer is characterized by a

disorder of the acyl chains, the measure of which—both experimen-
tally (e.g., see Ref. [38]) and computationally (e.g., see Ref. [39])—is
the order parameter.

The molecular order parameter for the nth segment of an acyl
chain, Smol, is defined through [40]:

Smol ¼
1
2
〈3 cos2θn−1〉; ð1Þ

where θn is the instantaneous angle between the nth segmental
vector (i.e., the (Cn−1, Cn+1) vector linking n−1 and n+1 C atoms
in the acyl chain) and the bilayer normal with corrections for sp2
hybridization of the carbon atoms linked by the double bond [39]), and
b···> denotes both the ensemble and the time average. Smol profiles
along the palmitoyl (P) and oleoyl (O) chain in the POPC and POPC–
Chol50 bilayers are shown in Fig. 4a and b. Mean values (averaged over
appropriate segmental vectors ≥ 4) of Smol are given in Table 1. As can
be seen from Fig. 4a and b and Table 1, Chol significantly affects the
order of both the P and O chain at all depths in the membrane.

3.1.4. Chain tilt
In the liquid-crystalline phase (ordered or disordered) of the

bilayer, there is no collective tilt of the acyl chains. Thus, assuming
Fig. 4. The molecular order parameter (Smol) profiles calculated for oleoyl (a) and palmitoy
The standard deviations are of the order of 0.002. Distributions of tilt angles for palmitoyl (c
chain in the POPC (gray line) and the POPC–Chol50 (black line) bilayers.
the axial symmetry of the system and the free rotation of chains
about the normal (for each θ angle, there are 2π ϕ angles of equal
probability), the average angle of chains with respect to the bilayer
normal (θ angle) is zero. However, due to the rotation about the
axis perpendicular to the bilayer normal and trans–gauche isomeriza-
tion, the chains are tilted relative to the normal within the confines of
a cone. In this analysis, we are interested only in the θ angles. Because
of the comparative character of this study (no comparison with
experimental values), a tilt angle θ of a PC chain was calculated
from the scalar product of the vector linking the third (C23 or C33
for O and P chains, respectively, Fig. 1a) and the last carbon atom
(C316 or C218 for P and O chains, respectively, Fig. 1a) in an acyl
chain and the bilayer normal (arccosθ). Also, tilt angles of the upper
(δ, C23–C29 carbon atoms, Fig. 1a) and lower (ω, C210–C218 carbon
atoms, Fig. 1a) segments of the O chain were calculated. Distributions
of the tilt angles of the P and O chains, as well as those of δ and ω
segments of the O chain, in the POPC and POPC–Chol50 bilayers are
shown in Fig. 4c–f. The most probable (of each mode), average (calcu-
lated from the distribution), and standard deviation values are given in
Table 1. Chol significantly narrows the distributions and shifts them to-
ward lower values, decreasing both the most probable and average tilt
values of both chains to ~50% of those for the POPC bilayer. The effect
of Chol on the bimodal distribution of tilts for the ω segment is to sep-
arate both modes clearly, which in the POPC bilayer, partially overlap
each other (Fig. 4f).
l (b) chains of POPC in the POPC (gray line) and the POPC–Chol50 (black line) bilayers.
) and oleoyl (d) chains as well as for the upper (e) and lower (f) segments of the oleoyl

image of Fig.�4


Table 2
Average vertical positions (Z) relative to the bilayer center (0) of selected POPC and
Chol atoms (Fig. 1), the widths of the distributions of the positions (Δ), and relative de-
crease (in%) of Δ for each selected atom as well as CM of POPC and Chol molecules, in
the POPC and POPC–Chol bilayers. The widths were obtained by fitting the Gaussian
function to the distributions.

Atom POPC POPC–Chol Decrease
%

Z [nm] Δ [m] Z [nm] Δ [nm]

POPC
N 2.063 0.297 2.401 0.241 18.6
C2 1.638 0.243 1.986 0.174 28.5
C35 0.993 0.263 1.317 0.216 17.7
C39 0.616 0.268 0.853 0.216 19.5
C310 0.525 0.272 0.728 0.214 21.2
C316 0.118 0.360 0.171 0.210 41.5
C25 1.207 0.244 1.480 0.203 16.7
C29 0.915 0.286 1.063 0.232 19.0
C210 0.828 0.294 0.948 0.232 21.0
C218 0.395 0.341a 0.375 0.260a 23.8

Cholesterol
O3 – – 1.856 0.180
C17 – – 0.858 0.179
C25 – – 0.264 0.179

CM
CM-POPC 1.194 0.214 1.431 0.168 21.7
CM-Chol – – 1.060 0.176

a Width of the distribution main mode (Fig. 5c).

