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ABSTRACT: Polyunsaturated lipids are major targets of free radicals forming oxidized
lipids through the lipid peroxidation process. Thus, oxidized lipids play a significant role
in cell membrane damage. Using atomistic molecular dynamics (MD) simulations to
investigate the dynamics of oxidized lipid bilayers, we examined the effects of NaCl on
them. Lipid bilayer systems of 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphatidylcholine
(PLPC) and 4 oxidation products, namely, 9-tc-hydroperoxide linoleic acid, 13-tc-
hydroperoxide linoleic acid, 9-oxononanoic acid, and 12-oxo-9-didecadienoic acid in 0,
0.06, and 1 M NaCl solution were studied. These 51 systems, combined over 15 μs of
total simulation time, show Cl− anions remaining in the water phase and Na+ cations
permeating into the headgroup region of the bilayer leading to membrane packing. The
effects of NaCl on thickness and area per molecule were found to be independent of the
concentration of oxidized lipids. NaCl disturbed the bilayers with aldehyde lipids more
than those with peroxide lipids. The key finding is that oxidized lipids bend their polar
tails toward the water interface. This behavior was monitored by following the time
evolution of hydrogen bonds between the oxidized functional groups of different lipids, and the concomitant increase of
hydrogen bonds between oxidized functional groups and water molecules. Our results also show that the number of hydrogen
bonds should be considered as an equilibration parameter: Very long simulations are needed to equilibrate systems with high
NaCl concentrations.

■ INTRODUCTION

The lipid bilayer is one of the most fundamental structures in
biology. Bilayers protect cells and organelles and selectively
control nutrient and waste permeation in and out of cells. The
structure and permeation properties of lipid bilayers such as
thickness, membrane fluidity, and permeability to different
substances can be altered by lipid peroxidation.1,2 A direct
relationship between lipid peroxidation and membrane
leakiness has been suggested.1−4 In particular, if the bilayer
consists of unsaturated fatty acids, their double bonds can react
with free radicals (OH−, O2

+, etc.)5,6 and form oxidized
lipids.7,8

The oxidation of phosphatidylcholines (PC) produces two
major oxidized species: hydroxyl- or hydroperoxy-dieonyl PCs,
and truncated chains of PCs with aldehyde or carboxylic
group.9 Both have polar moieties at their terminals.10 Their
effects are due to these structural changes. Oxidized lipids have
been intensely studied for many decades because they play an
important role in membrane damage and various diseases,11−13

including Parkinson’s14−16 and Alzheimer’s17−21 diseases,
inflammatory response,22 atherosclerosis,23,24 and schizophre-
nia.25

Lipid peroxidation critically modifies the chemical structure
of PCs9,10 by introducing polar and hydrophilic groups into the
hydrocarbon chain, i.e., inside the bilayer.26,27 This leads to
changes in properties, for example, an increase of area per lipid
and a decrease in bilayer thickness, along with a decrease in the
lipids’ order parameters.9,28,29 Some changes depend on the

type of oxidized lipids.30 Such is the case with lipid lateral
diffusion coefficient: Aldehyde lipids diffuse faster while
peroxide lipids are slower than nonoxidized lipids.28,31 An
increase of water penetration into bilayers containing oxidized
lipids has been shown in previous studies.9,28,32−34 Critical
membrane damage results from the reversal of the oxidized tail
to water interface28,29,32,33 leading to water pore formation
observed at high concentrations of oxidized lipids, as reported
by Lis et al.35 and Cwiklik et al.36

Under physiological conditions, lipid bilayers are surrounded
not only by water but also salt ions. Previous MD studies of
oxidized lipid bilayers28,29,37 did not consider the effect of ions.
Recent experimental studies38−42 have shown that monovalent
cations, such as sodium, have a significant impact on lipid
membranes: Ion binding enhances lipid−lipid interactions and
leads to a compression of the membrane. These results are in
agreement with the computational simulations focused on the
effects of monovalent38,43−47 (NaCl and KCl) and divalent43

(CaCl2) salts on bilayers comprising zwitterionic PCs.
Simulations have demonstrated that cations are able to
penetrate deep into a membrane: They reach the carbonyl
region and form tight complexes with lipid molecules.38,43−45,47

