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The Effects of Gramicidin on Electroporation of Lipid Bilayers
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ABSTRACT The effects of the channel-forming peptide gramicidin D (gD) on the conductance and electroporation thresh-
olds of planar bilayer lipid membranes, made of the synthetic lipid 1-palmitoyl 2-oleoyl phosphatidylcholine (POPC), was
studied. High-amplitude (~200-900 mV) rectangular voltage pulses of 15 ms duration were used to perturb the bilayers and
monitor the transmembrane conductance. Electroporation voltage thresholds were found, and conductance was recorded
before and after electroporation. Gramicidin was added to the system in peptide/lipid ratios of 1:10,000, 1:500, and 1:15. The
addition of gD in a ratio of 1:10,000 had no effect on electroporation, but ratios of 1:500 and 1:15 significantly increased the
thresholds by 16% (p < 0.0001) and 40% (p < 0.0001), respectively. Membrane conductance before electroporation was
measurable only after the addition of gD and increased monotonically as the peptide/lipid ratio increased. The effect of gD
on the membrane area expansivity modulus (K) was tested using giant unilamellar vesicles (GUVs). When gD was incorporated
into the vesicles in a 1:15 ratio, K increased by 110%, consistent with the increase in thresholds predicted by an
electromechanical model. These findings suggest that the presence of membrane proteins may affect the electroporation of
lipid bilayers by changing their mechanical properties.

INTRODUCTION

Electroporation is a process by which cell membranes beand the nature of the interaction may be changed if the
come highly permeable after exposure to a high electrigroteins undergo electric field-induced changes (Chen and
field (Tsong, 1991). This cellular response has been attribbee, 1994; Rosemberg et al., 1994). Membrane proteins
uted to the formation of “electropores” in the lipid domain could also alter the electric field across the bilayer. Char-
of the membrane, and has been well-studied and charactedicterizing these changes in lipid membranes in controlled
ized in artificial lipid bilayers (Chizmadzhev and Pastush-situations will lead to a greater understanding of biomem-
enko, 1988). Some groups have investigated the effects @frane electroporation.
non-phospholipid membrane constituents on electropora- One study of the effects of membrane proteins on elec-
tion. Some of these molecules, such as cholesterol (Neegroporation claimed a twofold increase in the electropora-
ham and Hochmuth, 1989) and poloxamer 188 (Sharma &fon threshold after the insertion of liver mitochondrial
al., 1996), make the membranes less prone to electroporgroteins that increased membrane conductance (Kozhomku-
tion. Others, such as lysophosphatidylcholine (LPC) (Cherigy et al., 1984). Other researchers have speculated that
nomordik et al., 1985) and the surfactanti; (Troiano et transmembrane proteins or peptides could pack along the
al., 1998), make membranes more susceptible. AlthougBqges of pores and deter their resealing, thus making mem-
there are studies on the effects of membrane proteins Ofane resealing more difficult (Chernomordik et al., 1987).
electrofusion (Ohno-Shosaku and Okada, 1985; Rols angq|s and Teissie (1989) suggested that proteins limit not
Teissie, 1989; Longo et al., 1997), few experimental studieg,,y he resealing, but also the extension of the pores in the
have investigated the fundamental roles that membranﬁ_pid domains of the membrane, so that electropore growth
proteins may play in the electroporation of lipid membranes. ¢, q e inniited or their size could be limited. It has also
Smce membrane proteins are a major component in t.)'obeen proposed that electroporation is not entirely limited to
logical membranes, a full understanding of electroporatlor]ipid domains, but may occur through membrane channels
must take into account changes induced in the membrane hich could then be denatured by Joule heating and some-
the presence of proteins. Such changes may be caused M es removed from the membrane (Tsong, 1991).

lipid-protein interactions (Woolf and Roux, 1994). These . N o .
Alterations in bilayer composition can cause changes in

i i I ili ili h . N ! . o
interactions could stabilize or destabilize the membranefhe electroporation of lipid bilayers by introducing stabiliz-

ing or destabilizing interactions within the membrane.

