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Abstract Molecular dynamics simulations of electro-
poration of homogeneous phospholipid bilayers show that
the pore creation time is strongly dependent on the mag-
nitude of the applied electric field. Here, we investigated
whether heterogeneous bilayers containing phospholipids
with zwitterionic and anionic headgroups exhibit a similar
dependence. To facilitate this analysis we divide the life
cycle of an electropore into several stages, marking the
sequence of steps for pore creation and pore annihilation
(restoration of the bilayer after removal of the electric
field). We also report simulations of calcium binding iso-
therms and the effects of calcium ions on the electropora-
tion of heterogeneous lipid bilayers. Calcium binding
simulations are consistent with experimental data using a
1:2 Langmuir binding isotherm. We find that calcium ions
and phosphatidylserine increase pore creation time and
decrease pore annihilation time. For all systems tested,
pore creation time was inversely proportional to the bilayer
internal electric field.
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Introduction

Lipid membranes play many fundamental roles in cell
biology, one of which is the partitioning of interior cellular
components from the outside world. This barrier function
can be disrupted with the application of a sufficiently high
external electric field, which permeabilizes the membrane,
a process referred to as “electropermeabilization” or
“electroporation” (Hamilton and Sale 1967; Rols and
Teissie 1990). Within a few nanoseconds of applying such
a field, increases in membrane electrical conductance can
be detected (Benz and Zimmermann 1980), and normally
impermeant molecules which were previously excluded
from the cell are able to penetrate the membrane (Neumann
et al. 1982; Rols et al. 1992; Mir et al. 1999). Fluorescent
dyes which interact only with intracellular material can be
used as indicators of the extent of permeabilization, but the
mechanisms and physical structures associated with
electropermeabilization are far from being completely
understood and not easily accessible by experiment
(Teissie et al. 2005). Since the first reports of reversible and
irreversible modifications of membrane conductance by
electric fields (Stampfli and Willi 1957; Coster 1965;
Hamilton and Sale 1967), steady progress has been made
toward a phenomenological understanding of the nature of
the permeabilized membrane and the processes that
restructure the phospholipid bilayer in an externally
applied electric field (Zimmerman et al. 1974; Abidor et al.
1979; Chizmadzhev and Abidor 1980). Observational
studies have been enhanced and guided by the development
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of continuum electrophysical models of electroporation
(Sugar and Neumann 1984; Popescu et al. 1991; Weaver
and Chizmadzhev 1996; DeBruin and Krassowska 1998;
Neu and Krassowska 1999; Weaver 2003; Vasilkoski et al.
2006), which in turn have contributed to experimental
designs and perspectives.

Furthermore, many biological processes are significantly
affected by small changes in the local energy landscape, as
is the case when an asymmetric distribution of charge is
present; thus, a mechanistic understanding of electroper-
meabilization cannot be restricted to simple, homogeneous
lipid bilayer systems. It becomes necessary then to take
into account also the effects of inorganic ions which may,
for instance, cause membrane lipids to aggregate (Ziegler
and Vernier 2008; Boettcher et al. 2011), possibly modi-
fying local surface tensions. Similarly, the behavior of
heterogeneous phospholipid bilayers, which may have not
only zwitterionic but also anionic and cationic headgroups,
must be considered since these additions further perturb the
electrochemical landscape and greatly increase the required
complexity of analytical models.

Recent advances in high-performance computing have
enhanced studies of electropermeabilization using molec-
ular dynamics (MD) simulations of phospholipid bilayers.
These simulations suggest that electropermeabilization
results at least in part from the formation of discrete,
nanoscale electropores that develop in a characteristic
sequence: (1) appearance of an electric field—driven water
column across the bilayer interior, a process dominated by
the energy minimization of interfacial water molecules
under an applied electric field (Tieleman 2004; Ziegler and
Vernier 2008); (2) construction of a bridge of hydrophilic
lipid headgroups and additional hydrating water molecules;
and (3) expansion of the pore while the external field
continues to be applied (Tieleman et al. 2003; Tieleman
2004; Tarek 2005; Bockmann et al. 2008). Previously, we
proposed definitions for these individual stages in pore
formation, which we called “pore initiation,” “pore con-
struction” and “pore maturation,” respectively (Levine and
Vernier 2010). In this article we refine the nomenclature
for these steps.

