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Effect of Sodium Chloride on a Lipid Bilayer
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Biophysics and Thermodynamics Group, Max-Planck-Institute for Biophysical Chemistry, Göttingen, Germany

ABSTRACT Electrostatic interactions govern structural and dynamical properties of membranes and can vary considerably
with the composition of the aqueous buffer. We studied the influence of sodium chloride on a pure POPC lipid bilayer by
fluorescence correlation spectroscopy experiments and molecular dynamics simulations. Increasing sodium chloride
concentration was found to decrease the self-diffusion of POPC lipids within the bilayer. Self-diffusion coefficients calculated
from the 100 ns simulations agree with those measured on a millisecond timescale, suggesting that most of the relaxation
processes relevant for lipid diffusion are faster than the simulation timescale. As the dominant effect, the molecular dynamics
simulations revealed a tight binding of sodium ions to the carbonyl oxygens of on average three lipids leading to larger
complexes with reduced mobility. Additionally, the bilayer thickens by ;2 Å, which increases the order parameter of the fatty
acyl chains. Sodium binding alters the electrostatic potential, which is largely compensated by a changed polarization of the
aqueous medium and a lipid dipole reorientation.

INTRODUCTION

Biological membranes consist predominantly of lipids and

proteins in mass ratios ranging from 0.25 (purple membranes

of halobacteria) to 4 (lung surfactant). In most membranes

the lipids are the predominant molecular species. Membrane

lipids are very heterogeneous in chain length, chain

saturation, and headgroup structure. In most biomembranes

only ;10% of the lipids are charged, whereas the remaining

lipid fraction is zwitterionic or uncharged, consisting in

particular of phosphatidylethanolamines and phosphatidyl-

cholines (POPC). The latter represent ;50% of all head-

groups (Neidlemann, 1993; Sackmann, 1995).

Biological membranes are surrounded by an aqueous

buffer containing Na1, K1, Ca21, Mg21, or Cl� ions with

quite different concentrations inside and outside of the cell.

Electrostatic interactions between this ionic buffer and the

lipid molecules are crucial for membrane fusion, phase

transitions, or transport across the membrane. Divalent

cations are known to interact very strongly with charged

lipids, but also moderately with zwitterionic lipids (Tatulian,

1993). Despite their ubiquity, knowledge about the in-

teraction of monovalent ions with lipids is less detailed.

These interactions are generally assumed to be quite weak.

E.g., the dissociation constants of Na1 and Cl� from POPC

membranes (Tatulian, 1993) are close to the physiological

range of 100–500 mM. In a recent study it was reported that

moderate NaCl concentrations induce phase separation in

POPC membranes as evidenced in x-ray crystallography

(Rappolt et al., 2001). This finding is of quite some

relevance, since it indicates that monovalent ions affect the

lateral organization of artificial and most likely that of

biological membranes.

The interaction of sodium with neutral zwitterionic

membranes is the subject of this article. Changes in

membrane electrostatics, lateral heterogeneities, and binding

of solutes influence the lipid self-diffusion. Therefore, the

diffusion coefficients contain information about the mem-

brane state. Some of the various methods to study diffusion

characteristics of membranes are fluorescence recovery after

photobleaching (Axelrod et al., 1976; Blume, 1993; Almeida

and Vaz, 1995), fluorescence correlation spectroscopy (FCS)

