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Ion-Induced Defect Permeation of Lipid Membranes
Igor Vorobyov,{ Timothy E. Olson,‡ Jung H. Kim,‡Roger E. Koeppe II,§Olaf S. Andersen,‡* and Toby W. Allen†{*
†School of Applied Sciences and Health Innovations Research Institute, RMIT University, Melbourne, Victoria, Australia; ‡Department of
Physiology and Biophysics, Weill Cornell Medical College, New York, New York; §Department of Chemistry and Biochemistry, University of
Arkansas, Fayetteville, Arkansas; and {Department of Chemistry, University of California, Davis, Davis, California
ABSTRACT We have explored the mechanisms of uncatalyzed membrane ion permeation using atomistic simulations and
electrophysiological recordings. The solubility-diffusion mechanism of membrane charge transport has prevailed since the
1960s, despite inconsistencies in experimental observations and its lack of consideration for the flexible response of lipid bila-
yers. We show that direct lipid bilayer translocation of alkali metal cations, Cl–, and a charged arginine side chain analog occurs
via an ion-induced defect mechanism. Contrary to some previous suggestions, the arginine analog experiences a large free-
energy barrier, very similar to those for Naþ, Kþ, and Cl–. Our simulations reveal that membrane perturbations, due to the move-
ment of an ion, are central for explaining the permeation process, leading to both free-energy and diffusion-coefficient profiles
that show little dependence on ion chemistry and charge, despite wide-ranging hydration energies and the membrane’s dipole
potential. The results yield membrane permeabilities that are in semiquantitative agreement with experiments in terms of both
magnitude and selectivity. We conclude that ion-induced defect-mediated permeation may compete with transient pores as the
dominant mechanism of uncatalyzed ion permeation, providing new understanding for the actions of a range of membrane-
active peptides and proteins.
INTRODUCTION
The self-association of lipids into sheetlike bilayer struc-
tures, where lipid hydrocarbon tails are segregated from the
aqueous phase, is a universal feature of cellular organization.
Although the majority of charge transport across lipid mem-
branes is regulated by specific channels and transporters,
uncatalyzed ion permeation across membranes continues to
be of much interest (1–3) and is important for understanding
the movement and localization of charged amino acid side
chains within membranes. This process is relevant to an
expansive range of biological phenomena, including protein
structure and function (see, e.g., Armstrong and Bezanilla (4)
and Schmidt et al. (5)) and the actions of cell-perturbing pep-
tides (e.g. ion channels; Melikov and Chernomordik (6) and
Zasloff (7)), and has been shrouded in controversy after the
publication of studies that challenged our understanding of
membranes as barriers to charge movement (8–10). Here
we have used molecular dynamics (MD) simulations and
electrophysiological measurements to better understand
and quantify charge-membrane transport processes.

A biological membrane is usually pictured as a bilayer
of lipid molecules that form a low dielectric hydrocar-
bon sheet, where an ion must dehydrate to translocate
(Fig. 1 A). Using this solubility-diffusion model, energy bar-
riers for the movement of alkali metal and halide ions are far
too high to be compatible with the observed permeability
coefficients in membranes of typical thickness (1,11).
Moreover, because solubility-diffusion energetics depend
critically on hydration energy, this model yields highly
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selective permeabilities (assuming complete ion dehydra-
tion), varying by >10 orders of magnitude (12), contrary
to existing experimental observations (13–15). Conse-
quently, it has been assumed that unassisted ion permeation
rather might occur via a transient pore mechanism (Fig. 1 B)
(16), where local membrane defects create transmembrane
pores that allow for nonselective ion permeation, in semi-
quantitative agreement with experiments (17).

Though the shortcomings of the solubility-diffusion
model were recognized more than 40 years ago (18), it
has remained the standard description of charge-membrane
interactions. Recent MD simulations similarly have shown
that a liquid-crystalline lipid bilayer perturbs significantly
due to the fields of an ion, with water and lipid headgroups
being pulled into the nonpolar core (19–23). In this descrip-
tion, which we refer to as an ion-induced defect mechanism,
translocation occurs without the ion ever partitioning from
water to hydrocarbon. Rather, the ion reshapes the interface
as it moves (24) (Fig.1 C), causing a local membrane defor-
mation that lowers the ion’s energy without forming a com-
plete hydrophilic pore for passive ion diffusion (Fig.1 B).
Consequently, the energetics of permeation are different
from those of a solubility-diffusion process in that they
are primarily determined by the costs of membrane defor-
mation as opposed to ion-dependent hydration energetics
(21,25). Moreover, this deformation means that the ion
does not cross the water-lipid interface to sense the full
(strongly anion-selective (26–28)) dipole potential of the
membrane (24). In addition to these molecular processes
being fundamentally distinct, the energy barriers for ion-
induced-defect-driven permeation are lower than those for
solubility-diffusion by many kcal/mol (within bilayers
http://dx.doi.org/10.1016/j.bpj.2013.12.027
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FIGURE 1 Possible mechanisms of ion permeation across lipid mem-

branes.
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below a critical hydrophobic thickness of ~32 Å (29)) and
be within a regime that appears to be compatible with exper-
imental measurements.

We therefore explored the permeation mechanisms,
energetics, and permeabilities of different hydrophilic
ions crossing lipid bilayers using MD simulation, and
compared the predictions based on these simulations to
new electrophysiological measurements. We can thus
ascertain whether or not ion-induced-defect-driven perme-
ation is consistent with experiment and whether it may
compete with transient pores as a dominant conduction
mechanism. In the process, we provide improved under-
standing of charge-membrane interactions relevant to a
wide range of membrane proteins, toxins, antimicrobial
and viral peptides.
MATERIALS AND METHODS

Fully atomistic simulations

MD simulations were carried out to study the permeation of the arginine

side chain analog guanidinium (GuanHþ), and the physiological

cations and anions, Kþ, Naþ, and Cl�, across a hydrated 1,2-dipalmitoyl-

sn-glycero-3-phosphocholine (DPPC) bilayer. For direct comparison to

experiments, we also simulated GuanHþ crossing a branched 1,2-diphyta-

noyl-sn-glycero-3-phosphocholine (DPhPC) bilayer known to exhibit

similar thickness and solubilities for a range of solutes and water (30,31).

