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ABSTRACT Two 40 ns molecular dynamics simulations of a palmitoyl-oleoyl phosphatidylserine (POPS) lipid bilayer in the
liquid crystalline phase with Na1 counterions and NaCl were carried out to investigate the structure of the negatively charged
lipid bilayer and the effect of salt (NaCl) on the lipid bilayer structure. Na1 ions were found to penetrate deep into the ester
region of the water/lipid interface of the bilayer. Interaction of the Na1 ions with the lipid bilayer is accompanied by a loss of
water molecules around the ion and a simultaneous increase in the number of ester carbonyl oxygen atoms binding the ion,
which define an octahedral and square pyramidal geometry. The amine group of the lipid molecule is involved in the formation of
inter- and intramolecular hydrogen bonds with the carboxylate and the phosphodiester groups of the lipid molecule. The area
per lipid of the POPS bilayer is unaffected by the presence of 0.15M NaCl. There is a small increase in the order parameter of
carbon atoms in the beginning of the alkyl chain in the presence of NaCl. This is due to a greater number of Na1 ions being
coordinated by the ester carbonyl oxygen atoms in the water/lipid interface region of the POPS bilayer.

INTRODUCTION

Various biological processes mediated by biological mem-

branes show a dependence on the lipid composition. For

example, antimicrobial peptides can specifically target

bacterial cells driven by the electrostatic interactions be-

tween the cationic peptide and negatively charged lipids

in the bacterial cell membrane (Matsuzaki, 1998, 1999);

anionic phospholipids are one of the determinants of mem-

brane protein topology and their interactions with positively

charged amino acids contribute to a specific orientation of

membrane proteins (van Klompenburg et al., 1997); and

variation in the phospholipid composition of the cell mem-

brane is known to influence functional processes such as

membrane fusion, cell division, and transbilayer movement

of lipids and proteins (Epand, 1998; Luzzati, 1997).

To understand a wide variety of membrane-mediated

processes, knowledge of the membrane structure and

dynamics is required. Molecular dynamics (MD) computer

simulation is a powerful technique to obtain detailed

information on the structure and dynamics of phospholipid

bilayers, which are often used as a simplified representation

of the complex biological membrane. Advances in process-

ing power and simulation methodologies have resulted in an

increase in the quality of lipid bilayer simulations (Saiz and

Klein, 2002; Scott, 2002; Tieleman et al., 1997). MD simu-

lation has been used to study the structural and the dynamical

properties of lipid bilayers. Examples include the water/lipid

interface structure (Pandit et al., 2003a), the effects of

polyunsaturation on the physical properties of bilayers (Saiz

and Klein, 2001), the effects of salt and different levels of

hydration on lipid bilayer structure (Böckmann et al., 2003;

Mashl et al., 2001; Pandit et al., 2003b), structural fluctua-

tions present in the lipid bilayer (Lindahl and Edholm, 2000),

and interactions of cations (Gambu and Roux, 1997), and

anions with lipids (Sachs and Woolf, 2003). Self-assembly

of a lipid bilayer from an initial random dispersion of lipid

molecules has also been simulated (Marrink et al., 2001).

Thus MD simulations provide useful atomic-level insights

into a growing variety of lipid bilayer systems of increasing

size and complexity.

MD simulation studies of numerous homogeneous

bilayers consisting of zwitterionic phospholipids have been

carried out, but only a few such studies of negatively charged

lipid bilayers have been done (Cascales et al., 1996; Pandit

and Berkowitz, 2002). In this article we present MD

computer simulations of a palmitoyl-oleoyl phosphatidylser-

ine (POPS) lipid bilayer in the liquid crystalline phase with

Na1 counterions and with both counterions and additional

sodium chloride. The negatively charged phosphatidylserine

(PS) lipid molecule contributes ;1–17% of the lipid

composition in mammalian cell membranes (Hauser and

Poupart, 1992). A number of experimental studies on cation

binding to model membranes of PS with controlled fatty acyl

chain composition have been performed to understand the

interactions of the negatively charged PS with cations, which

are involved in membrane-mediated processes such as phase

separation, fusion events, blood clotting factor binding, and

enzyme regulation (Mattai et al., 1989). We investigated

binding of the sodium ions to the lipid bilayer, defined by

their location within the bilayer and their coordination

geometry. This work further provides an additional computer

model of a negatively charged lipid bilayer that will be useful

for simulation studies of mixed lipid bilayers and in

understanding specific process like the interaction of cationic

antimicrobial peptides with negatively charged lipid bilayers.
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MATERIAL AND METHODS