These interactions would result in changes in the mechan-
Received for publication 28 July 1998 and in final form 15 March 1999. jcal properties of the membrane. Such mechanical proper-
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both theoretically and experimentally (Needham and Hochbefore every experiment with gD. For control, each compartment was filled
muth, 1989). This study found that electroporation threshWith ~1.5ml of a salt solution (100 mM KCl, 10 mM Hepes, pH 7.40), and

: - e . OPC was deposited on the air-aqueous interface. After control was
olds increase with membrane area expansivity modull angstablished, 15l gD in ethanol was injected just below the lipid layer into

lysis -tenS|on-s. . . ) both compartments of the chamber before forming bilayers. Additions of
Being easier than proteins to characterize and incorporat@milar amounts of ethanol alone had no effects on the electrical properties

into bilayers, transmembrane peptides are often studied tof the BLMs. The concentration of the injected solution was 100 times

model membrane proteins and channels. Gramicidin D (gDrore concentrated than the final concentration in the 1.5-ml compartments.

- . - - : R’ his final concentration is reported as a molar ratio of gD monomers in
is a mixture of linear pentadecapeptldes isolated f solution to the moles of lipid deposited at the air-aqueous interface {2.64

cillus brews(Hotchklss et al, 1940)' Gramicidin A is the 10~° moles). Note that this may not reflect the ratio in the bilayer itself (see
major component+70%), while the rest are closely related piscussion). The three ratios used in this study were 1:15, 1:500, and
peptides (Deamer, 1987; Prosser et al., 1994). When inco#-10,000.

porated into Iipid bilayers, monomers of gD can form head- The membrane capacitandg,( and stray capacitance of the circuitry,

_ ; ; AL hamber, and sheet were measured from charge pulse traces as previously
to-head dimers that span the bilayer and form cation selecfiescribeol (Sharma et al., 1996). The system was pulsed fpsIat an

tive ion channels. These channels are normally active unt tensity below the electroporation threshold, usually 300 mV or less.
the dimer dissociates into two gD monomers, and havépecific capacitancec,) was estimated for control membranes by divid-
served as useful tools in studying lipid-protein interactionsing C,, by the membrane surface aref,, 7.79+ 10> cn?. The mem-
and ion channel conductances (Neher et al., 1978). brane was assumed to span 90% of the area of the hole (866 cnv),

¢ ) . o o )
The membranes used for our experiments were bllayeﬁ'th the remaining 10% of the hole area occupied by _the torus of s_o_lvent
that supports the membrar@,, was not measured for bilayers containing

lipid membranes (BLMs) and giant unilamellar Ves'deSgD. At the sampling rate used in our system, it was not possible to
(GUVs) composed of a single lipid, 1-palmitoyl 2-oleoyl accurately extract a time constant.

phosphatidylcholine (POPC), to avoid difficulties inherent A 15-ms rectangular voltage pulse was used to perturb the membranes.
with mixtures of lipids with regard to experimental repro- The amplitude of the pulseV() was varied systematically from a sub-

ducibility. POPC is a zwitterionic |ipid, and is a common threshold level (50-250 mV) to the eIecFropora_tlon threshold of_ the mem-
branes. For control membranes, the high resistance of the lipid bilayer

constituent in biological membranes (Garrett and Grisham,gg red that the potential across the membripg\was equal to/,, and,
1995). In solution, it prefers to exist in the bilayer stateafter the membrane was stable for at least 5 rajpwas incremented in
(Israelachvili, 1985) and can easily form BLMs and GUVs steps of~5 mV until electroporation took place. Pulses were separated by
at room temperature. at least 15 s to allow the bilayer to have sufficient time to recover from the

: . _influence of previous pulses. The voltage that caused electroporation was
The goal of this StUdy was to incorporate a small, well corded as the electroporation threshold of that membrane. Electropora-

