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ABSTRACT: As plasma membranes of animal cells are known to be asymmetric, the
transmembrane lipid asymmetry, being essential for many membranes’ properties and
functions, should be properly accounted for in model membrane systems. In this paper,
we employ atomic-scale molecular dynamics simulations to explore electroporation
phenomena in asymmetric model membranes comprised of phosphatidylcholine (PC)
and phosphatidylethanolamine (PE) lipid monolayers that mimic the outer and inner
leaﬂets of plasma membranes, respectively. Our ﬁndings clearly demonstrate that the
molecular mechanism of electroporation in asymmetric phospholipid membranes diﬀers
considerably from the picture observed for their single-component symmetric
counterparts: The initial stages of electric-ﬁeld-induced formation of a water-ﬁlled pore
turn out to be asymmetric and occur mainly on the PC side of the PC/PE membrane. In
particular, water molecules penetrate in the membrane interior mostly from the PC side,
and the reorientation of lipid head groups, being crucial for stabilizing the hydrophilic
pore, also takes place in the PC leaﬂet. In contrast, the PE lipid head groups do not enter the central region of the membrane
until the water pore becomes rather large and partly stabilized by PC head groups. Such behavior implies that the PE leaﬂet is
considerably more robust against an electric ﬁeld most likely due to interlipid hydrogen bonding. We also show that an electric
ﬁeld induces asymmetric changes in the lateral pressure proﬁle of PC/PE membranes, decreasing the cohesion between lipid
molecules predominantly in the PC membrane leaﬂet. Overall, our simulations provide compelling evidence that the
transmembrane lipid asymmetry can be essential for understanding electroporation phenomena in living cells.

1. INTRODUCTION
Traﬃcking across cell membranes lies at the heart of many
biomedical and biotechnological applications, as it is closely
related to the delivery of therapeutic molecules to the site of
their action. It is therefore essential to have means for
manipulating the permeability of cell membranes. One of the
widely used approaches for membrane permeabilization is in
application of an external electric ﬁeld to cell membranes
(electroporation).1
Although the phenomenon is called electroporation,
formation of transient hydrophilic pores in membranes upon
application of an external electric ﬁeld remained a hypothesis
for many years,2 as most experimental techniques were unable
to provide direct evidence of the pore formation. The
molecular-level insight into the pore formation process was
unlocked only 10 years ago with the use of atomistic molecular
dynamics (MD) simulations.3,4 Since then, the membrane
electroporation has attracted a great deal of attention among
computational scientists; see, e.g., refs 5 and 6 for recent
reviews.
Historically, electroporation involved relatively long lowmagnitude pulses (with the duration of up to milliseconds);
such pulses could promote molecular transport mostly across
plasma membranes and did not aﬀect the interior of the cell.7
Recently, the so-called supra-electroporation that employs
nanosecond-scale pulses of large magnitude has emerged,8 so
© 2014 American Chemical Society

that electric-ﬁeld-induced permeabilization of organelle membranes has now become possible.9
In MD simulation studies, an electric ﬁeld is applied to a lipid
membrane either as an external force added to all charged
atoms in the system3,4,10−12 or through a transmembrane ionic
charge imbalance. The latter cannot be implemented in MD
simulations in a straightforward manner due to periodic
boundary conditions and requires either two bilayers in a
simulation box13−16 or vacuum slabs17−19 to prevent ions from
jumping across a box. It is believed that direct application of an
external electric ﬁeld to a lipid bilayer system is related to supraelectroporation while applying a transmembrane charge
imbalance mimics conventional electroporation when relatively
long, low-magnitude pulses make electric charges accumulate at
the membrane surface.18 However, it should be emphasized
that such an ion ﬂow (or a “membrane charging”) is not
modeled directly in simulations: The charge imbalance is
created in the beginning of a simulation run. Furthermore, to
witness formation of a pore on time scales accessible through
atomistic MD simulations, one needs to create a relatively large
ionic charge imbalance so that the induced ﬁeld strength
becomes very close to that observed under direct application of
Received: March 21, 2014
Revised: June 17, 2014
Published: July 1, 2014
9909

