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Abstract

Background: Electroporation is a common method to introduce foreign molecules into cells, but
its molecular basis is poorly understood. Here | investigate the mechanism of pore formation by
direct molecular dynamics simulations of phospholipid bilayers of a size of 256 and of more than
2000 lipids as well as simulations of simpler interface systems with applied electric fields of different
strengths.

Results: In a bilayer of 26 x 29 nm multiple pores form independently with sizes of up to 10 nm
on a time scale of nanoseconds with an applied field of 0.5 V/nm. Pore formation is accompanied
by curving of the bilayer. In smaller bilayers of ca. 6 X 6 nm, a single pore forms on a nanosecond
time scale in lipid bilayers with applied fields of at least 0.4 V/nm, corresponding to transmembrane
voltages of ca. 3 V. The presence of | M salt does not seem to change the mechanism. In an even
simpler system, consisting of a 3 nm thick octane layer, pores also form, despite the fact that there
are no charged headgroups and no salt in this system. In all cases pore formation begins with the
formation of single-file like water defects penetrating into the bilayer or octane.

Conclusions: The simulations suggest that pore formation is driven by local electric field gradients
at the water/lipid interface. Water molecules move in these field gradients, which increases the
probability of water defects penetrating into the bilayer interior. Such water defects cause a further
increase in the local electric field, accelerating the process of pore formation. The likelihood of
pore formation appears to be increased by local membrane defects involving lipid headgroups.
Simulations with and without salt show little difference in the observed pore formation process.
The resulting pores are hydrophilic, lined by phospholipid headgroups.

Background

Electric fields can induce pore formation and other struc-
tural defects in lipid membranes, including cell mem-
branes and skin [1,2]. Electroporation is widely used in
the laboratory for gene transfection, introduction of polar
and charged molecules such as dyes, drugs, proteins and
peptides and also has applications in drug delivery in can-
cer treatment [3-8]. Electropermeabilized vesicles are
more prone to fuse with cells and can be loaded with a
wide range of (drug) molecules [9]. Most of our experi-

mental understanding of electroporation is derived from
experiments on black lipid membranes [10,11], and it is
generally assumed that aqueous pores lined with phos-
pholipid headgroups are created in the membrane [1,12].
Although several models are available that predict aspects
of the size and spatial distributions of pores, the molecu-
lar basis of pore formation remains poorly understood.
We have recently shown that pore formation by mechan-
ical stress and by electric fields can be studied by detailed
computer simulations [13]. Here I propose a mechanism
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for the molecular basis of electroporation based on exten-
sive computer simulations of dioleoylphosphatidyl-
choline (DOPCQC) bilayers in which the formation of water-
filled pores can be followed at atomic resolution, and of a
simpler system that allows detailed numerical analyses of
the interactions of water with the electric field. Such sim-
ulations use a realistic description of the interactions
between lipid and water atoms and have become a very
powerful technique to study lipids and membrane pro-
teins [14]. The results show, surprisingly, that the initial
steps of pore formation do not seem to depend on the
nature of the lipid headgroups but are determined by the
increased likelihood of water defects in the membrane
interior with increasing applied electric field.

Results

The main result of the simulations are the motions of all
molecules involved during pore formation in phospholi-
pid bilayers and in a water/octane system. In this section
these primary results are described, while a more detailed
numerical analysis of the same process is presented in the
discussion.

Figure 1 shows the effect of a strong electric field (of 0.5
V/nm) on a bilayer with initial dimensions of ca. 26 x 29
x 8 nm. The starting structure is planar and undulations
form in the first 1.5 ns of the simulation (Fig. 1A,1B),
which has also been observed in an equilibrium simula-
tion of a bilayer half this size [15]. At around 1.6 ns the
first pore forms, which rapidly widens. After 2 ns a second
pore opens close to the first, and the bilayer becomes
strongly curved. Over the course of the next 1.5 ns four
more pores form, involving a large fraction of the lipids in
the bilayer. The final structure is highly curved and has sig-
nificant patches of exposed lipid chains in the regions
with the highest curvature. This is shown by sideviews of
the system in Fig. 1G,1H,11. An animation of this simula-
tion is given in the supplementary material. Pore sizes
grow up to a diameter of ca. 10 nm.