. S e r
characterized peptlde Into a pure |Ip|d system, and to recorﬁf)n was irreversible, causing the membrane to rupture and the total
the consequent changes in susceptibility to electroporatiorzonductance @, = | oV, Wherel,, is the current measured across the
Specifically, the effects of the channel-forming peptide, gD,membrane) to rise until it reached that of a membrane-free state. This
on the electroporation and other electrical and mechanicalonductance included both the hole and the membrane conductances. The

properties of a pure POPC |ipid bilayer were investigatedconductance of the bare holg,{) was recorded by applying a voltage pulse
! after membrane rupture. All experiments were performed at room temper-

The electroporation threshold and transmembrane condugge (22-24°c).

tance were found to be functions of gD concentration. The After gD injection, G, increased. The effective membrane conductance

membrane area expansivity modulus of the bilayers wag5,) was calculated from the conductances wisi) @nd without Gy,) the

also found in unilamellar POPC vesicles to increase in thé‘:enzjbra:‘et Pfesle”@m '”Cfeasﬁddw'th “mfoaf;%f b'!a>’|e: fOfmt'O?hPm"ta .
steady-state value was reached some 10—20 min later. After this steady-

presence of gpD. state value was attained, was then incremented in steps of 5-50 mV until

P

electroporation took place. Pulses were again separated by at least 15 s.

The electroporation threshold was assumed to be the maximum value of

MATERIALS AND METHODS transmembrane potential;,,, calculated fromv,, G, andG,,, when the

The lipid POPC was obtained in powder form (Avanti Polar Lipids; membrane ruptured (see Appendix).

Alabaster, AL), from which either the bilayer-forming solution of 10
mg/ml in a 9:1 mixture of hexane and ethanol was made, or the vesicle-
forming solution of 0.5 mg/ml in a 2:1 mixture of chloroform and methanol Vesicle experiments
was made. Gramicidin D [Dubos] was also obtained in powder form
(Sigma Chemical Company; St. Louis, MO), and dissolved in 200 proofGUVs were prepared by rehydration under an external AC electric field
ethanol. Deionized water, filtered to remove organic impurities, with a(Angelova et al., 1992). Two 1-mm-diameter platinum electrodes, spaced
resistivity of 18 M) - cm, was used to make all solutions and in all cleaning 4 mm apart in a Teflon chamber (Fig. 1) were coated withu2®f the
procedures. vesicle-forming solution and dried f@ h under a vacuum. The chamber
was then filled with an 80 mM sucrose solution.
The formation of vesicles was viewed under an inverted light micro-
BLM experiments scope (Nikon Diaphot; Tokyo, Japan) at both2fhagnification and 48
magnification using Hoffman Modulation Contrast optics (Modulation
Planar BLMs were formed by the folding method (Finkelstein, 1974) Optics; Greenvale, NY). A sinusoidal, 10 Hz, AC voltage was applied
across a circular hole 105m in diameter in a 25sm-thick Teflon sheet.  across the electrodes and progressively increased from20\ over 40
The experimental setup and protocol to form bilayers in the Teflon bilayermin. After 1 h the voltage was slowly decreased to 0.5 V while the
chamber were similar to those used previously (Sharma et al., 1996requency was decreased to 1 Hz. The vesicles, which had diameters of
Troiano et al., 1998). Control experiments characterizing the electroporal0—100um, stopped growing afte2 h and detached from the electrodes
tion thresholds and conductances of pure POPC bilayers were performeafter 4—5 h. They were stored under nitrogen at 4°C and diluted 1:1 with
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FIGURE 1 Schematic of the vesicle chamber. Vesicles were formed or Rv
the electrodesgfay). Vesicles were aspirated with micropipettes coupled "‘ R
to the reservoir, whose height was adjustable and monitored by a digite 14 P
caliper. p
i
a 90 mM glucose and/or sucrose solution in the vesicle chamber befor I I l

experiments.
Pipettes were pulled from 1-mm capillary glass tubes to a fine point, anc

broken by quick fracture on a platinum microforge. The tips were broken B

to have a flat surface with inner diameters of 8+lfh. The pipettes were

filled with a solution containing 90 mM glucose and 0.3 wt/vol% BSA. The . . . .