All simulations were done with CHARMM (32), using the C27 lipid force

field (33) and TIP3P water (34) at 330 K (above the DPPC phase transition

at ~314 K (35)). Bilayers were bathed in ~0.5 M aqueous KCl solution

using ~45 water molecules/lipid. The potential of mean force (PMF),

W(z), for ion translocation was calculated via umbrella sampling (US)

(36) and the weighted histogram analysis method (37), using 62 simulations

of up to 16 ns each (for PMF convergence, see Additional simulation

methods and Fig. S1 in the Supporting Material).

Spatially resolved diffusion coefficient profiles, Dz, were obtained by

combining analysis of US simulations using the position autocorrelation
function (38), mean-square displacement (MSD) analysis for a series of

2 Å slabs spanning interfaces and bulk, and true bulk estimates (DBulk)

from separate electrolyte systems (see Ion diffusion calculation methods

in the Supporting Material and Fig. S2). Permeability coefficients for

each ion, Pion, were calculated using an inhomogeneous solubility-diffusion

model (39),

Pion ¼ Kion � Deff;ion

L
; (1)

where L is the bilayer thickness, Kion is the equilibrium partition coefficient

into the bilayer (40),
Kion ¼ 1

L

Z L=2

�L=2

expð �WðzÞ=kBTÞdz; (2)

where kB is Boltzmann’s constant and T is temperature, and Deff,ion is the

effective ion diffusion coefficient within the membrane (41),
Deff;ion ¼

0
B@1

L

Z L=2

�L=2

expð �WðzÞ=kBTÞdz

1
CA

�1

�

0
B@1

L

Z L=2

�L=2

expðWz=kBTÞ
DðzÞ dz

1
CA

�1
(3)

such that the calculated ion permeability is given by

Pion;calc ¼

0
B@

Z L=2

�L=2

expðWz=kBTÞ
DðzÞ dz

1
CA

�1

; (4)

an integral over the local bilayer resistance (39). In all our calculations, this

integral spans the range �15 % z % 15 Å, where the density of other ions

vanishes, which is essential for modeling permeation by a single ion PMF

(41). This description assumes that we are in the diffusion limit, where the

mean velocity is proportional to the mean force, which is valid because the

ion correlation length is short (~0.5 Å for Naþ; see Fig. S3 C) compared to

the spatial variations in the force (39).

For comparison with experiments, we also calculated contributions to the

membrane conductance,Gm, for each ion,Gion;calc, related to Pion;calc via Eq.

7, to give (26)

Gion;calc ¼ tionGm ¼ NACq
2

kBT
Pion;calc; (5)

where tion is the ion transference number, defined below (Eq. 6), NA is Avo-

gadro’s number, q is the ionic charge, and C is the salt concentration.

To investigate the penetration of ions into lipid bilayers at equilibrium,

additional unbiased MD (uMD) simulations of DPhPC lipid bilayers sol-

vated in 0.1 M or 1.0 M aqueous GuanHCl solutions were run at 330 K

and 1 atm pressure for ~1.2 ms each, with the last 1.0 ms used for analysis.

Simulation preparation and protocols for unbiased simulations are

described in the Supporting Material. In graphs with error bars, the results

depict mean 5 standard error of mean (SEM).
Electrophysiology

Membrane currents were measured in symmetrical, unbuffered 0.1 or 1.0 M

salt, using bilayer-forming solutions of DPhPC (which forms very stable,
Biophysical Journal 106(3) 586–597



588 Vorobyov et al.
high-resistance bilayers (42)) or ether analog, DphPC (to explore the role of

dipole potential (28)) in n-decane or squalene. Reversal potentials (Vrev)

were measured at 25�C using asymmetrical 0.1/0.2 M salt solutions. Exper-

imental details are described in the Supporting Material. Transference

numbers, tion, for cation and anion (tþ and t�) were determined from

reversal potentials, Vrev, via (43)

tþ ¼ 1þ Vrev=E

2
and t� ¼ 1� tþ; (6)

where E is the Nernst potential for the cation, allowing calculation of

single-ion permeability coefficients (44),

Pion ¼ tion � kBT

NAq2
� Gm

C
: (7)

Studies on small nonelectrolytes (45,46) show that permeability coeffi-

cients in phosphatidylcholine bilayers can be approximated using Eq. 1,

with K being the solute partition coefficient between water and hexadecane,

andD the solute diffusion coefficient in hexadecane (4� 10�5 cm2/s at 25�C
(47)). We therefore estimate the apparent partition coefficient of the ions as

Kapp
ion ¼ e�DG

app
trans=kBT ¼ Pion � L

D
; (8)

where L was assigned an approximate value of 40 Å. This formulation is

approximate because the ion’s free energy varies across the bilayer, and
FIGURE 2 (A) Snapshots from US simulations for ions crossing DPhPC/DPP

pictures, PC C atoms are gray, N blue, O red, P orange, water red/white, and N

molecules in the hydrophobic core are shown as balls. (B) Electrostatics of the

r from the z axis) when the ion is near the center (z z 0 Å). Average positions

DPhPC/DPPC P and N atoms (circle and triangle, respectively), as well as for
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Eq. 8 provides a lower estimate for the free energy within the bilayer,

DGapp
trans. Subsequent modeling of PMF peak height, Wpeak, is described in

the Supporting Material.
RESULTS AND DISCUSSION

Membrane interactions controlling permeation

Equilibrated lipid bilayer systems, with the translocating ion
held at the membrane center (z z 0 Å; Fig. 2), reveal that
water molecules and lipid headgroups enter deep inside
the membrane core to coordinate the ion. In each case, the
ion forms a connection to one interface, with the local defor-
mation being visually similar for all ions. In Fig. 3, A and B,
we compare measurements of bilayer deformations, report-
ing the number of polar species that enter the bilayer core,
which is very similar for all cations (up to ~30 additional
water molecules and two to three lipid headgroups may be
drawn into the bilayer core). Although somewhat lower
(~20 water, ~0.5 headgroups, and ~0.5 Kþ counterions)
for Cl�, overall the deformations are comparable.

