
 

 

 University of Groningen

Ion transport across transmembrane pores
Leontiadou, Hari; Mark, Alan E.; Marrink, Siewert

Published in:
Biophysical Journal

DOI:
10.1529/biophysj.106.101295

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2007

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Leontiadou, H., Mark, A. E., & Marrink, S-J. (2007). Ion transport across transmembrane pores. Biophysical
Journal, 92(12), 4209-4215. DOI: 10.1529/biophysj.106.101295

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 10-02-2018

http://dx.doi.org/10.1529/biophysj.106.101295
https://www.rug.nl/research/portal/en/publications/ion-transport-across-transmembrane-pores(048cf0f8-6bd0-4b73-a859-5fd8bd42cf2a).html


Ion Transport across Transmembrane Pores

Hari Leontiadou,* Alan E. Mark,y and Siewert-Jan Marrink*
*Groningen Biomolecular Sciences and Biotechnology Institute, Zernike Institute for Advanced Materials, University of Groningen,
Nijenborgh 4 9747 AG, Groningen, The Netherlands; and ySchool of Molecular and Microbial Sciences and the Institute for Molecular
Biosciences, University of Queensland, Brisbane QLD 4072, Australia

ABSTRACT To study the pore-mediated transport of ionic species across a lipid membrane, a series of molecular dynamics
simulations have been performed of a dipalmitoyl-phosphatidyl-choline bilayer containing a preformed water pore in the presence
of sodium and chloride ions. It is found that the stability of the transient water pores is greatly reduced in the presence of the
ions. Specifically, the binding of sodium cations at the lipid/water interface increases the pore line tension, resulting in a desta-
bilization of the pore. However, the application of mechanical stress opposes this effect. The flux of ions through these mechan-
ically stabilized pores has been analyzed. Simulations indicate that the transport of the ions through the pores depends strongly
on the size of the water channel. In the presence of small pores (radius ,1.5 nm) permeation is slow, with both sodium and
chloride permeating at similar rates. In the case in which the pores are larger (radius .1.5 nm), a crossover is observed to a
regime where the anion flux is greatly enhanced. Based on these observations, a mechanism for the basal membrane perme-
ability of ions is discussed.

INTRODUCTION

In biological systems, specific channels and transporters me-

diate the electrophysiological characteristics of membranes

by selectively allowing ions to permeate through the hydro-

phobic lipid matrix. However, there is strong evidence to

suggest that the transmembrane potential is also influenced

by the passive permeation of ions through biological mem-

branes, especially in electrically active tissues (1). Although

the electrical properties of lipid bilayers have been studied

extensively, the exact mechanism by which ions passively

translocate is not yet understood. It has been previously sug-

gested that water pores, which appear in the membrane as

metastable defects, can provide a pathway for the translo-

cation of ions (2–4). In this way ions may maintain their

hydration shell and at the same time diffuse rapidly through

the hydrophobic region of the interior of the membrane (5).

A simple elastic model that accounts for the behavior of pores

in membranes (6) is given by

EðrÞ ¼ 2prg � pr
2
G: (1)

Here E is the energy of a transmembrane water pore of

radius r, g is the pore line tension, and G the surface tension

of the membrane. The stability of these water pores thus re-

sults from the interplay between surface and line tension. Be-

yond the so-called rupture tension, pores once formed grow

continuously, unless the total membrane area is constrained.

In this case the energy cost to compress the membrane places

an upper bound on the size of the pore. A range of experi-

mental techniques exists that can be used to probe the for-

mation and evolution of pores in model membranes. These

techniques, which alter the balance between the various en-

ergetic contributions, include electroporation (7), pipette as-

piration (8–11), and osmotic swelling (12). Pores can also be

stabilized by other biologically relevant means such as the

addition of lipids that promote positive curvature (11) or by

the addition of antimicrobial agents (12,13). Stabilized pores

are of biological as well as technological interest due to their

ability to transport molecules across the membrane. For in-

stance, small pores formed by antimicrobial peptides destroy

transmembrane ion gradients and can lead to cell death. On

the other hand, large stable pores generated by electropo-

ration can be used to facilitate DNA uptake by cells (14,15).