pipettes were then mounted on a micromanipulator and inserted into thE/GURE 2 Aspirated vesicle, with parameters) (mage of a typical

chamber. Hydrostatic pressure was applied by a water-filled reservoifSPirated vesicle used in vesicle experiments. The arrow points to the

accurate to 0.1 mm 40 as measured by a digital caliper (Starrett; Athol, VeSicle projection.&) Schematic of an aspirated vesidR.is the radius of

MA). Zero pressure was found and checked frequently by observing that'® VesicleR, the radius of the pipette?,, the pressure in the pipette,

small (~1 pm) particles did not flow into or out of the pipette. Those e Pressure in the bath, ahdthe projection length.

vesicles that were selected had a thin wall, indicating that they were

unilamellar, and possessed extra membrane area, so that they would

produce long projections. They were aspirated into the micropipettes at Iovilnvestigated After control was established, gD was injected into the

membrane tension, leaving an external spherical outer portion (Fig. 2). Aschamber sucl:h that a 1:15 peptide/lipid ratio \’NaS achieved

the height of the reservoir was decreased, the pressure in the pipgtte ( ' '

decreased. Since the pressure in the chanf®gnas constantP, — P,

increased, and the projection length) (ncreased. The membrane area

expansivity moduli K) were calculated from the slope of the change in Statistical analysis

membrane tensiony, versus the change in membrane surface asea, The statistical significance of changes in parameters after changing pep-
(Evans and Rawicz, 1990). Assuming constant volume for the vesicle, tide/lipid ratios was determined using pooled Studettasts. Values of

and 7 can be calculated from the change in projection length)(and < 0.05 were considered significant for rejection of the null hypothesis.
change in pressurdP = P, — P,), according to the following equations

(Evans and Kwok, 1982):
RESULTS

The specific capacitance of control membranes was mea-

AA ZprAL(l - FT;)

a=——= - (1)  sured to be 0.6& 0.11 uF/cn? (n = 22). This value was
A A4nR)— @R, + 2nRL similar to that found previously (Troiano et al., 1998) and in
APR, the range of values expected for artificial BLMs (Chiz-
T =

R,

2<1 __r Typical current traces of a subthreshold voltage pulse for
R, a control membrane (Fig. 8) and a membrane containing
whereR, is the radius of the pipettd®, the radius of the vesicle, arig,, gD (Fig. 3 B) differed significantly. While control mem-

the initial radius (at very lowAP). The region of low membrane tensions Pranes h?-d very high. reSi_Stance and negligBlg mem-
dominated by thermal fluctuations (Evans and Rawicz, 1990) was nobranes with gD contained ion-permeant channels that gave

) (2) madzhev and Pastushenko, 1988).
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A

FIGURE 3 Typical current traces of mem-
branes subjected to 15-ms duration voltage
pulses. §) A control membrane subjected to
a subthreshold pulse 278 mV in amplitude. §_
There was no current except for the two ca- =
pacitive spikes at the onset and offset of the §
pulse. B) A membrane with gD (1:500 pep- g
tide/lipid ratio) subjected to a subthreshold O
pulse 307 mV in amplitude(,, = 270 mV).

Because the membrane con_ductance was el- 0 5 1‘0 1‘5 2'0
evated by gD {15 uS for this membrane), Time (ms)

there was a current during the duration of the

pulse, andv,,, # V,, (see Appendix). In most

membranes this current decayed slightly with

N O N A O

time (as shown here)Cj A control mem- c D

brane subjected to a pulse 282 mV in ampli- 25 40 -

tude, which elicits electroporation (at 6.06 20 30

ms), and a rise in current as the membrane & i

ruptures. D) A membrane with gD (1:500 = 20 L

peptide/lipid ratio) subjected to a pulse 370 € 10

mV in amplitude ¥,, = 327 mV), which g 10 L

elicits electroporation (at 1.88 ms) and a cur- 8

rent rise afterward that is caused by the 0 0

::(F:)rti?:s in conductance as the membrane 5 0 5 10 15 20 0 5 10 15 20
Time (ms) Time (ms)