(Magde et al., 1972; Ehrenberg and Rigler, 1974; Korlach

et al., 1999; Schwille et al., 1999; Feigenson and Buboltz,

2001; Hess et al., 2002), single particle tracking (Lee et al.,

1991; Schmidt et al., 1996; Schütz et al., 1997; Fujiwara

et al., 2002), nuclear magnetic resonance (Fisher, 1978; Kuo

and Wade, 1999), and electron spin resonance techniques

(King et al., 1987), but also neutron diffraction (Tabony and

Perly, 1990; König et al., 1992). Since these techniques are

sensitive on different timescales, numerical values for

diffusion coefficients vary considerably. Typical values for

the diffusion coefficient in fluid lipid membranes of

D ¼ 43 10�8 cm2/s were derived from macroscopic mea-

surements (fluorescence recovery after photobleaching and

FCS) on the millisecond timescale, whereas neutron

scattering experiments (picosecond timescale) yield values

of D ¼ 13 10�7 cm2/s to D ¼ 43 10�6 cm2/s (Tabony and

Perly, 1990; König et al., 1992). The difference in these

values originates from different modes of diffusion. On short

timescales the diffusion is generally assumed to be dom-

inated by confined motion in a local free volume defined by

nearest neighbor lipids, whereas diffusion on the millisecond

timescale rather resembles Brownian motion in a viscous

fluid (Vaz and Almeida, 1991).

Since the work of van der Ploeg and Berendsen (1982),

molecular dynamics (MD) simulations yielded an increasing
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amount of information on the structure and the dynamics of

uncharged membranes in the absence of ions (Heller et al.,

1993; Venable et al., 1993; Tieleman et al., 1997; Essmann

and Berkowitz, 1999; Moore et al., 2001) and on bilayers

with purely negatively charged lipids, with a high concen-

tration of positive ions to counterbalance the charges

(Cascales and de la Torre, 1997; Pandit and Berkowitz,

2002). Due to the slow relaxation times associated with ion

and lipid diffusion, MD studies of the interaction of ions with

lipids close to equilibrium require very long trajectories and

an accurate description of the electrostatics (Patra et al.,

2003); therefore, a precise computation of self-diffusion

coefficients of lipid bilayers in salt solutions has up to now

not been possible.

Here, we present a combined effort using both FCS

techniques and extended MD simulations to study the in-

fluence of sodium chloride on structure and dynamics of

a neutral lipid bilayer. It is this combination of experiment

and theory that provides a new and detailed picture of the

specific interaction between sodium ions and zwitterionic

lipid molecules.

METHODS

Materials and fluorescence
correlation spectroscopy

Lipids were purchased from Avanti Polar Lipids (Birmingham, AL), and

fluorescence labels from Molecular Probes (Leiden, The Netherlands).

Oriented multilamellar POPC membranes were created by drying the lipid

on a quartz coverslip from a dichloromethane/methanol solution in a high

vacuum desiccator. The dry samples were then hydrated with distilled water

containing suitable NaCl concentrations and equilibrated for at least 1 h.

Subsequently the diffusion processes in the membranes were investigated

by fluorescence correlation spectroscopy. In our FCS setup we used

a linearly polarized continuous wave 532 nm Nd:Yag laser (Laser 2000,

Wessling, Germany) and suitable filters to attenuate the laser power of

5 mW. We used a 1.20 NA 603 water immersion objective (Olympus;

UPLAPO) and a confocal setup with a 100-mm pinhole. The probe was

mounted on an optical table equipment with a piezoelectric nanopositioning

XYZ-system. The fluorescence signal was detected by two SPCM-AQR-13

avalanche photo diodes (Laser Components, Olching, Germany) with

perpendicular polarization. The correlation curves shown in this article are

cross-correlation curves between these two channels. Fluorescence markers

at two different positions were used, TRITC-DHPE (Fig. 1, top left,

N-(6-tetramethylrhodaminethiocarbamoyl)-1,2-dihexadecanoyl-sn-glycero-

3-phosphoethanolamine) and BODIPY-C12-DHPE (Fig. 1, top right, 2-

(4,4-difluoro-5,7-diphenyl-4-bora-3a, 4a-diaza-s-indacene-3-dodecanoyl)-

1-hexadecanoyl-sn-glycero-3-phosphoethanolamine). We investigated the

influence of various NaCl concentrations on the lateral diffusion of

individual lipids in the fluid phase (Tm ¼ 269.75 K). Timescales were

calibrated with a Rhodamine 6G solution at 296 K with a known diffusion

coefficient of D ¼ 33 10�6 cm2/s. The signal from the two APDs was

analyzed using a FLEX5000/fast correlator card by Correlator.com

(Bridgewater, NJ). Assuming a Gaussian cross section of the focus, the

correlation function in a planar system is given by

GðtÞ ¼ 11
1

N

1

11 t=td

� �
; (1)