Various molecular simulation techniques can be used to

model the experimentally observed and theoretically predicted

behavior of transmembrane pores and provide a molecular

picture of the formation and structure of these nanoscale pores

in lipid membranes (16–25). Here we use the molecular dy-

namics (MD) simulation technique to study the permeation

of ions through tension stabilized transmembrane pores. We

have performed MD simulations of a DPPC (dipalmitoyl-

phosphatidyl-choline) bilayer containing sodium chloride ions

in a buffer at a range of ionic strengths (0 M, 0.1 M, 0.2 M,

and 0.6 M). Both the transport of the ions through the pores

and the effect of salt on the stability of such pores were ex-

amined. By combining the free energy profile of dissolving

ions in the pore, their diffusion rate across the pore, and the

relative stability of the pore, it has also been possible to

estimate the pore-mediated permeation rates.

METHODS

Simulation setup

The model of the DPPC bilayer used in this study was similar to that used in

a previous study of the stability of transient water pores in a pure DPPC lipid
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bilayer (20). The water was described by the simple point charge (SPC) model

(26). The parameters for the ions were taken from Straatsma and Berendsen

(27). The system consisted of 128 DPPC lipids and 5909–6009 water mole-

cules. The ionic strength was varied by adding an appropriate number of so-

dium and chloride ions. This was achieved by randomly substituting water

molecules with sodium or chloride ions. In total 20 (0.1 M), 40 (0.2 M), and

120 (0.6 M) sodium and chloride atoms were inserted into the water phase.

The MD simulations were performed using the GROMACS package, version

3.05 (28). Periodic boundary conditions were applied and the temperature

was coupled to 323 K using a Berendsen thermostat (29). At this temperature

the membrane is in the biologically relevant fluid phase. The long-range elec-

trostatic interactions were evaluated using the particle mesh Ewald (PME)

method. A 5-fs time step was used (30). Bond lengths were constrained using

the LINCS algorithm (31). Two types of simulations were performed at con-

stant surface pressure (N Pz Pk T) and at constant area (N Pz A T).

In all simulations the pressure in the direction normal to that of the plane

of the membrane was weakly coupled to a pressure bath at 1 bar (29). For

the simulations performed under constant surface pressure, the pressure in

the lateral (xy) plane was varied between �10 bar to �50 bar, also using the

weak coupling scheme. In this way a tension of ;9–30 mN/m was imposed

on the surface of the bilayer. For the simulations at constant area the lateral

dimensions of the box (xy plane) were kept constant. The simulations were

performed starting from two different conformations. One was an equili-

brated bilayer and the other was a bilayer with a preformed transient pore.

Both systems were simulated with a range of different conditions applied to

the membrane and at different ionic strengths of the solution (Table 1).

Equilibration times of bilayers in the presence of ions are a point of concern.

Simulations performed by Bockman et al. (32) revealed correlation times for

the binding of sodium ions to lipids of the order of 50 ns. The slow equili-

bration times of the systems show up in the ion density profiles (not shown),

which are not symmetric even after almost 100-ns simulation time.

Tension stabilized pores

In our previous work it has been shown that hydrophilic pores in a pure

DPPC lipid bilayer can be stabilized by the application of membrane tension

that is on the order of 9–18 mN/m. The application of tension increases

slightly the size of the pores as well as increasing their lifetimes. By applying

tension to the bilayer without any salt present, the pores could be maintained

open during the simulations that had a time length ranging between 50 ns

and 100 ns. These results were, however, obtained from simulations in which

a 1.4-nm cutoff plus a reaction field correction was used to evaluate the long-

range electrostatic interactions (33). To demonstrate that the current simula-

tions would be consistent with the previous results, simulations of a pure

DPPC bilayer were performed using the PME method to calculate the elec-

trostatic interactions and compared with the results obtained previously. No

significant differences were observed. Using tensions in the range of 9–15

mN/m, pores remained open for as long as 50 ns, the timescale of the sim-

ulations. To study the effect of salt on the stability of these transient pores,

the water channels have been simulated under similar conditions to that de-

scribed previously for a pure bilayer except for the use of PME and the inclu-

sion of sodium chloride ions in the solutions.