However, the character of ion binding has been suggested to be
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sensitive, at least to some degree, upon force-field para-
metrization.47−52

Independent of the force-field, characteristic times for ion
binding to the bilayer were found to be long, at least 30 ns for
sodium ions and 100 ns for divalent calcium ions.43,47 The
residence time distributions of cations (Na+) and anions (Cl−)
were found to be different:47 For Cl−, an exponential decay was

reported but the Na+ resident time appeared to follow a power
law explaining the observed long resident times.47 The binding
of cations has a significant impact on the structural and
dynamical properties of PC membranes.45,48 A decrease of area
per lipid and lipid lateral diffusion coefficient as an increase of
salt concentration had been shown in MD simulations45,48,53 in
agreement with the decrease of the angle between the P−N

Table 1. Descriptions of the 51 Lipid Bilayer Systemsa

system description #oxidized lipid #PLPC #Na+,Cl− time (ns)

1 PLPC - 128 0 200
2 PLPC + 0.06 M NaCl - 128 10 200
3 PLPC + 1 M NaCl - 128 165 600
4 PLPC + 12-al 8 120 0 200
5 PLPC + 12-al 16 112 0 200
6 PLPC + 12-al 32 96 0 200
7 PLPC + 12-al 64 64 0 200
8 PLPC + 12-al + 0.06 M NaCl 8 120 10 400
9 PLPC + 12-al + 0.06 M NaCl 16 112 10 200
10 PLPC + 12-al + 0.06 M NaCl 32 96 10 200
11 PLPC + 12-al + 0.06 M NaCl 64 64 10 200
12 PLPC + 12-al + 1 M NaCl 8 120 165 400
13 PLPC + 12-al + 1 M NaCl 16 112 165 300
14 PLPC + 12-al + 1 M NaCl 32 96 165 300
15 PLPC + 12-al + 1 M NaCl 64 64 165 500
16 PLPC + 13-tc 8 120 0 300
17 PLPC + 13-tc 16 112 0 300
18 PLPC + 13-tc 32 96 0 300
19 PLPC + 13-tc 64 64 0 700
20 PLPC + 13-tc + 0.06 M NaCl 8 120 10 200
21 PLPC + 13-tc + 0.06 M NaCl 16 112 10 200
22 PLPC + 13-tc + 0.06 M NaCl 32 96 10 200
23 PLPC + 13-tc + 0.06 M NaCl 64 64 10 500
24 PLPC + 13-tc + 1 M NaCl 8 120 165 500
25 PLPC + 13-tc + 1 M NaCl 16 112 165 300
26 PLPC + 13-tc + 1 M NaCl 32 96 165 500
27 PLPC + 13-tc + 1 M NaCl 64 64 165 500
28 PLPC + 9-al 8 120 0 200
29 PLPC + 9-al 16 112 0 200
30 PLPC + 9-al 32 96 0 200
31 PLPC + 9-al 64 64 0 200
32 PLPC + 9-al + 0.06 M NaCl 8 120 10 200
33 PLPC + 9-al + 0.06 M NaCl 16 112 10 200
34 PLPC + 9-al + 0.06 M NaCl 32 96 10 200
35 PLPC + 9-al + 0.06 M NaCl 64 64 10 200
36 PLPC + 9-al + 1 M NaCl 8 120 165 400
37 PLPC + 9-al + 1 M NaCl 16 112 165 450
38 PLPC + 9-al + 1 M NaCl 32 96 165 400
39 PLPC + 9-al + 1 M NaCl 64 64 165 400
40 PLPC + 9-tc 8 120 0 200
41 PLPC + 9-tc 16 112 0 200
42 PLPC + 9-tc 32 96 0 200
43 PLPC + 9-tc 64 64 0 200
44 PLPC + 9-tc + 0.06 M NaCl 8 120 10 200
45 PLPC + 9-tc + 0.06 M NaCl 16 112 10 200
46 PLPC + 9-tc + 0.06 M NaCl 32 96 10 200
47 PLPC + 9-tc + 0.06 M NaCl 64 64 10 200
48 PLPC + 9-tc + 1 M NaCl 8 120 165 400
49 PLPC + 9-tc + 1 M NaCl 16 112 165 400
50 PLPC + 9-tc + 1 M NaCl 32 96 165 400
51 PLPC + 9-tc + 1 M NaCl 64 64 165 400

