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Abstract

Electric fields, similar in the order of magnitude of the natural membrane fields of cellular lipid/protein membranes, and chemical
relaxation spectrometry can be used as tools to quantify the rigidifying effect of cholesterol in membranes. Small unilamellar vesicles of
radius ¢=50+3 nm, prepared form phosphatidylcholine, phosphatidylserine and phosphatidyl-glycerol in the molar ratio 1:1:1 and
containing the optical lipid probe molecule 2-(3-diphenyl-hexatrienyl) propanoyl)-1-palmitoyl-sn-glycerol-3-phosphocholine (3-DPH pPC),
serve as examples for curved lipid membranes. The data of electrooptical turbidity and absorbance relaxations at the wavelength 2=365 nm
are analysed in terms of membrane bending rigidity k¥ and membrane stretching modulus K. Both x and K increase with increasing mole
fraction x of cholesterol up to x=0.5. The cholesterol induced denser packing of the lipids reduces the extent of both membrane
electroporation (ME) and electroelongation of the vesicles. Further on, cholesterol in the lipid phase and sucrose in the aqueous suspension

reduce the extent of membrane undulation and electro-stretching.
© 2005 Elsevier B.V. All rights reserved.
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Membrane cholesterol

1. Introduction

Enzyme catalysis and signal transmission are key
functions of cellular membranes which are critically
dependent on the mechanic and electric properties of the
lipid phases. Traditionally, lipid bilayer vesicles serve as
models for the planar and curved bilayer parts of the
protein—lipid membranes of cells and organelles. It is well
known that the steroid cholesterol is a general controller of
the membrane fluidity which, too, affects membrane
catalytic and transport functions. Structurally, cholesterol
causes a denser packing of the lipid phase, thereby
modulating the elasticity of membranes. Cholesterol is a
central constituent of the (glyco-) sphingolipid-rich inner
membrane micro-domains or rafts containing clusters of
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special proteins. Some plasma membranes contain choles-
terol up to the mole fraction of x=0.5.

It is still difficult to quantify the effect of cholesterol on
the packing order in molecular terms. The planar steroid
ring system of cholesterol with a 3-B-hydroxyl group and an
alkyl side chain at position C17 is rigid and oriented with
the long axis parallel to the hydrocarbon chains of the
phospholipids. The hydroxyl group of cholesterol is located
in the vicinity of the phospholipid ester carbonyl group; see,
e.g., [1-4]. The solubility of cholesterol in various lipid
bilayers depends on the type of the lipid head group, the
length of the acyl chain and the number of double bounds.
Primarily, the presence of cholesterol affects the inner-
elastical properties of membranes; it thereby modulates the
function of membrane-bound proteins, such as the ion-
channel activity of the nicotinic acetylcholine receptor by
agonists [5] or the motion of the rafts [6—8].

With respect to membrane elasticity, cholesterol
decreases the elastic area stretching modulus, K [9-12].
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For instance, for stearoyl-oleoyl-phosphatidylcholine
(SOPC) membranes the area stretching modulus is K=0.2
N m™"' [10]. For cholesterol containing SOPC membranes,
the modulus K increases up to 0.6 N m~', similar to
cholesterol in dimyristoyl-phosphatidylcholine (DMPC)
membranes [9,13]. Cholesterol in SOPC membranes causes
also an increase in the membrane bending rigidity from
k(x=0)=0.9-10"" J up to k(x=0.5)=3.3-10""° T at the
saturating mole fraction x=0.5 [11].

Molecular dynamics simulation shows that cholesterol
condenses the lipid bilayer membrane. The average mem-
brane area decreases with increasing cholesterol content,
concomitant with an increase in the order of the hydro-
carbon chains of the lipid molecules. Parallel to this
ordering, the probability of gauche defects in hydrocarbon
tails decreases [14]; apparently cholesterol restricts the
conformational freedom of the acyl chains of the phospho-
lipids in the liquid crystalline phase, thus decreasing the
trans-gauche isomerizations [2]. Deuterium (2H) NMR data
have shown that 30 mol% cholesterol in 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) membranes at
25 °C increases the bilayer thickness from 2.58 nm to 2.99
nm [15]. At x >0.1 a progressive broadening of the thermal
gel-to-fluid phase transition in 1-palmitoyl-2-oleoyl-phos-
phatidylethanolamine (POPE) [16]. The tighter molecular
packing of the lipids in the presence of cholesterol leads to a
reduction of the water content of the bilayer [17,18]. This
dehydration decreases with increasing double bounds in the
lipid acyl chains. The decay time constant of the fluo-
rescence anisotropy of 1,6-diphenyl-1,3,5-hexatriene (DPH)
and of 1-[4-(trimethylammonio) phenyl]-6-phenyl-1,3,5-
hexatriene (TMA-DPH) decreases with increasing choles-
terol concentration [19,20], suggesting an increased align-
ment of the membrane probes along the acyl chains (Fig. 1).
However, the detailed molecular organization of cholesterol
in different phospholipid bilayers is still a matter of debate
[21,22].