Two simulations were carried out: 1), a POPS bilayer consisting of 128

lipids and 5391 water molecules with 128 Na1 ions; 2), a POPS bilayer

consisting of 128 lipids and 5361 water molecules with 143 Na1 ions and 15

Cl� ions, corresponding to ;0.15 M salt (NaCl). The single-molecule

starting structure of a POPS lipid (Fig. 1) was built by modification of

a palmitoyl-oleoyl phosphatidylethanolamine (POPE) lipid using the Insight

II molecular modeling program (Accelrys, San Diego, CA). The initial

structure of POPS lipid bilayer was obtained by arranging an 8 3 8 array of

64 lipid molecules in the x, y plane with random rotation around the z axis

and random translations along the z axis with a maximum of 0.5 nm, which

constituted the first layer. The second leaflet was obtained by rotation and

translating this first layer. A water slab was added to solvate the headgroup

region of the lipid bilayer, followed by random replacement of water by ions.

All simulations were carried out using the GROMACS 3.0 software

package (Berendsen et al., 1995; Lindahl et al., 2001). In all simulations,

a leapfrog integrator (Hockney et al., 1974) was used with a 2-fs time

step. All bonds were constrained to their equilibrium values using the

SETTLE algorithm (Miyamoto and Kollman, 1992) for water and the

LINCS algorithm for all other bonds (Hess et al., 1997). A cutoff of 1.0

nm was used for calculating the Lennard-Jones interactions. The

electrostatic interactions were evaluated using the particle mesh Ewald

method (Darden et al., 1993; Essmann et al., 1995). The real space

interactions were evaluated using a 0.9 nm cutoff and the reciprocal-

space interactions were evaluated on a 0.12 nm grid with fourth-order

spline interpolation. The simulations were performed with anisotropic

pressure coupling, to 1 bar independently in x, y, and z directions, which

allowed the area per lipid to fluctuate during the simulation. Each

component of the system (i.e., lipid, ions, and water) was coupled

separately to a temperature bath at 300 K, which is above the gel to

liquid crystalline phase transition temperature of 287 K for the POPS

lipid bilayer (Mattai et al., 1989), using the Berendsen thermostat

(Berendsen et al., 1984) with a coupling constant of 0.1 ps. All the MD

simulations were carried out using periodic boundary conditions. The

SPC water model was used in all the simulations (Berendsen et al. 1981).

The force field used was a mixture of lipid-optimized non-bonded param-

eters (Berger et al., 1997) and parameters based on the GROMOS87

force field (van Gunsteren et al., 1996) implemented in GROMACS as

ffgmx. For the carboxylate group, the partial charges were taken from the

aspartic acid side chain in ffgmx. The final structure and topology files

are available for download from http://moose.bio.ucalgary.ca. Two 40 ns

simulations were carried out for the POPS bilayer with and without salt.

Coordinates were saved every picosecond. Analyses of the trajectories

generated from the MD simulations were done with GROMACS

programs. Molecular graphics were constructed using the VMD program

(Humphrey et al., 1996).

RESULTS

Structure of the lipid bilayer

Fig. 2 shows the area per lipid as a function of time for the

POPS lipid bilayer in the presence and absence of salt.

Because the area is not known experimentally, we started at

an area that is almost certainly too high and let the system

equilibrate. The area per lipid in the presence and absence of

NaCl averaged over the last 25 ns of the simulation time was

found to be 55 6 1 Å2. Fig. 2 shows that the area per lipid

value of the POPS bilayers has stabilized between 15 ns and

40 ns of the simulation time, and therefore the last 25 ns of

the trajectories were used for analysis.

The structure and definition of the groups used for analysis

of the POPS electron density profiles are shown in Fig. 1.