Estimation of pore size

To estimate the size of the pore, the number of water molecules in the interior

of the pore has been calculated. This was achieved by defining a region

corresponding to the hydrophobic interior of the membrane. A region has

been defined as a slice through the membrane extending 0.8 nm on either side

of the center of the membrane. The number of water molecules in this region

was counted and averaged over a periods of 1 ns. This provides a rough es-

timate of the time-dependent size of the water pore. It should be noted that

using this approach the water molecules located at the openings of the pore

were not counted. During the simulations performed at constant lateral

pressure, it was found that the pore size during the simulations showed large

fluctuations. For example, in simulations I and J the pore slowly expands over

20–50 ns. The large fluctuations observed in the tension-stabilized pores

might in part be caused by the slow equilibration of the ions between the two

monolayers. Consequently, the ions permeate a pore that varies in size over

time. Therefore, to estimate the permeation rates for the sodium and chloride

ions three types of pores have been distinguished. A small pore that contains

;100 water molecules, a medium size pore (;200 water molecules), and a

large pore (.200 water molecules).

Free energy calculation

The free energy profile of the ions in the simulation box has been calculated

using the following equation:

DG ¼ kBTlnðraq=rzÞ; (2)

where kB is the Boltzmann constant, T is the temperature, raq is the density of

the ion in the central part of the water layer (assumed bulk-like), and rz is the

density of the ion as a function of the position in the z-direction normal to

that of the lipid bilayer (with z ¼ 0 in the middle of the bilayer).

Line tension

An important parameter that reflects the stability of the water pore is the line

tension g. From the radius of the pore r* at the critical tension G*, the line

tension can be estimated using equation

g ¼ r
�
3G

�
: (3)

Ion flux

To investigate the flux of ions through the lipid bilayer, the mobility of the

ions in the simulation box has been analyzed in all the simulations. A flux

event has been defined as the diffusion of an ion from one boundary that is

TABLE 1 Overview of the simulations of a DPPC bilayer under

different conditions

Label

Lateral

pressure (�bar)

Surface

tension (mN/m)

Ions

(M)

Simulation

time (ns)

Pure DPPC bilayer with a preformed pore

A 10 9 0 79

B 20 15 0 46

C 30 19 0 31*

D 35 20 0 17*

DPPC bilayer with a preformed pore and NaCl ions

E 10 9 0.1 75y, 39y, 20y

F 10 9 0.2 20y, 39y, 14y

G 20 16 0.2 10y

H 30 23 0.2 51

I 35 26 0.2 79

J 35 26 0.2 70

K 40 26 0.2 70

L 50 31 0.2 10*

M 10 9 0.6 7y, 8y, 8y

Equilibrated DPPC bilayer with NaCl ions

N 1 0 0.1 22

O 1 0 0.2 65

Constant area simulation

P 1 0 0.2 92

*Membrane ruptures.
yPore closes.
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the average position of phosphate groups in one layer to the other, through

the pore region. The number of flux events divided by the total simulation

time gave an estimate of the microscopic flux (ji), which is a unidirectional

flux of ions per time. To compare the fluxes between different sized pores the

fluxes obtained have been normalized by the area of the pores. This flux is

denoted j*i and is expressed per unit time, per unit area.