where N is the mean number and td is the dwell time of the labeled lipids in

the focus (Korlach et al., 1999). The term in parentheses is used as normalized

correlation function. Temperature control was achieved via water cooling of

the objective and the sample cell. During the experiment (2–5 min) the water

cooling was switched off to avoid mechanical vibrations. The temperature

was measured with an ultra-thin thermocouple directly on the coverslip.

Calorimetry

Calorimetry was performed using a high sensitivity differential VP-

calorimeter (MicroCal, Northampton, MA) with scan rates of 58/h. Samples

were measured in a capillary that was inserted into a glycerol solution to

prevent freezing of the aqueous calorimeter cell content.

Molecular dynamics simulations

A bilayer system with 128 POPC lipids was studied. A preequilibrated

POPC bilayer (kindly provided by Peter Tieleman (Tieleman et al., 1999))

was used as a start structure. Force-field parameters for the lipids were taken

from Berger et al. (1997), and parameters for the unsaturated carbons from

the GROMOS87 force field. All simulations were performed in a periodic

box filled with 4,800–5,150 SPC (Berendsen et al., 1981) water molecules

corresponding to a hydration level of 37–40 waters/lipid, yielding a total

system size of [21,000 atoms (Fig. 5 A). Three simulations of more than

100 ns each were carried out (listed in Table 1). The first simulation system

(AS) contained lipids and water molecules only; the second (BS) contained

additional 10 Na1 and 10 Cl� ions corresponding to an effective con-

centration of 50 6 30 mM (calculated further below); and a third, 30 Na1

and 30 Cl� ions (CS), 220 6 30 mM.

All MD simulations were carried out using the GROMACS simulation

suite (Lindahl et al., 2001). Application of the LINCS (Hess et al., 1997) and

SETTLE (Miyamoto and Kollman, 1992) methods allowed for an

integration step size of 2 fs. Electrostatic interactions were calculated with

the Particle-Mesh Ewald method (PME) (Darden et al., 1993). The temp-

erature was coupled to an external temperature bath (Berendsen et al., 1984)

at 300 K with a coupling constant of tT ¼ 0.1 ps separately for the lipids, the

solvent, and ions. The pressure was kept constant by a weak coupling to

a pressure bath (Berendsen et al., 1984) with tp ¼ 1 ps. Each simulation

started with an energy minimization for 20 steps using steepest descent.

Because of initial relaxation effects like the slow binding of ions to the

membrane, the first 20 ns of each simulation were excluded from the

subsequent analysis.

The lateral self-diffusion coefficient D was estimated from the slope of

the averaged mean-square displacement of the center of mass x(t) of single

lipids,

D ¼ 1

4
lim
t!‘

1

t

�����xðtoÞ � xðto 1 tÞ
����

2�
to

: (2)

Since the two monolayers were free to move relative to each other, the

obtained mean square displacements were corrected by the center of mass

motion of the respective monolayers. For D, the error was estimated by

splitting each trajectory into pieces of T ¼ 20 ns, separately for the two

monolayers. For each of these parts an average mean square displacement as

a function of time was determined (N lipids),

d
2
tð Þ ¼ 1

N

1

T � t
+
N

i¼1

+
T�t�1

to¼0

����xðtoÞ � xðto 1 tÞ
����

2

: (3)

The second sum runs over all time frames smaller than T� t. These parts

were assumed to be statistically independent from each other.

The area per lipid was estimated by a Gaussian fit with width 0.72 nm of

the glycerol C-2 atom positions to a grid with a spacing of 4 Å to account for

the area increase due to spontaneous undulations.