524 E. Plesnar et al. / Biochimica et Biophysica Acta 1818 (2012) 520–529
3.2. Vertical alignment of atoms

Due to the liquid-crystalline character of the lipid bilayer, mole-
cules comprising the bilayer, as well as their groups and atoms,
have some motional freedom (displacements due to translational
and rotational motion, as well as trans–gauche isomerization), and
their vertical positions are distributed. In this analysis, we assess the
effect of Chol on the distribution of positions along the z-axis of the
center-of-masses (CMs) of POPC molecules and of selected atoms in
the POPC and POPC–Chol50 bilayers, the latter of which to enable
comparisons with spin-label experimental data [10]. When calculating
distributions, changes in the z-coordinates of atoms, as well as the
simulation box z-size due to scaling associated with the pressure control
algorithm, were subtracted. Distributions were fitted with the Gaussian
function (Fig. 5) to find their widths (Table 2 and Fig. 6). Cholesterol
decreases the distribution width, Δ, for the POPC CMs in the POPC–
Chol50 bilayer to ~82% of that for the POPC bilayer (Table 2). The largest
effects of Chol on Δ occur for the terminal carbon atoms of the P and O
chain, C316 and C218, respectively, as well as C2 (Table 2). The values
in Table 2, as well as in Figs. 5 and 6, clearly indicate that Chol introduces
vertical order to the bilayer, most likely by suppressing vertical fluctua-
tions of atoms and whole molecules. Similar analysis done for the CM
of Chol and selected Chol atoms in the POPC–Chol50 bilayer (Table 2
and Figs. 5 and 6) indicates that distributions are narrower than or
comparably narrow to those for POPC molecules and their atoms in the
Fig. 5. Distributions of z-coordinates of atoms C2 (a); C25 (b); C218 (c); C29, C210 and C17–Chol (d); and CM of POPC (e), and CM of Chol molecules (f), in both leaflets of the POPC
(gray line) and POPC–Chol50 (black line) bilayers; the dotted line corresponds to the Chol C17 atom (d), and CM Chol (f). The distributions were fitted with the Gaussian functions
of widths given in Table 2. In c, the Gaussian function was fitted to the main mode.

image of Fig.�5


Fig. 6. Graphical presentations of the widths of the distributions of z-coordinates (Fig. 5
and Table 2) of the indicated atoms (Fig. 1) as well as CMs of POPC, and Chol molecules,
in the POPC (gray line) and POPC–Chol50 (black line) bilayers. The full symbols corre-
spond to the POPC bilayer palmitoyl (■), and oleoyl (●) chain; the open symbols cor-
respond to the POPC–Chol50 bilayer palmitoyl (□), and oleoyl (○) chain; the symbol Δ
corresponds to Chol in the POPC–Chol50 bilayer. Distribution widths of CMs of POPC
(solid) and Chol (dashed) are represented by straight lines.
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POPC–Chol50 bilayer. Nevertheless, the smallest values of thewidths (Δ)
in both the POPC and POPC–Chol50 bilayers were for atoms C2 and C25
(Fig. 1a and Table 2).
3.3. Smoothness of membrane surfaces

As follows, we checked if, as the result of the vertical alignment of
atoms, chosen surfaces in the POPC–Chol50 bilayer are flatter than in
the POPC bilayer. Analyzed surfaces were represented by contour
maps computed for the last time frame of the 200-ns MD simulation
(Fig. 7), for POPC C2 atoms (Fig. 1a), specifying the outer bilayer
surface (Fig. 7a and b), and for terminal P chain carbon atoms, C316
(Fig. 1a), specifying the inner bilayer surface (Fig. 7c and d), of one
leaflet of the POPC and POPC–Chol50 bilayers. Also, contour maps
for Chol C3 (Fig. 1b) atoms in the upper and lower leaflets of the
POPC–Chol50 bilayer (Fig. 7e and f) were calculated to examine if
there was any correlation between the two bilayer surfaces. Fig. 7
shows that both the outer and inner surfaces of the POPC–Chol50
bilayer are significantly flatter than those in the POPC bilayer. The
surfaces defined by the POPC C2 and Chol C3 atoms in the POPC–
Chol50 bilayer are similar, indicating similar vertical alignment of both
C2 and C3. Also, the Chol C3 surfaces in the upper and lower leaflets
are comparably flat, and their shapes do not show much correlation.