RESULTS AND DISCUSSION

Sodium adsorbed, chloride repelled from pore

Fig. 1 shows snapshots of three tension stabilized transmem-

brane pores in a DPPC bilayer. By varying the amount of

tension, pores could be obtained with radii of ;0.8 nm, 1.2

nm, and 1.8 nm (see Methods). The smallest pore is the mini-

mal pore size that is stable, i.e., lowering the tension further

results in the closure of the pore. The water inside such a

pore is tightly associated with the lipid headgroups that line

the pore. If the tension is increased, the pore widens and the

water within the central region of the pore has more bulk-like

properties. The distribution of ions in each of the systems is

very similar. The sodium ions show a strong tendency to bind

to the membrane interface, with a peak in the distribution of

sodium ions at the level of the phosphate groups. In sharp

contrast, the chloride ions appear to be repelled by the inter-

face and are predominantly located in the region of bulk water.

This apparent formation of a double layer is in line with pre-

vious MD simulations of the interaction of ions with lipid mem-

branes (34,35). It is generally believed that ions penetrate

deep into the membrane-water interface and strongly affect

the dynamical and structural properties of the bilayer (36,37).

The preferential binding of sodium to the interface is main-

tained inside the pore. Visual inspection of Fig. 1 shows that

sodium ions are present within the transmembrane pore for

each of the three pore sizes.

Chloride, however, is only able to penetrate the larger pores.

Electroporation experiments of lipid vesicles filled with 0.2

M NaCl also suggest that sodium ions interact strongly with

the walls of the pore (38). The preferential binding of sodium

ions inside the pore revealed in our simulations is further

quantified in Fig. 2, which shows the effective free energy

profile for solvating ions inside the transmembrane pore.

Results are shown for an enlarged pore (radius ;3 nm)

compared to a membrane without a pore being present. The

free energy profiles are based on an evaluation of the density

distribution of sodium and chloride ions at equilibrium (see

Methods). In the absence of a pore in the bilayer the chloride

ions interact only weakly with the interface. To enter the pore

the chloride ions need to overcome an energetic barrier on

the order of 3 kJ/mol near the lipid interface. In contrast the

sodium ions are strongly attracted to the interface, but they

must overcome a barrier of ;4 kJ/mol to cross the pore. For

the smaller pores the statistics of the ion distributions inside

the pore are becoming too limited to obtain quantitative mean-

ingful free energy estimates. The qualitative features (i.e., a

lower free energy of sodium ions inside the bilayer compared

to chloride and an activation barrier for both ion types at the

pore entrance) are preserved, however.

Anion/cation selectivity changes with pore size

Based on the distribution of ions inside the pore it might be

expected that sodium, being attracted to the membrane-water

interface, would permeate the pore at a higher rate compared

to that of chloride. However, this is not necessarily the case.

The dynamics of the system also plays a major role in de-

termining the migration rates of ions. The rate at which ions

cross the membrane can be readily calculated from the sim-

ulations although the statistical significance is limited for all

but the largest pore studied. The results are summarized in

Table 2. It was found that in the case of small pores almost no

ions permeated the bilayer at the timescale of our simulations,

except for a single sodium ion. With the statistical limitations

in mind we therefore estimate j �Na ;0:005 ns�1nm�2 and

j �Cl� ;0:0 ns�1nm�2 across the small pore. For the medium

sized pore both sodium and chloride ions were observed to

permeate. The permeation rate of the sodium ions through

the medium sized pore was similar to that of the small pore.

However, in contrast to the small pore, chloride ions were

able to cross the medium pore at a rate even larger than that

of sodium: j �Cl� ;0:02 ns�1nm�2: The chloride ion flux was

significantly further enhanced in the case of the large pore

j �Cl� ;0:1 ns�1nm�2; whereas the sodium flux increased

only slightly to j �Na1 ;0:01 ns�1nm�2: Thus, for the larger

pore the chloride ion flux was an order of magnitude larger

than that of the sodium ions. Upon increasing the pore size,

we observe a reversal from cation to anion selectivity.

As already alluded to, the origin of this effect is related

to the dynamics of the ions inside the pore. Fig. 3 shows

FIGURE 1 Snapshots of a small, a medium, and a large

transmembrane pore observed in different simulations.