Fig. 3 A shows the average electron density profiles for

various lipid groups along the normal to the bilayer surface

(z axis). Fig. 3 B shows the distribution of Na1 ions in the

interface region. The Na1 ion distribution in the POPS

bilayer is symmetrical with respect to the two leaflets of the

bilayer. The most striking feature in the distribution profile of

Na1 ions in the interface region is the appearance of two

distinct peaks, which are clearly shown in Fig. 3 B. The first
peak, located ;18.5 Å from the center of the lipid bilayer,

overlaps with the peak in the ester group distribution, which

is located ;18 Å from the center of the lipid bilayer. Thus

the Na1 ions penetrate into the ester region of the water/lipid

interface. The second peak is located ;27 Å from the center

of the lipid bilayer. The peaks in the carboxylate and

phosphodiester group distributions are located ;24 Å and

;22 Å, respectively, from the center of the bilayer. Thus in

the POPS bilayer, the Na1 ions show a strong tendency to

interact with the ester group and not with the carboxylate or

the phosphodiester groups. This appears to be due to the

formation of inter- and intramolecular hydrogen bonds be-

tween the hydrogen atoms of the amine group (NH1
3 ) and the

oxygen atoms of the carboxylate and phosphodiester groups

in the lipids as shown in the following section.

FIGURE 1 Chemical structure of a POPS molecule with the definition of

the names and structure of the groups used in the analysis of the electron

density profiles in Fig. 3.

FIGURE 2 Area per lipid as a function of time for the POPS bilayer in the

presence and in the absence of NaCl.
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The electron density profiles (Fig. 3) were used to

calculate the component volumes of specific lipid atoms in

the simulation without NaCl. The lipid volume (VL) was

calculated using

VL ¼ AD=2� NWVW; (1)

where A is the average area per lipid molecule (55 Å2), D is

the average height of the simulation box (90.1 Å), Nw (42.12)

is the number of water molecules per lipid, and Vw is the

volume of a water molecule (30.5 Å3) (Petrache et al., 1997).

Thus using Eq. 1, we obtain the volume of lipid as 1194 Å3.

The volumes of methyl, methylene, double bond, and

headgroup (which contains all lipid atoms, including the

carbonyl carbon and oxygen of the lipid chains but not the

rest of the chains) were found to be 70.3 Å3, 26.5 Å3, 41.8

Å3, and 264 Å3, respectively.

Hydrogen bonding in the water/lipid
interface region

Fig. 4 shows the radial distribution function (RDF) for

various oxygen atoms from water and the lipid in the system,

with hydrogen atoms of the NH1
3 group of the POPS lipid.

The first minima in the RDF for the carboxylate and

phosphodiester oxygen atoms occur at ;2.4 Å, indicating

hydrogen bonding with the amine hydrogen atoms. To

further analyze the hydrogen bonding between various polar

headgroups, we calculated the average number of inter- and

intramolecular hydrogen bonds between the various oxygen

atoms in the system and hydrogen atoms of the amine group

(Table 1). A cutoff distance of 2.4 Å between the donor and

acceptor atoms (corresponding to the first minima in the

RDF, Fig. 4), and a cutoff angle of 358 between the H donor

and acceptor atoms were used as hydrogen bond criteria.

Table 1 shows that the number of intramolecular hydrogen

bonds formed by the oxygen atoms of the carboxylate and

phosphodiester groups is larger than the number of in-

termolecular hydrogen bonds. More intramolecular hydro-

gen bonds are formed by the amine hydrogen atoms with the

phosphodiester oxygen atoms than with the carboxylate oxy-

gen atoms. The observed intra- and intermolecular hydrogen

bonds are thus responsible for the low number of direct

interactions between the Na1 ions and these oxygen atoms.

Interaction of the ions with the water/lipid
bilayer interface

The Na1 ion distribution profiles (Fig. 3 B) show that these

ions penetrate deep into the ester region of the water/lipid

FIGURE 3 Electron density profile of the various groups (as defined in

Fig. 1) along the bilayer normal. The density profiles were averaged over the

last 25 ns of the trajectories.

FIGURE 4 Radial distribution functions of various oxygen atoms with the

lipid amine group (NH1
3 ) hydrogen atoms.

TABLE 1 Average number of hydrogen bonds between

various oxygen atoms in the system and the hydrogen atom

in the amine group (NH1
3 ) of the lipid molecule

Oxygen atoms in

Intermolecular

hydrogen bond/lipid

Intramolecular

hydrogen bond/lipid

Carboxylate group 0.25 6 0.04 (0.26)* 0.5 6 0.05 (0.5)

Phosphodiester

group

0.25 6 0.02 (0.26) 0.8 6 0.03 (0.84)

Ester carbonyl

group

0.065 6 0.001 (0.064) ;0

*Numbers in parentheses correspond to the POPS bilayers with NaCl.
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interface. To further analyze the interactions between Na1

ions and the water/lipid interface, we calculated the RDF of

all oxygen atoms with the Na1 ions, which is shown in Fig.