dx.doi.org/10.1021/jp5028355 | J. Phys. Chem. B 2014, 118, 9909−9918

The Journal of Physical Chemistry B

Article

an external electric ﬁeld. It is therefore not surprising that the
molecular mechanism of pore formation in zwitterionic lipid
membranes was repeatedly demonstrated to be qualitatively
similar in both cases, supporting thereby its generic nature.5,18
In particular, it was shown that the pore formation process is
largely driven by the appearance and growth of a water defect
spanning the membrane, 4,11,20 which is ﬁnalized by a
considerable reorientation of lipid head groups toward the
membrane interior.4,10,12 Such hydrophilic pores were proved
to serve as permeation pathways for ions21 and nuclear
acids.10,22 It is noteworthy that after the pore has been formed
one witnesses diﬀerent scenarios that depend on a particular
way of application of an electric ﬁeld. In bilayer systems with an
ionic charge imbalance, the growth of a pore is limited by the
pore size that allows leakage of ions: Such leakage discharges
the transmembrane voltage, and the size of a pore drops.13−15
In contrast, when an electric ﬁeld is applied directly to the
membrane, the pore continues to expand until the bilayer is
ruptured due to the artifacts related to a combined use of
periodic boundary conditions and the PME method.12 To
overcome this, one needs to considerably decrease an external
electric ﬁeld once the pore is formed.12,23
Most computational studies by far have focused mainly on
electroporation of single-component phospholipid bilayers
which are usually considered as model systems for mimicking
the structural properties of plasma membranes. There are a few
exceptions, though: Several groups reported electroporation
phenomena in mixed bilayers.24−28 These studies are highly
relevant, as plasma membranes are essentially multicomponent
structures. In particular, it was shown that the electroporation
threshold of cholesterol-containing phospholipid bilayers
exceeds considerably the threshold of their cholesterol-free
counterparts due to elevated membrane cohesion.24,26 Electroporation of mixed phosphatidylcholine/phosphatidylserine lipid
membranes was studied in ref 25. The authors found that
anionic phosphatidylserine lipids as well as calcium ions bound
to the membrane surface inhibit formation of an electropore.
Mixed archaeal lipid membranes were studied in ref 27; these
membranes were comprised of lipids with relatively massive
head groups that contained either inositol or glucose moieties.
It was shown that the electroporation threshold of the archaeal
lipid membranes is much larger as compared to that measured
for phospholipid membranes. Furthermore, adding phosphatidylcholine lipids to the archaeal lipid membrane results in a
decrease of their robustness against the electric ﬁeld.27 Finally,
Reigada reported electroporation of heterogeneous lipid
membranes composed of ordered and disordered lipid phases
and showed that an external electric ﬁeld mostly aﬀects the
disordered domains.28
While the presence of lipid molecules of various types is
essential, the plasma membranes of animal cells are also known
to be asymmetric as far as the lipid composition of the two
opposite leaﬂets is concerned.29,30 Such transmembrane lipid
asymmetry plays a vital role for many properties and functions
of plasma membranes including mechanical stability of
membranes31 and programmed cell death.32 It is therefore
very likely that the lipid asymmetry can also aﬀect the
microscopic details related to the electric-ﬁeld-induced pore
formation.
Despite the importance of the lipid asymmetry, there exists
only a very limited number of computational papers which
would explicitly address the pore formation in such membranes.
In particular, electroporation of phosphatidylcholine (PC) lipid

membranes with asymmetric transmembrane distribution of
anionic phosphatidylserine (PS) lipids was studied in refs 16
and 33. The authors demonstrated that application of an
electric ﬁeld to such membranes leads to pore formation
followed by transmembrane pore-facilitated translocation of
anionic lipids. Although not being directly related to the plasma
membranes of animal cells, it is also worth mentioning the
study by Khalid et al.34 who explored electroporation
phenomena in multicomponent asymmetric bacterial membranes.
To the best of our knowledge, the above-mentioned
publications are the only computational studies of electricﬁeld-induced eﬀects in asymmetric biomembranes. Therefore,
the main objective of our present work is to meet a lack of such
studies. For doing that, we have carried out extensive atomicscale MD simulations of electroporation in asymmetric
phospholipid membranes that are comprised of phosphatidylcholine (PC) and phosphatidylethanolamine (PE) lipid
monolayers. The PC and PE lipids are predominant
zwitterionic phospholipids in the outer and inner leaﬂets of
cell membranes, respectively,30 so that the asymmetric PC/PE
lipid membranes considered mimic the lipid composition of
plasma membranes. As mentioned above, a particular way of
application of an electric ﬁeld leads to qualitatively similar
molecular mechanisms of electroporation as far as zwitterionic
phospholipid membranes are concerned.5 Here we chose to
employ direct application of an external electric ﬁeld to a
membrane system.
Overall, our simulations provide compelling evidence that
the molecular mechanism of electric-ﬁeld-induced pore
formation in asymmetric phospholipid membranes diﬀers
from that observed for single-component symmetric membranes. Under an external electric ﬁeld, the PC leaﬂet of an
asymmetric PC/PE membrane turns out to be more prone to
water defect formation compared to the PE leaﬂet. This results
in pore formation driven mostly by rearrangement of lipids on
the PC side of the membrane. We also show that an electric
ﬁeld induces asymmetric changes in the lateral pressure proﬁle
of the asymmetric PC/PE membrane, decreasing the cohesion
between lipid molecules predominantly in the PC membrane
leaﬂet.