Cholesterol is known to impede the electromechanical
membrane permeabilization [9]. Here, we use the method
of membrane electroporation (ME) to explore the rigid-
ifying effect of cholesterol in curved lipid bilayer
membranes. ME is an electric technique to render lipid
and lipid—protein membranes porous and permeable,
transiently and reversibly, by electric voltage pulses [23—
25]. Specifically, we use relaxation spectrometric data in
high electric fields in order to quantify the effect of
cholesterol on electric pore formation in terms of positional
changes of the optical lipid reporters B-DPH pPC in
vesicle membranes. The DPH part of B-DPH pPC replaces
one of the two hydrocarbon chains of the lipid molecule,
representing thus an optically anisotropic indicator for
positional changes in the lipid phase. It is recalled that
both, electric absorbance dichroism and turbidity dichro-
isms, primarily reflect electro-elastic and electroporative
vesicle elongation due to Maxwell stress [26,27]. As
novelty, we here use absorbance and turbidity to monitor

(a)

Fig. 1. Scheme for the rotational displacement of the lipid molecule B-DPH
pPC in one monolayer of the bilayer: (a) in the absence and (b) in the
presence of cholesterol. The angle « of the optical transition moment 7',
parallel to the long axis of the chromophore 3-DPH pPC and the membrane
normal N (perpendicular to the membrane surface) decreases as a function
of the mole fraction x of cholesterol; for instance, from oo(x=0)=38° to
oo(x=0.15)=20° for salt-filled vesicles. The scheme refers to the electro-
optical data of 3-DPH pPC.

orientational changes of the optical reporter molecule -
DPH pPC in lipid bilayers of different contents of
cholesterol. It is shown that the rigidifying effect of
cholesterol can be also quantified in terms of positional
changes of the optical lipid probe 3-DPH pPC.

2. Materials and methods
2.1. Materials

Soybean phosphatidylcholine (PC, > 99% by weight),
soybean phosphatidylglycerol (PG, > 98%) from Lipoid
KG, phosphatidylserine (PS) from bovine brain extract type
III; containing 80—85% PS and cholesterol (Chol, 99% by
weight) from Sigma Chemie GmbH are used without further
purification. PC and PG consist mainly of linolate (60%)
and of oleate and palmitate (both total 13%). The lipid
serving as optical probe is 2-(3-diphenylhexatrienyl)propa-
noyl)-1-palmitoyl-sn-glycerol-3-phosphocholine (R3-DPH
pPC) from Molecular Probes.
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2.2. Unilamellar vesicle preparation

Small lipid vesicles (30 <radius/nm < 150) are readily
prepared as unilamellar curved membranes [28] with
geometrical curvatures that are similar to those encoun-
tered in invaginated biological plasma membranes and
organelle vesicles. Pure unilamellar vesicles and vesicles
doped with the lipid p-DPH pPC are prepared by the
vesicle extrusion technique (VET, @=100 nm). Choles-
terol is added to the mixture of PC, PG and PS in the
molar ratio 1:1:1 in chloroform. The mixtures are dried
using vacuum rotary evaporation. For the B-DPH pPC
doped vesicles an adequate amount of PC has been
replaced by p-DPH pPC dissolved in ethanol to obtain
the molar ratio R-DPH pPC/lipid=1:200. During the
vesicle preparation and the following electrooptic measure-
ments the DPH-samples have been protected from light
(photolysis) [28].