The traditional solubility-diffusion model assumes com-
plete dehydration of ions when they enter the membrane
core. In fact, only a small fraction of first-shell hydration
C bilayers with the ion positioned near the bilayer center (z z 0 Å). In all

aþ, Kþ, and Cl� ions yellow, purple, and green balls, respectively. Water

deformable membrane: 2D potential maps (along the z axis and at distance

are shown for the ion (asterisk) (guanidine C for GuanHþ) and its closest

the Kþ counterion (for Cl�; square). To see this figure in color, go online.



FIGURE 3 (A and B) Membrane deformations

measured by the number of polar species entering

the bilayer core (jzj % 13 Å) for water oxygen (A)

and lipid P atoms (B) (solid and dashed lines) and

Kþ ions (dotted line). (C and D) Coordination

numbers of a translocating ion with water O and

lipid phosphate O (for cations; solid and dashed

lines) or choline N (for Cl�; dotted and dash-

dotted lines) (C) and for all polar components

(D). Coordination numbers were obtained as a

number of species within interaction distance of

the ion (for GuanHþ�Nx atoms of NH2 groups;

see Fig. S4 A for coordination numbers with

respect to the central C atom) corresponding to

the position of the first minimum on respective

radial distribution functions (see Table S1). See

Fig. S5 for coordination numbers for other mem-

brane components. (E and F) Interaction energy

contributions for the translocating ion with water

(solid and dashed lines) and lipid headgroups

(dotted and dash-dotted curves) (E) and with all

membrane components, offset to be equal in bulk

water (see Fig. S6 for raw data) (F). In all graphs,

error bars represent the mean 5 SEM from block

analysis. The results of simulations are shown in

red for GuanHþ (DPPC, solid and dotted lines;

DPhPC, dashed and dashed-dotted lines), green

for Kþ, blue for Naþ, and cyan for Cl�. To see

this figure in color, go online.
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is lost, and it is largely compensated for by lipid headgroups
(and counterions in the case of Cl�), as illustrated in Figs. 3
C and S5, where the total first-shell solvation by polar com-
ponents is largely maintained across the membrane (Fig. 3
D). Coordination numbers for the different ions vary little
inside the membrane core (from ~4.7 for GuanHþ to ~6.0
for Kþ). It is this immediate solvation environment, resem-
bling the first hydration shell for each ion in aqueous solu-
tions, that will influence ion permeation energetics and
selectivity relative to the solubility-diffusion model.

The ion-induced defect process arises from the large
attractive interactions with water and polar lipid moieties
(on the order of 100–150 kcal/mol) that drive the membrane
deformations. All cations exhibit similar variations in inter-
action energies with water and lipid headgroups across the
bilayer (though these are somewhat larger for Naþ; see
Fig. 3 E and the absolute values plotted in Fig. S6, A and
B),. The sums of all components (Fig. 3 F) are also similar
in magnitude (with stronger interactions at the interface for
GuanHþ and Naþ compared to Kþ, as suggested previously
for the latter two ions (48)). These interactions weaken as a
cation moves from the interface into the bilayer core,
reflecting partial dehydration and the increased difficulty
of deforming the membrane (21,25). This is also evident
in Fig. S7, which describes the increased indirect/strain
energies and/or entropic costs (due to restricted solvent
motion) associated with membrane deformation. In contrast,
the interactions of Cl� with polar components are almost
constant across the membrane, suggesting a slight differ-
ence in mechanism. This difference is most evident in com-
parisons of work decompositions in Figs. S8 and S9,
revealing smaller mean forces from lipid components, indic-
ative of reduced bilayer deformation.

The similar ion-membrane interactions among the
different cations, and the somewhat different situation expe-
rienced by Cl�, are illustrated by their electrostatic inter-
actions with the bilayer. Fig. 2 B shows 2D potential maps
for each ion when it is near the bilayer center. The maps
reveal deformations that are similar for all cations, where
each ion (asterisk) is located near the interface between
low-potential (red) and high-potential (blue) regions, expe-
riencing a fairly constant electrostatic force that expels it
from the membrane (24). In contrast, Cl� appears to
partially break through the interface. Although reminiscent
of the potential seen by a hydrated ion-sized water defect
(Fig. S10), it also resembles the ion-induced-defect situation
experienced by the cations, thus representing an interme-
diate process.

The corresponding 1D potential profiles (Fig. S11)
confirm that the translocating cations are localized to
high-electric field regions, with countercharges (lipid phos-
phates) also located in regions of significant field, whereas
Biophysical Journal 106(3) 586–597



590 Vorobyov et al.
the choline group of the same coordinating lipid always
resides in a region of near-zero field, regardless of the
type of cation. This suggests that the leading charge (the
permeating cation), and to some extent its immediate coun-
tercharge, dominates the ion translocation energetics (24)
and is similar for each ion. The anion and its counterion
also experience significant fields that will lead to energetics
resembling those of the cations. Fig. S12 shows the potential
experienced by each translocating ion, 4ion. Remarkably, the
variations in electrostatic potential are similarly repulsive
for all cations and for the anion Cl�, in stark contrast to
the the prediction of the solubility-diffusion model, where
the (highly anion-selective) dipole potential would play an
important role (27).
Free-energy profiles for ion permeation

The PMFs for ion permeation across DPPC bilayers are
compared in Fig. 4. All ions experience a triangular- or
L-shaped free-energy profile, where the barriers are similar,
varying between 24.1 (for Cl�) and ~25.8 kcal/mol (for Kþ).
This similarity of barriers despite the different chemistries,
sizes, hydration free energies (varying by >30 kcal/mol;
Table S2), and charges of the ions, is astonishing. Using
the experimental model bilayer, DPhPC, for comparison,
the barrier for GuanHþ is found to be only 0.6 kcal/mol
less than that for DPPC.