This bilayer is an excellent model for a membrane due to
its size, which allows substantial curvature and multiple
pores. It consists of over 420,000 atoms, however, and is
too large for extensive simulations under different condi-
tions because of current computational limitations. I
therefore turned to a smaller bilayer (45,000 atoms) and
a water/octane system (ca. 7,000 atoms) to investigate the
mechanism of pore formation in more detail.

Figure 2 illustrates the process of pore formation in these
two smaller systems. In both cases, water defects form at
the interface between water and the hydrophobic part of
the system. These defects grow in length, cross the full
hydrophobic width either by themselves or by joining a
similar defect from the opposite side, and rapidly expand
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into a water-filled pore. Animations of both processes are
available as supplementary material. In the water/octane
system pores form from small water defects at the inter-
face. In the phospholipid bilayer pores also form from
small water defects, but these defects occur more com-
monly near 'headgroup defects', where the choline group
of the lipid is located near the glycerol backbone region.
Figure 3 shows the pore formation process in more detail
for the same phospholipid bilayer as in figure 2, but from
a viewpoint further away from the pore. In the first snap-
shot (5050 ps) there is no clear sign of headgroup defects
or other irregularities at the site of pore formation, only a
few hundred picoseconds later. Water molecules are occa-
sionally found in the interior of the membrane (e.g. 5100
ps, 5150 ps), which is normally, in the absence of applied
electric fields, a very rare occasion. Such water molecules
may form hydrogen-bonded chains of several water mol-
ecules, which do not have to lead to pores. At 5200 ps,
5250 ps, a deformation of the headgroups is seen, with
water defects forming at the same time. The water defects
begin to span the bilayer, and headgroups start moving
towards this pore (5300 - 5400 ps). This pore then
expands and become lined with lipid headgroups,
although it takes some time before the headgroups are
evenly distributed over the pore 'surface'. Although in the
final snapshot at 5700 ps water is still exposed to lipid
chains, this is not unlike the distribution of head groups
in an unperturbed bilayer.

Discussion
The simulations give a graphical view of the pore forma-
tion process, but why do pores form in the first place?

The water/octane system is simplest: the external field
only interacts with the water molecules, as the model used
for octane has no charges. In bulk water and in the
absence of salt the applied field simply causes a small
average orientation described by a Langevin function,
with little effect on water properties, so we will focus on
the octane/water interface. The water/octane interface is
only a few tenths of a nm wide but because water mole-
cules orient at this interface the charge density along the
z-axis is not uniform, even in the absence of an applied
field (Figure 4A). Interestingly, the features of the net
charge distribution are very similar for water/octane,
water/phospholipid and water/phospholipid/salt, despite
the large difference in molecular structure of octane and
lipid, and the potentially large effect of 1 M NaCl (Figure
4A).

For the purpose of interacting with electric fields water
molecules can be approximated as a dipole. The force on
a dipole is given by F = (ueV)E and is zero in a constant
field. Of interest is the component of the force along the
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Figure |

Top view of lipid bilayer of initially ca. 25 x 29 nm (2304) lipids at six different times during the simulation: A) 1700 ps, onset of
first pore formation B) 2040 ps, second pore forming, C) 2600 ps, D) 2800 ps, E) 2990 ps, F) 3600 ps. Sideviews, showing the
increasing curvature of the bilayer: G) 0 ps, H) 1700 ps, ) 2040 ps, J) 3600 ps. The simulation cell is periodic, so that effectively
an infinite stack of bilayers is simulated, but only the central simulation cell is actually simulated. The lipids are shown as space-
filling, with red for the headgroups and blue for the chains in the central simulation cell. For clarity, parts of the periodic images
in the X, y plane are also shown, with the headgroups in yellow and the chains in green. The potential is positive at the top of
snapshots G-J relative to the bottom. In the same reference frame, views of snapshots A-F are from the top. Water is not
shown. Molecular graphics images were made with VMD [37]. Animations of this event and of the events in figures 2 are avail-
able as supplementary material. The time in each snapshot is only given as an indication of how fast defects develop; because
the process is stochastic the exact values are not reproducible.
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Figure 2