The dry lipid film (after evaporation) is resuspended in
0.2 mM NaCl and freeze-thawed five times in liquid
nitrogen and in a water bath (30 °C) to obtain equilibration
between trapped and bulk solution. The suspension is then
extruded 21 times through polycarbonate membrane filters
with a pore diameter of 100 nm (Avestin/Milsch, Germany)
using a LiposoFast mini-extruder (Avestin/Milsch, Ger-
many) to produce the low-salt vesicles of mean radius
a=50+3 nm [28].

2.3. Salt-filled vesicles

For the preparation of salt-filled vesicles, the dry lipid
film is resuspended in 0.5 M NaCl. After extrusion, the
vesicle suspension is dialysed against 0.72 M sucrose
solution of the same osmolarity to remove the external
NaCl. Finally, the vesicle suspensions are diluted with
degassed sucrose solution or with degassed 0.2 mM NaCl
solution. The total lipid concentrations are [Lt]=1 mM and
[B-DPH pPC]=5 uM, corresponding to a mole fraction x(p-
DPH pPC)=0.005. Within 4—5 h after the preparation of
vesicles, the electrooptical relaxations are unchanged [28].
We therefore can safely assume that the number of lipid
molecules in the two membrane leaflets is constant as
prepared, hence the spontaneous curvature of the membrane
remains unchanged during the measurements.

2.4. Electrooptical relaxation spectrometry

2.4.1. The field-jump technique

Rectangular electric pulses of the duration ;=10 ps and
field strengths up to 8.5 MV m~ ' are applied by cable
discharge to a sample cell equipped with quartz windows
and two parallel planar graphite electrodes [27], thermo-
stated at 7=293 K (20 °C). The distance between the
electrodes can be accurately adjusted within 0.3 <h/
mm<0.5, dependent on the conductivity of the vesicle
suspension and the field strength [28]. Note, that at a pulse

duration of r5=10 ps and at field strengths £ <8 MV/m and
for vesicle radii ¢ <150 nm, we may safely neglect vesicle—
vesicle interactions, therefore there are no pearl-chain
alignments [29].

The field-induced changes AOD in the optical density
OD (or extinction) for plane-polarized light are measured at
the wavelength 1=365 nm (Hg-line in vacuum; highest
accuracy). The light intensity change Al°, caused by the
electric pulse and measured at the polarization angle o
relative to the direction of the applied external field vector
E, is related to the optical density change by:

AOD” = OD’(E) — ODj = — log(1 + AI°/I°), M

where AI”=[°(E)—1° is the light intensity change from /”
(at E=0) to I°(E) in the presence of E; OD?(E) and ODg
are the optical densities at £ and at E=0, respectively.
Generally, OD=4 + T, comprising both absorbance (4) and
turbidity (7) along the light path length A=1 cm. At small
concentrations of B-DPH pPC in the membrane (1 pM), the
absorbance of the bilayer lipids does not affect the scattering
of light by the vesicles. Therefore, the absorbance
A?=0D’(V,D) — OD’(¥) of the reporter lipids in the bilayer
of the vesicles is given by the difference between OD?(V,D)
of the doped vesicles and OD?(¥V) of the vesicles without
the reporter lipids, but at the same total lipid concentration
and vesicle size. Since the initial value of the turbidity 7
depends linearly on the lipid concentration up to [L]<5
mM [28], there is no indications of multiple light scattering
in the vesicle suspension at the smaller concentration
[Lt]=1 mM.

2.4.2. Dichroitic and chemical contributions

The field-induced optical change AOD? is usually
decomposed into a deformational/orientational part,
AOD@g, and a structural/chemical part, AOD&y. In
Appendix A it is recalled that, in line with Lambert—Beer’s
law for the absorbance, the orientational term refers to the
respective positional change of the optical probes and the
chemical term refers to the change in the environment of the
optical transition moment of the chromophore [30]. Here we
use the dilute solution approximation:

AOD? = AODY, + AODZ,;. (2)

The field-induced changes AOD!" and AOD™ at the two
light polarization modes o =0° (l|, parallel to the external
field vector £) and 6=90° (L, perpendicular to E) are
given by AOD'=0D!'-=0D, and AOD*=0D" —0D,,
respectively. As outlined for the absorbance dichroism [30]
both the consumptive dichroism (AA:AA(ll)R—AAéR) and
the conservative turbidity dichroism (AT=AT ngAT éR)
are originally defined for OD—changes of purely deforma-
tional/orientational origin [30]. The respective field-induced
changes of the absorbance are calculated according
to: Al =0Dl(v,D)—0oDN (V) and A4l =
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ODLt (VD) — 0D (7). 1t is recalled [30], that the
(experimental) difference modes