Arrows indicate the path as well as the intensity of ion

permeation through the pores. The water molecules are

displayed as cyan sticks, phosphorus atoms in the lipid

headgroups are mauve spheres, lipid tails are purple sticks,

chloride anions are green spheres, and sodium cations are

yellow spheres.

Membrane Ion Transport 4211
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representative trajectories of both a sodium and a chloride

ion inside the pore. The average time required for a chloride

ion to pass through the pore was much shorter than for a

sodium ion. The chloride ions spend an average of ,1 ns

inside the pore. In contrast the sodium ions require ;10 ns to

cross the pore. Note that these estimates reflect passage times

across the largest pore. For narrower pores the passage times

are presumably larger, explaining our observation of only a

single sodium ion being able to cross the smallest pore in a

total of 130-ns simulation time, despite the clear presence of

sodium ions inside the pore (cf. Fig. 1). Although the inter-

face attracts the sodium ions, it also restricts their motion. In

contrast when the pore is of a sufficient size that the water

within the pore is bulk-like, chloride may cross through the

center of the pore at an overall rate that is higher than that of

sodium. In Fig. 1 the permeation routes for the sodium and

chloride ions across different sized pores are indicated sche-

matically. Experimentally, anionic selectivity across lipid mem-

branes has been reported for large pores stabilized by specific

cationic lipids (39). The permeability ratio (PCl/PK) of the ions

through these pores is found to be ;4–7. Another example

of an anionic selective membrane pore is that formed by mem-

bers of the magainin family of antimicrobial peptides. The

pores formed by magainin peptides are estimated to be in the

range of 2–3 nm and have a selectivity ratio of PCl/PK ¼ 3

(40,41). In both examples the pores are in principle large

enough to contain bulk water. This said, it must also be noted

that the composition of the membranes studied experimen-

tally are quite different from the pure DPPC bilayer simu-

lated in this work.

Permeation process of sodium/chloride

To relate the microscopic ion fluxes in the simulation to the

macroscopic fluxes measured experimentally, the equilibrium

density of pores inside the membrane must be estimated. The

estimate we have is based on two assumptions. The first as-

sumption is that small transient pores are formed due to spon-

taneous fluctuations in the lipid matrix and that this results in

an equilibrium distribution of pores with a size similar to that

of the minimal size obtained in our simulations. The second

assumption is that the presence of ions does not affect this

equilibrium pore density significantly. As we will show later,

this second assumption only holds in the limit of low salt con-

centrations. Based on these assumptions, we will now pro-

ceed to establish a connection between the microscopic and

the macroscopic permeation rates of ions across lipid mem-

branes. Experimentally the equilibrium pore density is dif-

ficult to determine. However, based on recent detailed MD

simulations of pore formation in a DPPC membrane (25,42)

the free energy required to form a minimal sized pore has

been estimated to be ;80 kJ/mol. Assuming a Boltzmann

weighted distribution, this corresponds to an equilibrium pore

density of 18 pores per cm2. Knowing the pore density, we

can calculate the pore-mediated ion flux. The total flux of

particle i through the membrane using pores is

Ji ¼ jir; (4)

where Ji is the total flux (particles per second per cm2), ji the

flux through the pore (particles per second), and r the pore

density (pores per cm2). In the case of sodium ions the rate of

permeation rate is not strongly dependent on the size of the

pore (see Table 2). Thus although the statistics for the per-

meation of sodium through the small pore are limited, the

value obtained is consistent in all the simulations. Using a

value of jNa ; 107 s�1 we find a total flux of JNa ; 2 3 108

particles cm�2 s�1. From the flux we can estimate the

permeability coefficients P, using

FIGURE 2 Potential of mean force (PMF) across a lipid bilayer for

sodium (circles) and chloride (squares) ions. The PMFs of the ions have

been calculated for an equilibrated bilayer without a pore, simulation O

(solid symbols), and for a bilayer that contains a large pore, simulation K

(open symbols). The middle of the bilayer corresponds to z ¼ 0.