The above results were obtained for one final time frame for each
MD simulation. To assess the persistence of the vertical positions of
the atoms, in each bilayer we selected a C2 atom that occupies the
highest position on the contour maps at 200 ns, and recorded time
profile of the atom's vertical position in the POPC and the POPC–
Chol50 bilayer in the period between 100 and 200 ns (Fig. 8). The
profiles and ranges of C2 atoms displacements (horizontal lines in
Fig. 8) indicate that in the POPC–Chol50 bilayer, the z-coordinate of
the atom fluctuates less than in the POPC bilayer. Moreover, there
are significant changes in the z-coordinates of the atoms within
100 ns—that is, the C2 atom that occupies the highest position on
the contour map at the end of the MD simulation (200 ns) changed
its position several times during the course of the 100-ns MD simula-
tion. The same applies to other C2 atoms. In effect, the surfaces of the
POPC and POPC–Chol50 bilayers fluctuate. The dynamics of the C2
surfaces in both bilayers are presented as animation sequences (AS1
and AS2) in the Supplementary Material.

To explain how fluctuations in the vertical positions of C2 atoms
affect bilayer smoothness and to compare numerically the smooth-
ness of surfaces in the two bilayers, we calculated an average rough-
ness parameter (RP) for the upper outer surface in the POPC and
POPC–Chol50 bilayers along the trajectory (every 1 ps) using the
formulae [41]:

RP ¼ 1
n

Xn

i¼1

zi−�zj j; ð2Þ

where zi is the z-coordinate of the i-th C2 atom and �z is the average
vertical position of all C2 atoms in the upper surface for a given
time frame. Time profiles of RP are given in Fig. 9a and b. Although
the values of RP fluctuate (Fig. 9a), they are consistently higher for
the POPC bilayer. This is more apparent in Fig. 9b for the profiles
smoothed with a 10-ns moving window. Fig. 9b also shows that RP
is practically constant between 100 and 200 ns of MD simulation.
The working trajectory mean values of the average RP are 1.71
±0.09 Å and 1.32±0.07 Å for the POPC and POPC–Chol50 bilayers,
respectively (Table 1). To test whether the difference between the
two sets of RP values is statistically significant, the Welch two-
sample t-test was used. It showed that the difference was statistically
significant with a 95% confidence level.

Although in the POPC–Chol50 bilayer the arrangement of Chol (as
well as POPC) molecules changes with time (Figs. S1 and S2,
Supplementary Material), the average RP remains virtually constant.
Therefore, one can conclude that the Chol smoothing effect does not
depend on a particular distribution of Chol molecules in the bilayer.
This result is not totally in line with previous MD simulation studies
by Smondyrev and Berkowitz [42] and Zhu et al. [43] that indicated
that the arrangement of Chol molecules in a PC–Chol bilayer at a fixed
cholesterol mole fraction did affect certain bilayer properties. However,
the authors did not analyze the smoothness of the bilayer surface.

3.4. Trans–gauche isomerization

Trans–gauche isomerization is a restricted, local rotational motion
in the PC hydrocarbon chain. This motion contributes both to the Smol