rise to a significant baseline current a@¢g,. When a pulse mV to the threshold). For membranes with large conduc-
was of high enough amplitude and long enough duration taance, i.e., 1:500 and 1:15 ratio§,, often decreased
elicit electroporation, the current trace rose toward that of alightly over the duration of the pulse (Fig.B. In these
membrane-free state for both control membranes (Fig) 3 cases, the conductance just before the onset of electropora-
and membranes with gD (Fig.[3). This current rise indi- tion was reported a&,,.
cated the increase in conductance as the membrane ruptured.Fig. 5 shows typical graphs of membrane tensiah (
Table 1 shows the electroporation thresholds for 15-mwersus fractional area changes),(calculated as described
pulses for control membranes and membranes with all threim the Methods section. Membrane area expansivity modu-
concentrations of gramicidin. Thresholds increased signifidus (K), the slope ofr versusa on the graph, was found for
cantly from control when peptide/lipid ratios were 1:500 pure POPC vesicles to be 22747 mN/m f = 19). Lysis
and increased even more for 1:15 ratios (Fig. 4). tensions for these vesicles were 11 2.9 mN/m, with
Table 2 showss,,, for each of the gD concentrations used. corresponding fractional surface area changes of 0041
The conductance of the bare holg,] was measured to be 0.011. The addition of gD to the vesicle bath € 4)
100 + 10 uS/cnt. Transmembrane conductance for controlincreased to 476+ 149 mN/m p = 0.0001) and the lysis
membranes was negligible<Q.5 wS) until electroporation, tension to 25+ 9 mN/m (@ = 0.0001). The fractional
and was therefore reported as zero. As the concentration surface area change at the new lysis tension was statistically
gD increasedG,, increased monotonically. The current- unchanged from control values.
voltage relationship of gD-treated membranes was linear
over the entire range of voltages tested (from as low as 50

450 -
s
. E 400
TABLE 1 Electroporation voltage thresholds for membranes >
with gD % as0 |
Peptide/Lipid Ratio Electroporation Threshold (mV) _QE)
300 -
Control (1) 281+ 31 (0 = 22) N l
1:10,000 281+ 27 (20) | 250 L1, . ‘ ‘ ]
1:500 327+ 45 (20)* control 10 10 102 10
1:15 393+ 58 (10)*

Inferred Surface Density (mol/cm?)

Electroporation thresholds for membranes subjected to 15-ms pulses.

Gramicidin concentration are given in peptide/lipid ratio. Thresholds for FIGURE 4 The electroporation thresholds of all membranes, plotted
membranes with gD were compared to thresholds for control membranegersus normalized gD concentration. The curve is the best semi-logarith-
using Student's t-tests. Those labeled with an asterisk (*) were statisticallynic fit for the data R = 0.999). Inferred surface density is the theoretical
different from control (p< 0.0001). The number of bilayers tested is surface density of gD based on the peptide/lipid ratios used (1:10,000,
denoted byn. 1:500, and 1:15).
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TABLE 2 Membrane conductances 30 -
Peptide/Lipid Ratio G (4S) 25| e
7

Control (1%0) 0(n=22 € 20+ /'/ ——Control

1:10,000 1.61% .617 (20) S 15| 1vsis JRg -=-gD-treated

1:500 15.2+ 10.2 (20) € " lionaion ~

1:15 106+ 33 (10) o (¢

7’ . :

Baseline conductance () measured just before the onset of electropo- 50L%7 ’ ilysis alpha
ration, is reported for each gD concentration, fér all peptide/lipid ratios 0 < ‘ ) L ‘
were statistically compared using Student’s t-tests. All data were statisti- 0 0.01 0.02 0.03 0.04 0.05
cally different from each other (g 0.0001). The number of bilayers tested o (unitless)

is denoted byn.
FIGURE 5 Membrane area expansivity moduli. These mod{jliviere

computed by the slope of the best linear fitiofersusa. Here, the graph
of rversusa after the addition of gDtpp, dashed lingis compared to that
DISCUSSION of a control vesicleK was 280 mN/m for the control vesicl® (= 0.984),

