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Electroporation of the Photosynthetic Membrane:
Structural Changes in Protein and Lipid-Protein Domains
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ABSTRACT A biological membrane undergoes a reversible permeability increase through structural changes in the lipid
domain when exposed to high external elecric fields. The present study shows the occurrence of electric field-induced changes
in the conductance of the proton channel of the H+-ATPase as well as electric field-induced sbtuctural changes in the lipfi-protein
domain of photosystem (PS) 11 in the photosynthetic membrane. The study was carried out by analyzing the electric field-
stimulated delayed luminescence (EPL), which originates from charge recombination in the protein complexes of PS I and 11
of photosynthetic vesicles. We established that a small fracton of the total elctric field-induced conductance change was
abolished by N,N-dicyclohexylcarbodiimide (DCCD), an inhibitor of the H+-ATPase. This reversible elctric fielinduced con-
ductance change has characteristics of a small channel and possesses a lifetime < 1 ms. To detect elctric field-induced
changes in the lipi-protein domains of PS 11, we examined the effects of phospholipase A2 (PLA2) on EPL Higher values of
EPL were observed from vesicles that were exposed in the presence of PLA2 to an electroporating electric field than to a
nonelectroporating electric field. The effect of the eltorating field was a longlived one, lasting for a period -2 min. This
effect was attributed to long-lived elctric field-induced structural changes in the lipid-protein domains of PS 11.

INTRODUCTION

Short exposure of cells or membrane vesicles to a high ex-
ternal electric field leads to a reversible transient increase in
the permeability of the membrane to ions and molecules.
This process, known as electroporation (for a review see
Zimmermann, 1982; Tsong, 1983,1991), has been attnbuted
to the formation of structural defects mostly in the lipid do-
main of the cell membrane. The theoretical approach toward
the formation of aqueous pores in the membrane (Abidor
et al., 1979; Powell et al., 1986; Glaser et al., 1988), or to the
induction of structural defects in it (Sugar and Neumann,
1984, Sugar et al., 1987), has been confined to electric field
changes in the lipid domain. However, given that biological
membranes contain integral proteins as a major component,
possible electric field-induced permeability and structural
changes both in protein and lipid-protein domains should
also be considered. Indeed, the ability of extemal electric
fields to affect the conformation and activity of membrane
proteins is supported by numerous studies (for a review see
Tsong and Astumian, 1987; Tsong, 1989). Thus, electric
field-driven ATP synthesis by proton ATP synthetase (H+-
ATPase) was demonstrated in chloroplasts (Witt et al., 1976;
Vinkler and Korenstein, 1982; Vinkler et al., 1982) and in
submitochondrial particles (Teissie et al., 1981; Hamamoto
et al., 1982). Furthermore, low electric fields were found to
affect ion tansport by the Na+-K+ ATPase in erythrocytes
(Serpersu and Tsong 1983, 1984; Blank and Soo, 1990;
Liu et al., 1990) and in reconstituted membrane vesicles
(Rephaeli et al., 1986). In addition, electric fields were found
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to affect the light-driven proton pump (bacteriorhodopsin)
(Shinar et al., 1977; Tsuji and Neumann, 1981; Brumfeld and
Miller, 1988) and to modulate electron transfer in chloro-
plasts (Arnold and Azzi, 1971; Elleson and Sauer, 1976) and
in photosynthetic bacterial reaction centers (Gopher et al.,
1985). Moreover, it was suggested that exposure of eryth-
rocytes to a high electric field opened a channel through the
Na+,K+-ATPase (Teissie and Tsong, 1980). Thus, it is ex-
pected that electric field-induced conformational changes of
membrane proteins may be accompanied by conductance
changes occurring in the protein domain itself or taking place
in the domain of the lipid-protein interface.
To monitor electric field-induced structural and conduc-

tance changes in the protein and lipid-protein domains of the
photosynthetic membrane, we measured changes of electro-
photoluminescence (EPL) from photosynthetic vesicles ex-
posed to high electroporating electric fields. Electrophotolu-
minescence is observed when exposing preilluminated
photosynthetic vesicles to external electric fields. It is ex-
plained by an enhancement of charge recombination in pho-
tosystem (PS) I and PS H by external electric fields, and its
features have been described previously (Farkas et al., 1984a;
Rosemberg et al. 1992).
The EPL was used, on the one hand to probe the photo-