AOD~ = AoD!l — AOD*, 3)

either for the case AOD™ =AA™ or AOD™ =AT", are not the
classical dichroisms A4 and AT, respectively. The respec-
tive difference modes are explicitly given by:

AT" = ATl - ATH = AT+ (ATl - AT,

A = adl - At = ad+ (8l - aady). 4)

Only in the case of small chemical contributions or if
ATQH ~AT¢y and AAQH ~AAly, we may approximate the
difference modes by the classical dichroisms: A7~ =AT and
AA™=A4 [31].

Analogous to the expression for A4y [32] we obtain:

AOD"=AODy = (AOD” n 2-A0Di)/37 (5)

or explicitly: AT"=ATcy=(AT!+2-AT*)/3 and A4"=
AAcp=(A4 4. A4 L)/3. The turbidity term A7 generally
refers to changes in the scattering cross section due to
entrance of water and ions in the membrane, as well as to
changes of vesicle volume. The absorbance term AA"
reflects modification of the immediate environment of the
absorbing chromophore due to entrance of water and small
ions in the bilayer surface. The conservative scattering
dichroism AT as well as the consumptive absorbance
dichroism A4, both are a quantitative measure of global
shape deformations of the vesicles in the electric field pulse.
Additionally, A4 reflects the average position of the
transition moments of optical membrane probes [27].

It is noted that the conventional birefringence refers per
se to the difference in the two refractive indices (for the
two polarization modes of the light) and is thus directly
related to the difference modes A4~ and AT, respectively.
In birefringence there is no independent chemical mode
(AA", ATH.

2.4.3. Solution conductivity

The conductometric measurements before and 5 min
after application of the electric pulses are performed with
a Knick digital conductometer. For the short pulse time
(tg=10 ps), electrode polarization effects and Joule
heating are negligibly small. The initial conductivity is
Jo=4.1£02 mS m~ ',

3. Theory
3.1. Vesicle electrodeformation
3.1.1. Light scattering of vesicle suspensions

In most practical cases, the shape of an elongated
vesicles may be approximated by a spheroid [33]. The

field-induced vesicle elongation is described by an ellipsoid
of revolution with the two principal semi-axes ¢ and b,
where ¢>b. Within the pulse time the long axis of the
ellipsoids remains oriented parallel to the external field
direction, because Maxwell stress elongates the vesicles in
the direction of the external field [27].

In those cases, where the difference turbidity mode A7~
is not the conservative turbidity dichroism A7, the absolute
value of the chemical mode IAT"| is comparable with that
of AT (> 0) and the difference (ATgH—ATCLH) in Eq. (4)
contributes to AT. Therefore both AT~ and AT are used for
the analysis in terms of a numerical code, solving the
electromagnetic scattering problem for confocal coated
spheroids by the separation of variables in a spheroidal
coordinate system [34]. The numerical processing of the
turbidity modes AT~ and AT yields the degree of electro-
mechanical vesicle elongation expressed as the axis ratio
p=c/b. Theoretically, the elongation of a spherical vesicle is
either concomitant with an increase in the membrane
surface area by, e.g., membrane stretching and electropores,
or with a decrease of the intravesicular volume by efflux of
internal medium through the membrane pores, or with both.

3.1.2. Elongation at constant vesicle volume

If the relative increase AS/So=(S—Sy)/Sy in the
membrane surface area S occurs at constant internal volume
Vo=(4n/3)-a*=(4n/3)-c*Ip?, the general expression for
AS/So(py) can be approximated for the range 1 <p,<1.13
1.13 as [35]:

AS 8 ,
S—ONE(PV -1)7 (6)

where the parameter p, is the axis ratio of the ellipsoid at
constant volume and So=47-a” is the initial (projected)
surface area of the spherical vesicle. See Fig. 2.