2. METHODS
We have performed atomic-scale molecular dynamics simulations of symmetric single-component (palmitoyl-oleoylphosphatidylcholine (POPC) and palmitoyl-oleoyl-phosphatidylethanolamine (POPE)) lipid membranes and asymmetric
lipid membranes comprised of POPC and POPE monolayers.
An external electric ﬁeld was applied perpendicular to the
membranes’ surface; its strength was varied from 0.33 to 0.90
V/nm, depending on the type of membrane system in question.
All the considered systems are listed in Table 1. The initial
structures of symmetric POPC and POPE lipid bilayers were
taken from ref 35 and consisted of 128 lipids and 5088 water
molecules. In turn, an asymmetric PC−PE membrane consisted
of 51 lipids on the POPC side and 64 lipids on the POPE side
and was solvated with 5147 water molecules; the asymmetric
membrane structure was taken from our previous studies.36−38
POPC and POPE lipids were described in the framework of
an extensively validated united-atom force ﬁeld by Berger et
al.39 Water was represented by the simple point charge (SPC)
model.40 The Lennard-Jones interactions were cut oﬀ at 1 nm,
and the electrostatic interactions were handled with the use of
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simulation frames were employed then for calculating the local
stress proﬁle with the use of the custom Gromacs-4.5 version,46
which relies heavily on a previous Gromacs-based local pressure
code.47

Table 1. Simulated Lipid Membrane Systems
membrane
system

applied electric ﬁeld
(V/nm)

voltagea
(V)

poration timeb (ns)

POPC-0.0
POPC-0.33
POPC-0.40
POPC-0.45
POPC-0.50
POPC-0.60
POPC-0.70
POPE-0.0
POPE-0.33
POPE-0.40
POPE-0.45
POPE-0.50
POPE-0.60
POPE-0.70
POPE-0.80
POPE-0.90
PC/PE-0.0
PC/PE-0.40
PC/PE-0.45
PC/PE-0.50
PC/PE-0.50Mc
PC/PE-0.60

0
0.33
0.40
0.45
0.50
0.60
0.70
0
0.33
0.40
0.45
0.50
0.60
0.70
0.80
0.90
0
0.40
0.45
0.50
−0.50
0.60

0
2.37
2.84
3.25
3.62
4.37
5.09
0
3.11
3.71
4.14
4.5
5.28
6.12
7.16
8.05
0
3.45
3.9
4.33
−4.31
5.22

no pore (500 ns)
no pore (200 ns)
13.66 ± 2.23
6.72 ± 1.82
3.77 ± 1.11
1.07 ± 0.42
0.68 ± 0.16
no pore (500 ns)
no pore (200 ns)
no pore (200 ns)
no pore (200 ns)
no pore (200 ns)
44.64 ± 15.63
13.83 ± 5.54
3.15 ± 0.85
0.95 ± 0.11
no pore (500 ns)
no pore (500 ns)
37.85 ± 9.88
11.46 ± 1.86
12.35 ± 2.81
2.90 ± 0.55

3. RESULTS
A. Electroporation of Symmetric Phospholipid Membranes. We start by considering electroporation phenomena in
symmetric single-component phospholipid membranes. The
two most abundant types of zwitterionic lipids, phosphatidylcholine (PC) and phosphatidylethanolamine (PE), were
chosen for our simulation study. The former is a typical
representative of the outer leaﬂet of plasma membranes, and
the latter is located mostly in the inner leaﬂet. The major
diﬀerence of the two lipid types is in the chemical structure of
their head groups: PE lipids have primary amines in the head
groups, while PC lipids have choline moieties. Because of the
amine groups, PE lipids are capable for the formation of intraand intermolecular hydrogen bonds.48 This results in a
considerably more densely packed water−lipid interface of a
PE membrane as compared to that of a PC counterpart.
Therefore, one could anticipate that these two types of lipid
membranes will respond diﬀerently to an external electric ﬁeld.
The main results of MD simulations of symmetric PC and
PE lipid bilayers under an external electric ﬁeld are summarized
in Figure 1 and Table 1. Besides the electric ﬁeld applied, we
also showed a corresponding voltage V developed in the

a

A voltage developed in a membrane system upon application of an
external electric ﬁeld E. The voltage was calculated as V = ELZ, where
LZ is the average size of a simulation box in the direction of the applied
ﬁeld.10,49−51 bPoration times are calculated by averaging over ﬁve
independent simulation runs; all ﬁve runs in a series have resulted in
pore formation. The errors presented are standard errors of the mean.
c
An external electric ﬁeld with a reversed polarity.

the particle-mesh Ewald method (PME).41 All systems were
simulated in the NpT ensemble at the physiological temperature (T = 310 K) and at a pressure set to 1 bar. The velocityrescaling thermostat42 was used for controlling temperature in
the system. We used the Parrinello−Rahman scheme43 to
control pressure; the pressure coupling was applied semiisotropically, i.e., independently for the extension of a
simulation box in the direction of the bilayer normal and for
the cross-sectional area of the box in the plane parallel to the
membrane surface. The time step used was 2 fs. The
simulations of the membrane systems with no pore formed
were carried out over a period of 200 ns with the exception of
POPC-0.0, POPE-0.0, PC/PE-0.0, and PC/PE-0.40 systems for
which the simulations were extended up to 500 ns. For each
porated membrane system, the simulations were repeated ﬁve
times with diﬀerent initial conditions. All in all, we have
performed MD simulations of 74 membrane systems. The
combined simulated time amounts to 4.6 μs. The GROMACS
suite was used in all of the simulations.44,45
To characterize mechanical properties of lipid membranes,
we evaluated the lateral pressure proﬁle across a membrane
(along the membrane normal Z). For doing that, we employed
a recent approach to calculate local stress in biomembranes;46
this method uses the central force decomposition and also
accounts for constraints. In practice, simulations of four
membrane systems (POPC-0.0, POPE-0.0, PC/PE-0.0, and
PC/PE-0.40) were extended for 200 ns each (in addition to 0.5
μs runs that were considered as pre-equilibration). During these
additional runs, the positions and velocities were stored every
10 ps, resulting in 20 000 frames for each system. These