profile along the chain and to the vertical fluctuations of the chain
atoms. In this analysis, average lifetime and probability of the confor-
mation of each torsion angle along the acyl chain were calculated for
POPC molecules in the POPC and POPC–Chol50 bilayers. Profiles of
lifetime along the P and O chains are shown in Fig. 10. The probabili-
ties of trans, gauche, and skew conformations along the PC chains for
the two bilayers are shown in Fig. 11. The average numbers of trans
and gauche rotamers per P and O chain in both bilayers are given in
Table 1. Chol has little effect on the lifetime of the gauche conforma-
tion in both O and P chains. In most cases, the lifetime is slightly
shorter except for torsion 13 in the O chain (Fig. 10a). However,
Chol has a large effect on the lifetime of the trans conformation,
particularly for even torsions in the P chain for which the lifetime is
significantly longer (Fig. 10b), and for torsions 9 and 13, as well as
torsion 4, in the O chain for which the lifetime is significantly shorter
(Fig. 10a). Consequently, in the P chain, Chol increases the average
number of trans rotamers per chain, which automatically decreases
the average number of gauche rotamers per chain. Chol has mixed
effect on probabilities of trans and gauche conformations in the O
chain (Figs. 10 and 11) and in effect it has little effect on average
numbers of trans and gauche rotamers per chain. The effect of Chol
on the skew conformation lifetime and probability of torsions 10
and 12 in the O chain is slight (Figs. 10 and 11).

4. Discussion

Age-related cataracts are the primary cause of vision loss in the
elderly population of developing countries. The early detection and
prevention of cataracts require increased understanding of the
physiological, biochemical, and biophysical bases of lens transparency
at the cellular and molecular levels. The goal of this paper was to
achieve a greater understanding of the function of Chol in the
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Fig. 7. Contour maps representing bilayer surfaces. Surfaces defined by atoms in the upper leaflet of the POPC (a and c) and POPC–Chol50 (b and d) bilayers: C2 (a and b), and the
terminal carbon atoms in the palmitoyl chains, C316 (c and d). Surfaces defined by Chol C3 atoms in the upper (e) and lower (f) leaflet of the POPC–Chol50 bilayer, at the end of the
respective 200-ns MD simulations.
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human eye lens. In this study, we focused our attention on the prop-
erties of the phospholipid bilayer saturated with Chol, which models
the phospholipid-cholesterol domain, PCD, of the fiber-cell plasma
membrane of the eye lens. The molecular-level information of this bi-
layer cannot be obtained by calorimetric [44], diffraction [3], or
magic-angle-spinning nuclear magnetic resonance [44,45] methods,
which have been typically applied to investigate the lateral organiza-
tion of bulk lens lipid membranes and intact lens membranes.
Fortunately, EPR spin-labeling methods enabled us to obtain the
missing molecular-level information on the organization and dynam-
ics of lipid molecules in the PCD and also information, how these
properties change as a function of the membrane depth [9–12].
Those studies showed that in lens lipid membranes as well as POPC
bilayers that were saturated with Chol, both oxygen transport
parameter and hydrophobicity profiles across the bilayer had a rect-
angular shape [10,11]. In liquid-ordered POPC–Chol bilayers, the rect-
angular shape of the oxygen transport parameter profile, with an
abrupt increase close to the positions of C9 in acyl chains, is observed
only for bilayers saturated with Chol (i.e., containing 50 mol% Chol).
This is in contrast to liquid-ordered POPC–Chol bilayers of the lowest
Chol content of ~30 mol% for which the profile is bell-shaped and
similar to that for bilayers without Chol. Therefore, it was concluded
that saturation with Chol decreases vertical fluctuations of membrane
lipids (phospholipids and cholesterol). In effect, the lipids are verti-
cally aligned, and all Chol rings are immersed to the same membrane
depth, which is close to the positions of C9 in PC acyl chains. As a
result, the membrane surface is smoother compared to membranes
without or with lower Chol content.
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Fig. 10. Profiles of lifetimes of the trans (○,●), gauche (□, ■), and skew (Δ, ▲) confor-
mations along oleoyl chain (a) and palmitoyl chain (b) in the POPC (●, ■, ▲, gray line)
and POPC–Chol50 (○,□, Δ, black line) bilayers. The errors bars are standard deviations.