Simulations were performed each on eight processors of an IBM-p690

cluster using ;50,000 CPU h of simulation time.
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Electrostatics calculation

The electrostatic potential across the bilayer was calculated by double

integration of the averaged charge density r across the bilayer,

cðzÞ � cð0Þ ¼ � 1

eo

ðz

0

dz9

ðz9

0

r z0ð Þdz0: (4)

For comparison, assuming a static membrane charge distribution rm

obtained from the MD simulation, the potential c(x) and the ionic charge

distribution ri were also calculated from the generalized Poisson-Boltzmann

(PB) equation,

=½eðxÞ=cðxÞ� ¼ � 1

eo

½rmðxÞ1 riðxÞ�: (5)

The permittivity e(x) was chosen to be 78 in bulk water and 4 in the region

of the fatty acyl chains with the decrease across the hydrophilic headgroups

described by a cosine function of 2.5 nm width. Supposing that the ion

density obeys a Boltzmann distribution, riðxÞ ¼ ro
i exp½�ecðxÞ=ðkBTÞ�, the

solution of the PB equation allowed us to estimate the effective bulk NaCl

concentration (ro
i ) used in the simulation by fitting the PB ion density riðxÞ

to the ion density calculated from the MD simulations.

RESULTS AND DISCUSSION

FCS experiments

We investigated the diffusion behavior of fluorescence

markers in POPC membranes at sodium chloride concen-

trations from 0 to 5 M.

FIGURE 1 Normalized cross-correlation profiles,

(1 1 t/td)�1, of planar POPC bilayers, using fluo-

rescence markers with labels in the headgroup

region (TRITC-DHPE) and in the chain region

(Bodipy-C12-HPE). Label structures are given in

the top row. Cross correlations at three different

temperatures using (A) TRITC-DHPE and (B)

BODIPY-C12-HPE, and as a function of NaCl

concentration, (C) TRITC-DHPE and (D) BODI-

PY-C12-HPE.
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Diffusion in membranes can most easily be studied on

planar membranes using FCS. The planar geometry results in

a simple functional behavior of the fluorescence correlation

function (Eq. 1). In the literature, both giant unilamellar

vesicles (Korlach et al., 1999; Feigenson and Buboltz, 2001)

and quartz-supported membranes (Schmidt et al., 1995,

1996; Schütz et al., 1997) have been used. Unilamellar

vesicles have the advantage that they represent a free

membrane without contact to walls. However, they are

subject to surface undulations and are not easy to generate

reproducibly. Supported membranes have the advantage that

their z-coordinate is defined and no fluctuations in and out of

the microscope focus may occur. There are, however, reports

that the contact of membranes with the support may

influence diffusion and equilibration of the sample (Schütz

et al., 1997). We decided to investigate supported multilayers

for which only one monolayer out of 10–100 (estimated from

the amplitudes of the correlation function) is in contact with

the support. Surface effects are therefore negligible.

To measure diffusion we used a charged headgroup-

labeled fluorescence marker (TRITC-DHPE). This label has

a similar chain region as POPC and is therefore expected to

display diffusion coefficients similar to POPC. However, due

to its charge it may display an ionic strength dependence that

differs from the zwitterionic lipids. The second marker

(BODIPY-C12-HPE) is labeled at the sn-2 chain and is

uncharged. Due to its enlarged chain region the absolute

values of the diffusion coefficients may be slightly reduced,

but the ionic strength dependence should be similar to that of

POPC. Fig. 1 shows normalized cross-correlation profiles

from FCS.

The experimental profiles are reasonably well-fitted using

Eq. 1 (solid lines in Fig. 1). Overall, the time dependence of

the correlation curve is slightly more stretched than the fit

profile. One can thus not exclude that the membrane displays

a slight heterogeneity of diffusion coefficients. Furthermore,

the exact shape of the theoretical profile strongly depends on

the assumption that the microscope focus shape is Gaussian

(Hess and Webb, 2002). However, these minor uncertainties

in the curve shape are much smaller than the changes

induced by the NaCl concentration increase studied here and

are therefore neglected.