5 A. The RDFs show that the oxygen atoms form a first

coordination shell within 3.3 Å of the Na1 ion. From the

integral of the first peak, from zero to the first minima at 3.3

Å, we obtain average coordination numbers of 4.3, 0.9, 0.04,

and 0.07 for water, ester carbonyl, phosphodiester, and

carboxylate oxygen atoms, respectively, with the Na1 ion.

These coordination numbers, however, are obtained by

averaging over all the Na1 ions in the system regardless of

their position in the lipid bilayer. The broad distribution of

Na1 ions shows that they occupy different positions along

the water/lipid interface (Fig. 3 B), and the coordination

number of the Na1 ion with the various oxygen atoms will

vary along the width of the water/lipid interface. Fig. 5, B
and C, show the RDFs of Na1 ions in bulk water and the

ester region of the water/lipid interface, respectively,

throughout the last 25 ns of the POPS bilayer simulation,

with water and ester carbonyl oxygen atoms. As shown by

the integral of the first peak, from zero to 3.3 Å, there are

;5.7 water molecules in the first coordination shell of the

Na1 ions in bulk water (Fig. 5 B), and ;2.5 ester carbonyl

and water oxygen atoms each in the first coordination shell of

Na1 ions in the ester region of the water/lipid interface (Fig.

5 C). Fig. 5 D further illustrates the variation in the

coordination number of Na1 ions with various oxygen atoms

in the first coordination shell as function of distance, Z, from
the bilayer center, averaged over the two leaflets of the lipid

bilayer. The simulation cell was divided into 1 Å slabs, and

the average coordination number of various oxygen atoms

with the Na1 ion was calculated for each slab. Fig. 5 D also

shows that the interaction of Na1 ions with the lipid bilayer

is accompanied by a decrease in the number of water

molecules and an increase in the number of ester carbonyl

oxygen atoms around the ion. At a distance of;17.5 Å from

the center of the bilayer (corresponding to the region around

the ester group), the Na1 ion on average has;2.5 water and

ester carbonyl oxygen atoms each in the first coordination

shell. This corresponds to a situation where a Na1 ion has

either three water and two ester carbonyl or two water and

three ester carbonyl oxygen atoms in the first coordination

shell. Fig. 6 shows the coordination of a Na1 ion with water

and ester carbonyl oxygen atoms. As the Na1 ion penetrates

deeper in the water/lipid interface region (distance\17.5 Å),

the average number of water oxygen atom increases to 2.75

and the number of ester carbonyl oxygen atom decreases to 2

(Fig. 5 D). However, the number of Na1 ions at a distance

\17.5 Å is significantly less than the number of ions at

a distance$17.5 Å from the center of the lipid bilayer as can

be seen in the Na1 ion electron density profiles in Fig. 3 B.
To define the coordination geometry of oxygen atoms

around the Na1 ion, we calculated the distribution of

oxygen-Na1-oxygen angle u, for the oxygen atoms within

the first coordination shell, and the percentages of tetra,

FIGURE 5 Radial distribution functions of various oxygen atoms with all

the Na1 ions in the POPS bilayer (A), the Na1 ions in bulk water (B), and the

Na1 ions in the ester region (C) of the water/lipid interface. Coordination

number of various oxygen atoms around the Na1 ion as a function of

distance Z from the bilayer center (D).
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penta, hexa, and other lower and higher coordinated Na1

ions present in the simulation. As shown in Table 2, the

percentage of tetra- and the other lower coordinated Na1

ions are significantly less than that of penta- and hexa-

coordinated Na1 ions. Fig. 7 shows the distribution of the

angle u around the hexa- and the penta-coordinated Na1

ions. The peaks at ;908 and 1808 in the distribution profile

suggest that the Na1 ions prefer to adopt an octahedral and

a square pyramidal geometry in the hexa- and the penta-

coordinated species, respectively. The structure of the

hydration shell around the Cl� ion in the POPS bilayer

system with NaCl was not as well defined, which is

consistent with previous results (Grossfield et al., 2003;

Sachs and Woolf, 2003). We also studied the distribution of

the angle u between the P-N vector and the outward bilayer

normal in the POPS bilayer with and without NaCl (Fig. 8).

