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ABSTRACT We present molecular dynamics simulations of a multicomponent, asymmetric bilayer in mixed aqueous solutions
of sodium and potassium chloride. Because of the geometry of the system, there are two aqueous solution regions in our simu-
lations: one mimics the intracellular region, and one mimics the extracellular region. Ion-specific effects are evident at the
membrane/aqueous solution interface. Namely, at equal concentrations of sodium and potassium, sodium ions are more strongly
adsorbed to carbonyl groups of the lipid headgroups. A significant concentration excess of potassium is needed for this ion to
overwhelm the sodium abundance at the membrane. Ion-membrane interactions also lead to concentration-dependent and
cation-specific behavior of the electrostatic potential in the intracellular region because of the negative charge on the inner leaflet.
In addition, water permeation across the membrane was observed on a timescale of ~100 ns. This study represents a step
toward the modeling of realistic biological membranes at physiological conditions in intracellular and extracellular environments.
INTRODUCTION

Membranes are important components of biological cells

because they separate the content of cells and organelles

from the surrounding fluids. At the same time, membranes

play an active role in regulating traffic across these open

systems, and regulate communications among cells. Nature

accomplishes all these tasks by designing membranes in

the form of sophisticated bilayers containing mixtures of

different lipids and proteins (1). The properties of lipids

and of proteins in membranes are mutually adjusted to

perform specific functions. In view of the enormous number

of functions to be performed in different cells, it is not

surprising that a wide variety of lipids and proteins can be

found in membranes. This variety of proteins and especially

lipids provides biological membranes with flexible electro-

static and elastic properties. By mixing lipids with different

headgroups and different tails, and by building bilayers

asymmetrically from two monolayers of different composi-

tions, membranes can adjust their thickness to adopt proteins

and exclude or include them, can change the membrane

curvature, and can turn on or off electrostatic interactions (2).

A prime example of how nature can use variable proper-

ties of lipids in membranes involves lipid raft domains,

which contain an enhanced number of sphingomyelin mole-

cules and cholesterol (3,4). The roles of proteins in rafts for

biological membranes, and even more fundamental issues

such as the equilibrium or nonequilibrium nature of rafts,

remain to be clarified (5). Another interesting issue related

to rafts concerns the asymmetry of membranes (6). Although

sphingomyelin is prevalent in the outer leaflet of a plasma
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membrane, it is unclear what lipid can play its role in the

creation of rafts in the inner leaflet.

The distribution of salt ions inside and outside cells repre-

sents another pronounced asymmetry. While the dominant

cations inside the cellular media are Kþ, Naþ ions are mostly

located outside (1). This nonequilibrium situation is

primarily maintained by an intricate system of ion pumps

and channels, but a question arises over whether the asym-

metry of the membrane and the fact that the inner leaflet

bears a negative charge are also related to this ionic selec-

tivity. Recent simulations and experiments show that ions

display selective adsorptive properties toward lipid bilayers

(7–14). What is the role of bilayer asymmetry and selective

adsorption properties on the total electrostatic properties of

membranes? How can membrane asymmetry influence

membrane/peptide interactions that are screened by salt?

To address some of the issues raised by these questions,

we performed computer simulations of asymmetric model

biological membranes in aqueous solutions containing KCl

and NaCl salts, and we report on the results of these simula-

tions here.

SYSTEMS AND METHODS

System composition

As mentioned in the Introduction, the composition of membranes found in

biological cells is variable, depending on the biological species and type

of organelle the membrane encloses. For example, the plasma membrane

of the human erythrocyte is strongly asymmetric, i.e., the composition of

the two leaflets in the bilayer is different. The detailed composition of the

leaflets for this membrane was investigated, and the results are available

elsewhere (15,16). To create a more biologically realistic model of an asym-

metric membrane in our simulations, we chose to mimic the plasma

membrane of the human erythrocyte. To this end, we constructed an asym-

metric membrane containing four different lipids, three of them zwitterionic:
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4494 Vácha et al.
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-

2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), and N-palmitoyl

sphingomyelin (PSM). The fourth lipid was anionic: 1-palmitoyl-2-oleoyl-

sn-glycero-3-phosphoserine (POPS). The chemical structures of these four

mentioned phospholipids are depicted in Fig. 1.