The temperature dependence is given for the two labels in

panels A and B. The ionic strength dependence for the two

labels is given in panels C and D. As can be seen, the mean

dwell times of the two labels in the focus decrease with

increasing temperature and decreasing ionic strength.

However, the dwell times of the two labels display a different

functional dependence on the two variables, which is likely

to be caused by the different charge of the labels.

Fig. 2 shows the diffusion coefficients derived from the

fits as well as the results from the MD simulations described

below. For TRITC-DHPE at 300 K (A) we found a diffusion

coefficient of D ¼ 7:83 10�8 cm2/s in the absence of NaCl,

which decreases to D ¼ 1:73 10�8 cm2/s for 110 mM NaCl

concentration (solid lines serve to guide the eye). Further

increase of NaCl has no significant effect on the diffusion

coefficient.

Although quantitatively in the same order of magnitude,

the diffusion coefficients of the uncharged chain labeled lipid

at 300 K displays a smoother dependence on ionic strength.

TABLE 1 Simulated lipid bilayer systems

System NaCl No. [NaCl] Sim. time [ns] A/L [nm2]

AS 0 0 120 0.655 6 0.011

BS 10 50 6 30 140 0.625 6 0.011

CS 30 220 6 30 100 0.606 6 0.009

Lipid bilayers with 0, 10, and 30 Na1 and Cl� ions were simulated.

Additionally given are the effective NaCl concentration [NaCl]*, the

simulation time, and the computed area per lipid (A/L).

FIGURE 2 Diffusion coefficients of TRITC-

DHPE and BODIPY-C12-HPE in POPC multi-

layers as a function of NaCl concentration and

temperature. The open symbols represent the MD

simulation results at computed effective NaCl

concentrations (see text). (A) Diffusion coefficient

of the charged TRITC-DHPE at 281, 293, and 300

K strongly depends on NaCl concentration. (B)

Diffusion coefficient of the zwitterionic BODIPY-

C12-HPE at 281, 293, and 300 K. Semilogarithmic

plots of the same data (insets) display a linear

behavior for BODIPY. Solid lines serve as guides

to the eye.
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In the absence of NaCl the diffusion coefficient is

D ¼ 6:53 10�8 cm2/s, similar to that of TRITC-DHPE.

Upon NaCl concentration increase the diffusion coefficient

decreases to D ¼ 1:13 10�8 cm2/s. Solid lines in panel B
represent a D } ln[NaCl] dependence fitted to the data. Since

adsorption of ions affects the electrostatic potential of the

membrane, we displayed both data sets in a semilogarithmic

plot (inserts, Fig. 2) reflecting the fact that in high-field

Gouy-Chapman theory the electrostatic potential has a log-

arithmic dependence on charge density and ionic strength.

Calorimetry

We recorded calorimetric heat capacity profiles of POPC

multilayers as a function of the NaCl concentration (Fig. 3).

The heat capacity maximum of the calorimetric traces was

found at ;�3.48C, and the melting enthalpy was 19.8

kJ/mol. Small but noticeable changes were found. Increasing

ionic strength changes the shape of the profiles. The heat

capacity maximum decreases its value, and the overall

profile shifts to higher temperatures. This indicates that the

interaction with sodium ions favors the ordered gel phase of

the lipid membrane. We will further investigate this effect in

the MD section.

MD simulations

Fig. 5 A shows a snapshot of simulation system CS after 30

ns of equilibration. The ion distribution across the bilayer

became stationary during the equilibration period of 20 ns

(data not shown). Analysis of the trajectories (Fig. 4) reveals

remarkably similar behavior of the POPC lipid self-diffusion

compared to the FCS results. Simulation lengths of at least

100 ns were necessary to determine the mean square

displacement (Eq. 3) of single POPC molecules up to 6 ns

with sufficient statistical accuracy. The self-diffusion co-

efficient was obtained from a least-squares fit to the

displacements (Eq. 3) between the second and the sixth ns.