synthetic apparatus and on the other as a voltage-sensitive
optical probe, in exploring the mode of interaction of an
external electric field with a vesicular membrane. Thus, by
exami ing EPL, two independent EPL signals could be as-
sociated with PS I and PS II (Symons et al., 1984,1985,1988;
Vos and van Gorkom, 1988). The study of EPL revealed
some thermodynamic features of electron transport in PS I
and PS H (van Gorkom et al., 1986; Vos and Van Gorkom,
1988, 1990) and established the electrophoretic and diffu-
sional mobilities of PS I in the photosynthetic membrane
(Brumfeld et al., 1989). Moreover, by using the EPL as an
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intrinsic voltage-sensitive optical probe, the electrical prop-
erties of the photosynthetic membrane were examined
(Farkas et al., 1984a), electroporation characteristics of the
photosynthetic membrane were explored (Farkas et al.,
1984b; Korenstein et al., 1984; Rosemberg and Korenstein,
1990b) and ionophore-mediated ion ransport was studied
(Farkas et al., 1982; Rosemberg and Korenstein, 1990a
The present study employs the unique features of the EPL,

which depend both on photosynthetic activity and on the
conductance of the photosynthetic membrane, to elucidate
stctural changes both in protein and the lipid-protein do-
mains imposed by high electric fields.

MIATERIALS AND METHODS
Materials
Broken chkooplasts were prepared from spinach, pea, or tobacco according
to methods descrbed by Avrn (1960) The brokn chloplsts were stored
at -18C to pserve thei photosynthet activity for along period (Farkas
and Malkn, 1979) In every set of experiments the concentated thylakoids
were thawed at room ature. In EPLmea ns vohing the elec-
tric fiekl-induce duc dce e through the chnnel of the H+-
ATPase the thylakoiis were incubated at 50WC for 3 min This heat inac-
fivation was peformed to deplete the thylakoids fom most of their PS
I-related EPL activity while preseving the PS I-related activity (Symons
et al, 1984, 1985 The employment of PS I-assoited EPL (Fig 1) is
superior to that of PS I in measuring conductace changes, give that the
PS I-associated EPL is more sensitive to an external eectric field (Symons
et aL, 1984) After heat inactvaon, the thylakoids were resuspended m a
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FIGURE 1 Characterstics of EPL EPL was obtaied from swoBlen thy-
lakoids suspended in 1 mM Tris, pH = 8.0 and exposed to an extenal
eletric field of 1600 V/cm. The external electric field (see arrow) was
applied 230 ms after the termiation of a 120-ms preflluminatin Tnne-
dependent trace of the total EPL signal is acmposed of a mixture of PS I-
and PS H-assoted EPL The segrgton of the two cmponents of EPL
(PS I- and PS 1-related EPL) was achieved by the addiion of 150 p.M
methyl viogen, which supp es PS I-assocated EPL and leaves intact
the PS H-associated EPL Amathmatic substraction of the PS H- d
EPL from the total EPL yielded the PS 1-a d EPL

hypotoni buffered solution The incubation in a hypotonic solution initiates
a swelling proces that yiekls spherical vesicles known as swollen thyla-
koi Inasmuch as the vesics are forned even in extreme hypotonic
medim (eg., distiled water), we have to assume the abolihment of the
initial osmotic difference during and/or after the swelling process, Thes
vesicks, composed of a single membrane with occasional patches of un-
swolen thylakoid fr on it, have a size distribut of radii of 1-10
un, with an average radius of 4 pLn The analysis of size d ibution was
performed by micr s visation. Ihe suspension of swollen thyla-
koidswas cooled down to4C after swelling for 15 min at room temperature.
The concentrati of the stored stock ofbroken thylakoids was 6-10mgtmi,
and they were diluted 1000-fold in 1 mM Tris-HCI buffer pH 8O (about 4
x 10' vesides/mI) EPL associated with PS H was employed to monitor
electric fiekl-induced structural changes in the Lipid-otein omnain To
obtain EPL, which is associated mostly with PS I, the experiments were
carried out in the presence of 150 gM methyl viologen (Sigma Chemical
Co, St. Louis, MO). Methyl viologen was shown to abolish PS I-associated
EPL (Symons et al, 1984, 1985). The pepaation of thylakoid vesicles in
this cae folowed the same prcdre as for PS 1-asociated ex m
with the omission of the heat inactivation step.