We have also observed that homogeneous, zwitterionic
(containing phosphatidylcholine [PC]) bilayers with vary-
ing degrees of hydrocarbon saturation require different
“minimum” external electric fields to form pores within a
finite period of time (Ziegler and Vernier 2008), which
indicates, not surprisingly, that pore formation is affected
by lipid properties. Because anionic lipids such as phos-
phatidylserine (PS) can form complexes in the presence of
calcium ions (Vernier et al. 2009), it is reasonable to expect
that the incorporation of PS into phospholipid bilayers and
the inclusion of Ca*" in the system will also affect pore
formation and annihilation. We present here a description
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of the electropore life cycles of PC:PS bilayers with and
without calcium, extending the analysis we developed for
homogeneous PC bilayers (Levine and Vernier 2010).

MD simulations of electropermeabilization must be
verified by alignment with existing continuum theories
(Weaver and Chizmadzhev 1996) and experiments (Sinn
et al. 2006). For validating MD representations of calcium
binding to phospholipid bilayers, stoichiometric or coor-
dination complex measurements have been used as a metric
(Bockmann and Grubmuller 2004; Vernier et al. 2009;
Porasso and Cascales 2009). Here, we propose using
binding isotherms as an additional metric to describe the
concentration of adsorbed ions at an interface relative to
the total ion concentration. At low calcium concentrations
one would expect to see linear 1:1 binding, implying that
every added calcium ion binds to the interface. At higher
calcium concentrations, however, one expects to observe a
Langmuir binding isotherm, which is characterized by a
transition from linear ion binding to a fixed amount of ion
binding when the interface becomes saturated, as others
have reported (Bockmann and Grubmuller 2004; Sinn et al.
2006). We compare our simulated calcium binding iso-
therms with existing experimental and theoretical binding
constants for PC:PS bilayers and Ca*".

Materials and Methods
Simulation Conditions

All simulations were performed using the GROMACS set
of programs, version 4.0.5 (Hess et al. 2008), on the Uni-
versity of Southern California High Performance Com-
puting and Communications Linux cluster (http://www.usc.
edu/hpee/). Lipid topologies were derived from OPLS
united-atom parameters (Berger et al. 1997), and the simple
point charge water model was implemented (Berendsen
et al. 1981). Each system was coupled to a temperature
bath at 310 K with a relaxation time of 0.1 ps and a
pressure bath at 1 bar with a relaxation time of 1 ps, each
using a weak coupling algorithm (Berendsen et al. 1984).
Pressure was coupled semi-isotropically (using a com-
pressibility of 4.5 x 107 bar~') normal to and in the
plane of the membrane. Bond lengths were constrained
using the LINCS algorithm (Hess et al. 1997) for lipids and
SETTLE (Miyamoto and Kollman, 1992) for water. Short-
range electrostatic and Lennard-Jones interactions were cut
off at 1.0 nm. Long-range electrostatics were calculated by
the PME algorithm (Essmann et al. 1995) using fast Fourier
transforms and conductive boundary conditions. Recipro-
cal-space interactions were evaluated on a 0.12-nm grid
with fourth-order B-spline interpolation. Periodic boundary
conditions were employed to mitigate system size effects.
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Systems and Structures

All systems contain a total of 128 lipids—either 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC) or 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phosphatidylserine (POPS)—
and about 9,000 water molecules (~70 waters/lipid),
which resulted in an initial system box size of approxi-
mately 7 x 7 x 10 nm. Homogeneous bilayers consist
only of POPC. Heterogeneous bilayers were obtained by
replacing 20 POPC molecules on a single leaflet with 20
(anionic) POPS molecules and 20 sodium counterions in the
bulk water, followed by equilibration until the total area per
lipid became constant. Simulations with multiple trials
were run in parallel, starting from the same initial positions.
To ensure that each trial was independent, every atom was
assigned arandomized velocity with a Maxwell distribution
at the beginning of the simulation (a built-in function of
GROMACS). All systems were equilibrated for a constant
area per lipid. Pore creation times were measured for three
values of applied external electric field—400, 500 and
600 MV/m—with three independent trials at each electric
field strength. Note that 600 MV/m in vacuum corresponds
to an effective electric field in aqueous media of about
8 MV/m due to their relative dielectric permittivities.
Following pore formation, the external field was removed
from a randomly selected simulation, and three indepen-
dent trials were run to track the annihilation of that single
pore. Additionally, we extracted calcium binding coeffi-
cients and pore creation times in the presence of calcium
from systems where the GROMACS function “genion”
was used to replace bulk water molecules with one calcium
ion and two chloride counterions. Calcium binding coeffi-
cients were extracted after 150 ns, to allow the system to
reach equilibrium after calcium addition. Binding coeffi-
cients were determined using a 1:2 Langmuir isotherm.
Pore radius measurements were obtained by first identify-
ing a pore axis which passes directly through the pore in the
z dimension (based on perpendicular x and y water density
profiles). Then, bins were assigned between mean lipid
phosphorus planes where, for each bin, maximally distant
water molecules were identified relative to the pore axis in
x and y to obtain local semimajor and semiminor pore
diameters. Following this, the semimajor and semiminor
pore diameters were averaged together in each bin, and
finally all local pore diameters were averaged together to
obtain an average pore diameter or pore radius. Pore crea-
tion times for systems with calcium present were observed
after an electric field was applied to the equilibrated system.