The lack of thermodynamic ion selectivity stems from the
nature of the ion-induced-defect translocation process,
determined primarily by the cost of the membrane deforma-
FIGURE 4 Free-energy profiles for ions crossing DPPC and DPhPC bi-

layers. Error bars are shown as the mean 5 1 SE from block analysis.

The results for US MD simulations at 330 K are shown in red for GuanHþ

(DPPC, solid line; DPhPC, dashed line), green for Kþ, blue for Naþ, and
cyan for Cl�. The pink dashed and dotted lines were obtained from unbi-

ased microsecond-length equilibrium MD (uMD) simulations at 330 K of

a DPhPCmembrane with 0.1 and 1.0 M GuanHCl aqueous solution, respec-

tively. An experimental estimate of the free-energy barrier from conduc-

tance measurements for DPhPC in 0.1 M GuanHCl solution at 298 K is

also shown (black dashed line). To see this figure in color, go online.
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tions associated with dragging charged and polar compo-
nents (and their hydrating waters) into the membrane, and
not by the dehydration of the ion (which approximately
maintains its first solvation shell) or the dipole potential
(as the ion does not completely cross the interface and is
shielded by its polar environment). In contrast, the solubil-
ity-diffusion model would be much more selective and
lead to significantly higher barriers, as illustrated in
Fig. S13. The selectivity could be better reproduced by a
solubility-diffusion process in which ions maintain their first
hydration shells (2,3), because the Born energies for parti-
tioning from water to hydrocarbon would be diminished
(Table S3 and Fig. S13 B, dashed curves). Such a model,
however, yields larger variation in energetics and, most
importantly, does not capture the lipid bilayer perturbations
observed in MD simulations or the correct PMF shape.

The similarity of the free-energy barriers for GuanHþ,
Kþ, Naþ, and Cl� indicates that ion dehydration is not a
major energetic determinant of transmembrane ion move-
ment. In a related study comparing the roles of arginine
and lysine in deforming membranes, we have also computed
a PMF for methylammonium that is almost the same as
these ions (49). The common free-energy profile suggests
similar membrane perturbations for each ion, with their
associated costs. GuanHþ is stabilized at the interface by
–1.7 kcal/mol (minimum at jzjz 19 Å), similar to the value
determined previously for MGuanHþ (dashed curve in
Fig. S4 C), whereas no such minima are present for Kþ,
Naþ, and Cl�. The consequence of this interfacial binding
of GuanHþ is to shift the PMF downward slightly, but
with very similar mean forces acting throughout the mem-
brane. Surprisingly, the barrier for anion permeation is
consistent with that for the cations, though the forces expe-
rienced by Cl� are less near the interface, reflecting reduced
lipid headgroup penetration (and thus somewhat reduced
water penetration) into the bilayer.

One interpretation of this common energetics for all ions
is that the path-independent free energy corresponds to the
transfer of an ion from water into a deformed membrane
that presents an aqueous like environment, with a common
energy penalty for the membrane deformation for all ions.
This is despite the expectation that the dipole potential
would favor anions (by ~10 kcal/mol) (27), which demon-
strates that the dipole potential has little impact within the
ion-induced-defect process. The lowering of the free-energy
barriers for all ions, and the remarkable similarity among
different ion types, suggests that ion-induced-defect-driven
membrane permeabilities may be consistent with experi-
ments, as we now explore.
Ion diffusion and permeation rates

The one-dimensional (parallel to bilayer normal) diffusion
coefficient, Dz, profiles are very similar for all ions (Figs. 5
and S2). All ions experience a rapid drop in Dz as they



FIGURE 5 Diffusion coefficient profiles, Dz, for ions crossing lipid

membranes, relative to bulk water, DBulk (Table 1) at 330 K. Profiles are

shown in red for GuanHþ (DPPC, solid lines; DPhPC, dashed lines), green

for Kþ, blue for Naþ, and cyan for Cl�. Profiles were obtained by a fourth-
order sigmoidal fit to the data, as described in the Supporting Material, and

see Fig. S2. To see this figure in color, go online.
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approach the interface from the aqueous solution, beginning
at ~12 Å from the lipid headgroups, despite the PMF being
flat in this region. One must venture far from the membrane
interface to encounter truly bulk like water. Dz drops to near
minimal values when the ions reach the headgroups, drop-
ping only a little more when entering the bilayer core. We
attribute this to the ion always residing at the (deformed)
membrane interface, even as it approaches the bilayer center,
leading to a sigmoid-type dependence on membrane depth.
Relative to bulk values, the diffusion coefficient within the
DPPC membrane core drops to as low as ~6% for Naþ and
GuanHþ, ~7% for Kþ, and ~11% for Cl� (Table 1), and
results in DPhPC are similar within error (Fig. 5). Such dra-
matic reductions are not seen for neutral solutes (30,40).