aTotal simulation time: 15.25 μs.
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vector of the lipid head and bilayer normal45 and the increase of
lipid tail order.38,44 However, the experiments done by Ferber
et al.54 did not find a significant change in area per lipid, though
tilting of the lipids’ head groups out of the membrane plane was
noted.
We study the effect of monovalent salt on bilayers containing

oxidized lipids. Oxidized lipids greatly disturb the lipid bilayer
from inside the bilayerlipid tails with polar group bend
toward the water interfaceand the monovalent cations
penetrate deep from water into headgroup region. We
investigate their interactions and the effect on the structure
and dynamics of lipids, ion binding, and hydrogen bonding. We
performed atomistic MD simulations of 1-palmitoyl-2-linoleoyl-
sn-glycero-3-phosphatidylcholine (PLPC) lipid bilayers with the
various concentrations of 4 PLPC’s oxidation products28

(details in the next section) in 0, 0.06, and 1 M NaCl solutions.

■ MOLECULAR DYNAMICS SIMULATION

We performed MD simulations of bilayers composed of a total
of 128 lipid molecules. 1-Palmitoyl-2-linoleoyl-sn-glycero-3-
phosphatidylcholine (PLPC) lipids were used to model an
unsaturated lipid bilayer. Bilayers were constructed with four of
the major oxidative products of linoleic acid,7,8,55 including
either a hydroperoxide or an aldehyde group: 9-trans,cis-
hydroperoxide linoleic acid (9-tc), 13-trans,cis-hydroperoxide
linoleic acid (13-tc), 9-oxo-nonanoic acid (9-al), and 12-oxo-9-
dodecenoic acid (12-al). These oxidized chains replaced the sn-
2 linoleate chains in PLPCs.28 Mixtures of oxidative lipid
bilayers were prepared by replacing 8, 16, 32, or 64 PLPC lipids
with oxidized ones. They correspond to 6.25%, 12.5%, 25%,
and 50% molar concentrations, respectively. The force-field for
oxidized lipids has been described and tested before.28 The lipid
bilayers were fully hydrated by a single point charge (SPC)
water molecules.56 NaCl49,57 was added at concentrations of 0

M, 0.06 M, and 1 M. The simulation box size was about (6.6 ×
6.7 × 6.1) nm3.
The numbers of molecules are shown in Table 1. A total of

51 simulations were run with GROMACS version 4.58 After
energy minimization, each MD simulation ran for at least 200
ns with an integration time step of 2 fs. The initial 100 ns (in
some cases more as will be discussed later) were considered as
an equilibration period by monitoring the area per lipid, and
bilayer thickness. The total simulation time was 15.25 μs.
Periodic boundary conditions were applied in all dimensions. A
1.0 nm cutoff was employed for the real-space part of
electrostatic and Lennard-Jones interactions. The long-range
electrostatics was calculated using particle-mesh Ewald59−61

with the reciprocal-space interactions evaluated on a 0.12 nm
grid with cubic interpolation of order four. The neighbor list
was updated at every time step.62 The above protocol was
employed to avoid physical artifacts.62−64 The LINCS
algorithm was used to constrain all bond lengths.65 The weak
temperature coupling scheme was applied separately to the
lipids and water (ions were grouped with water molecules)66

with a temperature of 298 K and a time constant of 0.1 ps.
Semi-isotropic pressure was applied,66 with an equilibrium
pressure of 1 bar both in the x−y plane and in the z-direction
(bilayer normal) with a time constant of 3.0 ps and a
compressibility of 4.5 × 10−5 bar−1. Molecular visualizations
were done using Visual Molecular Dynamics (VMD)
software.67

■ RESULTS AND DISCUSSION

Effect of Oxidized Lipids on Bilayer Dimensions. The
area per lipid increased when the number of oxidized lipids was
increased. This was accompanied by a decrease in thickness,
shown in Figure 1. This is consistent with previous computa-
tional and experimental studies.28,68 However, the difference in
values especially at low concentration of oxidized lipids is