Electropore Life Cycle

The life cycle of an electropore can be divided broadly into
a pore creation step and a pore annihilation step, as

described previously (Levine and Vernier 2010). Pore
creation (Fig. 1) consists of three stages: initiation, con-
struction and expansion (defined below). Pore annihilation
begins when the external electric field is removed from an
expanded pore and proceeds through settling, stabilization,
deconstruction and dissolution.

Pore Creation

Pore initiation begins with the application of an external
electric field and ends when the two groups of water mole-
cules initially separated by the bilayer merge to become a
single group (nonzero water density in every 0.1-nm slice
between the two mean planes of phosphorus atoms). In some
simulations the combined water groups split again <400 ps
after the joining. These transient events are not counted
as mergers. Pore construction begins with formation of
the membrane-spanning water column (hydrophobic pore
[Abidor et al. 1979]), which marks the merger of the water
groups and ends when the phosphorus groups that are ini-
tially found on the two leaflets of the bilayer follow the water
into the membrane interior and merge into a single phos-
phorus group. (A phosphorus group is defined as a set of
atoms, each separated by a maximum distance of 1.2 nm
[Sengupta et al. 2008].) Because water and the charged
phospholipid headgroups now bridge the membrane interior,
this structure is comparable to what is sometimes called a
hydrophilic pore (Weaver and Mintzer 1981; Glaser et al.
1988; Leontiadou et al. 2004). Continued application of the
porating electric field results in an evolution, or expansion, of
the hydrophilic pore. We define an expanded pore arbitrarily
as a hydrophilic pore in which at least 10 phosphorus atoms
from the initial anodic leaflet are found within 1.2 nm of
phosphorus atoms from the cathodic leaflet.

Pore Annihilation

Pore settling, the first stage of pore annihilation, is the quasi-
stable period after the field is removed during which the
number of anode-to-cathode phosphorus connections fluc-
tuates around the expanded pore criterion (10 connections).
Pore stabilization begins when the number of anode-to-
cathode phosphorus connections drops below 10 and ends
when there is only one anode-to-cathode phosphorus con-
nection. The pore radius decreases around this time to a
minimum, about 0.4-0.6 nm. We note that these so-called
minimal pores remain hydrophilic and facilitate the con-
duction of sodium ions when very small external electric
fields remain, consistent with theoretical models such as the
asymptotic model of electroporation (Neu and Krassowska
1999) which also identify a minimum hydrophilic pore
radius of about 0.5 nm. Pore deconstruction, another quasi-
stable period, terminates when the single phosphorus group
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Fig. 1 Phospholipid
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of the porated bilayer splits into two groups, which remain
separate for the remainder of the simulation. At the end of
pore deconstruction only the water column remains. We call
the disassembly of the water column “pore dissolution.”

Individual pore life cycle times were calculated using a
custom Perl program, which codifies the stage boundaries
described above. The average value of the electric field at
the bilayer midplane (membrane internal electric field) was
extracted using the GROMACS function “g potential”
over the period from 100 ps after the external electric field
was applied to 100 ps before pore construction began. As
in our previous work, “internal electric field” was used as a
normalizing term (Levine and Vernier 2010).

Images

Molecular graphics images were generated with visual MD
(Humphrey et al. 1996).