This distribution is slightly broader in the bilayer without

NaCl (Fig. 8 A), although the average value of the angle u
was found to be ;758 in both systems.

Order parameters for the tails

Fig. 9 shows the SCD order parameter of the palmitoyl (A)
and oleoyl chains (B) of the POPS lipid in the presence and

absence of NaCl. The SCD order parameters were calculated

using

SCD ¼ h3=2ðcos2uÞ � ½i; (2)

where u is the angle between the CD bond and the bilayer

normal. Deuterium positions were constructed from the

neighboring carbons assuming ideal geometries. The brack-

ets imply averaging over time and molecules. Fig. 9 shows

a small increase in the order parameter in the beginning of

FIGURE 6 Snapshot of the Na1 ion coordination by lipid oxygen atoms.

FIGURE 7 Distribution of the oxygen-Na1-oxygen angle u for the

oxygen atoms in the first coordination shell of the hexa- and penta-

coordinated species in the POPS bilayer with NaCl.

TABLE 2 Percentage of different types of Na1-oxygen atom

coordinated species present in the POPS bilayer with and

without NaCl

Percentage of POPS bilayer with NaCl POPS bilayer without NaCl

Tetra 4 3

Penta 45 51

Hexa 50 46

Lower 1 0

Higher \1 \1
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the alkyl chains in the presence of NaCl. Since the area per

lipid of the POPS bilayers in the presence and absence of

NaCl was found to be the same (see ‘‘Structure of the lipid

bilayer’’ section), one would expect the order parameters of

the alkyl chains of POPS lipids to be the same in the presence

and absence of NaCl (Nagle and Tristram-Nagle, 2000;

Petrache et al., 1999). The discrepancy between the area per

lipid and the order parameter can be explained in terms of the

Na1 ion coordination with the ester carbonyl oxygen atoms

in the water/lipid interface region of the lipid bilayer.

Fig. 10 shows the number density of Na1 ions averaged

over the two leaflets of the lipid bilayer as a function of

distance, Z, from the bilayer center. The simulation cell was

divided into 1 Å slabs and the number density of Na1 ions

was calculated for each slab. The number of Na1 ions that

penetrate deeper into the ester region of the water/lipid

interface is higher in the POPS bilayer system with NaCl

compared to the POPS bilayer system without NaCl as

shown by a larger peak in the Na1 ion distribution at 17.5 Å,

which corresponds to the ester region. This coordination of

Na1 ion by the ester carbonyl oxygen atoms results in an

increase in the order parameter of the carbon atoms in the

beginning of the alkyl chains of the POPS bilayer in the

presence of NaCl (see discussion below). Comparison of the

fraction of the chain dihedral angles in the trans conforma-

tion in the presence and absence of NaCl shows that there is

no significant difference in the number of trans conforma-

tions in the two systems (data not shown).

DISCUSSION

In this article we study the structure of a POPS lipid bilayer

in the presence and absence of NaCl using MD computer

FIGURE 9 Comparison of the deuterium order parameter (SCD) of the

alkyl chains in the POPS bilayer in the presence and in the absence of NaCl

(A, palmitoyl; B, oleoyl).

FIGURE 10 Comparison of the number of Na1 ions averaged over the

two leaflets of the lipid bilayer as a function of distance Z from the bilayer

center in the POPS bilayer in the presence and in the absence of NaCl.

FIGURE 8 Distribution of the angle between the vector joining

phosphorous and nitrogen in POPS and the outward normal to the bilayer

for the POPS bilayer (A) in the presence of NaCl and (B) without NaCl.
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simulation. Earlier MD simulations of negatively charged

lipid bilayers include the dipalmitoylphosphatidylserine

(DPPS) lipid bilayer simulations by Cascales et al. (1996)

and Pandit and Berkowitz (2002). As the structure of the

POPS and DPPS lipid molecules differs only by the presence

of a double bond in the POPS lipid, one would expect

comparable structures of DPPS and POPS lipid bilayers. We

compare the DPPS bilayer simulation results from Cascales

et al. and Pandit and Berkowitz with the present POPS

bilayer simulations.