Figure 1. Poration time as a function of the applied electric ﬁeld (top)
and the voltage developed in the membrane system (bottom). Shown
are the results for POPC (solid circles), POPE (solid squares), and
asymmetric PC/PE (open triangles) lipid membranes (semilog scale).
The errors are standard errors of the mean.
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membrane systems. The latter depends on the average size of a
box LZ along the direction of the applied ﬁeld EZ and is deﬁned
as V = EZLZ, as pointed out in refs 10, 49, 50, and 51.
For symmetric bilayers comprised of palmitoyl-oleoylphosphatidylcholine (POPC) lipids, the strength of the applied
electric ﬁeld was varied from 0.33 to 0.70 V/nm (which
corresponds to a voltage range from 2.37 to 5.09 V). Only one
system, POPC-0.33, shows no pore formation over a period of
200 ns; see Table 1. For the rest of the POPC bilayer systems,
the average poration time ranges from 13.66 ns (E = 0.40 V/
nm) to 0.68 ns (E = 0.70 V/nm); the poration times are
calculated by averaging over ﬁve independent simulation runs
with diﬀerent initial conditions (all ﬁve simulation runs have
ended up with pore formation). As seen in Figure 1, the
poration time drops exponentially with the strength of an
applied electric ﬁeld in agreement with earlier observations.14
The same also holds for the dependence of the poration time
on voltage.
As far as PE lipid membranes are concerned, they turned out
to be much more robust against an external electric ﬁeld: We
did not witness any pore formation in the bilayers comprised of
palmitoyl-oleoyl-phosphatidylethanolamine (POPE) lipids
when the applied ﬁeld was varied from 0.33 to 0.50 V/nm
(which corresponds to a voltage range from 3.11 to 4.5 V); see
Table 1. Poration was observed in POPE membranes under an
electric ﬁeld of 0.60 V/nm and stronger; the corresponding
poration time ranged from 44.64 ns (0.60 V/nm) to 0.95 ns
(0.90 V/nm). Again, the poration time follows the same pattern
as that for POPC membranes; see Figure 1. Interestingly, the
slopes of exponential ﬁts of the “poration time−electric ﬁeld”
and “poration time−voltage” curves seem to be almost identical
for POPC and POPE lipid membranes.
The relative robustness of POPE lipid membranes to
electroporation as compared to POPC membranes is most
likely related to the intermolecular hydrogen bonds formed in
PE membranes. These interactions lead to a denser packed
water−lipid interface and to more ordered hydrocarbon lipid
chains.35 In particular, the denser water−lipid interface prevents
formation of water defects in PE membranes, which is an
essential condition for electroporation: Our previous MD
simulation studies indeed showed that water permeates deeper
into the PC membranes as compared to their PE counterparts.35
To further characterize the diﬀerence in the water−lipid
interface of the PC and PE lipid membranes, we calculated their
lateral pressure proﬁles; see Figure 2. Note that the particular
shape of the lateral pressure curves depends on both the
method of calculation and the lipid force ﬁeld employed.52 Our
lateral pressure proﬁle of a POPC bilayer practically coincides
with the corresponding proﬁle reported in ref 46 where the
same method and the same lipid force ﬁeld were used, justifying
thereby calculations presented here.
Comparison of the two lateral pressure proﬁles presented in
Figure 2 shows that a PE bilayer is characterized by much
deeper minima in the lateral pressure at the lipid−water
interface as compared to a PC bilayer, indicating stronger
cohesion of PE lipids. What is more, the lateral pressure proﬁle
of a PE bilayer has an additional minimum beyond the position
of phosphate groups (closer to the water phase); see Figure 2.
Such a pronounced minimum is not seen in the case of a POPC
bilayer and can be a signature of attractive interactions resulting
from hydrogen bonds between POPE lipids (we note that the
lateral pressure proﬁle of a PE bilayer turns out to not be

Figure 2. Lateral pressure proﬁles for POPC (top) and POPE
(bottom) lipid membranes along the z-axis (membrane normal).
Vertical dashed lines correspond to the membrane center and to the
phosphate positions in the opposite leaﬂets as identiﬁed from the
corresponding density proﬁles.