Measuremnt of lectl umiscence

The experimental setup for EPL measunts was described elsewhere
(Farkas et aL, 1984a). The experiment was initiated by prehluinatio of
120 ms with a light projector. The light was filtered by a 4-96 glass filter
(Cornig Glass Works, Cornmg NY) limiting the exciing wavelength to
approximately 400-600 nm After an ite dark time (230 ms in
studying the a change through the H+-ATPase, 50 m in PS 11
activity measurements), an external eletrc field pulse was applied. The
resuhant electric fieklinduced lumines was filered by a model RG
665 cutoff filter (Schott Glass Technologies Inc, Duryea, PA) and was
mitored on a fast oscilloscope (model 2430A, Tektronix, Inc, Beaverton,
OR) interfadto a npatibk IBM PCconputer. In all ces, the amplide
of a particular EPL signal was taken at its maximum (Fig. 1), The electric
field pulse was delivered by a high volage pulse gnor (model 360,
Veloex, Santa Clara, CA) capable ofdelivering voltage pulses of200-2500
V. The applied pulse shape, intensity, and kinetics were monitored by use
of an inductive cuarent probe. All experiments were carried out at a tem-
perature of5°C maintained by a thermostated Techne RB-12 bath (Techne,
Princeton, NJ).

Measuremnt of eepation based on EPL

Exposure ofm brane vesicks to a hom o ectric field results in
the induction of a local electric field in the m brane. The induced local
electric field in the membrane has been clated for spherical vesicles by
solving Laplace's equation with the te boundary condiions (Far-
kas et al, 1984a Erenberg et al, 1987 For the case where the specific
conductivities of the inner and outer media, (A, and AX. respectively) are
equal and where the vesicle's radius (R) is much bigger than menbrane
thicknes d one obuins the folowing eressio for the time-independent
induced electric field (Em):

3(R/d) - cos 0- Eex
2+3(R/d) - (A,/Aj

Where Eex is the exnally applied eectric field intensity and0 is the angle
between the applied electic field dection and the radius vector of the
vesicle to a certain point on the membrane where the ocal electric field is
indued. It was previously shown (Farkas et aL, 1984a; Symons et aL, 1984;
Rosemberg and Korenstein, 1990ab) that the EPL signal as a whole is not
a linear function of the Eex, but it can be taken as such in the range between
1000 V/cm to 2000 V/am (correlation coefficin >.95) Given that the EPL
is a function of Em, it depends on changes of memrane condctnce (A,)
caused by the ele p ss
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Reversible electric breakdown of the photosynthetic membrane was car-
ried out by exposing a suspension of swollen thylakoids to two consecutive
high electric fields of identicalstrength and durationbut of opposite polarity.
A homebuilt device capable ofdelivering bipolarpulses (two DCpulses of
the same voltage and duration but of opposite polarity) was descnbed pre-
viously (Korenstein et aL, 1984; Rosemberg and Korenstein, 1990b). Ba-
sically, the bipolar pulses were obtained from the high-voltage pulse gen-
erator using a homemade pulse-inverted device based on high-speed
semiconductor relays. The time-spacing between the two pulses could be
varied between 100 ps and 70m s. As a result of the exposue, we observed
two EPL signals where the secondsignal was attenuated in comparison with
the first one. We have shown that the attenuation in the second EPL signal
to atransient change in membrane conductance results from a reversible
electric breakdown that takes place during and after thefirst pulse
(Korenstein etal., 1984; Rosemberg and Korenstein, 1990b).