The average value of the area per lipid of the POPS bilayer

in the presence and absence of NaCl was found to be the

same. MD simulation studies of the effect of NaCl on the

structure of zwitterionic phospholipid bilayer of DPPC show

that the area per lipid of the lipid bilayer decreases in the

presence of NaCl (Pandit et al., 2003b). This might be due

to the coordination of Na1 ions with different DPPC

molecules, which further restricts the motion of the lipid

molecules in the bilayer compared to the lipid molecules in

a bilayer without salt. In the case of the negatively charged

POPS bilayer, the Na1 ions coordinate with different POPS

molecules (Fig. 6), similar to what is found in the DPPC

bilayer with NaCl. Further addition of 0.15M NaCl does not

have a significant effect on the area per lipid (Fig. 2) because

the movement of the lipid molecules already appears to be

restricted by the coordination of the Na1 ion by lipids.

MD simulation studies of a DPPS bilayer gave an area per

lipid of DPPS of ;54 Å2 (Cascales et al., 1996; Pandit and

Berkowitz, 2002), which is comparable to the area per lipid

of ;55 Å2 for the POPS bilayer obtained in this study. One

would expect the area per lipid to increase in the presence of

a double bond in the alkyl chain (Murzyn et al., 2001). The

DPPS bilayer simulations, however, were done at a higher

temperature of 350 K compared to 300 K for the POPS

bilayer simulations in this study. The difference in temp-

erature between the two simulationsmay be responsible for an

unexpected similar area per lipid values of POPS and DPPS.

The earlier results obtained for the DPPS bilayers are from

rather short simulations. A recent study on the method-

ological issues in lipid bilayer simulation shows that of the

order of 10–20 ns equilibration time is required for MD

studies of DPPC bilayers (Anézo et al., 2003).

Comparison of the structural parameters of dioleoyl

phosphatidylserine (DOPS) bilayers with those of dioleoyl

phosphatidylcholine (DOPC) bilayers in the fluid state at the

same temperature from x-ray diffraction and NMR spectros-

copy shows that the volume and area per lipid of DOPC are

;6% and;10% larger than the volume and area per lipid of

DOPS (Petrache et al., 2004). In this work, a similar

comparison from MD simulations of POPS and POPC

bilayers under the same conditions gives a volume and area

per lipid of POPC of ;6% and ;12% larger than that of

POPS respectively. Similar differences in area per lipid were

also obtained by comparing simulations results of DPPS and

DPPC lipid bilayers (Cascales et al., 1996; Pandit and

Berkowitz, 2002). The smaller area per lipid for DOPS

compared to DOPC, a ‘‘condensing effect’’, is thought to be

due to the presence of hydrogen bonds (Petrache et al.,

2004). In the present simulations, we find a significant

fraction of intramolecular hydrogen bonds among POPS

lipids, which appear responsible for its smaller area per lipid

compared to POPC. X-ray diffraction and NMR spectros-

copy also show similarity between PS and phosphatidyleth-

anolamine (PE) lipids; for example, PS and PE have very

similar volumes (Petrache et al., 2004). Volumes of POPS

and POPE lipids from MD simulations under similar

conditions are found to be 1194 Å3 and 1199 Å3, re-

spectively, which are quite similar and in agreement with the

experimental observation (Mukhopadhyay et al., 2004). Thus,

lipid force field parameters can reproduce, at least qualita-

tively, the variation in bilayer structural parameters with dif-

ferent types of lipids.

The electron density profiles of the POPS bilayer (Fig. 3)