The outer leaflet of such a membrane consists mainly of phosphocholine

(PC) and sphingomyelin (SM) lipids with a ratio of 1:1, whereas the inner

leaflet contains about one third of the charged phosphoserine (PS) lipids.

The rest are zwitterionic lipids, with the main contribution coming from

phosphosthanolamine (PE) phospholipids. Because we can simulate only

a small patch of a membrane containing ~60 lipid molecules in one leaflet,

lipids that make minor contributions to the composition of the human eryth-

rocyte membrane were not considered. Nor did we include cholesterol in our

present model, postponing the study of its influence for future research.

The exact number of lipids in our simulations was determined by a careful

matching of the inner and outer leaflet areas, to prevent any bending and

undulation of the membrane. To this end, we initially performed simulations

of symmetric membranes containing mixed leaflets of different composi-

tions, and compared the resulting membrane areas. The initial guess for

the areas and numbers of lipids was based on the data for the area per lipid

obtained from previous simulations (17–22). The best match was obtained

for a bilayer composed of 30 POPC and 30 PSM lipids with an area of

32.7 nm2, and the other bilayer contained 44 POPE and 20 POPS lipids

with an area of 32.6 nm2. Therefore, these compositions were adopted as

the leaflet compositions of our model asymmetric membrane. A somewhat

inferior match was obtained for another tested membrane that contained

43 POPE and 20 POPS lipids, and had an area of 31.9 nm2.

The unit cell in these simulations contained two such bilayers in

a symmetric arrangement (Fig. 2). Fig. 2 shows two compositionally asym-

metric bilayers oriented with their inner leaflets toward the box center, sepa-

rated by aqueous solution. We denote the central region between the inner

leaflets as the interior, which models the solution in the cell cytoplasm,

whereas the extracellular solution is represented by an exterior region

between the outer leaflets. The outer region is also continuous, because of

the applied periodic boundary conditions.

We investigated two different systems, and the compositions of the interior

and exterior regions are summarized in Table 1. The first system, denoted as

NaK-NaK, contained equal numbers of Naþ and Kþ ions in both the interior

and exterior solutions, resulting from a mixture of 200 mM NaCl and 200 mM

KCl. In addition, the interior solution contained counterions to the negatively

charged POPS lipids, which were also Naþ and Kþ cations at a 1:1 ratio. This

FIGURE 1 Schematic drawings (molecular structures) of lipids POPC,

POPE, PSM, and POPS.
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choice of equal and relatively high NaCl and KCl concentrations led to a fast

convergence of results in terms of ion segregation at the membrane/solution

interface. The second system was intended to mimic in a more realistic fashion

the sodium/potassium imbalance in cells, and was denoted the NaK system.

This setup contained a 200 mM NaCl solution in the exterior region. The inte-

rior region had 20 mM of Cl� anions, together with Kþ counterions, which

also compensated the charge of anionic lipids.

Computational details

All simulations were performed using the program GROMACS, version

3.3.1 (23,24). The systems were kept within the constant temperature and

pressure (NpT) ensemble using a semi-isotropic pressure coupling at 1 bar

FIGURE 2 (A) System snapshot of double asymmetric membrane with

separated interior and exterior solutions. (B) Number density profiles of

our system as a function of distance perpendicular to the membrane surface.

Data were averaged over 100 ns.