Detection of electric field-induced changes in
protein andlipid-protein domains
The detection of conductance changesin the protein domain was based on
monitoring changes of the PS I-associated EPL To detect conductance
changes through the proton channel of theH+-ATPase we carried the elec-
troporation experimentsin the presence and in the absence of N,N'-
dicyclohexylcarbodiimide (DCCD, Sigma Chemical Co.), aninhibitorof the
H+-ATPase of photosyntheticmembranes. Swollen thylakoids were pre-
incubated in the absence and presence of 20 p.M DCCD, in1 mM Tris-HCI
buffer pH 8.0 for 10 min at room temperature in the darlc Under
these conditions the conduction through the proton channel of the H+-
ATPase is blocked (Till et al., 1987). After the preincubation time the
vesicles were exposed to a bipolar voltage pulse of 1600 V/cm and pulse
duration of 200 ps.

The measurements of electric field-induced changes in the lipid-protein
domains of the photosynthetic membrane were basedonmomtoring changes
of the PS H-associated EPL Experiments employing phospholipase A2
(PLA2) were carried out by the addition of 2 p1 of 4.4 mg/ml of PIA2from
pig pancreas (Sigma Chemical Co.) to a suspension of swollen thylakoids
also contamiing 2 mM of CaCI2. When we performed electoporation in
addition to exposure to PLA2, the membrane vesicles were exposed to
10 double-voltage pulses of 1600V/m each possessing a duration of
200 ps. The hydrolytic actity of PIA2 was examined by monitoring the
pH decrease that accompanies the hydrolytic raction (Gheriani-Gruszka
et al., 1988).

RESULTS AND DISCUSSION

Electric field-induced conductance change
through the proton channel of the H+-ATPase
Ion channels are one type of integral proteins that are possible
candidates to take part in a reversible permeability increase
of a membrane upon its exposure to a high external electric
field. Their choice as possible protein sites that are involved
in electric field-induced conductance change is a natural one,
given that they possess open and closed states for ion con-
duction. Detecting changes in conductance through ion chan-
nels under conditions of electroporation is difficult. This is
a consequence of the fact that the conductance change
through ion channels may be small because of the relatively
small size of an ion channel, its ion specificity, and number
of copies per cell. Thus, electric field-induced conductance
changes through ion channels are expected to be relatively
small compared with the large conductance changes caused
by pores formed in the lipid domain during electroporation

usually several types of ion channels in a biological mem-

brane, each one contributing differenfly to the total conduc-
tance change, one should study the electric field-induced
conductance change in the presence and the absence of a

specific ion channel blocker.
The thylakoid membrane possesses an ion channel for pro-

tons, which is part of the proton-translocating ATP synthase
(H+-ATPase)known also as the CF0-CF1 coupling factor.
TheH+-ATPase is composed of two parts: one acting as a

proton channel (CFO) and the other containing the active

site(s) for ATP synthesis (CF1). Chloroplasts have a rela-
tively high turnover of ATP (about 400 ATP/(CFO-CF1.s)).
This relativelyhigh turnover requires a high conductance of
protons through the CFO channel. DCCD is a well known
inhibitor of the CFO-CF1 coupling factor of the thylakoid
membrane. It binds covalently to a single acidic residue in
the CFO channel under conditions ofhigh pH leading to a

blockage of the conduction through the proton channel
(Sigrist-Nelson et al., 1978). Hence, we examined the be-
havior of the CFO channel in swollen thylakoids under ex-

posure to an external electroporating electric field.
We used the PS I-related EPL of swollen thylakoids as an

intrinsic voltage-sensitive optical probe to measure the
changes produced in membrane conductance. Electropora-
tion of the thylakoid membrane causes attenuation of the EPL
signal (Korenstein et al., 1984; Rosemberg and Korenstein,
1990b). This attenuation was attributed to electric field-
induced increase of membrane conductance (Rosemberg and
Korenstein, 1990b). The increase of membrane conductance
leads to a consequent decrease of the induced local electric
field in the membrane and hence to a decrease of the EPL
signal (Farkas et al., 1982; Rosemberg and Korenstein,
1990a,b). This reversible attenuation (-'50%) decayed ex-

ponentially down to 0%o from 150 ps to 0.5 s, correspond-
ingly. This decay is a reflection of membrane conductance
decrease during the resealing process of the membrane (Ko-
renstein et al., 1984). The attenuation of the EPL signal
caused by electroporation of the thylakoid membrane was

significantly diminished (p = 0.003) by preincubating the
thylakoid vesicles with DCCD (20 pLM) for 10 min at room