Snapshots of pore formation in the water/octane system (left): A) 0 ps, B) 327 ps, C) 341 ps, D) 344 ps, E) 350 ps, F) 368 ps.
The octane molecules are shown in cyan as bonds, the water molecules in blue and white as spacefilling. The potential is posi-
tive on the left side of each octane/water snapshot. Snapshots of pore formation in the DOPC bilayer, with an applied field of
0.5 V/nm in the presence of | M NaCl (right): A) 5330 ps, B) 5450 ps, C) 5500 ps, D) 5700 ps. The lipid headgroups are shown
in yellow, the chains in cyan, chloride ions spacefilling in green, sodium ions in cyan; water is shown as dark blue and white
spacefilling in the interface region and the pore, as dark blue bonds elsewhere. The potential is positive at the top of each snap-

shot relative to the bottom.

Here B_E is
oz
proportional to the charge density p(z), which can be cal-

culated directly from the simulation. Figure 5A shows the
gradient of the local electric field expressed as a force on a
dipole oriented along the Z-axis with a magnitude of 1 D
(the dipole moment of the SPC model used is 2.27 D).

bilayer normal (the z-axis): F, = uzg—E.
z

This gradient depends on the strength of the applied field
and on the left side increases as the applied field becomes
stronger.

Without applied field the local field rapidly changes direc-
tion at the interface with approximately equal magni-
tudes. In the presence of an applied external field, as in
electroporation experiments, the local field gradient is no
longer symmetric for both interfaces. On one side, the
field gradient increases with a higher external potential,
on the other side it decreases. To amplify the effect of the
increased gradient at the positive potential side, water
molecules become strongly oriented in the presence of an
external field so that both the projected dipole moment in
the Z-direction and the field gradient forcing these dipoles
into the membrane become larger (Figure 5B), and
depending on the exact location the average force due to
the gradient of the field acting on water dipoles (Figure

5C). For orientation, the density profiles, showing the
density of different parts in the system as a function of Z,
are also shown (Figure 5D).

Local fluctuations and hydrogen bonding facilitate the
process of insertion; hydrogen bonding in a hydrophobic
interior is stronger than in water, so that the probability of
a defect growing is substantially larger than the probabil-
ity of the initial formation of a defect. If the field gradient
is the driving force for water defect formation it should be
expected that defect formation from both sides is not
equally likely because the field gradients are not
symmetric.

Indeed the formation of pores in the simple water/octane
system has a much higher chance of initiating from the
positive side. In 100 simulations of water/octane with an
applied field of 0.8 V/nm, pore formation occurred over
90 times from positive side, while in the remaining cases
substantial defects from both sides combined to form the
initial single file water defect spanning the octane phase.
This is consistent with the small force at the right side
(high Z) of the 0.5 V/nm octane/water simulation.

For the lipid bilayers the forces are more symmetric, and

indeed in the small number of pore formation events
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Figure 3
A second series of snapshots of the same simulation as in Figure 2 (right), but viewed from further away so that the outside of

the pore is visible rather than a cut through the pore. The series starts at 5050 ps, when there is no clear sign of pore forma-
tion yet. lons and lipid chains are not shown for clarity. The lipid headgroups are divided in the choline part (green) and the
phosphate/glycerol part (yellow). The potential is positive at the top of each snapshot relative to the bottom.
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Figure 4

A) Charge density, B) electric field and C) electrostatic potential for water/octane at four different strengths of the applied field
(left) and a lipid bilayer without salt for three different strengths of the applied field, and with salt at zero applied field (right).
The properties in this figure and in figures 4 and 5 were calculated from simulations in which pores did not form, or else aver-

aging as a function of the z-coordinate would not be possible.

observed water defects from both sides play a role. The
effect of the external field on water orientation is similar
in the bilayers compared to octane. On the positive side,
the field causes a significant increase in water ordering,
with the same direction as in water/octane despite the
'extra’ negative peak at ca. 3 nm. On the negative side, the
external field orders water molecules in the opposite
direction than the interface does, and the average degree
of orientation decreases. In fact, in the region with a water
density of less than 10% of the bulk density, the orienta-
tion of water is reversed at higher fields compared to zero
field.