3.1.3. Elongation at constant membrane surface area

For the case of constant membrane surface area,
including the area of membrane pores, the general
expression for the volume change AV/V, for small vesicle

Fig. 2. Elongation of a vesicle at constant volume by field-induced
smoothing of membrane undulations. The projected area So=47 -a” refers
to the dashed line. The elongation leads to the rotational displacement of the
optical transition moment 7z of the chromophore B-DPH pPC in the
membrane away from the direction of the external electric field.
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elongations up to 1<p,<1.10, is approximated by
[35,36]:

AV 4 5

—=——(ps— 1 7
= s = 12 )
where py is the axis ratio at constant surface. Since ps> 1,
elongation leads to a volume reduction. Generally, the
vesicle deformation parameter p=b/c, Fig. 2, is repre-
sented by the sum [35]:

p =1+ Apy + Ap;, (8)

where Ap,=p,—1 and Ap,=p,— 1 are the increases in p
at constant vesicle volume and at constant membrane
surface area, respectively. For the case that Ap =0,
p~1+Ap, and p is solely a function of the increase AS
in the membrane area.

3.1.4. Membrane stretching

In a rectangular electric field pulse, the time course of the
surface change AS(r) reflects several processes: membrane
stretching (MS), smoothing of thermal undulations (SU) and
membrane electroporation (ME) [35]. The characteristic
decay time Ty of membrane stretching (after removing of
the stretching force) is given by [37]:

ra
TMS~ K 5 (9)
where 7 is the solution viscosity and K the elastic area
stretching modulus. For typical values of =10~ * kg m™ '
s~ 'at 7=293 K and k=02 N m~ ', Eq. (9) yields
Twms = 0.25 ns. This time constant is very small. Therefore
membrane stretching can, for instance, not be kinetically
resolved by the field-jump relaxation technique used here,
where already the machine time is as large as 7,,=70 ns
[35].

The increase in the vesicle surface area due to the
membrane stretching is given by [35]:

ASMs_Tg+T/
S K

(10)

where T, and T, are components of the global and local
Maxwell membrane tensions, respectively. As outlined in
the appendix, the global tension 7, is caused by the
global Maxwell stress on the vesicle exposed to an
electric field (Eq. (AS8)), leading to vesicle elongation,
membrane stretching and smoothing of membrane undu-
lations [31]. In contrast to T, the local Maxwell tension
T, acts across the membrane, perpendicular to the
membrane surface [9]. Since the lipid membrane behaves
as a capacitor, 7, can be expressed through the specific
membrane capacity C.; see Eq. (A9). Because the
membrane is incompressible, 7, like T, tends to increase
the membrane surface area by decreasing the membrane
thickness. Differently to T, the local tension 7, can not

cause vesicle elongation or smoothing of membrane
thermal undulations.

3.1.5. Smoothing of thermal undulations (SU)

In an electric field E, the characteristic time tgy of
membrane smoothing (permitting the vesicle elongation) is
given by [38]

3n-a®
ST g 3 j( K ) (11)
1+

s %\t KL

where o is the membrane initial lateral tension, i the
bending rigidity of the membrane and L=8n-x/(kgT) is a
dimensionless smoothing constant. The area increase ASgy
is approximated by [38]:

ASsy  ksT T,
=—In(l4+—F—"F—— 12
So 8nk n< + (mic/4a?) + o9 (12)

where kg is the Boltzmann constant and 7' the absolute
temperature.

3.2. Membrane electroporation (ME)

As outlined previously [23,39], ME is structurally
described as a state transition from (several) closed
membrane states (C) to (several) porous states (P) accord-
ing to the global reaction scheme (C) = (P). The minimum
reaction scheme for a consistent physical—chemical descrip-
tion, however, is the two-step cascade [40]:

C=C,=(P) (13)

The first step C=C, is associated with the intrinsic
equilibrium constant K{=[C,])/[C]=k}/k’_; and the intrin-
sic relaxation rate 1/t)=k}+k’,, where the intrinsic rate
constant k] refers to the step C—C; and k’; to the
backward step C— C,. The data basis [35,40] suggests
that the first step is rate-limiting in the coupling to the
more rapid step C;=(P) of the actual pore formation,
associated with the intrinsic thermodynamic and kinetic
parameters K3=[(P))/[C]k5/k’ >, and 1/t4=ki+k’,,
respectively. Due to this particular coupling, there is
only one kinetic normal mode with the (measured)
relaxation time 7,. The relaxation rate of this mode is
given by [40]:
L bk =K K — 14
T2—2+ —2 =K+ 711+KL2' (14)
Since ME is concomitant with an increase ASyg in the
membrane surface area S, the overall degree f>=[( P)]/[Co]
of ME is expressed as