Fig. 8. Time profiles of the z-coordinates of C2 atom that occupied the highest positions
on the contour map at 200 ns (Fig. 7a and b) for the POPC (a) and POPC–Chol50 (b) bi-
layers. Horizontal lines in each panel indicate the range of displacements of all C2
atoms in the upper leaflet of the bilayer during 100 ns.
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MD simulations carried out in this study confirm those conclusions.
Here, we examined the vertical alignment of selected atoms in POPC
and Chol molecules by calculating directly distributions of their
positions along the z-axis in the bilayer. Thewidth (Δ) of the distribution
for each selected atom is significantly narrowed (from 17 to 42%) by the
presence of a saturating amount of Chol (Table 2, Figs. 5 and 6). MD
simulations also confirmed that, indeed, all Chol rings are immersed to
Fig. 9. Time profiles of the average roughness parameter (RP) calculated every 1 ps
along MD trajectories for the POPC (gray line) and POPC–Chol50 (black line) bilayers.
Unsmoothed profiles (a) and profiles smoothed with a 10 ns moving window (b).
the depth close to the positions of C9–C10 in acyl chains as the distribu-
tion for C17 (Fig. 1b) almost overlaps (Fig. 5d)with that for C210 (Fig. 1a).

The difference between ΔN (width for N atoms in the polar
headgroups) and ΔC2 (Table 2) is smaller in the bilayer without Chol
than in the bilayer saturated with Chol (Fig. 6). This is an important ad-
dition to our earlier experimental results, which showed that the extent
of vertical fluctuations of the headgroup, measured as a displacement
relative to the glycerol backbone C2 atom, increases after the addition
Fig. 11. Profiles of probabilities of trans (○,●), gauche (□, ■), and skew (Δ, ▲) confor-
mations along oleoyl chain (a) and palmitoyl chain (b) in the POPC (●, ■, ▲, gray line)
and POPC–Chol50 (○,□, Δ, black line) bilayers. The errors bars are standard deviations.
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of a saturating amount of Chol [46], most likely because of a larger avail-
able space to the PC headgroups in the bilayer containing Chol [47],
which gives them more motional freedom.

In contrast, the difference between Δs for selected atoms in the PC
acyl chains and the Δ for CMs of the POPC molecules is higher in the
absence, rather than the presence, of Chol (Fig.6). This indicates that
the local (segmental) motion within acyl chains contributes signifi-
cantly to the extent of vertical displacements, and that this motion
is affected by the presence of Chol. Interestingly, this is more pro-
nounced for the P chain than the O chain (Fig. 6). To elucidate the ef-
fect of Chol on segmental motion, analyses of the lifetimes and
probabilities of gauche and trans conformations along the acyl chains
were carried out. They indicated that, indeed, Chol differently affects
torsion angles in the P and O chains. In the P chain, Chol significantly
increases the trans conformation lifetime and probability, particularly
for even torsion angles but practically does not affect the gauche con-
formation lifetime (Figs. 10 and 11). In effect, the average number of
trans/P-chain increases and that of gauche/P-chain decreases
(Table 1), thus, the P chain is more straight. Tilt-angle analysis addi-
tionally showed that the P chain in the POPC–Chol50 bilayer is also
more aligned with the bilayer normal than in the POPC bilayer
(Fig. 4). All these result in diminished vertical fluctuations of P
chain atoms in the POPC–Chol50 bilayer.

The effect of Chol on the O chain is much less straightforward. In
contrast to the P chain, Chol has a non-uniform and modest effect
on the trans and gauche conformation lifetimes and probabilities in
the O chain (Figs. 10 and 11). In effect, the average numbers of trans
and gauche rotamers per O chain are similar both in POPC and
POPC–Chol50 bilayers (Table 1).

In light of Chol's modest effect on the lifetimes and probabilities of
trans and gauche rotamers in the O chain, the aligning effect of Chol
on the O chain and its upper and lower fragments (δ and ω) is sur-
prisingly high (Fig. 4d–f). In both POPC and POPC–Chol50 bilayers,
there is some fraction of the ω segments in which terminal C218
atoms lie closer to the bilayer interface than C210 atoms (tilt>90°).
These fractions are responsible for the bimodal distributions of tilt an-
gles (Fig. 4f) as well as z-coordinates of C218 (Fig. 5c). Thus, the
higher values of the Smol profile along the O chain in the POPC–
Chol50 bilayer (Fig. 4a) can be explained by the decreased average
tilt of the O chains and their δ andω segments, as well as the interplay
of the probabilities of conformations of torsion angles along the chain.
This higher ordering of the O chain results in a narrower distribution
of the vertical positions of the chain atoms, but the effect is smaller
than in the case of the P chain.