A graph of the density of the different groups (lipid, water,
ions, as well as groups of atoms within the lipids) shows
that the peak-to-peak distance of the lipid density profile
does not change, but the individual groups become
broader and water penetrates somewhat further into the
membrane (Figure 6). This is consistent with experimen-
tal data that shows that the capacitance of a bilayer does
not significantly decrease in the presence of an external
potential difference, indicating the bilayer does not
become significantly thinner [1]. The broadening of the
water distribution towards the interior of the membrane,
even though the absolute density of water in the hydrocar-

bon interior remains very low, still shows a significantly
decreased barrier for water penetration. This is consistent
with a change in the potential of mean force for water
moving to the hydrophobic interior. The averaged total
force on water molecules F, . (z) is related to the potential
of mean force for water moving from bulk water to the
hydrophobic phase as minus the derivative of the poten-
tial of mean force [16]. The average total force becomes
less negative at the positive side, so that the potential of
mean force indeed becomes less steep with applied field.

Although the main focus of this paper is to address the
question why pores form, the simulations give interesting
suggestions about several experimental observations and
hypotheses.

First, DNA can be transported into cells by electroporating
their membranes. The molecular basis of this process is
controversial; there currently appear to be two major
hypotheses, without critical experiments to decide
between them. In the first, DNA is transported through
large stable pores that form without significant interaction
with DNA and then reseal. A recent theoretical model sup-
ports this idea [17]. The second, more widely supported,
hypothesis suggests that DNA is transported into cells by
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Figure 5

Interfacial properties of the water/octane (left) and water/phospholipid (right) interfaces as a function of applied external field.
Shown are (A) the force on a hypothetical dipole with a strength of | D, pointing in the direction of the Z-axis, (B) the average
orientation of water molecules along the Z-axis expressed as the magnitude of the dipole moment in Debye along the Z-axis,
(C) the average force in the z-direction, calculated from the product of the average orientation and the field gradient, and (D)
the density profile for the total density and the water or phospholipid components along the Z-axis. In the octane simulations,
data shown have been averaged over the trajectory from 5 to 50 ns, with no pore formation occurring. In the phospholipid

simulation data has been averaged over 0—20 ns for 0 M/0 V (which was already equilibrated under these conditions), 10-20 ns

for 0 M/0.083 V, and 20-50 ns for 0 M/0.33 V.

direct interaction with lipids and intermediates that
involve a complex of lipid components and DNA. In this
case, permeabilization by an electric field might cause a
number of smaller pores that by themselves are not large
enough to allow DNA transport but make the membrane
amenable to structural modifications that allow transloca-
tion of DNA [4,18,19]. The simulation of the large bilayer
gives holes that have a diameter of up to 10 nm, which
would be sufficiently large to allow the transport of dou-
ble-stranded DNA. This is not a definitive answer, how-
ever, because the electric field in the presence of pores
might be higher than can be achieved in real cell experi-
ments (see below), and it remains to be shown that pores
of this size are reversible and will reseal when the electric
field is removed. A recent molecular dynamics study by
Leontiadou et al. investigated the stability of small pores
in bilayers and established a minimum radius at which
hydrophilic pores in dipalmitoylphosphatidylcholine
bilayers could be stable [20], but the maximum radius to

my knowledge is not known, although a recent model
suggests it can be quite large [17].

The simulations also suggest an explanation of the exper-
imental observations that lipid headgroup charge and
ionic strength of the solution appear to have little effect
on electroporation but that lipid tails, cholesterol and
hydrophobic polymers do have a significant effect [21-
23]. First, the simulations suggest that there is almost no
salt effect because the contributions of these charges to the
local field gradients at the interface practically cancel.
Although no electroporation in bilayers with lipids with
charged headgroups was simulated, this would be an
interesting extension. The important contribution appears
to be the added effect of the external field at the interface,
regardless of the exact composition of the interface. Sec-
ond, it can be expected that changes in the hydrophobic
part of the membrane (e.g. changing lipid tails from
palmitoyl-oleoyl to diphytanoyl or adding cholesterol)
have a significant effect because the force required to
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Density profile, comparing the distribution of water, lipids, and elements of the lipid head groups in a simulation without exter-
nal field (solid lines, averaged over 0-20 ns) and with an external field of 0.33 V/nm (dashed lines, averaged over 20-50 ns).
Black is the total density, green water density, red lipid density, yellow phosphate density, blue choline density, and brown glyc-

erol density.