The calculated ion permeability coefficients, Pion,calc,
(Table 1) are many orders of magnitude less than for water
(1.6 � 10�5 cm/s (30)) or other neutral solutes (40). The
Pion,calc values vary by only a factor of 8 among the different
cations (and at most by a factor of ~23 between Naþ and
Cl�), with variations in log P values almost within the
uncertainties. These variations can be attributed to modest
(~2 kcal/mol) differences in barrier heights and only three-
fold variations in diffusion coefficient, as well as changes in
the shapes of the free-energy profiles. For GuanHþ, Pion,calc

across DPhPC approaches twice that for DPPC, but remains
within the uncertainty.
TABLE 1 Calculated all-atom MD simulation results in DPhPC and

Lipid Ion Wpeak,calc (kcal/mol) Dmem/DBulk (Å
2/ps)

DPhPC GuanHþ 24.0 5 0.5 0.011 5 0.004/0.31 5 0.03

DPPC GuanHþ 24.6 5 0.4 0.017 5 0.004/0.31 5 0.03

Kþ 25.8 5 0.1 0.030 5 0.012/0.40 5 0.05

Naþ 25.6 5 0.2 0.017 5 0.010/0.30 5 0.04

Cl– 24.1 5 0.3 0.047 5 0.012/0.44 5 0.06

Results include free-energy barriers, Wpeak,calc; diffusion coefficients Dmem at th

contributions to membrane conductance, Gion. All uncertainties are represented
Within the errors of the analysis, ion permeationvia an ion-
induced defect mechanism is remarkably nonselective, as
would be expected from the similar PMFs, W(z), and diffu-
sion profiles Dz, which determine the permeability coeffi-
cients via Eq. 4. Such analysis makes the assumption that
the translocation coordinate, z, captures the rate-limiting
step for permeation. Though we have not observed a com-
plete ion translocation even in the constrained equilibrium
simulations, which would entail the ion letting go of its
connection to one interface and grabbing onto the distant
interface—or forming a complete transmembrane defect—
the rate-limiting stepmost likely is associatedwith traversing
the very steep free-energy barrier near the membrane center.
Indeed, we have observed interfacial connection transitions
within nanoseconds in thinner membranes (29). With fluctu-
ations in bilayer thickness on the order of 4 Å, occurring on
the microsecond timescale (see Supporting Material), such
transitions should occur relatively quickly in DPPC and
DPhPC. Moreover, transitions have also been observed
when the ion is moved just beyond the membrane center
(20,25), indicating that translocation would be rapid once
the steep barrier has been climbed (see Movie S1, described
in the Supporting Material). It is important to note that the
time for exchange of interfacial connections has been esti-
mated to be on the order of microseconds (50), compared
to the timescale of years for ion crossing (see Supporting
Material calculations).
Experimental membrane conductance and
selectivity

Table 2 summarizes our experimental results for membrane
conductances in different bilayers. For the KCl, NaCl, and
GuanHCl salts tested, the conductances vary only within
an order of magnitude, suggesting that the permeation pro-
cess is nonselective. The conductances are similar in bila-
yers formed by ether or ester phospholipids, which have
dipole potentials differing by 100–250 mV (28), corre-
sponding to an energy difference of 2.4–6.0 kcal/mol. This
suggests that the permeating ions sense little of the mem-
brane dipole potential, consistent with an ion-induced-
defect permeation mechanism.

Conductances do not vary much as a function of salt con-
centration; if anything, they tend to be less in 1.0 M than in
0.1 M salt, which we can understand in terms of loss of
DPPC bilayers at 330 K

Pion,calc (� 10�12 cm/s) logPion,calc (log(cm/s)) Gion,calc (nS/cm
2)

0.020 5 0.025 �13.70 5 0.31 0.068 5 0.085

0.011 5 0.014 �13.97 5 0.28 0.037 5 0.049

0.0023 5 0.0022 �14.64 5 0.21 0.0078 5 0.0076

0.0014 5 0.0026 �14.85 5 0.44 0.0048 5 0.0089

0.033 5 0.024 �13.49 5 0.30 0.111 5 0.081

e membrane center, and DBulk in aqueous solution); permeabilities, P; and

as the mean 5 1 SE.

Biophysical Journal 106(3) 586–597



TABLE 2 Experimental conductances for 0.1 or 1.0M

GuanHCl, NaCl and KCl in various bilayers at 298K

Lipid Salt G (nS/cm2)

DPhPC/n-decane GuanHCl 0.1/1 M 6.7 5 0.7/5.9 5 1.7

NaCl 0.1/1 M 3.9 5 1.3/3.2 5 0.9

KCl 0.1 M 5.1 5 1.2

DphPC/n-decane GuanHCl 0.1/1 M 1.9 5 0.2/1.5 5 0.6

NaCl 0.1/1 M 1.2 5 0.5/2.3 5 0.7

NaClSTS 0.1/1 M 1.5 5 0.2/2.1 5 1.1

DphPC/squalene GuanHCl 0.1 M 2.4 5 1.2

NaCl 0.1 M 2.8 5 1.0

KCl 0.1 M 1.8 5 0.4

Vrev (mV) tþ

DPhPC/n-decane KCl �5.2 5 2.9 0.64 5 0.09

GuanHCl �1.9 5 2.2 0.55 5 0.06

DphPC/n-decane KCl �10.8 5 2.9 0.79 5 0.08

GuanHCl 4.4 5 4.0 0.38 5 0.09

STS denotes reducing conditions in the presence of 4 mM NaS2O3.

Reversal potentials and transference numbers for Kþ and GuanHþ for

DPhPC/n-decane and DphPC/n-decane. Errors are represented as the

mean 5 standard deviation (SD).