TABLE 1 Exact compositions of studied systems

NaK-NaK system

(equal ion compositions)

NaK system

(~physiological ion composition)

Outer leaflet 30 POPC, 30 PSM 30 POPC, 30 PSM

Inner leaflet 44 POPE, 20 POPS 44 POPE, 20 POPS

Interior 6430 H2O, 44 Naþ,

44 Kþ, 48 Cl�
6430 H2O, 42 Kþ,

2 Cl�

Inner leaflet 44 POPE, 20 POPS 44 POPE, 20 POPS

Outer leaflet 30 POPC, 30 PSM 30 POPC, 30 PSM

Exterior 6430 H2O, 24 Naþ,

24 Kþ, 48 Cl�
6430 H2O, 24 Naþ,

24 Cl�
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by means of a Parrinello-Rahman barostat with a coupling constant of 2 ps.

Temperature coupling was established by a Nose-Hoover thermostat sepa-

rately for the lipids and the solution, with a coupling time constant of 1.0

ps. Temperature was set at a slightly elevated value of 323 K, to prevent

the bilayers from undergoing a possible phase transition. Short-range van

der Waals interactions were cut off at 1 nm, and the effect of long-range

Coulomb interactions was accounted for by using the particle mesh Ewald

method (25), with a grid spacing of 0.12 nm and cubic interpolation. Appli-

cation of the SETTLE algorithm (26) for constraining water and the LINCS

algorithm (27) for lipids allowed us to use a 2 fs time step. Initially, lipids

were randomly generated on an 8 � 8 array, followed by a minimization

step to remove close contacts of atoms. Subsequently, simulations were per-

formed for 260 ns. The first 160 ns were considered as equilibration, and dis-

carded from further analysis. The equilibrated size of the unit cell was ~5.7

� 5.7 � 21.5 nm, where membranes of a thickness of ~3.7 nm were sepa-

rated with 7 nm of solution.

Potential parameters for the lipids were based on the united-atom force

field of Berger et al. (18), as defined for POPC (17,19), POPE (19), POPS

(20), and PSM (22). For water, we used the Simple Point Charge (SPC)

model (28) with which the lipid force field was developed, and the ionic

parameters were taken from the GROMACS force field (24), with the excep-

tion of potassium. The depth of the Lennard-Jones potential for Kþ is unre-

alistically small. Therefore, in previous studies, other parameters were used

(13,29). We adopted a potassium ion (30) that was carefully parameterized

by Dang et al. (30). In a lipid force field, all Lennard-Jones parameters for

interactions between different atom types are explicitly defined. These

values are typically obtained by using the combination rules

C6ij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C6i � C6j

p
and C12ij ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C12i � C12j

p
. Different pairs of C6

and C12 parameters are thus associated with each atom, to describe interac-

tions with various partners. Therefore, to be fully consistent with the force

field for Naþ, we generated the nonbonded parameters for Kþ interacting

with any atom i, using the following relationships:

C6Kþ i ¼ C6Naþ i

ffiffiffiffiffiffiffiffiffiffiffi
C6Kþ
p
ffiffiffiffiffiffiffiffiffiffiffiffiffi
C6Naþ
p and

C12Kþ i ¼ C12Naþ i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C12Kþ
p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C12Naþ
p :

RESULTS

Equilibration and membrane area

The time development of the membrane area provides impor-

tant information about the equilibration process. This time

development yields the averaged distributions (i.e., number

of density profiles) of phospholipids across the unit cell, as

depicted in Fig. 2 B. Membrane area is defined as the lateral

area of the simulation box in the xy-plane. The equilibration

process, monitored by the convergence of the membrane

area within the unit cell (Fig. 3), exhibited two timescales.

The first equilibration interval, during which a rapid decrease

of membrane area was evident, lasted ~20 ns. The second time

regime, connected with a much slower decrease of membrane

area, lasted ~140 ns. After 160 ns, the systems reached equi-

librium values of the membrane areas, i.e., 32.5� 0.2 nm2 for

the NaK-NaK system, and 32.8� 0.3 nm2 for the NaK system

(the errors are standard deviations). In terms of an averaged

area per lipid, these values correspond to 0.542 nm2

for the outer leaflet and 0.508 nm2 for the inner leaflet in the

NaK-NaK system, and 0.546 nm2 for the outer leaflet and
0.512 nm2 for the inner leaflet in the NaK system. At the

same time, the equilibrium membrane thickness, measured

as the distance between density peaks of lipids, was ~3.7 nm.