TABLE 2 Estimation of the permeation rates for the sodium and chloride ions

Pore type Simulation No. Na [ns�1] jNa [ns�1] j*Na [ns�1nm�2] No. Cl [ns�1] jCl [ns�1] j*Cl [ns�1nm�2]

Small (;100 H2O) Area ;2 nm2 H 0/51 0 0 0/51 0 0

I 1/79 0.01 0.005 0/79 0 0

Medium (;200 H2O) Area ;4 nm2 J 1/50 0.02 0.005 4/50 0.08 0.02

P 2/92 0.02 0.005 6/92 0.06 0.015

Large (.200 H2O) Area ;9 nm2 K 7/70 0.1 0.01 57/70 0.8 0.09 6 0.01*

*The error bars are given only for the large pore; the number of flux events in the other cases is too small to determine statistically meaningful error bars.
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Pi ¼
Ji

DC
; (5)

where P is expressed in cm s�1 and DC denotes the dif-

ference in concentration driving the net transport of ions.

Note that in the symmetric case there is no difference in con-

centration. Therefore, we estimate the permeability consid-

ering the unidirectional flux only. For sodium, with DC ¼
0.2 M, we find Pna ¼ 1 3 10�13 cm s�1. This is comparable

to the experimentally measured permeation rate of sodium

through pure lipid bilayers of P ¼ 10�12 � 10�14 cm s�1

(43). Our results strongly suggest that sodium permeation

occurs primarily through water pore defects. In the absence

of pores, the ion flux is expected to be extremely low. Even if

sodium ions were to retain their hydration shell, the free

energy cost associated with the transfer of a sodium ion from

water into the membrane interior is estimated to be of the

order of 150 kJ/mol (44). In the case of chloride ions, the

pore-mediated permeation rate predicted from the simulation

is virtually zero, JCl, PCl¼ 0. Chloride ions were found to be

unable to cross a pore of minimal size. In principle chloride

ions could permeate the membrane via enlarged pores;

however, in the absence of additional stabilizing factors the

free energy cost associated with the formation of larger pores

rapidly increases with pore size (25). Analysis of experi-

mental data on the permeation rates of halide ions through

phosphatidylcholine liposomes with different acyl chain

lengths has shown that halide ion translocation occurs most

likely via a mechanism in which the ions dissolve in and

diffuse through the membrane directly and not via water

pores (45). The simulations presented in this work provide an

explanation for why chloride anions are unable to permeate

small transient pores whereas sodium cations, by diffusing

on the pore walls, are able to.

Line tension increases with salt

In the analysis of the macroscopic fluxes, it was assumed that

the presence of ions does not have a significant influence on

the probability to form a pore. This assumption is question-

able and may only hold in the limit of low salt concentration.

Evidence from experimental measurements (46) indicates

that the propensity of the membrane to form pores dimin-

ishes with increasing ionic strength of the solution. On the

other hand, recent simulations (23) have shown that the elec-

tric field produced by ions can, under certain conditions, be

strong enough to induce spontaneous pore formation similar

to electroporation. To resolve this apparent discrepancy we

tested the effect of salt on the stability of the pores. Without

ions, a pore can be effectively stabilized indefinitely (.100

ns) by a tension of 9 mN/m in the simulations. In the pres-

ence of ions, however, the quantitative behavior is changed

(see Table 3). The apparent lifetime of the pore decreased

as the concentration of ions was increased. Increasing the ion

concentration from 0.1 M to 0.2 M results in the reduction

of the lifetime of the pore from ;21 to 15 ns. Although the

significance of this change could be debated, a further in-

crease of the ion concentration to 0.6 M resulted in very rapid

pore closure (;6 ns). The effect of ions is in line with the

experimental evidence and can be interpreted as a salt-

mediated increase of the line tension of the lipid bilayer.