Figure 1. Area per molecule (A and B) and thickness (C and D) for PLPC bilayers containing oxidized lipids at concentrations ranging from 0% to
50%. NaCl solutions of 0, 0.06, and 1 M were used.
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simply due to the fact that the simulations presented in this
manuscript are for larger (more representative) systems, several
times longer than those in ref 28, and thus better equilibrated.
The bilayer, with 50% of oxidized lipids, showed the largest
changes. Oxidized lipids disturbed the bilayer by bending their
polar tails toward the water interface (as shown in Figure 2).
This implies that changes in bilayer dimensions are closely
related to the type of functional groups in oxidative lipids. The
bilayers containing peroxide lipids (13tc and 9tc) showed
similar values of thickness and area per molecule. Compared to
the bilayers containing aldehyde lipids, the bilayers with
peroxide lipids had larger areas per molecule and smaller
thickness.
Effect of NaCl on Oxidized Lipid Bilayers. NaCl

solutions of 0, 0.06, and 1 M were used (Table 1). For all
lipid bilayers, we found that the bilayer thickness increased and
the area per molecule decreased when the NaCl concentration
increased. The presence of monovalent cations lead to
membrane compression similar to what has been previously
demonstrated for other lipids.38,44,45,47,48,69,70 In this manu-
script, the distance between the phosphate atoms of the two
monolayers is used as a definition of the bilayer’s thickness. For
the pure PLPC bilayers, we found the average thicknesses of
3.76 ± 0.01 nm (0 M NaCl), 3.82 ± 0.01 nm (0.06 M NaCl),
and 4.18 ± 0.02 nm (1 M NaCl) and areas per lipid of 0.660 ±
0.004 nm2 (0 M NaCl), 0.645 ± 0.002 nm2 (0.06 M NaCl), and
0.574 ± 0.004 nm2 (1 M NaCl). The bilayers, with oxidized
lipids at various NaCl concentrations, showed qualitative
behavior similar to the pure PLPC as seen in Figures 1 and
3. The changes in thickness and area per molecule are similar
for all lipid compositions (Figures 1): The thickness increases
by ∼2% (0.06 M NaCl) and ∼10% (1 M NaCl), as compared
to the system without NaCl. The area per molecule decreased
by ∼2% and ∼11% in 0.06 and 1 M NaCl solutions,
respectively.
NaCl disturbs the aldehyde (9al and 12al) lipid bilayers

slightly more than the peroxide (9tc and 13tc) ones at low
NaCl concentration (0.06 M). The perturbations become
significant at higher NaCl concentration (1 M): The thickness
and the area per molecule of the systems with aldehyde lipids
changed by ∼11% and ∼12%, respectively, when 1 M NaCl is
added. Meanwhile, the bilayers containing peroxide lipids

experienced slightly smaller changes, ∼9% in thickness and
∼10% in the area per molecule. The effects of NaCl on
thickness and area per molecule of bilayers with oxidized
bilayers were found to be independent of the concentration of
oxidized lipids. The particular structure of an oxidized lipid is,
however, a factor. A previous systematic study of pure DPPC
bilayers at various concentrations of NaCl solutions showed
that cations bind to the headgroup region of a membrane, while
chloride anions mostly stay in the water phase, leading to
notable membrane compression.47,71

Order Parameter. The changes in membrane thickness and
area are related to the ordering of lipid chains.72 The salt-
induced changes can be determined by the deuterium order
parameter (SCD). SCD can be experimentally measured by using
NMR73 and it is defined as

θ= ⟨ − ⟩S
1
2

3 cos ( ) 1CD
2

(1)

where θ is the angle between a C−D bond and the membrane
normal. The brackets indicate averaging over all the lipids and
over time. Since a united-atom representation was used in our

Figure 2. Snapshots of 13tc (A) and 12al (B) lipids in lipid bilayers. Oxidized lipids bend their polar tails toward the water interface. Orange color
shows the functional group.