For an additional indication that the systems reached equilib-

rium, after 160 ns, the total number of all adsorbed ions

fluctuated around constant mean values, and no drift was

evident (Fig. 4).

Adsorption of ions

The number density profiles of ions are plotted in Fig. 5. In

the NaK system, Naþwas enhanced at the carbonyl region of

the outer leaflet, whereas the density profile of Kþ ions on

the inner leaflet displayed two peaks: one at the carbonyl

region, and one close to the carboxyl oxygens. The ion

adsorption was stronger at the carbonyl compared with the

carboxyl oxygens. In the NaK-NaK system, both cations

were competing for adsorption on both sides of the

FIGURE 3 Time dependence of total membrane area within unit cell for

NaK-NaK and Na-K systems. Dashed lines depict linear fits to last 100 ns.

FIGURE 4 Total amounts of adsorbed ions at membrane, determined as

number of ions within 0.7 nm from phosphate groups.
Biophysical Journal 96(11) 4493–4501
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membrane. The ion-adsorption pattern was the same as in the

NaK system. The sodium cation was preferred over potas-

sium, with the exception of the carboxyl region. The Cl�

anion exhibits a weak enhancement at the outer leaflets,

but no enhancement at the inner leaflets, in both systems

under study.

Ion adsorption was further quantified by evaluating the

numbers of adsorbed ions. These were determined as the

numbers of ions observed within a distance of 0.7 nm from

the phosphate groups, averaged over the last 100 ns of the

simulation run. This distance was chosen to include the high-

est peak of the radial distribution function between ions and

phosphates (data not shown). The results are presented in

FIGURE 5 Number density profiles of ions across asymmetric membrane,

with inner leaflet at right. For easier localization of ion peaks, density

profiles of carbonyl and carboxyl oxygens are also depicted. Only half of

the unit cell is shown. The results were averaged over two equivalent halves.

(A) NaK-NaK system. (B) NaK system.
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Table 2. These data are consistent with the density profiles,

and show stronger adsorption at the membrane of sodium

over potassium. The residence times of adsorbed ions were

calculated as the mean time that cations spend without inter-

ruption within a distance of 0.7 nm from the phosphate

atoms. For potassium, the mean residence time was ~50 ps,

whereas for sodium it was about three times longer.

Ion-lipid complexes

The weakly bound complexes between ions and lipids were

analyzed in more detail, and the populations of individual

complexes are shown in Fig. 6. An ion was considered to

be in a complex with a lipid when any of the lipid atoms

were within the ion’s first solvation shell. The size of the first

solvation shell was determined from the radial distribution

function between the ion and lipids to be 0.275 nm for

Naþ, and 0.311 nm for Kþ. The ion-lipid separation was

defined as the minimal distance between the ion and lipid

atoms. The populations of complexes were normalized to

the number of contacts.

First, we analyzed the NaK-NaK system (Fig. 6, A and B).

At the outer leaflet, the ions create complexes mostly with

POPC for both cations. More specifically, the most abundant

complex is with three POPC lipids, followed by those with

a pair of POPCs. Complexes with PSM are much less

frequent, and are preferred by potassium slightly more than

by sodium. At the inner leaflets, the complexes with three

lipids were also the most populated. Sodium prefers mostly

mixed complexes with POPE and POPS lipids (~70%).

The most abundant of these are complexes with 2 POPEs

and 1 POPS, and with 3 POPEs and 1 POPS, which together

represent almost half of all sodium complexes at the inner

leaflet. For potassium, the complex with 2 POPEs and 1

POPS is also the most populated. However, compared with

sodium, complexes containing potassium with a single lipid

type are more abundant (30% with POPE, 30% with POPS,

and 40% mixed).