Results

A complete summary of the pore life cycle results reported

here can be found in Figs. 2 and 3 and in Tables 1, 2, 3, 4,
5, 6, 7 and 8. Details are described below.
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Pore Creation—Pure POPC and POPC:POPS

At smaller external electric fields, POPC:POPS bilayers
have pore creation times that are, on average, slightly
longer than homogeneous POPC bilayers (Fig. 2), pri-
marily because of an increase in the pore initiation time,
the time it takes water to bridge the membrane interior. The
area per lipid, which is strongly correlated with membrane
permeability (Mathai et al. 2007), in POPC:POPS systems
was about 0.60 compared to 0.66 nm? for POPC bilayers.
At higher applied electric fields the differences in pore
creation time become minimal and mixed bilayers have
pore creation times which are not significantly different
from those for homogenous bilayers. Pore initiation times
for POPC:POPS are inversely related to the externally
applied electric field, and pore construction times remain
constant over all electric fields sampled, similar to what we
previously reported for homogeneous POPC bilayers
(Levine and Vernier 2010). Pore expansion times decrease
slightly as higher external electric fields are applied.

Pore Creation—Calcium and POPC

POPC bilayer systems containing calcium ions have, at
small external electric fields, pore creation times which are
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Fig. 2 Pore creation times for three different porating electric fields
(400, 500, 600 MV/m) for bilayers consisting of 128 POPC
(OPS:0Ca), 128 POPC saturated with calcium (OPS:100Ca), 108
POPC and 20 POPS on a single leaflet without calcium present
(20PS:0Ca), and bilayers containing both PS and Ca** (20PS:100Ca).
Systems containing 20 PS also contain 20 Na* as counter ions, and
systems containing Ca>* contain two chloride counter ions for every
calcium ion. Systems which contain both PS and Ca®" have both
sodium and chloride counter ions present. Ca”>* and POPS in the
bilayer increase the pore initiation time

about twice as long as systems without calcium and about
one and a half times as long as those in mixed (POPC:-
POPS) bilayers (Fig. 2). As with systems containing PS,
when the external electric field is increased, pore creation
times of pure POPC systems with calcium and those
without calcium are not significantly different. The con-
vergent area per lipid of POPC bilayers with calcium is
about 0.56 nm?, a value significantly smaller than the area
per lipid without calcium reported above. Again, as with
systems containing PS, we observed an inverse relationship
between externally applied electric field and pore initiation
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Fig. 3 Pore annihilation times after pore formation in the same
systems shown in Fig. 2. Ca®* and POPS in the bilayer decrease the
pore annihilation time

time and pore expansion time for POPC bilayer systems
containing calcium. Pore construction times remain con-
stant at all electric fields applied.

Pore Creation—Calcium and POPC:POPS

POPC:POPS bilayers containing calcium have pore creation
times which are significantly longer than those for pure POPC
systems, with or without calcium, and longer than POPC:-
POPS systems without calcium (Fig. 2). This is true for all
electric fields applied, even very high fields where for all of the
systems described above the pore creation times were not
significantly different. The average area per lipid of POPC:-
POPS bilayers with calcium was about 0.55 nm? before a field
was applied, slightly smaller than the area per lipid of POPC
bilayers with calcium. As with all other systems reported here,
both pore initiation times and pore expansion times decrease
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Table 1 POPC pore creation times without PS and without Ca®* Levine and Vernier (2010)

Applied field  Average internal  Initiation Construction Expansion Creation
(MV/m) field (MV/m) - - - -
Time (ns) Mean (ns) Time (ns) Mean (ns) Time (ns) Mean (ns) Time (ns) Mean (ns)
2.8 0.0 0.5 33
400 1,630 23 20£10 03 02+02 1.1 08+03 3.7 29+ 1.1
0.8 0.2 0.7 1.7
0.9 0.1 1.0 2.0
500 2,180 0.6 0.6 03 02 0.2 £ 0.1 0.5 0.8 +£0.3 1.3 1.6 £ 04
0.4 0.3 0.9 1.6
0.5 0.1 0.1 0.7
600 2,347 0.5 04+02 00 0.1 £ 0.1 0.3 0.2 £ 0.1 0.8 0.7 £ 0.1
0.2 0.2 0.2 0.6
Table 2 POPC pore creation times without PS and with 100 Ca®*
Applied field Average internal field Initiation Construction Expansion Creation
(MV/m) (MV/m) - - - -
Time (ns) Mean (ns) Time (ns) Mean (ns) Time (ns) Mean (ns) Time (ns) Mean (ns)
6.2 0.1 0.5 6.8
400 1,373 4.6 50+ 1.0 0.1 02+01 04 04+02 51 56+ 1.1
43 0.3 0.2 4.8
0.9 0.1 0.2 1.2
500 1,837 0.8 0.8+02 0.1 0.1+£00 02 03+01 1.1 1.1 £0.1
0.6 0.1 0.4 1.1
0.4 0.2 0.2 0.8
600 2,292 0.4 04 +£0.0 0.1 0.1 +£01 02 02+00 0.7 0.7 £ 0.1
0.4 0.1 0.2 0.7
Table 3 POPC pore creation times with PS and without Ca>"
Applied field Average internal field Initiation Construction Expansion Creation
(MV/m) (MV/m) - - - -
Time (ns) Mean (ns) Time (ns) Mean (ns) Time (ns) Mean (ns) Time (ns) Mean (ns)
2.2 0.3 0.4 29
400 1,707 32 31+£09 0.1 02+01 04 04+00 37 37+08
39 0.2 0.4 4.5
0.5 0.2 0.2 0.9
500 1,930 1.4 09+05 0.1 0.1 +£01 05 04+02 20 14 £+ 0.6
0.9 0.1 0.4 14
0.2 0.2 0.2 0.6
600 2,197 0.3 04+£03 0.1 0.1+£01 0.1 0.1+£01 05 0.7 £02
0.7 0.1 0.1 0.9