entirely symmetric, indicating that 200 ns might not be
suﬃcient for a full sampling of the proﬁle).
Despite the diﬀerence in robustness of PC and PE lipid
membranes to an electric ﬁeld, it turns out that this does not
aﬀect the molecular mechanism of pore formation. As an
illustration, in Figure 3, we present formation of a water pore in
POPC and POPE lipid membranes as induced by an external
electric ﬁeld of 0.60 V/nm. The corresponding voltage applied
to the systems equals 4.37 and 5.28 V for POPC and POPE
membranes, respectively. In both cases, the process of pore
formation begins with a perturbation of the water/lipid
interface accompanied by the appearance of a single water
defect spanning the entire membrane; see Figure 3. This line of
water molecules is normally identiﬁed as an intermediate pore
state.12 Remarkably, for both types of symmetric lipid
membranes, we did not notice any preference of one leaﬂet
over another as far as initiation of the membrane-spanning
water ﬁle is concerned. In other words, the initial stages of pore
formations in symmetric PC and PE lipid membranes occur in
both leaﬂets with (on average) the same probability. We note
that for POPC membranes this conclusion agrees with previous
simulation results.11 Formation of the water ﬁle in the
membrane interior turns out to be an irreversible event in
most cases. Once the membrane-spanning water defect is
formed, it grows rapidly, leading to reorientation of lipid head
groups toward the membrane interior; see Figure 3. Another
feature that can be noticed in Figure 3 is that this rotational
reorientation of head groups is much slower in the case of
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formation stays essentially the same for the two types of
phospholipid membranes. This ﬁnding is reminiscent of the
situation observed for cholesterol-containing membranes where
the enhanced robustness of the membranes did not aﬀect the
poration mechanism.24 Furthermore, it is worth mentioning
that the electroporation threshold can diﬀer not only due to
diﬀerent chemical structures of lipid head groups but also
because of a diﬀerence in hydrophobic lipid tails.54
To conclude this section, we emphasize that the pore
formation process in single-component phospholipid membranes is essentially symmetric with respect to the opposite
leaﬂets. As we will see in the next section, this is not the case for
asymmetric membranes.
B. Electroporation of Asymmetric Phospholipid
Membranes. For studying electroporation phenomena in
asymmetric lipid membranes, we chose a model membrane
comprised of phosphatidylcholine (PC) and phosphatidylethanolamine (PE) monolayers.36−38 The PC and PE monolayers
of the membrane mimic the extracellular and intracellular
leaﬂets of plasma membranes of eukaryotic cells, respectively.30
First of all, poration times measured for asymmetric PC/PE
lipid membranes are found to demonstrate intermediate
behavior: They are smaller than the corresponding times for
symmetric POPE membranes but exceed those for singlecomponent POPC membranes; see Table 1 and Figure 1. What
is more, the resistance of an asymmetric membrane to an
electric ﬁeld turns out to not be additive with respect to POPC
and POPE monolayers: As is clearly seen for the membrane
systems under an electric ﬁeld of 0.60 V/nm (Figure 1 (top)),
the poration time of an asymmetric membrane is considerably
closer (on a logarithmic scale) to that of a POPC membrane as
compared to its POPE counterpart. In a way, the PC leaﬂet of
an asymmetric PC/PE membrane represents the most
vulnerable part of the membrane as far as electric-ﬁeld-induced
poration is concerned. This feature also plays a crucial role in
the molecular mechanism of pore formation. Note that the
poration times of PC/PE membranes noticeably shift toward
the corresponding curve for POPE membranes when plotted as
a function of the voltage developed; see Figure 1 (bottom).
This is due to the fact that the PE leaﬂet is thicker than the PC
one, increasing thereby the box size LZ and, correspondingly,
the voltage developed in the system.
In Figure 4, we show major steps in electric-ﬁeld-induced
poration of an asymmetric PC/PE lipid membrane under an
external electric ﬁeld of 0.45 V/nm. It is seen that the process
of pore formation turns out to be essentially asymmetric with
respect to lipid monolayers of diﬀerent lipid composition: The
PC monolayer is much more prone to defect formation as
compared to its PE counterpart. In other words, the applied
electric ﬁeld aﬀects mostly the POPC part of the asymmetric
membrane, while the POPE part stays almost unperturbed.
This is something that one can expect from the MD simulations
of one-component symmetric membranes: An electric ﬁeld of
0.45 V/nm does not porate POPE membranes on a time scale
of 200 ns; in contrast, this ﬁeld leads to pore formation in
POPC bilayers within just 10 ns; see Table 1.
Overall, the process of pore formation in asymmetric PC/PE
membranes is largely driven by structural changes that occur in
the PC leaﬂet. One witnesses formation of “bumps” in the
hydrocarbon region on the PC side, and water molecules also
penetrate in the membrane interior mostly from the PC side;
see Figure 4. Remarkably, the reorientation of lipid head groups
which stabilizes the pore also takes place on the PC side; i.e.,

Figure 3. Formation of a water pore in symmetric POPC (snapshots
on the left-hand side) and POPE (snapshots on the right-hand side)
lipid membranes under an external electric ﬁeld of 0.60 V/nm. The
corresponding voltage developed in the systems equals 4.37 and 5.28
V for POPC and POPE membranes, respectively. PC lipid headgroup
atoms (nitrogen, phosphorus, and carbonyl oxygens) are shown as
yellow spheres, their PE counterparts are shown as green spheres, and
the rest of lipid atoms are not shown. Water molecules are shown in
red.