TABLE 3 Experimental ion permeability coefficients in

different bilayers

Lipid Ion

P,10�12

cm/s

DGapp
trans

(kcal/mol)

Wpeak

(kcal/mol)

DPhPC/n-decane GuanHþ

0.1, 1M

10, 0.9 18, 19 20, 21

Kþ 0.1M 9 18 20

Cl– 0.1, 1M 8, 0.7 18, 19 20, 21

DphPC/n-decane GuanHþ

0.1, 1M

2, 0.2 19, 20 21, 22

Cl– 0.1, 1M 3, 0.2 18, 20 20, 22

Bovine brain PSa Naþ 0.16 23.5 5 2.7

Kþ 0.91 22.5 5 3.9

Cl– 6.5 20.8 5 0.4

DOPCb Kþ 3.47

Cl– 12100 5 1400

Egg lecithinc Naþ 0.021 - 0.029

Cl– 55

Ox-brain PSc Naþ 0.055

Cl– 15

Results from this work in DPhPC/n-decane and DphPC/n-decane bilayers at

298 K have relative uncertainties of ~50%. Apparent free energies of trans-

fer, DGapp
trans, and estimated peak energy barriers,Wpeak, for GuanH

þ, Kþ and

Cl– from this study in DPhPC/n-decane and DphPC/n-decane bilayers have

uncertainties of ~1 kcal/mol.
aExperimental results from Papahadjopoulos et al. (13), for bovine brain PS

bilayers at 309 K, with peak values estimated at 300 K.
bExperimental results from Paula and co-workers (2,3) for DOPC at 303K.
cExperimental results from Hauser et al. (11) at 277 K and pH 5.5 for Cl�.
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interfacial binding due to screening (Figs. 4 and S14, dashed
and dotted pink lines; see discussion below). We tested for
inadvertent contamination of I� plus I2 (51) by adding
Na2S2O3 to reduce any I2 to I

�, eliminating any contribution
of polyiodides to the conductance, with no effect (Table 2).
Also, similar results were obtained in nominally hydrocar-
bon-free bilayers formed from DphPC/squalene (Table 2).
These measurements could be done only in 0.1 M salt, as
squalene bilayers became unstable at higher concentrations.
We also examined whether 40 mM phloretin, which pro-
duces a large negative change in dipole potential (52), had
any effect on DPhPC/n-decane conductance in 0.1 M
GuanHCl; it did not (data not shown).

The conductances in NaCl are similar to those reported
earlier by Hanai et al. (53): 1.3 or 2.5 nS/cm2 in egg PC/
decanemembranes in 0.l or 1.0MNaCl. Althoughwe cannot
exclude that the experimental results include a contribution
from undetected membrane defects (similar to those
observed with DphPC/squalene in 1.0 M salt), we conclude
that ion movement across lipid bilayers varies little with
changes in hydration energy, chemistry, or lipid composition.

To relate the conductances to single-ion permeability
coefficients, for comparison with the results from our simu-
lations, we determined reversal potentials and ion transfer-
ence numbers. Table 2 also summarizes results obtained for
DPhPC/n-decane and DphPC/n-decane bilayers (it was not
possible to determine the reversal potentials in bilayers con-
taining squalene). Although there is some variation among
the different salts and bilayers, there is little cation/anion
selectivity, suggesting a common permeation process (and
similar energetics for permeation) for the ions studied.

Individual ion permeability coefficients are summarized
in Table 3, along with apparent free energies of transfer
and approximate peak free energies (using Eqs. 7, 8, and
Biophysical Journal 106(3) 586–597
S6). Within each bilayer, the permeabilities to Kþ, GuanHþ,
and Cl� are similar. As expected from the concentration-in-
dependent conductance, the ion permeabilities are ~10-fold
less in 1.0 M than in 0.1 M salt. This corresponds to ~1 kcal/
mol increase in the estimated energy barriers for ion move-
ment, or a similar reduction in interfacial binding, as sug-
gested by our simulations (Figs. 4 and S14, dashed and
dotted pink lines).

Our results are consistent with those of previous studies
in phospholipid vesicles. In Table 3, we list permeability
coefficients for Naþ, Kþ, and Cl� across bovine phosphati-
dylserine (PS) membrane (predominantly sn1 -18:0 and
sn2 -18: 1-PS, SOPS) (13). Overall, those values are consis-
tent with our results, though they reveal a relatively higher
Cl� permeability, possibly reflecting electroneutral ex-
change of Cl� (cf. Toyoshima and Thompson (54)). Papa-
hadjopoulos et al. (13) determined the free-energy barriers
of ion permeation to be 20.8 kcal/mol for Cl�, 22.5 kcal/
mol for Kþ, and 23.5 kcal/mol for Naþ at 300 K, reasonably
consistent with our estimates for Kþ, GuanHþ, and Cl�.
Deamer and colleagues estimated the permeability coeffi-
cients for Kþ and Cl� in DOPC membranes to be 3.5 �
10�12 cm/s (3) and 1.21� 10�8 cm/s (2), respectively. Their
result for Kþ is consistent with our result, but that for Cl� is
more than three orders of magnitude higher, presumably
reflecting electroneutral Cl� exchange. Hauser et al. (11)
determined the permeability coefficients for Naþ and Cl�

in PC and PS vesicles at 4�C, and their results also are in
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general agreement with our results. The permeability coef-
ficient for Cl�, again, was three orders of magnitude higher
than those for cations (again reflecting electroneutral ex-
change). Overall, our experiments, together with those
from other studies, suggest semiquantitative agreement be-
tween cation and anion permeabilities and energy barriers
(to within a couple of kcal/mol), pointing to a fairly non-
selective permeation mechanism.
FIGURE 6 Snapshots from ~1.2 ms unbiased MD simulations of DPhPC

bilayer in 0.1 M (left) or 1.0 M (right) GuanHCl aqueous solution. The

snapshots show trajectory frames with a GuanHþ ion (yellow arrow) closest

to the membrane center in upper (top panels) and lower (bottom panels)