From the results in Table 1 it is possible to estimate the

critical tension of the bilayer with and without sodium chlo-

ride (0.2 M). The tension above which rupture of the mem-

brane starts to occur in the pure bilayer is ;15 mN/m.

However, in the presence of the sodium and chloride ions the

critical tension increases to 23 mN/m, indicating that the

stability of the bilayer has increased. The increase in line ten-

sion is calculated to be ;2-fold at 0.2 M. Whereas in a pure

DPPC bilayer the line tension is estimated to be 1.5 3 10�11

N, in the presence of NaCl (0.2 M) this increases to ;3 3

10�11 N. In other words, the energy required to form the

curved pore wall increases when ions are present. This can

be understood as a consequence of the strong interaction of

the sodium ions with the membrane-water interface, render-

ing the membrane stiffer. The increased stiffness of the mem-

brane is also reflected by the decrease in equilibrium membrane

area from 0.64 nm2 for a DPPC bilayer in the absence of salt

to 0.60 nm2 at 0.2 M sodium chloride. These results are

consistent with other recent simulation studies (34,35) as

FIGURE 3 Plots of the coordinates of a typical example of one chloride

(left) and one sodium (right) ion along the axis normal to that of the mem-

brane as a function of time.

TABLE 3 Dependence of the lifetime of the pore on the

concentration of the ions

Ion

concentration (M) Simulation

Pore

lifetime (ns)

ÆPore lifetimeæ
(ns)

0.0 A .79 .79

0.1 E1 10 21 6 9

E2 32

E3 20

0.2 F1 10 15 6 8

F2 9

F3 26

0.6 M1 6 6 6 0.6

M2 6.5

M3 5

Membrane Ion Transport 4213
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well as with experimental observations. The critical tension

needed to rupture membrane vesicles has been measured (46)

at varying ionic strengths in micropipette aspiration exper-

iments. Increasing the ion concentration or the affinity of the

ions to the lipids increases the critical tension of the mem-

brane, thus making the membrane more stable.

General permeation process of ions

Finally we can speculate about the flux of other ions, such as

proton, potassium, and calcium, through water pores similar

to those present in our simulations. There is evidence to sug-

gest that the permeation of potassium, as well as protons,

occurs through transient water pores (47). The transport of

protons through lipid bilayers is anomalously high compared

to other cations. The permeability coefficient for protons is

3–5 orders of magnitude higher than that of sodium (47).

Protons are able to propagate along thin water wires (24,48).

A water pore of minimal size already satisfies such a criterion

and would therefore allow for fast proton translocation. This

small pore would also be sufficient for the sodium cations

translocation. However, the sodium cations would diffuse

much slower in the pore than the protons. The permeation

rate of potassium is expected to be similar to that of sodium

(on the order of 10�13 cm/s). Divalent calcium, however,

binds to the interface even more strongly than sodium (49).

As a result, diffusion across the pores is expected to be even

slower than that of sodium. Moreover, binding of calcium

ions at the interface would increase the line tension of the

membrane, making pores less likely to form.

CONCLUSIONS

The MD simulations of ion transport across transmembrane

pores suggest that the sodium and chloride ions permeate the

water pores via different mechanisms. Whereas sodium is

adsorbed to the membrane and diffuses across the interface,

chloride prefers the bulk water in the middle of the pore. As

a consequence, a crossover from cation-specific to anion-

specific permeation is observed upon increasing the pore

radius. For a pore of minimal radius, the simulations suggest

that only sodium is able to permeate through the pore at a

rate which can be compared to the basal permeation rate of

sodium across lipid bilayers. For chloride ions this pore-

mediated permeation route is only possible for pores that are

enlarged through additional stabilizing factors. Furthermore

we showed that an increase of the overall salt concentration

has a destabilizing effect on the transmembrane pores, sug-

gesting that the macroscopic permeation rates drop upon in-

creasing ionic strength.
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