as the external electric field increases, while pore construction
times are similar for all values of electric field applied in these
simulations.

Pore Annihilation—Pure POPC and POPC:POPS
POPC:POPS bilayers have pore annihilation times about
three times smaller than pure POPC bilayers (Fig. 3). All
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pore annihilation stages except stabilization are shortened
relative to pure POPC, and this is true regardless of the
value of the electric field used to create the pore. The
average pore radius at the start of the annihilation step
was about 2.3 nm for POPC:POPS systems, similar to
the average pore radius for pure PC bilayers, 2.2 nm.
Also, pure POPC bilayer pore annihilation times are
dominated by pore settling and pore deconstruction.
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Table 4 POPC pore creation times with PS and with 100 Ca®*

Applied field Average internal field Initiation Construction Expansion Creation
(MV/m) (MV/m) - - - -
Time Mean (ns) Time Mean Time Mean Time Mean (ns)
(ns) (ns) (ns) (ns) (ns) (ns)
8.9 0.0 0.6 9.5
400 1,417 5.1 17.7 £ 18.6 0.1 0.1 £0.1 09 0.7+02 6.0 18.4 + 18.5
39.0 0.0 0.6 39.6
1.5 0.1 0.3 1.9
500 1,833 1.8 1.7+0.1 02 0.1 £0.1 0.3 04 +01 23 2.2 4+0.2
1.7 0.1 0.5 23
1.0 0.4 0.4 1.8
600 2,230 0.8 09+01 00 024+02 0.1 03+02 09 1.3+ 05
0.8 0.1 0.3 1.2
Table 5 POPC pore annihilation times without PS and without Ca®* Levine and Vernier (2010)
Field During Poration Settling Stabilization Deconstruction Dissolution Annihilation
(MV/m) Time Mean (ns) Time Mean (ns) Time Mean (ns) Time Mean (ns) Time Mean (ns)
(ns) (ns) (ns) (ns) (ns)
7.3 3.0 24.6 2.9 37.8
400 29.2 194 £ 11.1 3.7 25+ 15 259 25.0 £ 0.8 1.1 1.7£ 1.0 59.9 48.6 = 11.1
21.6 0.8 24.6 1.1 48.1
84.4 7.5 17.3 14 110.6
500 17.3 53.7 £ 339 4.0 47 +25 498 293+ 17.8 42 29+ 14 75.3 90.7 + 18.1
59.5 2.7 20.9 3.0 86.1
11.4 1.0 8.1 1.5 22.0
600 3.8 7.1 £3.9 6.4 544+40 285 251+ 155 0.7 0.9 + 0.6 394 384 + 16.0
6.2 8.7 38.6 0.4 53.9
Table 6 POPC pore annihilation times without PS and with 100 Ca*t
Field during poration Settling Stabilization Deconstruction Dissolution Annihilation
(MV/m) Time Mean (ns) Time Mean (ns) Time Mean (ns) Time Mean (ns) Time Mean (ns)
(ns) (ns) (ns) (ns) (ns)
0.0 0.4 4.6 1.0 6.0
400 0.0 06+10 23 14+ 1.0 33 334+ 1.3 0.7 1.0 £ 0.3 6.3 6.3 1+0.3
1.7 1.6 2.1 1.2 6.6
0.1 0.1 1.2 0.5 1.9
500 0.0 0.1 £0.1 0.1 0.1 £0.0 0.1 0.5 £ 0.6 0.2 0.9 £ 0.9 0.4 1.5+ 09
0.0 0.1 0.1 1.9 2.1
0.0 0.5 23 2.7 5.5
600 9.0 3052 54 24 +26 288 10.6 £ 15.8 4.4 24+21 476 18.5 £ 253
0.0 1.3 0.8 0.2 2.3