The NaK system is simpler (Fig. 6, C and D). Sodium at

the outer leaflet mainly forms complexes with POPC, so

that complexes containing sodium and two POPCs are the

most populated. Potassium in contact with the inner leaflet

forms mostly mixed complexes, and the most common one

contains 2 POPEs and 1 POPS molecule.

TABLE 2 Number of ions adsorbed at membrane (with values

per lipid in leaflet given in parentheses) and their mean

residence times

Adsorption Residence times (ps)

Outer

leaflet

Inner

leaflet

Outer

leaflet

Inner

leaflet

NaK-NaK system: Naþ 8.0 (0.07) 23.7 (0.18) 316 294

NaK-NaK system: Kþ 3.8 (0.03) 10.7 (0.09) 114 69

NaK system: Naþ 10.0 (0.08) 465

NaK system: Kþ 18.6 (0.15) 133
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FIGURE 6 Populations (in percent-

ages) of weakly bound complexes of

lipids with sodium (solid) and potas-

sium (dashed) normalized to total

number of complexes for each ion. (A,

B) NaK-NaK system. (C, D) NaK

system.
Electrostatic potentials

The electrostatic potentials depicted in Fig. 7 were calculated

from charge densities, using Poisson’s equation with periodic

boundary conditions according to Sachs et al. (31). The abso-

lute value of the potential was set at zero in the middle of the

exterior solution, i.e., at the edge of the unit cell. It follows

from the simulations presented here that the electrostatic

potential across the membrane is zero for both systems con-

taining salts. For comparison, we also evaluated the total elec-

trostatic potential for the system without added salt (Fig. 7 A).

For this system, a total electrostatic potential of 85 mV across

the membrane was found. The error in calculations is esti-

mated to be on the order of 10 mV, judging by the asymmetric

character of the potential profile. The shape of the potential

profile in the interior is system-dependent: it decreases from

the membrane surface toward the center of the interior solu-

tion in the NaK-NaK system, but it increases in the NaK

system. Fig. 7 B shows a decomposition of the electrostatic

potential into contributions from two overall neutral subsys-

tems: lipids and ions as one subsystem, and water as the other.

As is usually the case in hydrated bilayers, water efficiently

compensates the electric fields attributable to the lipid head-

groups and ions. Consistent with the screening effect of salt

ions, at high salt concentrations, the electrostatic profile is

flat in the interior solution, whereas the effect of the head-

groups propagates deeper into water at low salt.

Water permeation

During the simulations presented here, we observed water

permeation through the membrane. In total, three water

molecules penetrated the membrane from the exterior to

the interior in the NaK-NaK system, whereas eight waters

moved in the opposite direction during the last 100 ns of

the simulation. Similar permeation was also evident for the
NaK system, where 10 water molecules penetrated from

the exterior to the interior, and three waters moved in the

opposite way. There were also events where water penetrated

inside the bilayer reemerging later at the original solvent

side. The density of water inside the membrane can be

roughly estimated from water-density profiles, based on the

observed 24 permeating events, to be three orders of magni-

tude lower than in bulk water. There was no penetration of

ions within the whole period of 260 ns of the simulation run.

The process of water permeation through the membrane is

depicted as snapshots in Fig. 8. Fig. 9 depicts four represen-

tative trajectories of water molecules, projected in the direc-

tion perpendicular to the membrane. Observations based on

Figs. 8 and 9 allow us to divide the permeation process into

motion within distinct regions:

1. Diffusion in aqueous solution;

2. Motion across the membrane interface, particularly across

the carbonyl region, where water was observed to reside

for up to several nanoseconds, and to diffuse slowly;

3. Motion across the hydrophobic carbon chain region,

where water diffuses very fast. The maximum observed

duration was tens of picoseconds;

4. Motion in the middle of the membrane, where the density

of chains is low, and the water molecule remains for up to

nanoseconds and is very mobile.

Finally, we found that the permeating water molecule forms

a hydrogen bond with the carbonyl oxygen while moving

from the headgroup region into the tail region. This may

help stabilize the water molecule while it is loosing

hydrogen bonds with other waters.