Likewise for the 100 to 500 ps timescale, diffusion coef-

ficients between D ¼ 0:83 10�7 cm2/s and D ¼ 1:6310�7

cm2/s are obtained, which are consistent with diffusion

coefficients obtained from neutron scattering experiments

(Tabony and Perly, 1990; König et al., 1992) on DPPC

multilayer at the timescale of 1–10 ps.

Also shown in Fig. 4 is a distribution of displacements for

system AS after 100 ps, 6 ns, and 40 ns, respectively (inset).
The agreement with the solution of the two-dimensional

diffusion equation (solid lines), n(d ) ; d exp(�d2/4Dt),
suggests that lipid motion follows normal diffusion in a liquid

both at short and long timescales. In particular, and in

contrast to the general picture, no confinement by nearest

neighbor lipids (König et al., 1995) is observed; rather, the

mobility exhibits a smooth decrease with larger timescales.

Also in the simulations, the self-diffusion is significantly

lowered from D ¼ ð3:96 0:3Þ3 10�8 cm2/s to D ¼ ð2:66
0:3Þ3 10�8 cm2/s when adding Na1 and Cl� ions (220 mM)

to the simulation system (D ¼ ð3:76 0:4Þ3 10�8 cm2/s for

system BS). This close agreement with the FCS experiments

(Fig. 2) allows us to use the simulations for an analysis of the

microscopic origin of the experimental finding.

Closer analysis of the simulations suggests a specific

interaction between sodium ions and lipids as an explanation

for this effect. As can be seen from the atom density profiles

(Fig. 5 B), the sodium ions (red curve) penetrate deeply into

the membrane, with a density maximum close to the carbon

chains of the lipids. The resulting charge density is

counterbalanced by a layer of chloride ions, which, however,

remain within the water phase. Overall, a diffusive capacitor

FIGURE 3 Calorimetric profiles of POPC multilayers at different bulk

NaCl concentrations. A small but measurable effect on the heat capacity

can be seen with increasing ionic strength, leading to a decrease of the

cP-maximum and a shift of the calorimetric events to higher temperatures.

FIGURE 4 Mean-square displacements of POPC lipids computed from

the simulations. Shown are the results for the simulation without NaCl

(black), at 50 mM NaCl concentration (red ), and at 220 mM NaCl

concentration (green curves), respectively. The lower inset shows the same

data for 0–1 ns. The distribution of displacements for the simulation with-

out ions, n(d ), is given in the upper inset at three different times t. The solid

lines display a fit to the solution of the two-dimensional diffusion equation,

n(d ) ; d exp(�d2/4Dt).
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is set up that causes an electric field of considerable strength

near the lipid headgroups.

Evaluation of the distribution of distances (rdf) between

the sodium ions and adjacent oxygens yields a threefold

coordination of the Na1 ions with the lipid carbonyl oxygens

and a coordination with 1–2 water oxygens (Fig. 5 C). Fig.

5 D shows a typical snapshot of such a complex. Due to their

threefold increased size as compared to single lipids, these

complexes are less mobile. Closer inspection reveals that

these complexes are stable at least at the simulation timescale

(data not shown).

To obtain an estimate for the resulting effective (averaged)

self-diffusion coefficient, we assume that the center of mass

mobility of a three-lipid complex is slower by a factor of
ffiffiffi
3

p

than that of a single lipid, as would be the case for

independent motion of the three lipids in the limit of very

short timescales. In this case, the diffusion coefficient D3 for

this complex is reduced by a factor of 3 as compared to the

diffusion coefficient D of single lipids. If a fraction x of the

lipid molecules forms complexes, while the rest, 1 – x,

moves with the single lipid self-diffusion coefficient D, the

effective diffusion coefficient reads

Deff ¼ xD3 1 ð1 � xÞD: (6)

In our simulations BS and CS we observe fractions of x �
0.23 and x � 0.50, respectively, yielding reductions of the

effective diffusion coefficients by factors of 1.2 and 1.5, in

good agreement with the reductions directly observed in the

simulations (1.05 and 1.5).