Figure 3. Area per molecule (A) and thickness (B) of oxidized lipid
bilayers solvated in 0, 0.06, and 1 M NaCl solutions. The legend shows
the type of oxidized lipid. In all cases 50% of the lipids were oxidized
(with the exception of pure PLPC).
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simulations, the positions of the deuterium atoms were
reconstructed assuming ideal tetrahedral geometry of the
methylene groups.74 A comparison of SCD (PLPC sn-1 tail)
shows that order decreases with an increasing concentration of

oxidized lipids. The PLPC sn-1 tail in the 50% oxidized lipid
mixture shows significant disorder compared to the pure lipid
bilayer especially for the carbon atoms deeper in the bilayer
(Figure 4). In the presence of NaCl, lipid tails gain a

Figure 4. Deuterium order parameter of PLPC’s sn-1 tail in the presence of different concentrations of 12al oxidized lipids. NaCl concentrations: 0
(A), 0.06 (B), and 1 (C) M.

Figure 5. Deuterium order parameters of PLPC sn-1 tails and oxidized lipids in 0, 0.06, and 1 M NaCl concentrations. 50% of the lipids are oxidized.
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significantly higher order than without NaCl as shown in Figure
5. This finding is in agreement with previous studies on
different systems.38,44,45,75 The bilayers in 1 M NaCl solution
have a significantly higher order parameter than those in 0 and
0.06 M NaCl, and the order parameter decreases with
increasing concentration of oxidized lipids (Figure 6). The
effect of NaCl tends to depend on the position of the functional
group along the lipid tail: The bilayers with 9tc and 9al are less

ordered than the ones with 13tc and 12al (Figure 6). This effect

is enhanced at 1 M NaCl solution as shown in Figure 6.
Lateral Diffusion. To estimate the lateral diffusion

coefficient of lipid molecules, we divided the trajectories into

50 ns windows. The mean square displacements (MSD) were

calculated relative to their monolayer’s center of mass as a

function of time. Then, the data between 0 and 20 ns were

fitted to47,76

Figure 6. Average deuterium order parameter (averaged over all carbon atoms in the lipid hydrocarbon chain) of PLPC’s sn-1 chain as a function of
oxidized lipid concentration.

Figure 7. Average long time (D2) lateral diffusion coefficients of lipid molecules as a function of oxidized lipid concentration at NaCl concentrations
of 0, 0.06, and 1 M.
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Diffusion occurs at different time scales,77 and here we
characterize diffusion by short-time (D1) and long-time (D2)
diffusion coefficients. The former corresponds to ballistic or
near-ballistic motion. D1 can be measured by neutron scattering
experiments78−80 on picosecond time scale. The values of D1
have been reported in the range of (1−10) × 10−7 cm2/s.78,79

D2 can be measured by, for example, fluorescence correlation
spectroscopy (FCS) on millisecond time scales which typically
give values around (0.5−1) × 10−7 cm2/s. This corresponds to
Brownian motion.28,38,81,82

If both the oxidized lipid and NaCl concentrations are varied,
results show that the short time diffusion coefficients (D1) are
not significantly different from each other. This is in agreement
with the view first provided by Falck et al.81 and experimentally
confirmed by Busch et al.80 The average value of D1 for all
systems is approximately (7.42 ± 0.78) × 10−7 cm2/s. This
value is lower than D1 for DMPC (13 × 10−7 cm2/s)76 and
PLPC ((10.4 ± 0.4) × 10−7 cm2/s) lipid with previous
reports,28 but the previous reports were obtained in the system
without NaCl. When long-time diffusion (D2) is taken into
consideration, the differences between D2 under various
oxidized lipid concentration at the same concentration of
NaCl are within the margin of error from each other.28

However, a qualitative trend can be observed for different types
of oxidized lipids. When the concentration of oxidized lipids is
increased, D2 of the aldehyde lipid mixture increases. A similar
trend was shown in the cationic lipid mixture.47 Peroxide lipids
show the opposite behavior because of the heavier molecules
and strong interaction between their functional groups, shown
in Figure 7. However, at 1 M of NaCl, all the systems behave
very similarly without any noticeable differences. Figure 8

shows the effect of NaCl concentration on the diffusion
coefficient D2. The lipids are significantly slowed down when
the concentration of ions increases. The reduction in lipid
diffusion coefficient could be explained by formation of
complexes of Na+ ions with lipids.38,47 This is in agreement
with the decrease in the area per molecule and the higher
degree of ordering of the sn-1 chain in the presence of Na+ in
bilayer.