Lipid clustering

Fig. 10 contains snapshots of the membrane at time points of

40 ns and 200 ns (snapshots at the end of the simulation at
Biophysical Journal 96(11) 4493–4501
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260 ns are very similar). Based on top views of both the outer

and inner leaflets, we conclude that during the several

hundreds of nanoseconds of the simulation, no domains

were created, and the distribution of lipids remained random,

as generated at the beginning.

DISCUSSION

Equilibration and membrane area

We observed in our simulations that the equilibration time

was relatively long, at ~160 ns, and that it contained two

time regimes: a fast one of ~20 ns, followed by a period of

more than 100 ns within which the system slowly reached

equilibrium (Fig. 3 depicts the equilibration process, moni-

FIGURE 7 (A) Total electrostatic potentials of both studied systems, plus

system with no added salt (where only counterions for POPS were present).

The inlet shows the magnified electrostatic potential of inner solution. (B)

Partial electrostatic potentials for NaK-NaK and Na-K systems.
Biophysical Journal 96(11) 4493–4501
tored in terms of the total membrane area in the unit cell).

We also observed that the equilibrated area per lipid was

a bit smaller in the NaK-NaK system compared with the

FIGURE 8 Five snapshots depict process of water permeation.

FIGURE 9 Four representative trajectories of water molecules penetrating

through bilayer. Only the coordinate perpendicular to the bilayer is plotted,

and time is synchronized to moment when water molecule is in center of

membrane for each trajectory.
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NaK system, consistent with a previously observed decrease

of the area per POPC lipid for higher NaCl concentrations

(21).

Adsorption of ions

Our simulations show that sodium ions adsorb more strongly

than potassium on both sides of an asymmetric membrane.

This difference is more pronounced at the inner leaflet,

which contains negatively charged lipids. The strength and

spatial localization of the adsorption of alkali cations are

consistent with the longer residence times for smaller cations

(32), and with previous studies of single-lipid membranes

using the same force field (11,13,14,20,21,33,34). The

observed double peak of cationic density profiles next to

the inner leaflet is in agreement with results for a pure

POPS bilayer (20). Therefore, we conclude that the adsorp-

tion of cations at the inner leaflet is mainly determined by

anionic POPS, even though POPS represents only one third

of the lipids in the inner leaflet. Not surprisingly, and consis-

tent with previous observations for pure POPS (20), there

was no enhancement of Cl� at the inner leaflet.

In general, sodium is adsorbed at the membrane more than

potassium. The only exception is the carboxyl-group region

of the inner leaflet in the NaK-NaK system, which consti-

tutes a finite concentration effect. Because of the strong

sodium adsorption to the carbonyl region, there are not as

many sodium cations left in the solution as there are potas-

sium cations. Subsequently, we find the preferred adsorption

of potassium on carboxyl, despite the different affinities.

Indeed, if one constructs normalized radial distribution func-

FIGURE 10 Snapshots of system at 40 ns and 200 ns. Top views of both

inner and outer leaflets.
tions between the carboxyl group and cations (data not

shown), sodium is the preferred ion. Moreover, the most

preferred configuration between the carboxyl group and

alkali cations is a water-separated pair, with an oxygen-

cation distance of ~0.4 nm. This is likely due to the vicinity

of the positively charged ammonium group, which leads to

a destabilization of the contact ion pair that is otherwise

formed (e.g., for acetate anion in solution) (35).

Ion-lipid complex

At the outer leaflets, the most important complexes with

sodium and potassium ions were those with POPC lipids

for both systems under investigation. This behavior likely

occurs because the PSM lipid has only one carbonyl oxygen,

and its partial charge is smaller than the one on POPC. The

most common ion-lipid complexes had 2 POPCs in the NaK

system, but 3 POPCs in the NaK-NaK system, which points

to an effect of the concentration.