show that the peak in the Na1 ion density profile overlaps

with the peak in the ester group density profile and thus the

Na1 ions are found mostly next to the ester group. This is

contrary to the results obtained from the DPPS bilayer simu-

lations, where Pandit and Berkowitz (2002) and Cascales

et al. (1996) found the Na1 ions next to the carboxylate and

the phosphodiester groups respectively. Comparison of the

density profiles of the POPS bilayer averaged over 0–10 ns

and 30–40 ns time intervals shows that the peaks in the Na1

ion distribution profile are closer to the peaks in the

carboxylate and the phosphodiester group distribution

profiles for the first 10 ns of the trajectory. Thus in our

simulation we do see interactions between the Na1 ions and

the carboxylate and the phosphodiester groups over the first

10 ns of the trajectory; by the time the system reaches an

equilibrium state, which is between 15 and 40 ns time

interval as seen by a stable area per lipid (Fig. 2), however,

these interactions decrease and the Na1 ion-carbonyl oxygen

atom interactions become dominant. Mattai et al. (1989),

using proton-decoupled 31P NMR studies, showed that the

phosphodiester group stays mobile in a Na1 ion-POPS

bilayer system, indicating that the Na1 ions interact weakly

with the phosphodiester oxygen atoms. However, based on

spin-label electron spin resonance techniques and dif-

ferential scanning calorimetry studies on the thermotropic

behavior of POPS in the presence of Na1 ions, they also

concluded that the Na1 ions display only weak interactions

with POPS bilayers. Interactions between Na1 ions and ester

carbonyl oxygen atoms in lipid molecules are also found in

a POPC lipid bilayer simulation with NaCl (Böckmann

et al., 2003). The coordination of Na1 ions by the ester

carbonyl oxygen atoms of lipid molecules is clearly shown in

Fig. 6.

Interactions of the Na1 ion with the lipid bilayer are

accompanied by a loss of water molecules around the ion and

a simultaneous increase in the number of ion-carbonyl

oxygen coordination (Fig. 5 D). We also show that the

MD Simulations of POPS 1607
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coordination geometry of the oxygen atoms in the first

coordination shell of the Na1 ion is well defined (Fig. 7). The

hexa- and the penta-coordinated Na1 ions, which are the

predominant species present in the system (Table 2), have an

octahedral and a square pyramidal arrangement of oxygen

atoms around the Na1 ion, respectively. The high charge

density of the Na1 ion results in a well-defined geometry of

water molecules around a solvated Na1 ion and hence the

kosmotropic nature of the ion (Collins, 1997). Thus Na1 ions

interacting with the lipid bilayer impose spatial restrictions

on the water and ester carbonyl oxygen atoms with which

they coordinate in the water/lipid interface region.

To understand the effect of NaCl on the POPS lipid bilayer

structure, we calculated the SCD order parameters of the alkyl

chains in the presence and absence of NaCl. Comparison

of these SCD order parameters shows that there is a small

increase in the order parameter in the beginning of the alkyl

chains in the presence of NaCl (Fig. 9). This increase is due

to the greater number of Na1 ions coordinated by the ester

carbonyl oxygen atoms with well-defined coordination

geometry in the water/lipid interface region of the POPS

bilayer with NaCl. For the carbon-carbon bonds adjacent to

the ester group, which are in a region of high tail density and

low free volume (Tieleman et al., 1997), coordination of the

Na1 ion with the ester carbonyl oxygen atoms further

restricts their movement. For the carbon-carbon bonds near

the center of the bilayer, this coordination does not affect the

movement of the bonds due to the greater spatial and

orientational flexibility available to these bonds. Thus an

increase in the order parameter of the carbon atoms in the

beginning of the alkyl chains in the POPS bilayer in the

presence of NaCl is because of the restricted motion of the

carbon-carbon bonds adjacent to the ester carbonyl group.

CONCLUSIONS

Molecular dynamics computer simulations of palmitoyl-

oleoyl phosphatidylserine bilayers in the liquid crystalline

phase with Na1 ions show that the Na1 ion penetrates deep

into the ester region of the water/lipid interface of the lipid

bilayer. The amine group (NH1
3 ) of the lipid molecule is

involved in the formation of inter- and intra-molecular

hydrogen bonds with the carboxylate and the phosphodiester

groups of the lipid molecule. The interaction of Na1 ions

with the lipid bilayer is accompanied by a loss of water

molecules around the ion and a simultaneous increase in

coordination of the ion by ester carbonyl oxygen atoms. The

coordination geometry in the first coordination shell around

the Na1 ions is well defined as is expected from the

kosmotropic nature of the Na1 ion. The area per lipid of the

POPS bilayer is very similar in the presence and in the

absence of NaCl, 55 Å2. A small increase in the chain order

parameter of the carbon atoms in the beginning of the alkyl

chains in the presence of NaCl is observed, which might be

due to the greater number of Na1-carbonyl oxygen atoms

interacting in the water/lipid interface region of the POPS

bilayer with NaCl compared to the POPS bilayer without

NaCl.
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