This study is, to our knowledge, the first quantitative ana|_anq 676 mN/m for the gD-treated vesic_la € 0.981). Lysis tension and
ysis of the increase in clectroporation thresholds afer th¥ 0V e et i pot o e shoun o i cont
incorporation of peptides into lipid membranes. The peptide
gD was found to significantly increase the conductance and
increase the electroporation voltage threshold of artificiathat the transmembrane potential at the mouth of the pore is
POPC lipid bilayers, with all changes increasing monoton+educed by~2.5% fromV,,, but this reduction diminishes
ically with concentration. Pure POPC bilayers electropo-+to 0.1% at only~30 A away from the center of the pore.
rated at a mean voltage of 281 mV for the 15-ms pulseThus, the shunting effect is unlikely to explain the observed
durations used. This threshold increased to 327 mV and 398se in threshold. Hence, both continuum and single-
mV for the two highest concentrations of gD tested (1:500channel considerations suggest that increases in electro-
and 1:15 peptide/lipid ratios, respectively). Basel@®g,  poration thresholds are not a result of the increase in
which for control bilayers was negligible<Q.5 uS), also membrane conductivity.
increased with increasing gD concentration. This conduc- More likely reasons for the decrease in membrane sus-
tance was 1.61S, 15.2uS, and 106uS for the 1:10,000, ceptibility to electroporation are stabilizing lipid-monomer
1:500, and 1:15 ratios, respectively. GUVs were also used tand lipid-dimer interactions. Stabilizing lipid-dimer interac-
measure the changes in bilayer area expansivity modulugions have been found in molecular dynamics simulations,
which also increased with gD incorporation. particularly between the tryptophan side chains of the gD
and the surrounding lipids (Woolf and Roux, 1994). Such
. . interactions may cause gD to alter the mechanical properties
Increases in electroporation threshold of the membrane, and this was tested on GUVs in the
Increases in the electroporation threshold with gD indicate #resent study. Such vesicles are also a well-characterized
change in the response of the membrane to high electrigystem, and have been used to evaluate the effects of
fields. This could be caused by the formation of ion con-various membrane constituents on their mechanical proper-
ducting channels and/or by a change in the mechanicdies (Evans and Needham, 1986). Being primarily hydro-
properties of the bilayer. We do not believe that the higheiphobic and incorporating into the fatty acid region of the
electroporation threshold in gD membranes is related tdilayer, gD was shown in the present study to have effects
increases in membrane conductivity for several reasonsimilar to cholesterol, which increases both the area expan-
Although the continuum theory of Maldarelli and Stebe Sivity modulus and electroporation threshold of the mem-
(1992) predicts that an increase in conductivity may in-brane (Needham and Nunn, 1990; Evans and Needham,
crease the electroporation threshold, the required condud986; Needham and Hochmuth, 1989). The gD-induced
tivity increase for this effect is several orders of magnitudeincreases of botk and lysis tension (Fig. 5) indicate an
higher than was observed experimentally. Secondly, it caincrease in the mechanical stability of the POPC membrane.
be argued that discrete aqueous pathways through a mem-A number of electroporation models predict that in-
brane may shunt the charge buildup across the membrarggeases in the mechanical stability of the membrane will
caused by the external electric field. If these pathways oincrease membrane electroporation thresholds (Maldarelli
channels are large enough, their shunting effect could act tand Stebe, 1992; Dimitrov, 1984; Needham and Hochmuth,
decrease the effective transmembrane potential in the vicint989). In particular, the electromechanical model of Need-
ity of the channel. This situation has been analyzed indiham and Hochmuth (1989) predicts a relationship between
rectly in the context of the access resistance to a pore (Halgrea expansivity modulus and the electroporation threshold
1975) and the current distribution beneath a circular elecat zero membrane tension that takes the form
trode (Wiley and Webster, 1982), and is described in the 2
. . : 1 (V.
Appendix. Assuming a pore radius of 2 A, pore conductance - 660() h = Ka,. (3)
of 15 pS, and resistivity of solution of @Z-cm, we estimate 2 he
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In Eq. 3, € is the relative membrane dielectric constantTABLE 3 Gramicidin surface concentrations