temperature (Fig. 2). Under these conditions DCCD was

shown to block the proton channel specifically. The higher
conductance change, observed in the absence of DCCD as

compared with the one obtained in its presence, was re-

stricted only to the time domain up to 1 ms after exposure

to the electric field. At longer times (>1 ms) the electric
field-induced conductance change in the presence of DCCD
did not differ from the one obtained in its absence. These
findings suggest that electroporation triggered an opening of
the CFo channel, which then closed up within 1 ms.
Our detection of conductance changes is based on the re-

sponse of the EPL signal to the local membrane electric field
expressed in terms of a ratio between the two EPL signals
elicited by a bipolar pulse. To examine the possibility that the
observed effect of DCCD originates also from its possible
effect on the magnitude of EPL (i.e., effect on the photo-

(Rosemberg and Korenstein, 1990b). Inasmuch as there are
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FIGURE 2 Attenuaion of the EPL signal upon exposure of a suspension

of swolen thylakoid vesicles to two consecutive electnc fiekis of the same
strength and duration but of opposite polarity. Difference between suspen-

sions of swollen thylakoids that were incubated m the absence and presence

of20FM DCCD. The results are given in terms ofthe relative change, which
is defined as the EPL induced by the first pulse of electric field (before
electrporatio) minus the EPL induced by the second pulse of eectric field
(after electroporation) divided by the EPL of the first pulse: EPL. =

(EPL I. - EPLS EI A bipolar ex-

ternal electric field of 1600 V/cm and pulse duration of 200 gs was appLed.
The time between the two pulses was 600 Ms The thylakoid vesicles (-5
p.g/ml chlorophyll) were suspended in 1 mM Tris buffer pH 8.0 at 5 + 1°C.
(A) Experiments performed in an external medium of low conductance. (a)
Control, in the absence of DCCD; (b) in the presence of DCCD. (B) Ex-
periments performed in an external medim of high conductance because
of addition of 1 mM of TEACL (c) Control, in the absence of DCCD, (d)
in the presence of DCCD.

examined whether the efficiency ofEPL was affected by the
addition ofDCCD. Thus we measured the dependence of the
firt EPL signal (which is essentially unaffected by the elec-
troporation process) when applying a bipolar pulse in the
presence and the absence of DCCD. The EPL signal, as a

whole, is not a linear function of the Eex, but it can be taken
as such in the range between 1000-2000 V/cm (correlation
coefficient >.95). Fig. 3 demonstrates that there is no sig-
nificant change in the response of the first EPL signal to the
externally applied electric field in the presence of DCCD.
This finding rules out the possibility that the DCCD affects
the efficiency of EPL It also suggests that DCCD has no

major effect on the lipid domain, given that electron tansport
was shown to be affected by alteration of the lipids in the
photosynthetic membrane (Sprague, 1987). Moreover, the
preincubation conditions of the thylakoids with DCCD used
in our study were such that the proton tansport through CFO
was blocked by the specific reaction ofDCCD with Asp6" to
form a stable N-acylurea adduct. Thus it may be concluded
that the effect of DCCD on electroporation is due to the
blockage of the otherwise electric field-induced opening of
the proton channel.
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FIGURE 3 Dependence of the maximal amplitude of EPL on external
electric field. The EPL signal of control suspensions of swollen thylakoids
are represented by closed circes, and suspenson that were preinated
with 20 gM DCCD are reprsented by triangles Whenever one of the ex-

perunental points, represented by a triangle, is absent, it reflects the con-
plete overlap of the two experimental points. The dependence ofEPL on the
external eectric field stengh was fitted to a linear asnding function of
the typef(Eex) A. Eex + C. The solid line represents a linear regression

of control carried in the absence of DCCD (crlation of 0.99). The broken
lines represent a confidence mterval of 95% for the control. The experi-

mental conditions are identical to those m Fig. 2.