POPE lipids. Finally, the polar lipid head groups surround the
pore and become its walls, making the pore hydrophilic. All in
all, one can conclude that the observed pore formation process
follows closely the mechanism reported in previous computational studies for zwitterionic lipid membranes.3−5,10−12 It is
noteworthy that several recent MD studies pointed to the
existence of an alternative scenario where water-ﬁlled pores can
be hydrophobic. Such a situation was observed in cholesterolrich phospholipid membranes,26 in anionic phosphatidylserine
bilayers,53 and in archaeal membranes27 when an ionic charge
imbalance was used to trigger electroporation.
Thus, the electroporation threshold diﬀers considerably for
single-component POPC and POPE lipid membranes most
likely due to hydrogen bonding between PE head groups,
resulting in additional cohesive interactions within the POPE
lipid−water interface. Despite the fact that POPE membranes
require larger poration ﬁelds and show longer poration times
and slower rotation of lipid head groups as compared to their
POPC counterparts, the molecular mechanism of pore
9913

dx.doi.org/10.1021/jp5028355 | J. Phys. Chem. B 2014, 118, 9909−9918

The Journal of Physical Chemistry B

Article

Interestingly, an electric ﬁeld of diﬀerent polarity reorients
lipid headgroup dipoles diﬀerently. When no ﬁeld is applied,
the average angle between the PN vector of lipids and the
outward bilayer normal is found to be 79 and 92° for PC and
PE leaﬂets, respectively. These quantities are very close to those
measured for single-component POPC-0.0 and POPE-0.0
membrane systems (78 and 93°); the diﬀerence in the PN
vector orientation of the two types of lipids is most likely due to
hydrogen bonding between PE lipid head groups.36 When an
electric ﬁeld of 0.50 V/nm is applied to a PC/PE membrane in
the PC-to-PE direction, none of the PC and PE head groups
are oriented (on average) in the direction of the applied ﬁeld,
so that the corresponding “PN vector−outward bilayer normal”
angles change to 82 and 89° for PC and PE leaﬂets,
respectively. In turn, when the polarity of the ﬁeld changes,
i.e., the ﬁeld is applied in the PE-to-PC direction, both PC and
PE lipid head groups tend to align with the ﬁeld. The
corresponding PN angles become 74° (PC) and 95° (PE).
Despite such a diﬀerence in the response of lipid headgroup
dipoles to an electric ﬁeld of opposite polarity, this does not
aﬀect the overall poration mechanism in asymmetric PC/PE
membranes.
To further characterize the process of pore formation, we
calculated the numbers of water molecules and lipid head
groups within a 1.5 nm slab in the middle of the PC/PE
membrane shown in Figure 4. The time evolution of these
quantities is presented in Figure 5. Again, it is clearly seen that

Figure 4. Formation of a water pore in an asymmetric POPC/POPE
lipid membrane under an external electric ﬁeld of 0.45 V/nm. Head
group atoms of POPC and POPE lipids (nitrogen, phosphorus, and
carbonyl oxygens) are shown as yellow and green spheres, respectively.
The rest of the lipid atoms are not shown; water is shown in red.

only PC head groups are mainly involved in the early stages of
pore formation. Once the pore is formed, PE head groups begin
to reorient toward the membrane interior. This can be related
in part to much slower rotation of PE lipid head groups, as
mentioned in the preceding section.
The overall picture of pore formation in asymmetric
membranes turned out to be insensitive to the polarity of an
electric ﬁeld. For a PC/PE membrane under an electric ﬁeld of
0.50 V/nm (corresponding to a voltage of ∼4.3 V), we repeated
MD simulations with a reverse polarity (Table 1) and did not
ﬁnd any noticeable diﬀerences as far as the molecular
mechanism of pore formation and the characteristic poration
times are concerned. We recall that asymmetric PC/PE
membranes possess a nonzero intrinsic transmembrane
potential of ∼100 mV, which is negative on the POPE
side.36−38 Therefore, the observed insensitivity to the ﬁeld
polarity implies that the intrinsic potential of PC/PE
membranes has no inﬂuence on the electroporation process
most likely because the strength of the poration ﬁeld employed
here is more than an order of magnitude larger that the
membrane’s intrinsic potential; see Table 1.

Figure 5. Time evolution of numbers of water molecules (shown in
black for the PC side and in red for the PE side) and lipid head groups
(shown in green for PC lipids and in blue for PE lipids) within a 1.5
nm slab in the middle of the PC/PE membrane under an external
electric ﬁeld of 0.45 V/nm.

the water defects in a pore-free PC/PE membrane (at t < 28
ns) develop mostly in the PC leaﬂet; see Figure 5. Furthermore,
PC lipid head groups can spontaneously appear in the
membrane interior to form “bumps”. Interestingly, the curves
for the numbers of PC head groups and water molecules on the
PC side follow similar patterns at 26.5 ns < t < 29 ns, which can
be a signature of the appearance of PC headgroup bumps ﬁlled
with water. The PE lipid head groups do not show up in the
central region of the membrane until the water pore becomes
rather large and is stabilized by PC head groups; see Figure 5.
After this stage is reached, the PE head groups get reoriented
relatively quickly, within just 100−200 ps.
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particular, the applied electric ﬁeld has a clear disordering eﬀect
on acyl chains in both PC and PE leaﬂets: The deuterium order
parameter for saturated sn-1 acyl lipid chains drops
considerably when the electric ﬁeld is switched on; see Figure
6. A relative decrease is more pronounced on the PE side of the