move water into the hydrophobic interior will change. For
lipids that are more densely packed the formation of water
defects is likely to be less favourable. For longer lipids one
might also expect that the formation of water defects
spanning the bilayer is less likely. For lipid bilayers with
structural defects, such as those caused by surfactants,
electroporation would be expected to be easier because it
is more favourable for water to penetrate. These hypothe-
ses could be tested both experimentally and in further

simulations. The simulations also suggest why coating the
outside of bilayers with polymers can increase the resist-
ance to pore formation: water defects would still form but
the next stages in which lipid headgroups move in to form
more stable headgroup lined pores is frustrated [24].

An interesting and experimentally useful observation is
that electropermeabilized vesicles and cells are more
prone to fusion [9]. The present simulations suggest a
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number of possible explanations for this, including
higher curvature of these vesicles (analogous to the large
bilayer), the metastable nature of the fusion pores, and
increased hydrophobic surface area of electropermeabi-
lized vesicles which would facilitate fusion. Fusion is dif-
ficult to study directly in full atomistic detail, but recently
developed coarse-grained models of phospholipids have
been used to investigate fusion between vesicles and
could also be used to test these hypotheses [25,26].

Although the simulations presented here give unprece-
dented atomistic detail of the pore-formation process,
they suffer from several limitations. These include both
relatively obvious limits on the size of the simulation
system and the length of the simulations, but also more
subtle questions on the comparison to experimental data.

The largest bilayer simulated is initially ca. 25 x 29 nm in
the plane of the membrane, but the z-dimension is much
shorter, initially only 8 nm. As pores form, the bilayer
deforms and 'folds' (Fig. 1). This folding is influenced by
the periodic boundary conditions, because these allow
independent changes in x and y, the plane of the mem-
brane. While this is the most realistic choice of boundary
conditions, both the magnitude and shape of structural
fluctuations is affected by the requirement that the curva-
ture at the boundaries is continuous on each side of the
box. It is also possible to scale x and y together. This
would maintain the shape of the bilayer, and would make
the extreme curving observed in the present simulation
impossible, although it would allow curvature in the form
of a 'dimple'.

An important question is to what type of experiments the
simulations correspond to in terms of the incorporation
of an electric field. The voltage in the simulations is main-
tained at a constant value of the box length times the
applied field, regardless of whether a pore is present or
not. The simulations assume that the potential every-
where in the system due to the applied constant field is the
same as the potential caused by electrodes at a large dis-
tance from the membrane in a black lipid membrane
experiment. Figure 4 shows that this is reasonable for the
case without pores, but the potential distribution inside
the pores is too noisy to calculate accurately from the
simulation for a detailed comparison with a continuum
electrostatics model. Nonetheless, experiments under
voltage clamp conditions measure the current as a func-
tion of time and show a jump in conductance as pores
form, but are able to maintain the original voltage in the
presence of pores until the membrane ruptures. Alterna-
tively, measurements can be done under conditions of
constant current, monitoring the voltage fluctuations. An
interesting question that is outside the scope of this study
is how planar lipid bilayer experiments relate to electro-
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poration experiments on whole cells. A study by Hibino et
al. showed that the membrane potential has a maximum
value, presumably because large pores dissipate the trans-
membrane potential in whole-cell solutions [27].

Experimentally, the critical voltage that induces pore for-
mation in a black lipid membrane is of the order of 0.25
- 0.50 V. In the case of an applied field of 0.4 V/nm the
total potential difference across the membrane is approx-
imately 3 V, or 5-10 times as much. However, pore forma-
tion can be induced by much higher fields in the
simulations, while still showing the same characteristics,
although at a faster time scale. Experimentally, the life-
time of a black lipid membrane is shorter when a stronger
voltage is applied, but individual pore properties do not
depend on the applied voltage [11]. It is likely pore forma-
tion in the simulations at lower potential differences
would be slower but would still occur. A critical voltage
cannot be determined from this type of simulations.