The inner leaflets contained mostly mixed complexes,

with sodium preferred over potassium. Thus, none of the

lipid-type molecules are strongly preferred by the ions,

even though the POPS lipids are negatively charged. The

most populated are complexes with three lipids, and the

most abundant contain 2 POPE and 1 POPS molecules. Inci-

dentally, this complex has the same ratio of lipids as the ratio

in the leaflet. Although sodium prefers mixed lipid

complexes, the more weakly bound potassium is left to

form complexes mainly with a single type of lipid.

Electrostatic potentials

The observed vanishing electrostatic potential across the

membrane in salt solutions can be attributed to the effect

of ion screening of the membrane surface. The negative

membrane potential is observed for systems containing nega-

tively charged lipids without added salt, consistent with the

results of a recent study of pure PS/PC and PS/PE

membranes (36), and is caused by incomplete screening of

negatively charged lipids. In salt solution (the NaK system),

cations are adsorbed to the membrane, leading to the

screening of electrostatic potential at shorter distances. At

higher salt concentrations (the NaK-NaK system), the ion

adsorption becomes strong enough to overcompensate the

POPS negative charge. This explains why the electrostatic

potential monotonously approaches zero without acquiring

negative values (as in previous cases).

The observed slightly negative potential on the outer leaf-

lets is in accordance with previous studies of zwitterionic

lipids (21,32,33), and was shown to be caused by water

orientation at the headgroups (21).

Water permeation

Water permeation through membrane has been found to

be a relatively fast (in nanoseconds) process for all 24

observed cases. Diffusion of a water molecule through the
Biophysical Journal 96(11) 4493–4501
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hydrophobic tails was faster than in bulk water (of the order

of tens of ps) peaking in the middle of the membrane. The

rate limiting step was the initial water permeation at the

carbonyl region which took up to several ns. This is in agree-

ment with recent experiments (37,38), where it was shown

that water permeation is strongly dependent on the area per

lipid rather than on the membrane thickness. Our results

are also consistent with previous simulations (39–41), where

the free-energy profile and local diffusion of water through

a PC membrane was calculated. In these studies, a free-

energy barrier at the dense part of the lipid tails, located

below the carbonyl region, was found to be a limiting step

for water to enter the hydrophobic part of the membrane.

Furthermore, there is a small free energy minimum in the

middle of the membrane that codetermines water transport

through lipids. Marrink and Berendsen (41) also calculated

the water lateral diffusion rate, which was found to be high-

est in the middle of the membrane, decreasing toward the

carbonyl region, and increasing again upon moving toward

the aqueous bulk, in agreement with our findings.

CONCLUSIONS

In our simulation, we increased the complexity level of previ-

ously simulated single-component membranes or leaflets in

water or salt solutions by means of a multicomponent asym-

metric bilayer in aqueous solutions containing mixtures of

salts. The choice of the four particular lipids, and of sodium

and potassium chloride salts, was dictated by biological

considerations. The study of such systems brings us closer to

a description of real biological membranes. Moreover, thanks

to the geometry of our unit cell, which contained two bilayers,

the aqueous solutions in our systems were represented by two

pools (exterior and interior). This also represents a step toward

biological reality, because membranes separate different intra-

cellular and extracellular solutions.

We observed in our simulations that specific effects play

a role in the distribution of ions at the membrane/aqueous

solution interface. Thus, at equal concentrations, Naþ ions

are more strongly adsorbed to the carbonyl groups of lipid

molecules than Kþ ions, because of specific interactions

(42). Only in cases of concentration excess can Kþ win

over Naþ in terms of abundance at the membrane. The pref-

erence for sodium over potassium in the headgroup region is

consistent with our previous simulations of a single-compo-

nent DOPC membrane, using an all-atom force field (43).