4. DISCUSSION AND CONCLUSIONS
Our ﬁndings clearly demonstrate that the molecular mechanisms of electric-ﬁeld-induced pore formation diﬀer considerably for symmetric and asymmetric phospholipid membranes.
Poration of a membrane that is comprised of two monolayers
with diﬀerent robustness against an electric ﬁeld is driven
mostly by formation of structural defects in a less robust lipid
monolayer. In a way, our ﬁndings are in line with recent MD
simulations of laterally heterogeneous lipid membranes28 where
electroporation also occurs mainly in less ordered domains. In
the case of the PC/PE membranes considered in this study, the
PC side of the membrane becomes more prone to defects
induced by an external electric ﬁeld due to the absence of
hydrogen bonding between PC lipid molecules. In contrast to
single-component lipid membranes, electroporation of such
PC/PE membranes has essentially asymmetric character: Water
defects are mainly formed on the PC side of the membrane,
and PC head groups play a major role in early stages of pore
formation.
The molecular mechanism of pore formation in PC/PE lipid
membranes is somewhat similar to the picture reported in ref
34 for E. coli outer membranes. One of the monolayers of this
bacterial membrane was comprised of phospholipids, while
another consisted of lipopolysaccharide (LPS). It was shown
that electric-ﬁeld-induced pore formation was asymmetric and
triggered by water defects and lipid headgroup reorientation on
the phospholipid side of the E. coli outer membrane.34 This is
mostly due to the fact that LPS sugars on one side of the
bacterial membrane are much larger than the phospholipid
head groups on the opposite side, so that the ability of the LPS
sugars to move toward the center of the membrane is very
limited. Despite some similarity to the situation found in our
work, it has to be emphasized that the observed asymmetric
character of electroporation of PC/PE lipid membranes has
nothing to do with the relative size of lipid head groups on the
opposite membrane sides (one could even notice that PE head
groups are somewhat smaller that PC ones). Instead, it is the
strength of interlipid interactions that matters most: The
hydrogen bonding between PE lipids makes the corresponding
leaﬂet more robust against the applied electric ﬁeld as
compared to the PC leaﬂet and eventually leads to a
pronounced asymmetry in the process of pore formation.
Poration of biological membranes is not the only electricﬁeld-induced eﬀect that has practical importance. As another
example, one can mention electro-insertion of proteins into cell
membranes.55 Depending on the type of biomembranes and
proteins targeted for insertion, diﬀerent scenarios can be
realized. In particular, the electric-ﬁeld-induced insertion of
proteins can be accompanied by electroporation.56 However,
the electro-insertion does not necessarily require actual pore
formation,57 which is often considered as a damage to cells. To
implement such a type of electro-insertion, one needs to
employ electric ﬁeld strengths below the electroporation
threshold.57
To get insight into the structural changes in asymmetric PC/
PE membranes due to an electric ﬁeld of the strength that is
insuﬃcient for poration, we extended MD simulations of PC/
PE-0.0 and PC/PE-0.40 membrane systems to half of a
microsecond; see Table 1. The electric ﬁeld of 0.4 V/nm
(which corresponds to a voltage of 3.45 V) does not porate a
PC/PE membrane on the time scale considered; however, it
does aﬀect the structural properties of the membrane. In

Figure 6. Deuterium order parameter |SCD| for saturated sn-1 acyl
chains of POPC (circles) and POPE (triangles) lipids in asymmetric
PC/PE membranes. Shown are the results for a membrane system
under an electric ﬁeld of 0.4 V/nm (open symbols) and for a
membrane that is not perturbed by an electric ﬁeld (solid symbols).
Low carbon atom numbers correspond to those close to the lipid
headgroup.

membrane. However, the lipid tails of the PC leaﬂet still remain
much more disordered as compared to those of the PE
monolayer, again rendering the overall situation asymmetric.
As the united-atom Berger force ﬁeld is used for lipid
molecules in this study, the hydrophobic acyl chains do not
carry any charges and are not aﬀected directly by an electric
ﬁeld. Furthermore, the electric ﬁeld is found to have a minor
eﬀect on the area per lipid and the membrane thickness (data
not shown), so that the observed electric-ﬁeld-induced
disordering of lipid tails cannot be related directly to the
changes in these structural membrane characteristics. However,
we found a noticeable reorientation of lipid headgroup dipoles.
Similar to what was observed for the PC/PE-0.50 system (see
previous section), the electric ﬁeld of 0.4 V/nm applied in the
PC-to-PE direction changes the average “PN vector−outward
bilayer normal” angle from 79 to 82° on the PC side and from
92 to 87° on the PE side. It is likely that this reorientation of
lipid headgroup dipoles is partly responsible for the observed
disordering of lipid tails. We note that such a disordering of
hydrophobic lipid chains was witnessed in all membrane
systems exposed to an external electric ﬁeld; see Table 1.
To further characterize the electric-ﬁeld-induced changes, we
calculated lateral pressure proﬁles for asymmetric membrane
systems PC/PE-0.0 and PC/PE-0.40; see Figure 7. Interestingly, when no electric ﬁeld is applied, the lateral pressure
proﬁle of a PC/PE membrane represents a combination of
halves of the corresponding pressure proﬁles of singlecomponent PC and PE lipid membranes, see Figure 2,
indicating that the opposite leaﬂets of an asymmetric PC/PE
membrane have practically no inﬂuence on each other. The
same conclusion can be drawn from a comparison of the order
parameters and the orientation of headgroup dipoles of PC and
PE leaﬂets of an asymmetric membrane with the corresponding
characteristics of symmetric membranes. This is most likely due
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Figure 7. Lateral pressure proﬁles for asymmetric PC/PE lipid
membranes with no electric ﬁeld applied (black line) and with an
electric ﬁeld of 0.4 V/nm (red line). Vertical dashed lines correspond
to the membrane center and to the phosphate positions in the
opposite leaﬂets of the PC/PE membrane without an electric ﬁeld (as
identiﬁed from the corresponding density proﬁles).