In this study, MD simulations were performed using POPC as a rep-
resentative phospholipid. However, PC is themajor phospholipid in an-
imal lenses, accounting for 35 to 45% of total lipids [14], but a minor
phospholipid in human lenses, accounting for only ~11% of total lipids
[14]. EPR experiments were performed on pig- and cow-lens lipid
membranes and, therefore, on lipid bilayers made of POPC, which was
the main reason for its usage. Additionally, computer models of POPC
membranes arewell established and investigated. Recent EPRmeasure-
ments with sphingomyelin bilayers (the major phospholipid of human
lenses [14]) have confirmed that a saturating amount of Chol also
decreases vertical fluctuations in these bilayers [20].

The initial regular distribution of POPC and Chol in the bilayer (Fig.
S1a, Supplementary Material) was significantly disturbed after only
100 ns of MD simulation, showing fluctuations of the local Chol
concentration (Fig. S1b, Supplementary Material). However, the average
RP (Eq. (2)) changes little with time, particularly after bilayer equilibra-
tion (Fig. 9b). Therefore, we concluded that local Chol fluctuations do
not affect bulk smoothness of the membrane surface. This is supported
by the fact that in phosphatidylcholine [21], sphingomyelin [20], and
lens lipid [9,10,12] membranes saturated with Chol, cholesterol-rich
domains do not form and membranes are homogenous on a time
scale of 100 ns or longer. Thus, membrane smoothness is not an artifact
of the selected distribution of Chol but the property induced by the
saturating Chol content.

One of the principal properties of the lens is transparency.
Transparency of the eye lens is reduced by light-scattering from dif-
ferent lens elements. Intensive studies have been carried out on this
subject and indicate that significant light-scattering may arise from
protein density fluctuations [48] and multilamellar bodies [49]. The
contribution of lens membrane lipids to light-scattering was extensively
discussed by Tang et al. [50,51], Michael et al. [52], and Bettelheim and
Paunovic [53]. However, light-scattering by the human lens is a very
complex physical phenomenon, and contributions from different lens
elements are difficult to separate as light-scattering depends on their
mutual interaction [50,54,55]. In the case of membranes, light-
scattering has its origins in the structural irregularities at the surface
and in the bulk of the membrane. Bulk scattering might be described
by Rayleigh scattering, as the scattering objects (molecules, density fluc-
tuations) are smaller than the incident light wavelength. Surface scatter-
ing arises from random roughness of the membrane surface [56],
described by the average roughness parameter (Eq. (2)). Contribution
to surface light-scattering arising from surface irregularities of heights
less than 2 nm was measured experimentally in Ref. [57]. The level of
light-scattering at each lipidmembrane surface is certainly low.However,
in the human lens, the number of cell layers is 1000 to 2000. Therefore,
light crosses thousands of cell membranes, and scattering is amplified at
each surface [56]. Thus, cholesterol-induced smoothing of the bilayer sur-
face might indeed reduce light-scattering by the lens. Accordingly, based
on the present MD simulation results and previous data from EPR spin-
labeling measurements, we hypothesize that cholesterol-induced
smoothing of the membrane surface should decrease light-scattering
and help to maintain lens transparency. This hypothesis will be tested
in our future work.

In this article, we have concentrated on the vertical fluctuations of
lipid molecules and their atoms in the bilayer. Larger-scale vertical
fluctuations of lipid bilayers are thoroughly analyzed in Ref. [58] but
discussion of their contribution to light-scattering by fiber-cell mem-
branes is beyond the scope of this study.

In conclusion, the results of the MD simulations presented here,
together with the results of our EPR measurements cited above, have
broadened our knowledge and allowed us to better characterize
cholesterol-dependent, liquid-ordered membranes saturated with Chol,
which have not been investigated extensively thus far and are a major
addition to the known condensing effect of Chol [27,37,59,60]. Our results
have also contributed to a better understanding of the function of Chol in
the fiber-cell membranes of the human eye lens, especially in consider-
ation of suggestions in the literature that a high amount of Chol in the
membrane, together with Chol bilayer domains, helps to maintain lens
transparency [3,6,7].

Supplementary materials related to this article can be found
online at doi:10.1016/j.bbamem.2011.10.023.
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