leaflets. It is located at z z 7.5 Å (upper) or �7.6 Å (lower) for 0.1 M

GuanHCl simulation and at z z 6.7 Å (upper) or �7.4 Å (lower) for

1.0 M GuanHCl simulation. Color scheme is gray for C, blue for N, red

for O, and orange for P atoms, red/white for water, and green for Cl�

ions. All ions are shown in space-filling presentation. (Insets) Solvation

environment of GuanHþ ions, showing water and lipid molecules with their

oxygen atoms (spheres) in the first solvation shell. To see this figure in co-

lor, go online.
Comparing MD simulation with experiment

Our MD simulations suggest that all ions tested cross lipid
bilayers by an ion-induced-defect mechanism, with similar
energetics and diffusion profiles, predicting a fairly non-
selective conduction process, consistent with our experi-
mental observations (compare Tables 1 and 3). Both
simulations and experiments, however, have uncertainties
that complicate quantitative comparisons, and may cause
up to three orders of magnitude variation. The use of
branched DPhPC in the experiments (as well as the presence
of n-decane or squalene) will influence results, though we
have shown that a change from DPPC to DPhPC leads to
<1 kcal/mol change in the free energy (Fig. 4). We also
have shown that a different temperature (330 K vs. 298 K)
leads to an ~2 kcal/mol change in the PMF (Fig. S15). It
is, however, important that experimental results in different
bilayers, both in this study (DPhPC with and without hydro-
carbon, and DphPC) and others (DOPC (2,3) and predomi-
nantly POPC and SOPS (11,13)) provide general agreement
about the magnitude of the permeability coefficients.

The barrier heights obtained in MD simulations are
2–4 kcal/mol higher than estimates deduced from our exper-
imental results (see Fig.4, black dashed line, for GuanHþ),
which may reflect problems with the approximate method
used to fit a triangular PMF model to the experiments.
The barrier heights deduced from our simulations predict
the results of other experiments, to within ~2 kcal/mol
(see, e.g., Papahadjopoulos et al. (13), in which bovine brain
PS was used). Whereas the statistical uncertainties in both
experiments and simulations are on the order of 1 kcal/
mol, systematic errors exist due to the choice of experi-
mental technique and lipid type (3), as well as in the model
dependence of MD simulation results. One such dependence
stems from the lack of explicit electronic polarization of
lipid tails, though we have previously shown that the effect
is only up to 1 kcal/mol, diminished due to bilayer deforma-
tions (24). Small, ~1 kcal/mol force field inaccuracies in
ion-headgroup interactions (55), or variations of up to
~3 kcal/mol in PMFs due to different models and force
fields (22,23,25) (though within 1–2 kcal/mol when ac-
counting for variation in the strength of interfacial binding),
can lead to orders-of-magnitude differences in calculated
permeability coefficients. We therefore consider our simula-
tions and experiments to be entirely consistent, though with
quantitative agreement remaining a significant challenge.
Microsecond-scale equilibrium simulations
reveal ion-induced defects

To explore the ability of an ion to self-induce defects at
equilibrium, as suggested by our US simulations, we have
carried out microsecond-lengthscale simulations of mem-
branes in bathed in salt solutions. Further, to facilitate com-
parisons with experiments at different salt concentrations,
we compare results from unbiased simulations in 0.1 and
1.0 M GuanHCl solutions, shown as dashed and dotted
pink curves in Fig. 4 and visually in Fig. 6 for GuanHþ.
The results show an ~1 kcal/mol reduction of binding
energy due to shielding at higher concentrations, which
will impact membrane conductance.

Anions (Cl�, compared in Fig. S14) are mostly located in
the bulk aqueous phase outside the lipid headgroup region
(in agreement with previous studies (48)) with a well
Biophysical Journal 106(3) 586–597
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defined maximum in density at ~jzj ¼ 25.5 Å in 1.0 M
GuanHCl, and a fairly broad distribution (slightly elevated)
in the same region (~jzj ¼ 27 Å) in 0.1 M GuanHCl
(Fig. S14 A, green lines). GuanHþ tends to concentrate in
the lipid headgroup region with density maxima at jzj ~
18 Å or ~17 Å in 1.0 M and 0.1 M GuanHCl solutions,
respectively (Fig. S14 A, pink lines). There are also well-
defined minima in the GuanHþ distributions in 1.0 M salt,
and corresponding maxima in the Cl� distribution, indi-
cating the formation of a well defined electric double layer
around the membrane.

The corresponding free-energy profiles for Cl� and
GuanHþ are shown in Fig. S14 B (green and pink lines,
respectively). Results for 0.1 M GuanHCl compare favor-
ably in the interfacial region to those obtained with US
(Figs. 4 and S14 B, red dashed and solid lines), as do the re-
sults for Cl� across DPPC (Fig. S14 B, cyan line), despite
differences in force field and salt concentration. GuanHþ

free-energy profiles have a well-defined minimum of about
�0.3 kcal/mol at jzj z 18 Å in 1.0 M solution and about
�1.5 kcal/mol at jzjz 17 Å in 0.1 M solution. The observed
interfacial binding in 0.1 M salt compares favorably to the
US estimates of �1.6 5 0.2 kcal/mol at jzj z 18 Å in
DPhPC and �1.7 5 0.4 kcal/mol at jzj z 19 Å in DPPC.
The substantial decrease in GuanHþ binding affinity in
1.0 M solution indicates ionic screening and can account
for the experimentally observed reduction in ion perme-
ability in this solution (see Table 3 and discussion above).
Both GuanHþ and Cl� profiles climb rapidly after the bind-
ing minima (shallow for Cl�; Fig. S14 B). Similar but
reduced slopes suggest that the unbiased simulations have
captured events where ions have moved into the membrane
more easily than average, as a result of more favorable local
membrane interactions. In much longer timescales, we
expect profiles similar to the US results.