Furthermore, detailed results on the specific character of

ion-lipid headgroup interactions somewhat depend on the

force field in use. In our previous simulation with the all-

atom force field, the preferred adsorption site for cations

was near the phosphate group (43). A simulation using the

CHARMM force field, which has a larger sodium radius,

showed a weaker surface preference (31). This is consistent

with the weaker surface affinity of potassium over sodium

observed here. In addition, we observed that cations can
Biophysical Journal 96(11) 4493–4501
form various weak complexes with more than a single head-

group. The most common complexes are those with three

lipids. In the outer leaflet, the most abundant complex is

with 3 POPCs, whereas in the inner leaflet, the most abun-

dant complex is with 2 POPE and 1 POPS molecules. An

interesting question arises whether the observed preference

for Naþ over Kþ by the membrane interior surface has

anything to do with the strong asymmetry in concentration

of these ions in the interior and exterior of the cell, as main-

tained by ion pumps and channels.

Concentration-dependent specific ion-membrane interac-

tions are also evident in the behavior of the electrostatic

potential in the inner pool of the aqueous solution. The charge

on the negative inner membrane can be partially screened by

salt and counterions (in the case of NaK) or even slightly

overcompensated (in the NaK-NaK system) by the adsorp-

tion of ions from the solution. Moreover, the concentration

of ions, even in the case of the NaK system, which is of phys-

iological relevance, is large enough to produce effective

screening, which reduces the potential to zero in the middle

of the relatively small aqueous interior pool.

We also observed that water can permeate across the

membrane in our simulations, and the qualitative features

describing this permeation are consistent with those

observed for systems simpler than ours (41). The presence

of ions produces a slight condensation of the lipid bilayer,

but we did not observe the creation of domains that are

speculated to exist in membranes because of the salt effect

(44). This can be attributed to the limited duration (260 ns)

of our simulation, which also prevented us from observing

passive ion transport across membranes possibly facilitated

by the creation of water channels. To model faithfully the

transport of ions across channels and active transport across

pumps, one needs to include proteins in bilayers that

contain an asymmetry in their leaflet compositions, to regu-

late both the mechanical and electrical properties of the

protein. These electrical properties can be accomplished

by adjusting, via salt-screening and adsorption, the cross-

membrane potential. Our simulation thus represents a step

toward detailed studies of the complicated biological

membrane/aqueous solution interface.
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35. Jagoda-Cwiklik, B., R. Vácha, M. Lund, M. Srebro, and P. Jungwirth.
2007. Ion pairing as a possible clue for discriminating between sodium
and potassium in biological and other complex environments. J. Phys.
Chem. B. 111:14077–14079.

36. Gurtovenko, A. A., and I. Vattulainen. 2008. Membrane potential and
electrostatics of phospholipid bilayers with asymmetric transmembrane
distribution of anionic lipids. J. Phys. Chem. B. 112:4629–4634.

37. Mathai, J. C., S. Tristram-Nagle, J. F. Nagle, and M. L. Zeidel. 2008.
Structural determinants of water permeability through the lipid
membrane. J. Gen. Physiol. 131:69–76.

38. Nagle, J. F., J. C. Mathai, M. L. Zeidel, and S.Tristram-Nagle. 2008. Theory
of passive permeability through lipid bilayers. J. Gen. Physiol. 131:77–85.

39. Shinoda, K., W. Shinoda, and M. Mikami. 2008. Efficient free energy
calculation of water across lipid membranes. J. Comput. Chem.
29:1912–1918.

40. Bemporad, D., C. Luttmann, and J. W. Essex. 2005. Behaviour of small
solutes and large drugs in a lipid bilayer from computer simulations.
Biochim. Biophys. Acta. 1718:1–21.

41. Marrink, S. J., and H. J. C. Berendsen. 1994. Simulation of water trans-
port through a lipid-membrane. J. Phys. Chem. 98:4155–4168.

42. Vrbka, L., J. Vondrasek, B. Jagoda-Cwiklik, R. Vacha, and P. Jungwirth.
2006. Quantification and rationalization of the higher affinity of sodium
over potassium to protein surfaces. Proc. Natl. Acad. Sci. USA.
103:15440–15444.
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