POPC:POPS bilayers exhibit very short pore settling
times and significantly reduced pore deconstruction times
compared to POPC systems, reducing the overall time
required to annihilate POPC:POPS electropores. An ini-
tial decrease in pore radius occurs immediately after the

field is removed in both POPC and POPC:POPS bilayers,
from about 2.3 to about 0.5 nm over the first few
nanoseconds. This initial reduction of the pore radius
does not appear to be correlated with pore settling time

(Fig. 4).
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Table 7 POPC pore annihilation times with PS and without Ca*"

Field during poration  Settling Stabilization Deconstruction Dissolution Annihilation
MV/m
( ) Time Mean (ns) Time Mean (ns) Time Mean (ns) Time Mean (ns) Time Mean (ns)
(ns) (ns) (ns) (ns) (ns)
0.8 2.8 4.9 0.1 8.6
400 0.3 0.6 £0.3 3.7 27+ 1.1 167 11.6 £ 6.0 0.7 03+£03 214 152 £+ 6.4
0.8 1.6 13.1 0.1 15.6
32 0.6 24 3.1 9.3
500 0.9 15£15 1.8 6.1 £8.5 8.7 142 £ 153 0.1 1615 115 234 £225
0.3 15.9 314 1.7 49.3
1.1 1.5 13.8 3.6 20.0
600 1.0 1.7+ 1.1 1.2 23+ 1.7 7.2 83 £5.1 9.5 47 +44 189 169 £ 4.5
2.9 4.2 3.8 0.9 11.8
Table 8 POPC pore annihilation times with PS and with 100 Ca*"
Field during poration Settling Stabilization Deconstruction Dissolution Annihilation
MV/m
( ) Time Mean (ns) Time Mean (ns) Time Mean (ns) Time Mean (ns) Time Mean (ns)
(ns) (ns) (ns) (ns) (ns)
0.0 7.1 2.5 0.2 9.8
400 0.1 0.1 £0.1 23 47 +24 20 1.7+ 1.0 0.6 0.8 £ 0.7 5.0 72+24
0.0 4.8 0.5 1.5 6.8
0.0 1.7 1.5 1.6 4.8
500 0.1 0.1+01 19 22+08 04 23+£24 1.0 1.5+ 04 34 6.1 £3.5
0.1 3.1 5.0 1.8 10.0
0.1 4.5 1.2 3.7 9.5
600 0.2 0.1 £0.1 3.0 28+ 18 02 0805 1.1 19+ 1.6 4.5 5.6 £35
0.0 0.9 0.9 0.9 2.7
Pore Annihilation—Calcium and POPC 259
—0PS:0Ca
.. . . —_ —0PS:100Ca
Pure POPC systems containing calcium have dramatically E 20PS:0Ca
reduced pore annihilation times compared to POPC systems =4 —20PS:100Ca
without calcium (Fig. 3). For pores created at 400 and %
500 MV/m, POPC—Ca" systems exhibit virtually no pore &
. . . . 0 \/-\ -
settling, while all remaining stages take no more than a few 5 \/L/'\f\"\. /\_)1
nanoseconds to complete. For pores created at 600 MV/m, o
calcium still significantly reduces the pore annihilation time I
but the variation from simulation to simulation is large. As 4 5 6 00 120
with POPC:POPS and pure POPC bilayers without calcium, Time (ns)

the pore radius is reduced in POPC systems containing cal-
cium to 0.5 nm after only a few nanoseconds but with cal-
cium present the initial pore radius immediately after the
external field is removed is 1.7 nm, about 0.6 nm smaller than
the pores in the annihilation simulations without calcium.