Exact correspondence in time scales between simulation
and experiment cannot be expected because of the small
size of the simulation membrane compared to experiment
and the experimental time scales involved due to mem-
brane capacitance and time resolution of the measure-
ments [1]. It is also not possible to predict the distribution
of pore sizes or their spatial distribution in a large mem-
brane, although the simulation of the large bilayer shows
that pores can be quite close to each other without affect-
ing each other much, at least on a nanosecond time scale.
Much more extensive simulations would be required to
address the important issue of pore coalescence. The sys-
tem would have to be so large and the simulations so long
that this is probably not practical at the moment at this
level of atomistic detail, although coarser lipid models
could be used [28]. I am currently exploring this.

Conclusions

Detailed computer simulations of lipid bilayers in the
presence of an external electric field have given an atomis-
tic description of the process of electroporation. Pore for-
mation is promoted by an increased likelihood of
transmembrane water defects in the presence of an exter-
nal electric field. Pores form even in octane layers, suggest-
ing the primary role of water dipoles. Water defects are
caused by the interaction of water dipoles with the electric
field gradient at the water/lipid or water/octane interface.
The presence or absence of salt has little effect on the proc-
ess of pore formation. Pores in the lipid bilayers are lined
by phospholipid headgroups. These results provide a bet-
ter understanding of this fundamental process and form a
basis for future work to investigate conditions that exper-
imentally change electroporation phenomenology and to
study transport through bilayer pores.
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Methods

Bilayer simulations

A bilayer of 256 DOPC lipids and 11228 water molecules
was simulated without salt with applied fields of 0 V/nm
(20 ns), 0.33 V/nm (50 ns), 0.4 V/nm (20 ns, pore forma-
tion at 12-14 ns) and 0.5 V/nm (pore formation at ca. 3
ns). The same bilayer with 1 M NaCl (ions replacing water
molecules, resulting in 10828 water molecules, 200 Na+
ions, and 200 Cl- ions) was simulated at 0 V/nm and 0.5
V/nm (pore formation after ca. 5 ns). In addition, a
bilayer consisting of 2304 lipids and 101052 water mole-
cules was simulated with an applied field of 0.5 V/nm
(multiple pores form after ca. 2.5 ns).

Octane simulations

Water/octane simulations used a system of 182 octane
and 1802 water molecules, in a box with a flexible height
(ca. 6.6 nm) and an interface kept fixed at 4 x 4 nm. Sim-
ulations were 50 ns each with applied fields of 0 V/nm,
0.33 V/nm, and 0.5 V/nm (no pore formation), and 100
simulations with a field of 0.8 V/nm each until pore for-
mation occurred, typically somewhere between 50 ps and
2 ns. The final equilibrium structure of the water/octane
systems is one in which the octane slab is rotated 90
degrees, with its normal now along either the x or the y
axis; this arrangement is a consequence of trying to mini-
mize both the water/octane interface perpendicular to the
applied field and minimizing the water/octane interfacial
area and depends on the geometry of the box. For the
present purpose of investigating the structure of the inter-
face before pore formation and the early events of pore
formation, up to the point where phospholipid head-
groups would move in to line the pore, only the initial
part of the water/octane simulations are relevant.

Phospholipid parameters were taken from the OPLS-
based force field of Berger et al. [29] combined with
GROMOS87 bonded parameters and parameters for the
CH1 atoms in the double bonds. Parameter files are avail-
able from http://moose.bio.ucalgary.ca. Octane parame-
ters were taken from the GROMOS96 force field 45a3
[30]. In both cases, methyl and methylene groups are
treated as united atom, so that an octane molecule has 8
atoms and a DOPC lipid 54. In all simulations the tem-
perature was set to 300 K using the weak coupling algo-
rithm [31] with t, = 0.1 ps, and pressure to 1 bar
independently in each dimension with 1, =1 ps (in z only
for water/octane). This allows the dimensions of the sys-
tem to change in normal fluctuations but also as a
response to the applied electric field or pore formation. A
1 nm Coulomb cutoff combined with Particle-Mesh-
Ewald was used for electrostatic interactions [32] with a 1
nm cutoff for Lennard-Jones interactions. In the case of a
non-zero applied field the system has a net dipole
moment, which results in a surface charge on the