The relative change of the EPL signal caused by the elec-
troporation of the thylakoid membrane is an explicit function
ofthe attenuated local electric field-induced in the membrane
rather than of membrane conductance change itself. How-
ever, it emerges from Eq. 1 that the local electric field de-
pends on the ratio of A,,,/AO. Therefore, the relative change of
the EPL depends on the ratio of Am/Ao. Thus, it should be
taken into consideration that an elevation of A. without
changing Am leads to a decreased response of the EPL (a
voltage-sensitive optical probe) to an increased ion conduc-
tion through the channels. This implies that a reduced signal

noise ratio of the optically based assay is expected upon

decreasing the ratio of A./A.. Hence, ifDCCD affects Am, the
elevation of A0 by an impermeable ion should decrease its
effect on the relative change ofEPL However, whereas ifthe
effect of DCCD is unrelated to the change of membrane
conductance, a change of A0 should have no effect. Indeed,

Fig. 2B demonstrates that upon elevating Ac,by adding a large
monovalent cation (tetraethylammonium, TEA+) to the ex-

temal medium, swollen thylakoids that were preincubated
with DCCD show no significant difference from suspensions
that were not incubated with DCCD. Similar results were

found when a bivalent ion (Ca2+) was used. Thus, the fact that
the effect of DCCD on electroporation-dependent attenua-
tion of the EPL signal is mediated by ions that do change AO
but not Am suggests an upper limit to the electric field-
induced opening of the proton channel. We may conclude
that the electric field-induced opening of the channel is of a
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dimension that does not allow the conduction of either TEA'
or Ca" through it. Indeed, reconstitution experiments with
CFO in artificial lipid bilayers have demonstrated that CFo
loses its selectivity toward proton conduction and is perme-
able to monovalent cations (Wagner et al., 1989).

Eletric field-induced structural changes in the
lipid-ptein domain of photosystem 11

The possibility of detecting structural changes in the lipid-
protein domain merely by monitoring electric field conduc-
tance changes does not allow assigniing any fraction of this
conductance change to structural changes in the lipid-protein
areas. To examine the involvement of lipid-protein domains
in the electroporation process, we made use of the fact that
photosynthetic activity of PS H is modulated by a direct
interaction with phosphatidylcholine, a minor phospholipid
component of the photosynthetic membrane. Inasmuch as
phosphatidylcholine is prone to hydrolysis by PLA2, it affects
the rates of electron bansport through PS I and PS H (Raw-
yler and Siegenthaler, 1981a,b).
We examined the effect of PLA2 on PS H-related EPL in

the presence and absence of an electroporating electric field.
Incubation of swollen thylakoids with PTA2 resulted in an
immediate inhibition of the PS H-associated EPL However,
when, in addition to the incubation with PLA2, swollen thy-
lakoids were exposed to an external electric field of ampli-
tude and duration that induced an electroporation of the
membrane, the inhibition of the PS H-dependent EPL by the
PLA2 was significantly decreased (Fig. 4, A and B). The
effect of electroporation on the PLA2-induced inhibition of
the PS H-associated EPL signal was similar whether the en-
zyme was added -50 s before or after electroporation by the
external electric field (cf. Fig. 4, A and B).
The activity of the photosystems is reflected by the effi-

ciency of the forward electron trasport. In contrast to for-
ward electron tansport, EPL reflects backward electron
ransport through the photosystems induced by an external
electric field. Thus, forward electron transfer and EPL are
two opposite complementary processes. Stimulation of PS I
activity is expected to be associated with a decrease of back-
ward electron flow through PS I, thereby leading to a de-
crease of the PS H-associated EPL Indeed, the observed
immediate inhibition of PS 11-associated EPL by PLA2 (Fig.
4, A and B) can be explained by the immediate stimulation
of PS I activity upon the addition of PLA2 (Rawyler and
Siegenthaler, 1981a).
Along the same line of reasoning, the inhibition of the