Pore Annihilation—Calcium and POPC:POPS

POPC:POPS systems with calcium have pore annihilation
times which are also significantly shorter than those for

@ Springer

Fig. 4 Evolution of pore radius after removal of the porating electric
field for the same systems shown in Fig. 2. This example, from a
simulation in which Epgraing = 500 MV/m, is representative of pore
annihilation behavior for all values of Epqrqing €Xamined in this work.
Average initial pore radii are 2.2 nm for OPS:0Ca systems, 2.4 nm for
20PS:0Ca systems, 1.7 nm for OPS:100Ca systems, and 1.9 nm for
20PS:100Ca systems

pure POPC bilayers and POPC:POPS systems without
calcium. POPC:POPS—Ca®" annihilation times are com-
parable to those for POPC—Ca”*" and POPC:POPS (no
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calcium) systems. For pores created at the highest electric
field, POPC:POPS—Ca®" systems have the shortest pore
annihilation times of all systems sampled. Pore settling
time for these systems is too short to measure in about half
of the trials; the longest settling time measured for
POPC:POPS—Ca*" is 200 ps. Stabilization is the dominant
step in pore annihilation for these systems, and the variance
in pore annihilation time is much smaller than for pure
POPC systems without calcium. As with POPC—Ca®"
systems, the initial pore radius for POPC:POPS—Ca**
systems after the porating field is removed is about 1.8 nm.
As soon as the pore radius decreases to about 0.5 nm in the
POPC:POPS—Ca’" systems, the pores dissipate quickly, in
contrast with pure POPC bilayers without calcium, where
pores remain open with a radius around 0.5 nm for many
tens of nanoseconds.

Calcium Binding

To assess the validity of our calcium ion models in
POPC:POPS systems, we constructed a binding isotherm
(Fig. 5), which plots the amount of bound calcium ions
against the bulk calcium ion concentration. Our data can be
described by a 1:2 Langmuir binding isotherm between
calcium and phospholipid (Altenbach and Seelig 1984) and
with binding isotherms taken from experiments with pure
and mixed vesicles (Sinn et al. 2006). Additionally, for
small calcium concentrations we see linear 1:1 binding.
Calcium appears to bind preferentially to PS carboxyl and
PC:PS phosphoryl oxygens. From systems equilibrated for
150 ns (Vernier et al. 2009) we extracted a calcium binding
coefficient, K = 2.56 Y

Discussion
Electropore Life Cycle for POPC:POPS Bilayers

We have shown that incorporation of the anionic
phospholipid POPS into a POPC (zwitterionic) bilayer
slightly increases the time required for pore creation at
lower external electric fields and drastically decreases the
time required for pore annihilation for electropores cre-
ated at all external electric fields. PS bilayers have a
smaller area per lipid (Mukhopadhyay et al. 2004)
compared to PC bilayers, and changes in surface tension,
which may be affected by locally varying area per lipid,
have been shown to affect pore formation (Lewis 2003;
Tieleman et al. 2003; Tieleman 2004).

At higher electric fields pore creation times for
POPC:POPS bilayers are similar to those for pure POPC
bilayers. As previous studies have shown, interfacial water
is a dominant component of pore formation (Tieleman

0.2 4

DOPC:DOPS
(Sinn et al., 2006)

0.1 1

Bound Calcium, [Ca?*g]/[lipid]

0.0 0:4 0:8 1:2
Added Calcium, [Ca2*,]/[lipid]

Fig. 5 Calcium binding curves show rough correspondence between
experimental and simulated results. The data can be described by a
1:2 Langmuir binding isotherm, consistent with formation of Ca:PS,
complexes

2004; Tarek 2005; Ziegler and Vernier 2008), and we can
speculate that the formation of bilayer-spanning water
bridges in the strong interfacial electric field gradients that
result from application of large external electric fields is
only weakly influenced by PS or PC interactions. This is
consistent with the stochastic pore hypothesis for electr-
opermeabilization (Sugar and Neumann 1984; Popescu
et al. 1991; Neu and Krassowska 1999; Weaver 2003) and
previous observations (Levine and Vernier 2010), in which
pore creation time was inversely correlated with the mag-
nitude of the applied electric field. In this scheme our
highest external electric field, 600 MV/m, is at or near a
saturating value for porating fields for POPC and POPC:-
POPS bilayers. In this saturation range electropores are
created in similar, asymptotically convergent times. We
also observe comparable pore radii for POPC:POPS and
pure POPC bilayers at the end of the pore creation step,
despite small differences in area per lipid, suggesting that
the radius of an electropore is only partially dependent on
phospholipid areal density.

Effects of Calcium on Pore Life Cycle

Calcium in pure POPC bilayer systems delays pore creation at
lower external electric fields and greatly reduces the time
required for pore annihilation. POPC:POPS systems con-
taining calcium have even longer pore creation times at lower
electric fields. The pore radius after creation is lower in both
POPC and POPC:POPS systems containing calcium than for
systems without calcium. As indicated above, this may be
partially associated with significantly smaller area per lipid
values found both experimentally (Mattai et al. 1989) and in
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simulations (Bockmann and Grubmuller 2004) when calcium
is present.