http://www.biomedcentral.com/1471-2091/5/10

replicated systems. In vacuum this would require a correc-
tion, but because this surface charge is exactly balanced by
the tin-foil boundaries used in the PME implementation
this effect is zero. The time step was 2 fs except in the last
30 ns of the DOPC bilayer with no salt and a field of 0.33
V/nm, where it was 5 fs. This larger time step has no effect
on the structure of a similar dipalmitoylphosphatidylcho-
line bilayer as determined by 150 ns simulations in which
only the time step was varied [33]. The water model used
was the Simple Point Charge model [34]. All simulations
were performed using the GROMACS set of programs
[35,36].

The charge density shown in Figure 4A and used to calcu-
late the force on a dipole at the interface can be calculated
directly from the simulation and is related to the potential
through Poisson's equation which, averaged over the x, y
14 z
plane, is: y(z)-y(0)=—-— dz'jp(z”)dz” where the
g0o 0
second integration constant y(0) is chosen as 0 V in the
middle of the water phase on the left side of the box at z
= 0 and the first integration constant, the electric field
E(0), is taken as 0 V/nm in the middle of water layer.
Because of the applied field, the actual field in the middle
of the water phase is not zero and the value E(0) could be
taken as E, divided by the experimental dielectric constant
of water or the dielectric constant of the SPC water model
under the conditions simulated. This choice makes no dif-
ference for the field gradient and has an effect of only ca.
7 mV in the case of the strongest applied field of 0.8 V/nm
in water/octane, within the accuracy of the quoted values
for the transmembrane potentials. The average field is
shown in Figure 4B. The calculated potential drop across
each system is the applied field times the length of the
simulation box in the z-dimension, validating this simple
approach (Figure 4C). In the bilayers, an applied field of
0.33 V/nm corresponds to a transmembrane potential of
ca. 2.6 V. In octane, a field of 0.33 V/nm corresponds to a
"transmembrane" potential of ca. 2 V. This potential dif-
ference remains the same in the presence of pores. I make
the assumption that the potential distribution in the sys-
tem in this case is still realistic, although I have only
shown this explicitly for the case without pores (figure 4).

All systems use periodic boundary conditions in three
dimensions, so that effectively a multilamellar stack of
bilayers (or octane slabs) with infinite dimensions in the
%, y plane is simulated.
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Additional material

Additional File 1

Animation of a large lipid bilayer of 2304 lipids, between t = 0 and t =
3680 ps. The simulation cell is shown in red (headgroups) and blue
(chains); yellow and green lipids are periodic images shown for clarity
only. Water is not shown.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2091-5-10-S1.mpg]

Additional File 2

Pore formation in octane, with an applied field of 0.8 V/nm. The left side
of the octane is positive with respect to the right side. Octane is shown as
bonds, water in space-filled representation. The final state is one in which
the electric field gradient in the z-direction is minimized. The potential is
positive on the left side relative to the right side.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2091-5-10-S2.mpg]

Additional File 3

Animation of pore formation in a DOPC bilayer with an applied field of
0.4 V/nm, corresponding to a transmembrane potential of ca. 3.2 V. The
lipid chains have been omitted for clarity. Water in the interface and
inside the membrane is shown as spacefilling, outside those zones in less
detail in blue. The headgroups are shown as yellow sticks. The potential is
positive at the top relative to the bottom.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2091-5-10-3.mpg]

Additional File 4

Animation of pore formation in a DOPC bilayer with an applied field of
0.5 V/nm, corresponding to a transmembrane potential of ca. 4 V. The
representation is the same as in movie 3; the additional sodium is shown
as spacefilling cyan spheres, chloride as green spheres. The potential is pos-
itive at the top relative to the bottom.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2091-5-10-S4.mpg]|
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