Alternatively, the resulting decrease of the overall self-

diffusion coefficient could be estimated from the Einstein

relation D ¼ mkBT assuming a mobility m ¼ 1/(4phh)

{ln[hh/(h9r)]�g} given by the Saffman-Delbrück solution

(Saffman and Delbrück, 1975) for Brownian motion of

FIGURE 5 (A) Simulation system (128 POPC lipids; carbon tails, gray; water, light blue; Na1, red; Cl�, green; and hydrophilic headgroups, yellow). (B)

Density profiles across the lipid bilayer for simulation CS. Shown are the profiles for POPC ( black), phosphate ( purple), water (blue), Na1 ions (red ), and Cl�

ions (green). Standard deviations are shown in light gray. (C) Radial distribution functions (logarithmic scale) between lipid-bound sodium ions and either lipid

carbonyl oxygen atoms (red ) or water oxygen atoms (blue). The inset shows the cumulative radial distributions that denote the number of respective oxygen

atoms within a sphere of given radius around the sodium. (D) Typical coordination (snapshot) of a bound sodium ion ( yellow) by three POPC lipids and two

water molecules.
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particles in membranes (g ¼ 0.5772 is Euler’s constant).

Assuming 1.0 and 0.01 poise for the viscosities h of the

bilayer and h9 of the water, respectively, a membrane

thickness h of 5 nm, and average radii of the lipids (1 vs. 3)

as estimated from the simulations, one obtains diffusion

coefficients of 4.2 3 10�8 cm2/s for the self-diffusion of one

lipid and 3.9 3 10�8 cm2/s for a complex of three lipids, thus

explaining only partly the decrease seen in both experiment

and simulation. We attribute this discrepancy mainly to an

increase in the overall viscosity due to the complex

formation, which here is not considered.

Furthermore, the validity of the Saffman-Delbrück

approach at the present molecular scale is questionable;

therefore, we consider the first explanation more convincing.

As a second consequence of the complex formation, we

observe a decrease in the average area per lipid (Table 1) by

[8% from 0.655 nm2 to 0.606 nm2 (CS). The obtained

surface per POPC molecule for the case without NaCl

compares favorably with data from time-resolved resonance

energy transfer (0.65 6 0.03) nm2 (Lantzsch et al., 1994),

although experimental values scatter considerably.

A third effect of the binding of sodium ions is the

electrostatic repulsion of the two, then positively charged

monolayers: already at low NaCl concentration the thickness

of the bilayer increases by ;2 Å. This effect increases the

deuterium order parameter of the fatty acyl chains (Fig. 6).

For the sn-1 chain we predict that NaCl alters the average

order parameter from �0.169 (�0.168 from nuclear

magnetic resonance experiments (Seelig and Seelig, 1980))

to �0.197.

The distance between the phosphates of the two mono-

layers increases more steadily with the NaCl concentration

by 1.1 Å and 2.2 Å for 50 mM and 220 mM, respectively.

The change in distance for the nitrogen atoms is even larger

with 1.8 and 3.8 Å. This affects also the average angle

between the lipid dipole vector and the bilayer normal, which

decreases from 69.28 (system AS) to 60.78 (system CS).

Electrostatics

Despite the significant structural changes described so far,

the profile of the total electric potential across the bilayer is

only slightly changed (Fig. 7). This finding agrees with

recent fluorescence experiments (Clarke and Lüpfert, 1999),

which also showed no significant effect of NaCl on the

fluorescence excitation ratio of dyes bound to DMPC

vesicles. However, the individual contributions differ

significantly (Fig. 7, bottom). In particular, the potential

drop due to the lipid headgroups increases from ;4.5 V to

;7 V. This drop is compensated for by both the distribution

of ions as a diffusive capacitor, which adds ;3 V across the

membrane water interface, as well as a potential increase due

to the orientation of the water dipoles near the membrane

surface. The latter increase is smaller by[3 V compared to

the case without NaCl. The potential contribution caused by

the water dipoles exhibits an additional minimum when

NaCl is present. Overall, the region of anisotropic dipole

orientation is increased.

