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Externalization of phosphatidylserine (PS), a phospholipid Anode
normally confined to the inner leaflet of the plasma membrane,
follows exposure of biological cells to high-field electric pulses of
<100 ns duratiod.Nanosecond, megavolt-per-meter pulses cause
intracellular calcium releadéand induce apoptostdut membrane
permeability to propidium iodide, a standard electroporation indica-
tor, is not observed. Nanoelectropulse-driven PS translocation is
immediate and distinct from the PS externalization that is symp-
tomatic of apoptosi8.Although nanosecond pulses do not cause
conventional electroporation, we have recently observed YO-PRO-1
influx, a sensitive fluorescent reporter of membrane integrity, after
exposure of cells to multiple 4 ns, 8 MV/m pulses, indicating a
perturbative but not disruptive breaching of the membrane hydro-
phobic barrie

We present here observations of localized PS externalization in
response to nanosecond electric pulses (imaged for the first time
with annexin V binding), and we correlate these experimental data
with molecular dynamics (MD) simulations of dioleoylphosphati-
dylcholine—dioleoylphosphatidylserine (DOPDOPS) asymmet- 5 5
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ric membranes in high electric fields. We demonstrate the asso-
ciation between field-driven poration and PS translocation, and we Figure 1. PS externalization in RPMI 8226 human multiple myeloma cells
draw a line of Continuity from experimen’[s on ||V|ng cells to after exposure to 4 ns, 8 MV/m pulses. Separate cells stained With annexin
mathematical models of pore formation in lipid bilayers, leading Y-F!TC (&) and FMI-43 (b) are shown beforeda s after pulse delivery

. . . .2 (c,d). The anode (positive terminal) is at the top of each image; the cathode
to the conclusion that nanoelectropulse-driven PS externalizationig st the pottom. Fluorescence indicating PS transocation appears at the
(1) occurs on a nanosecond time scale, (2) is restricted to the anodeanode-facing pole of the cell. Note correspondence of the regions of pulse-
facing pole of the cell, and (3) is intimately connected with and induced annexin V binding and FM1-43 fluorescence intensification.
dependent on nanopore formation.

Fluorescence microscopy with the fluorescent-tagged PS-binding
protein annexin V and FM1-43, a cationic fluorochrome that
partitions between the aqueous medium and the outer leaflet of the
cytoplasmic membrane, where its fluorescence greatly incréases,
reveals nanoelectropulse-induced perturbations associated with P
externalization localized exclusively at the anode-facing pole of
the cell immediately after pulse exposure (Figure 1). Because the
kinetics and sensitivity of these imaging methods permit only
micrometer- and millisecond-scale resolution of post-pulse mem-
brane restructurirfgand cannot be used to visualize molecular
events with nanosecond resolution, we turned to MD to provide
insight into the mechanisms of nanosecond pulse-driven poration
and PS translocation.

Previous MD electroporation studies show that, with electric
fields of 400 mV/nm, water intrusions into the bilayer extend across
the membrane within nanoseconds, with phospholipid headgroups
following the initial water chain to line the resulting hydrophilic

pore?10 In coarse-grained simulations, poration and PS external-
ization occur during a single 10 ns pulse.

Using Gromacs-generated atomic resolution representations of
a DOPC-DOPS bilayer in water at 300 K, 1 bar, we ran simulations

ith varying field strengths and polarities. One bilayer face contains

4 DOPC molecules; the other, representing a cell membrane
internal leaflet, contains 4 DOPS and 60 DOPC molecules, with 4
Na' ions to balance the DOPS charge. Parameters and simulation
methods are as previously described for homogeneous bitdyers
(see Supporting Information). Snapshots from a typical simulation
are shown in Figure 2.

With an electric field of 450 mV/nm, water intrusion occurs in
~5 ns (Figure 2a), from the cathode side of the membrane. Within
0.5 ns, a column of dipole-aligned water molecules (Figure S1)
spans the membrane interior, and phospholipid headgroups begin
to realign along the new aqueous surface (Figure 2b). By 6 ns, PS
headgroups are migrating along the walls of the incipient pore
(Figure 2c) toward the anode (Figure 2d). #17 ns, the first PS
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On a microsecond scale, the conductive pores produced by
supraphysiological transmembrane potentials clamp the voltage at
~1 V,1 but current models allow higher potentials for at least a
few nanosecondd:® A simulatedyn, of 3.4 V (450 mV/nmj
produces poration and PS translocatiorsitO ns. Simulations that
represent the poration-driven dropjm, will be required to establish
how well this reflects the experimental situation. At 1.5 V (200
mV/nm), we see transitory water defects but no pores, even in
multiple repetitions, consistent with the exponential dependence
on Ay, in the stochastic pore model.

These simulations of phospholipid bilayers, combined with
evidence from fluorescence microscopic imaging observations of
living cells, demonstrate that a transmembrane electric field can
produce nanometer-diameter hydrophilic pores within nanoseconds
and that the anionic phospholipid PS is driven electrophoretically
through the pores. Further explication of the energetic and kinetic
details of these processes, with systems that more closely represent
the complexity of a living cell membrane, will lead to improved
methods for electroporation in research and clinical applications,
and to a better understanding of PS translocation mechanisms in
apoptosis and signal transduction.
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Figure 2. Nanoporation and PS translocation in a DOHIOPS bilayer Suppprting In.for.matior? Available: Simulatiqn details and meth-

in a 450 mV/nm electric field, directed from top to bottom, with the positive  0dS. This material is available free of charge via the Internet at http://
electrode at the top. Water atoms are red (O) and white (H); phospholipid pubs.acs.org.

tails are gray; glycerophosphate atoms are yellow, choline atoms green,
serine atoms blue. Serine atoms are enlarged to enhance visibility.
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