Even though the area per lipid is similar for POPC—Ca**
and POPC:POPS—Ca’* systems, it has been shown
experimentally and in MD simulations that calcium binds
with more affinity to PC:PS vesicles than to pure PC ves-
icles (Sinn et al. 2006; Vernier et al. 2009), forming Ca’t—
PS complexes involving PS carboxyl and phosphoryl
oxygens. By increasing the total number of calcium-lipid
complexes, we are effectively decreasing the area per lipid
of our system and thus increasing membrane surface ten-
sion. Until the molecular-level details of water intrusion
and bridge construction across the bilayer have been fully
explained, we can only presume that increases in surface
tension associated with the presence of Ca®" and PS lead to
increases in the energy barrier for interfacial water entry
into the bilayer interior and an associated increase in pore
creation times. Alternatively, when the external field is
removed, a change in surface tension would result in a
change in the pore edge tension since the two quantities are
related (Ryham et al. 2011); thus, we would expect to see
modified pore annihilation times for systems with PS and/
or Ca®" present compared to systems without PS and Ca*.

In addition, POPC:POPS—Ca®" systems exhibit very
short pore annihilation times (a few nanoseconds), similar
to the time scale of pore creation. This is an order of
magnitude faster than pure POPC systems, which have
pore annihilation times that are tens of nanoseconds or
even more than 100 ns in simulations (Levine and Vernier
2010). These timescales are similar to the resealing time-
scales reported in other MD simulations (Tarek 2005);
however, a large discrepancy still exists between simulated
pore annihilation times and experimental resealing times,
which occur on timescales of milliseconds (Melikov et al.
2001) to hundreds of seconds (Koronkiewicz et al. 2002).
These long-lasting pores occur in living cell membranes,
not simple phospholipid bilayers, suggesting that some
membrane restructuring beyond lipid nanopore formation
occurs and that the permeabilizing structures in cell
membranes have significantly stabilizing features.

Molecular and Continuum Models of Lipid
Electropores

Our results agree (Fig. 6) with numerical models which pre-
dict an exponential relationship between transmembrane
potential and pore creation (Neu and Krassowska 1999) for all
configurations tested. (Note that there is a direct relationship
between the internal electric field and the transmembrane
potential.) The electric field is the dominant term for pore
creation, and although we see variations in pore creation time
at smaller fields for POPC versus POPC:POPS or with the
introduction of calcium ions, pore creation occurs at similar
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Fig. 6 Lipid electropore creation time as a function of bilayer
internal electric field for the systems shown in Fig. 2. The log scale
reflects the exponential dependence of the probability of pore
formation on the applied electric field. Internal electric field is used
here as a normalizing quantity

times for very high electric fields. Pore annihilation is a sto-
chastic process in some models (Weaver and Chizmadzhev
1996), and indeed we see large variances in the pore annihi-
lation time, which suggests that local fluctuations and
dynamics strongly influence restructuring of the bilayer.

Our simulations of calcium binding to POPC and
POPC:POPS bilayers provide support for the validity of the
calcium ion model we are using. Our binding isotherm for
POPC:POPS bilayers is similar to experimental data for
dioleoyl-phosphatidycholine:phosphosphatidylserine
(DOPC:DOPS) vesicles (Sinn et al. 2006) using a 1:2 Lang-
muir isotherm. The binding coefficient extracted from our
simulations is 2.56 M, in the range of the measured value
of 13.8 M~ (Altenbach and Seelig 1984), although experi-
ments at different NaCl and Ca®" concentrations are difficult
to compare directly. Better models may lead to increased
accuracy in determining proper binding coefficients.

Although our simple, largely intuitive characterization
of the stages in the lipid electropore life cycle provides a
useful scheme for analysis of pore creation and pore
annihilation, a more sophisticated approach will build on
this foundation to incorporate systematic measurements of
the pore radius and pore energies (Neu and Krassowska
1999) and to include the atomic-scale electric field land-
scape and the interactions of water oxygen and hydrogen
with the electron-dense acyl oxygens deep in the
phospholipid bilayer interface. Once these key components
of the molecular structure of electropores are accurately
represented, the additional complexities of lipid heteroge-
neity, membrane proteins and cytoskeletal and glycocalyx
attachments can be added to the model one by one, until we
approach a useful representation of the living cell mem-
brane in a porating electric field.
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