Using an average charge distribution obtained from our

simulations allows us to go beyond the Gouy-Chapman

approximation of a single charged surface (compare to Cevc,

1990) and to compare the ion densities from our simulations

with densities obtained from the Poisson-Boltzmann equa-

tion (Fig. 8). As can be seen, even in the hydrophilic

headgroups the calculated ion densities correspond well with

the simulated data. Note that, because in the PB treatment the

solvation free energy is not taken into account, an unphysi-

cally large ion density in the region of the fatty acyl chains

would appear. The comparison to the PB solution allows

us to obtain improved values for the effective bulk ion

concentration present in the simulations, namely 50 6 30

mM for system BS, and 220 6 30 mM for system CS,

respectively, which we used in Fig. 2.

FIGURE 6 Deuterium order parameter profile from experiment (dia-

monds, from Seelig and Seelig, 1980) and from molecular dynamics (MD)

simulations (lines). The MD deuterium order parameter jSCDj is increased

upon addition of NaCl (0 mM, solid curve; 50 mM, dashed curve; and 220

mM, dash-dotted curve).

FIGURE 7 (Upper panel ) Total electrostatic potential (averaged and

symmetrized) across the membrane (system AS, thick black line; BS, thin

black line; and CS, gray line). (Lower panel ) Contributions of water (dipole)

potential (solid lines) and of POPC distribution (dashed lines) to the total

electrostatic potential.
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SUMMARY AND CONCLUSIONS

In summary we have shown that sodium chloride alters both

structural and dynamical properties of a neutral lipid bilayer

to a previously unexpected extent. In particular, and contrary

to the common assumption that monovalent ions do not or

only slightly affect lipid dynamic behavior, the lateral lipid

self-diffusion decreases significantly with increasing ion

concentration. Diffusion rates obtained from both FCS

measurements and molecular dynamics simulations show

good agreement. We note that the considerable length of

the simulations and the accurate treatment of electrostatic

interactions allowed us to determine the self-diffusion co-

efficient up to 6 ns with high statistical accuracy.

As a microscopic explanation, the MD simulations

suggest a strong interaction between sodium ions and the

carbonyl oxygens of the lipids, thus forming tight ion-lipid

complexes. We propose this deep binding at the interface

between the hydrophobic and the hydrophilic region as an

explanation for the phase separation in POPC membranes

(Rappolt et al., 2001) as well as for the changed C¼O

infrared absorption seen in the presence of sodium chloride

and for the apparent lack of an influence on the antisym-

metric PO2
� stretching bands (Binder and Zschörnig, 2002).

Like sodium chloride, H3O1 ions might also bind to the

carbonyl groups stronger than expected, which would

explain the observed long proton residence times at the

membrane surface (Heberle et al., 1994; Alexiev et al.,

1995). Indeed, the increase of order upon cation binding with

increased membrane thickness is in fact supported by the

calorimetry experiments.

The agreement of the values for the diffusion coefficients

obtained from the FCS experiments carried out at an ms

timescale with those obtained from the multinanoseconds

simulations is striking, as it suggests that most dynamical

processes that govern the self-diffusion rate are faster than

10 ns, whereas those between 10 ns and ms are either few or

do not significantly affect lipid diffusion. The fact that,

additionally, both the salt effect on an ms timescale and the

subnanosecond diffusion coefficient from neutron scattering

experiments are correctly reproduced by the simulations

suggests that this agreement is not just accidental. Un-

expectedly, the effect on the total electrostatic potential upon

ion binding is very small. However, the individual con-

tributions do change significantly, especially the contribution

due to the polarization of water molecules, which is weak-

ened inside the hydrophilic headgroups and enhanced in the

bulk phase. The resulting increased range of hydration

phenomena should lead to an increased bilayer distance in

multilayer experiments (Russ et al., 2003).

Our study demonstrates that the role of monovalent ions in

organizing the membrane and the role of the membrane as

a buffer for ions thus far has been underestimated.
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