PS II-related forward electron transfer, caused by PLA2-
induced digestion of the inner pool of phosphatidylcho-
line of the thylakoid membrane, is expected to increase
the backward electron flow, i.e., increase the EPL signal.
PS 1I-related EPL from swollen thylakoids exposed to
PLA2 was enhanced after electroporation. This observa-
tion can be explained in terms of electric field-induced
disorder in the phosphatidylcholine-PS II interaction
domains resulting in enhanced flip-flop of the phosphati-
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FIGURE 4 Effect of elecrporation on the atnua of PS lI-related
EPL signal upon exposure of a suspension of swollen thylakoid vesicles to
PLA2. Eletroporated samples were exposed to 10 consecutive bipolar
pulses of 1600 V/cm and duration of200 iLs at 5-s intervals. The suspensio
included 2mM of CaCl2 and 150 iAM methyl viologen. Other conditions as
in Fig. 1. (A)The enzyme was added before swollen thylakoid vesiles were
exposed the eectric field. (B) The enzyme was added after the exposure to
the electric field. (a) and (d) Suspensions exposed only to PLA; (b) and
(e) spensios exposed to PIA2 and to elctroporating electric field; (c)
difference between (b) and (a); (f) is the difference between (e) and (d)

dylcholine from the inner into the outer leaflet of the
photosynthetic membrane and exposing it to the action of
PLA2. This suggestion is supported by previous findings
(Rawyler and Siegenthaler, 1981b), which show that the
action of PLA2 on PS II occurs only after PLA2-induced
disorder in the membrane making the inner pool of phos-
phatidylcholine accessible for PLA2 digestion. Disorders
of this kind that also involve an enhanced flip-flop
process of the phospholipids were previously shown to
occur in red blood cell membranes after electroporation
(Dressler et al., 1983).
The fact that the effect of electroporation on the PIA2-

induced inhibition of the PS H-associated EPL signal was
similar whether the enzyme was added before or after elec-
troporation rules out the possibility of attnrbuting the ob-
served effect to the entrance of PLA2 into thylakoid vesicles
with a consecutive hydrolysis of the phospholipids located in
the inner leaflet of the thylakoid membrane. This is attnbuted
to the fact that complete resealing ofthe thylakoid membrane
occurs 0.5 s after exposure to the external electric field
(Rosemberg and Korenstein, in preparation). Moreover, it
also eliminates the possibility that the effect of PLA2 results
from the direct activation of the enzyme by the external elec-
tric field. Thus, these observations suggest that electropo-
ration leads to structural changes in the protein-lipid
domains.
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CONCLUSION

So far, the current view has been that a biological membrane
undergoes a reversible permeability increase through struc-
tural changes in the lipid domain when exposed to high ex-
ternal electric fields. The presence ofmembrane proteins that
act as ion channels in natural membranes makes them more
prone to electroporation than proteins that are not ion trans-
porters. The present study demonstrates the occurrence of
electric field-induced changes in the conductance of the pro-
ton channel of the H+-ATPase. This proton channel, in the
absence of an external electric field, is selective for protons
and is maintained mostly in a closed state. However, under
the influence of a high induced ransmembrane potential dif-
ference, the proton channel becomes conductive to small
monovalent cations such as Na+, K+, or Cs' but not to large
cations such as TEA+ or bivalent cations such as Ca"2. Ilhis
demonstrates the limited conductive change that the protein
undergoes. The conductive change reflects a conformational
change of the proton channel, which decays within 1 ms. This
relaxation time range is very close to the time for a single
turnover of the H+-ATPase (=25 ms). Thus, it may be
speculated that a conformational change associated with pro-
ton conduction is a rate-limiting step of the H+-ATPase turn-
over. The relatively small conduction of ions through the
proton channel as compared with conduction through elec-
tropores in the lipid domain after electroporation emerges
from the fact that under similar electroporation conditions we
demonstrated the existence of electropores of a size that al-
lowed the uptake of 40-kDa dextran molecules (-4.8 nm)
(Rosemberg and Korenstein, 1990b). Thus, it may be con-
cluded that although electric field-induced conductance
change of ion channels with the possible loss of ion selec-
tivity is to be expected, it contributes only marginally to the
large total electric field-induced conductance change, which
is confined to lipid and lipid-protein domains.

TIhe relative conductance after electroporation in the lipid
domains as compared with that occurring in the lipid-protein
domains is still unknown. It may be speculated that the
threshold for electroporation is different in these two mem-
brane domains. If indeed such a difference exists, then the
relative contribution of the two domains to the total con-
ductance change will be a function of the externally applied
electric field. The domain with the lower threshold for elec-
troporation will be the major domain contnbuting to the con-
ductance change.

This work was carried in partial fulfiliment of a Ph.D. Thesis requirements
of Y. Rosemberg.
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