to the fact that a PC/PE membrane was built in such a way that
the equilibrium values of the area per lipid of its monolayers
were well preserved; see the Methods section and also ref 36.
Remarkably, when an electric ﬁeld of 0.4 V/nm is applied to
an asymmetric PC/PE lipid membrane, the lateral pressure
proﬁle changes asymmetrically. While the PE lipid/water
interface stays almost unaﬀected, the cohesive interactions
between PC lipids at the opposite lipid/water interface drop, as
seen from the corresponding minimum of the lateral pressure
proﬁle on the PC side. Furthermore, the peak in the lateral
pressure proﬁle at the PC lipid/water interface vanishes almost
completely under the inﬂuence of an external electric ﬁeld.
These electric-ﬁeld-induced changes in the lateral pressure
indicate that the PC lipid leaﬂet becomes more prone to defect
formation as compared to its PE counterpart.
This asymmetry can indeed be witnessed through a direct
inspection of water defects formed in the opposite leaﬂets. In
Figure 8, we plot the numbers of water molecules NW in the
inner regions of PC and PE leaﬂets of asymmetric PC/PE lipid
membranes; these quantities can serve as a measure of water
defects that are formed in the lipid/water interface on both
sides of the membrane. Without an electric ﬁeld, there is almost
no diﬀerence between the PC and PE leaﬂets: The probability
to ﬁnd a water molecule in their hydrophobic interior is very
low for both leaﬂets; see Figure 8 (top). The applied electric
ﬁeld of 0.4 V/nm changes the overall picture drastically, as the
PC leaﬂet now turns out to be more prone to defect formation.
As seen in Figure 8 (bottom), water defects on the PC side of
the membrane are much larger and occur more frequently as
compared to the PE counterpart (we note that, despite the
developed defects, a water-ﬁlled pore spanning the entire PC/
PE membrane is not formed on the time scale considered).
Because the PC monolayer in our model membrane mimics
the outer leaﬂet of the plasma membrane, our ﬁndings may be
relevant for understanding the molecular mechanism of the
above-mentioned electro-insertion techniques used for incorporating relatively large molecules into cell membranes.57 As
we demonstrated, an electric ﬁeld of a relatively small
magnitude can selectively enhance the permeability of the
outer (PC) membrane leaﬂet, aﬀecting the lipid−water
interfacial region of its lateral pressure proﬁle and making its
lipid tails more disordered. At the same time, the membrane as

Figure 8. Time evolution of numbers of water molecules NW within a
1.5 nm slab in the middle of a PC/PE membrane (the values of NW are
shown in black and red for PC and PE leaﬂets, respectively). Shown
are the results for a membrane that is not perturbed by an external
electric ﬁeld (top) and for a membrane under an electric ﬁeld of 0.4 V/
nm (bottom).

a whole stays intact. These structural changes in the membrane
could potentially facilitate insertion of foreign molecules into its
outer leaﬂet. One could also speculate that the electric-ﬁeldinduced asymmetry in membrane permeability may be relevant
to nanoparticle binding to the membrane surface and to
subsequent wrapping of a nanoparticle by the bilayer
membrane; both of these phenomena are often considered to
be essential steps in endocytosis.58
To conclude, in this paper, we have employed extensive
molecular dynamics simulations to unlock atomic-scale details
of electric-ﬁeld-induced changes in lipid membranes with
asymmetric transmembrane lipid composition. We demonstrate
that the molecular mechanism of electroporation of asymmetric
phospholipid membranes built from phosphatidylcholine and
phosphatidylethanolamine leaﬂets diﬀers considerably from the
picture observed for single-component symmetric membranes.
In particular, the pore formation process is mainly driven by the
phosphatidylcholine side of the membrane, as this leaﬂet turns
out to be more prone to water defect formation under an
external electric ﬁeld. Furthermore, an electric ﬁeld with a
magnitude below electroporation threshold is found to induce
asymmetric changes in the lateral pressure proﬁle of an
asymmetric PC/PE membrane, decreasing the cohesive
interactions between lipid molecules predominantly on the
PC side of the membrane.
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