(~2.2), ¢, the permittivity of free spaceh, the headgroup Lowest Highest
thicknessh the membrane thickness, and the fractional Calculated Calculated
surface area change at the lysis tension. For 1:15 gD GUV$eptide/Lipid Iy Ratio Ratio

K was observed to increase by 110%, whilg was not 1:10,000 343 1:91,800 156
altered from control. Using these values in Eq. 3, a 45% 1:500 32.4 1:10,100 1:17
increase in electroporation threshold is predicted. This in- 1:15 226 1:1460 1:6.0

crease agrees well with the 40% increase that was observagrface concentrations-(10~® mol/cn?) of gD dimers [',), based on
for the 1:15 gD BLMs experimentally. The 5% discrepancyexperimental conductance measuremeAts, and a single channel con-
may b atiute to exgermental variskily,Lut may ssciiae D 5 42 e b e e Lo e
mdlca,te that th_e mherer_]t ,membrane tension in BLM SYSine bilayers fgund a?ter backing ol from IPZ, usingKy topb§167 a[r)1d 16
tems is not entirely negligible. c/mol, respectively.

It should be noted that the effects of gD on the mechan-
ical properties of the membrane are in contrast with those
effegts fou_nd preyiously for very simple peptides, €.9.CONCLUSIONS
leucine residues with lysine terminals (Evans and Needham,
1987). These peptides have been shown to decrease the afgdificial bilayers have served as models for cell mem-
expansivity modulus and lysis tension of vesicles, but ardranes to study the properties and kinetics of electroporation
much different from gD, particularly in lacking hydrophilic (Tsong, 1991). While they have been useful in the charac-
tryptophans, which for gD dimers have stabilizing interac-terization of the process and underlying mechanisms, such
tions with PC lipids (Woolf and Roux, 1994). bilayers are highly simplified models of a complex system.
Cellular membranes consist of a myriad of membrane pro-
teins, many of which respond to electric fields. The overall
response of such a membrane to an electric field cannot be
Injection of gD into the aqueous phase around lipid bilayergnodeled without a consideration of these components. An-
is expected to increase the conductance of the bilayers. Thayzing the changes in electroporation parameters after add-
level of conductance achieved depends on at least fouing biologically relevant molecules in a controlled manner
factors: how much gD is incorporated into the bilayer, howis a step toward making artificial bilayers more realistic
much gD dimerizes into channels, the type and ionicmodels for the cell membrane. The results of the planar
strength of the salt solution, and the transmembrane pote3LM portion of this study indicate that the electroporation
tial. The first two factors depend strongly on the concen-thresholds of lipid membranes increase in the presence of
tration of gD (Neher et al., 1978), the constituents of thegD. The results of the vesicle experiments suggest that the
bilayer (Neher and Stevens, 1977; Girshman et al., 1997)ncreases in electroporation thresholds strongly correlate
the thickness of the bilayer (Veatch et al., 1975) and thewith an increase in the mechanical stability of the bilayers.
temperature (Bamberg and Lauger, 1974). The amount thdihese observations may be related to the observation of
dimerizes can also depend on the transmembrane potentiaigher electroporation thresholds for cells than for pure lipid
(Neher et al., 1978; Bamberg and Lauger, 1973). The lasmembranes (Abidor et al., 1979).
two factors affect the conductance of a single dimer channel
(Andersen, 1983). Single channel conductances for gD i'l\PPENDIX
POPC bilayers surrounded by 100 mM KCI are expected to
be ~10-15 pS (Neher et al., 1978; Girshman et al., 1997)Determination of V,, and G,,
The mean lifetime of these channels-9.5 s before they . . . .

. . . . Stimulus pulses (with amplitudé,) were applied across the two compart-
dissociate into two gD monomers (G”Shman et al., 1997ments of the Teflon chamber, which were separated by gutfiSole in
Bamberg and Lauger, 1973). a 25um-thick Teflon sheet. For control membranes the membrane con-

Because there is an overabundance of lipid and gD, therauctance is negligible, so that the transmembrane potévtja equal to
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Dimerization of gD and membrane conductance
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