Hydrogen Bonding (HB) of Functional Groups. The
number of hydrogen bonds between the functional groups of
oxidized lipids and water molecules was calculated with the
usual geometric definition: A hydrogen bond was defined to
exist of the distance between the donor and the acceptor was
rHB < 0.35 nm and the angle αOOH < 30°. The value of 0.35 nm
corresponds to the first minimum of the radial distribution
function (RDF) of water. Figure 9 show the numbers of
hydrogen bonds between the functional groups of the oxidized
lipids and water molecules as a function of time. The different
initial values are simply a reflection of the different starting
configurations, and the evolution toward equilibrium (and, as it
turns out, toward the same H-bond numbers) is clear from the
figure. The time for the hydrogen bond population to reach
equilibrium depends upon both the concentration of NaCl and
the functional group of the oxidized lipid. The higher the NaCl
concentration, the longer equilibration took. The peroxide lipid
mixture reached equilibrium more slowly than the aldehyde
lipid mixture. At 1 M NaCl, the aldehyde lipid mixture reached
equilibrium after approximately 100 ns. Figure 10 shows the
number of hydrogen bonds between the peroxide groups of
different oxidized lipids for 50% 13tc mixtures bilayers with 0,
0.06, and 1 M. The figure shows an exponential decrease as a
function of time with characteristic time scales of 151, 142, and
365 ns, respectively. The long times are due to the interactions
of ions with the oxidative functional groups. This slowly
evolving property should be monitored to identify the
necessary equilibration period. Although these times are very
long, they do not seem to have influence on properties such as
area per lipid.
Two oxygen atoms in the peroxide group provide strong

interactions with the water molecules: It is easier for the tails of
the peroxide lipids to form hydrogen bonds and bend their tails
toward the lipid−water interface, Figure 11. Aldehyde lipids
behaved qualitatively the same way, but hydrogen bonding was
weaker due to only single oxygen in the functional group. Thus,
characteristic times were shorter.
To determine the tilt angle distribution of the oxidized lipid

tails (Figure 12), the angles between the vector from the first
carbon to the oxidized carbon and the bilayer normal were
calculated. The results show that the dominant peaks of all
oxidized lipid species are in the range of 96−118°, implying
that most oxidized tails prefer to bend their functional group
toward the water interface. Therefore, the shape of distribution
depends on the position of the functional group in the lipid tail
and NaCl concentration. Broader distributions occur in the
systems of 13tc and 12al, where the oxidized functional group is
located deeper in the bilayer than in the systems of 9tc and 9al.
The second peak corresponds to an additional preferred
position of the oxidized functional group. For 12al with 1 M
NaCl, the second peak appears approximately at 156°. This
implies that the aldehyde group stays in the bilayer, as rather
two differently oriented populations of aldehyde seem to be
present. Additional analysis of the contacts between the
aldehyde groups of the different leaflets (Figure13) showed
that the features in Figure 12 (appearance of the shoulder and
the second peak) are stable.
To study the interactions of cations with the lipid head

groups, the averaged cation-lipid coordination numbers were
calculated following Gurtovenko et al. and Lee et al.,45,69 Figure
14. All oxygen atoms in the lipid head groups, including the
ones in phosphate and carbonyl groups, were used as the lipid
headgroup representation. The cutoff distance between a cation

Figure 8. Average long time (D2) lateral diffusion coefficients of lipid
molecules in 50% oxidized lipid mixture bilayer as a function of NaCl
concentration.
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and an oxygen in a lipid headgroup was determined from the
first minimum of the corresponding radial distribution function.
The cutoff distances were 0.328 and 0.334 nm for 0.06 and 1 M
NaCl solutions, respectively. At low salt concentration (0.06 M
NaCl), all Na+ ions entered the bilayer. The bilayers with
oxidized lipids (the averaged value of all oxidized systems is
4.21 ± 0.44) had higher coordination numbers for Na+ with the
lipid head than the pure bilayers (the value is 3.57 ± 0.14).