We have also determined how deep inside the mem-
brane ions ventured in long unbiased simulations. The deep-
est Cl� was on average at jzjz 17.9 Å and 23.2 Å in 1.0 M
and 0.1 M GuanHCl, but approached to as close as ~8.8 Å
and ~12.3 Å, respectively, to the membrane center. The
deepest GuanHþ (as measured by a central C position) on
average ventured to 13.4 Å and 14.5 Å from the membrane
center and got as close as ~6.7 Å and ~7.5 Å in 1.0 and
0.1 M GuanHCl simulations, respectively. The ion needs
to overcome a free-energy cost of 5–7 kcal/mol to reach
this deep into the membrane, explaining why this is a rare
event, and why studies of uncatalyzed ion permeation are
likely intractable through unbiased simulations alone. The
US simulations suggest a barrier of ~9 kcal/mol in this re-
gion (Figs. 4 and S14 B, red curves).The unbiased trajectory
snapshots when GuanHþ is deep in the upper and lower leaf-
lets are shown in Fig. 6. There the ion remains coordinated
by lipid phosphate, carbonyl oxygens, and water molecules.
In both simulations, GuanHþ penetration to 7–8 Å
causes substantial membrane deformations, similar to that
Biophysical Journal 106(3) 586–597
observed in US simulations. The spontaneous penetration
of the ion leads to ion coordination similar to that seen in
biased simulations (on average by approximately five to
six water oxygens, one to two lipid phosphates, and one to
two carbonyl oxygens at maximum ion penetration depth
in the unbiased simulations).
Mechanisms of ion permeation

The ion-induced defect mechanism has been demonstrated
in our atomistic US MD simulations for all the cations
tested, as well as in separate long unbiased simulations.
As discussed above, long unbiased simulations have shown
cations venturing into the bilayer core leading to similar
deformations and free-energy profiles, demonstrating that
ion-induced defects are natural occurrences in membranes.
The general agreement between the predicted and observed
permeability coefficients, to within a few kcal/mol, together
with the almost complete lack of ion selectivity, supports an
ion-induced-defect permeation process. In contrast, the
alternative direct permeation via a solubility-diffusion
mechanism leads to permeability coefficients that differ by
many orders of magnitude from experimental observations
(1,3,11), as highlighted by the large barriers in Fig. S13
(though these could be improved by allowing partial ion
hydration).

For the anion, Cl�, our analysis suggests a mechanism
somewhere between ion-induced defect and solubility-
diffusion, with a deformed membrane interface and hy-
drated anion venturing into the membrane (as suggested
previously (2,3)), related to the size of the anion and its
weaker interactions with lipid headgroups (48). We note
that membrane conductance experiments cannot capture
the component of conductance originating from electroneu-
tral/carrier-mediated exchange, as seen in radioactive tracer
experiments (see, e.g., Toyoshima and Thompson (54) and
Khavrutskii et al. (56)). Such a mechanism will lead to
enhanced and pH-dependent anion permeability that will
dominate the measured permeability for Cl�. Our conduc-
tance measurements do, however, better capture the anion
translocation process for direct comparison to the cations.

The ion-induced defect mechanism is distinct from the
transient pore mechanism, where fluctuations can lead to
the formation of water-filled transmembrane pores, exhibit-
ing largely nonselective ion permeation (17) and permeabil-
ities in semiquantitative agreement with experiments
(17,57). Such a mechanism is also little dependent on ion
hydration energetics, as it is governed primarily by the costs
of pore formation (akin to the ion-induced-defect mecha-
nism). We suggest that these processes might occur in tan-
dem, because both originate with membrane deformation
involving the displacement of a charge or zwitterion (lipid
headgroup (57)) into the bilayer, predicted to have similar
energetics (24). Only in thick membranes, with hydrophobic
thickness >32 Å (thicker than the usual DPPC or DOPC
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models) based on our previous calculations, where the en-
ergy costs for bilayer deformations begin to exceed the costs
for ion dehydration, will solubility-diffusion permeation of
cations come into play (29).

Pinpointing the mechanism of unassisted ion permeation
would require quantitative comparison of permeabilities
via transient pores and ion-induced defects. This is beyond
the current level of accuracy achievable with MD simula-
tions. However, there is much in common between the
ion-induced-defect and transmembrane-pore mechanisms.
The energetics of moving an ion into the membrane and
forming a pore are similar, though it has been suggested
that there is a somewhat greater rate of forming localized
defects over complete pores (17,58). Moreover, once
formed, a transmembrane pore will conduct ions for a dura-
tion as short as 5 ns or >150 ns (58). Such multiple perme-
ation events are also expected for single ion-induced
defects. It has been shown that a second ion entering an
ion-induced defect can move to the bilayer center without
additional energetic cost (59), suggesting increased perme-
ation through ion-induced defects.
CONCLUSIONS

We have reported fully atomistic MD simulations, which
demonstrate that the physiological cations Kþ and Naþ,
the anion Cl�, and the arginine side chain analog, GuanHþ,
all deform lipid bilayers to remain hydrated during perme-
ation, in an ion-induced-defect process. Our free-energy cal-
culations have revealed an astonishing lack of effect of ion
size, chemistry, and even charge. This lack of selectivity can
be rationalized in terms of the membrane deformations that
prevent the ion from crossing the membrane interface into
the hydrocarbon core. Furthermore, that arginine side chains
will experience the same energy penalty for crossing a
membrane as any other ion studied is consistent with our un-
derstanding of membranes as barriers to charge movement,
contrary to recent suggestions that those costs would be
smaller (8–10).

The energetics for ion movement across a membrane are
different from those predicted by a solubility-diffusion
model. The energy barriers emerging from the ion-induced
defect model are lower and in reasonable accord with
experimental observations. We have shown that, as a result
of membrane perturbations, very different hydrophilic ions
experience common permeation free-energy and diffusion-
coefficient profiles, leading to similar membrane permeabil-
ities, in semiquantitative agreement with experiments. This
suggests that direct permeation via an ion-induced defect
mechanism could rival transient pore permeation as the
dominant permeation process. These results also have sig-
nificant implications for studies of protein-lipid interac-
tions, including the actions of cell-penetrating peptides,
toxins, voltage sensing, and membrane-deforming protein
domains.
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