There was no difference in coordination numbers for the
different functional groups: The average coordination numbers
of the peroxide and aldehyde lipid bilayers were 4.20 ± 0.06
and 4.21 ± 0.05, respectively. The larger fluctuations for the
case of low salt concentrations are due to the fairly low absolute
number of ions (this is unavoidable due to system size
limitations for MD simulations). For the 1 M NaCl solution,
the coordination numbers of all bilayers become very similar
and their average value decreased to 1.81 ± 0.16. This
reduction is due to the saturation of Na+ in bilayer and the
electrostatic repulsion.

■ CONCLUSIONS

The effects of NaCl on oxidized lipid bilayers were studied
using MD simulations. The results show that sodium ions
permeate into the bilayer headgroup region leading to
membrane packing. NaCl has a stronger effect on the aldehyde
lipids than on peroxide lipids. This is manifested in bilayer
thickness, area per lipid, and the number of hydrogen bonds
between the functional groups and water. The bilayer with
aldehyde lipids at 1 M NaCl undergoes ∼11% increase in
thickness and ∼12% decrease in area per lipid. The changes in
the bilayer with peroxide lipids are slightly smaller, ∼9%
increase in thickness and ∼10% decrease in area per lipid.
Considering the numbers of hydrogen bonds formed by the
functional groups of the oxidized lipids with the other
components of the systems, the peroxide mixture bilayers
have significantly longer equilibration times than the aldehyde
mixture bilayers especially in 1 M NaCl solution. We suggest

Figure 9. Number of hydrogen bonds between oxidized lipids and water molecules as a function of time.

Figure 10. The number of hydrogen bonds between peroxide groups
in 50% 13tc mixture bilayers solvated at 0 (black), 0.06 (red) and 1 M
(green) NaCl solution as a function of time. The number of hydrogen
bonds decreases exponentially with the characteristic times of 151
(0M), 142 (0.06M) and 365 (1M) ns.
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that the time evolution of the number of hydrogen bonds
should be considered as an equilibrium parameter. Over 300 ns
was required at high NaCl concentrations. Some systems, such
as 50% 13tc, appear to need more than 500 ns. Order
parameter measurements show that tail order increases
dramatically when NaCl is added and the change depends
upon the position of functional group in lipid tail: Bilayers with
9tc and 9al are less ordered than 13tc and 12al. One of the
most interesting observations was that, in lipid tail tilt angle
distribution, a second peak emerged in the case of 12al: The

primary peak was at approximately around 96−118° corre-
sponding to a tail that has tilted almost parallel to the
membrane plane (see, e.g., Figures 2B and 12). The second
peak at around 156° is, however, along the direction of the
bilayer normal. The emergence of two such different
conformations may allow for the lipids to interact through
their functional groups. One may even speculate that such
flexibility in orientation may provide a pathway to pore
formation at longer time scales since bending of the chain
exposes some of the bilayer interior to ions and water. Whether

Figure 11. Snapshots of 50% 13tc bilayers at 0.06 M NaCl solution at 1, 50, 100, 180, 300, and 400 ns. The blue and purple spheres represent the
phosphates of PLPC and 13tc lipids, respectively. The red spheres show the water molecules which reside inside the membrane. The green spheres
display the peroxide groups (-OOH) at the ends of the 13tc lipids’ tails. At 0 ns, most of the peroxide groups are inside bilayer. They move gradually
toward the lipid−water interface.

Figure 12. Tilt angle distributions for the oxidized lipid tails: 9tc(A), 13tc(B), 9al(C), and 12al(D). 50% of the lipids in bilayer are oxidized. The
legend shows the salt concentrations. The angle between the vector from the first carbon to the oxidized carbon and bilayer normal was used. The
inset in (D) shows the definition of the tilt angle.
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or not that happens is beyond the scope of this study, however.
This change in the distribution appears to depend on the
position of the functional group along the chain and salt
concentration. Finally, the long time diffusion coefficient (D2)
of the lipids decreased as NaCl concentration increased. At 1 M
NaCl concentration, D2 values for all the systems were the same
(within error bars).
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