ASME

f2:fz0:S—0 (15)

where f9=/,(t=0) and the “concentration” sum is given by
[Col=[(P)]+[C1]+[C].
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The previous expression K,=[(P)|/[(C)]=ky/k_ , [40] is
now specified in terms of scheme Eq. (13), such that the
overall poration—resealing equilibrium constant is given by
[41]:

S

()
B erv i T8 (o)

where f,=K,/(1+K5) replaces the previous f,=K,/
(1+K,). Note that the measured overall constant K,=k»/
k_»=K5 K5 K}/(1+K}) is a combination of the intrinsic
constants K} and K5.

From Eq. (14) it is seen that k,=k] and k_,=k_;/
(1+K3%), reflecting the experimental experience that always
K,=K,<1; here K,~107> to 107> [25]. Obviously,

=ki/k’;>1 or ki>k’, and K54<<1 or kb<<k’,.
Therefore, we use the appropriate approximation K,=f>,
connecting the (experimental) overall apparent equilibrium
constant with the measurable quantity f5; e.g., by ASyg, see
Eq. (15). On the same line, K,=K5 K, and 1/1,=k] holds
true.

If the rate equation for scheme (13), df;(¢)/dt=k,-
(1—=f5(t))—k_>f>(¢) is used with the initial condition
1>(0)= fg at t=0, integration yields:

= (= /) (1 = exp[ — t/we]), (17)

where Typ=71,=1/k] is the relaxation time of ME.

It is recalled that the overall equilibrium constant K, of
the poration—resealing process is directly related to the
(chemical) standard value of the (Legendre-) transformed
Gibbs reaction energy A.G°=G°(P)—G°(C,,C) by
Kr=exp(— A,G®/RT) [42], where R=kp N, and N, is
the Avogadro constant. The molar reaction work potential
A,G® generally comprises chemical and physical terms such
as the electric polarization energy, the pore surface and edge
energies, the curvature energy term, etc. [26,40].

3.3. Coupling to Maxwell—Wagner polarization

It is shown below that the field-induced relaxations of the
electrooptical signals AS(¢) start with a sigmoidal onset. It is
outlined in the discussion that the first (rapid) kinetic mode
ASi(¢) reflects membrane stretching (MS) and smoothing of
undulations (SU). The second (slower) mode ASp(¢) is
ultimately caused by membrane electroporation (ME). In
Appendices B and C, explicit expression for the individual
terms in the sum AS(¢)=ASys(¢) + ASsy(?) + ASyg(?), where
ASyms=ASts +ASEs are derived. The membrane stretching
terms are given by:

ASGs(0)
So

(E-a)*Cp

x|
ool'w

2
B Tpol'eXp(_ t/fpol) — T eXp(—#/Tm) )
Tpol — Tm

/t\

(18)

where 1, is the time constant of the ionic membrane
polarization (Eq. (A11)),

ASys(t) Ty  3asgenE?
So =X = 80 K
( Tpol” exp t/Tpol) - Tm'exp( - ZL/‘Em) )
Tpol — Tm

(19)

where &y is the vacuum permittivity and ew ~80 the
dielectric constant of water at 7=293 K.
The undulation relaxation is specified as:

ASSU(Z) . Tg'kBT exp( — I/TSU)

= . ‘B(1),

So 8nic(nic/4a> + o) U
(20)
where
t

B(t) = / exp (i)

0 Tsu

(- Tpol eXP( — U/ Tpo1) — Tmexp( — I/ Tim) "
Tpol — Tm

The time course of the surface increase due to membrane
electroporation is given by (Eq. (A17)):

ASwme(?)

——=h-f

So —t/TmE)

= 1 T exp(
t

- / exp(V/tve + b(Eq(9)))dY (21)
0

Note that in the case of 7,, <<Tpg, the time course of
ASwme(t) simplifies to ASwme(2)/So=/f3 exp(b(E.2))-
(1 —exp(— t/TmEg)).

3.4. Angular position of the DPH transition moment

The absorbance dichroism permits to determine the
average angle o between the optical transition moment,
W, of the membrane probes 3-DPH pPC and the membrane
normal N (Fig. 1) [27]. If the average angle o between the
optical transition moments of the B-DPH pPC and the
membrane normal is o <54.7°, the elongation of the vesicles
in the field direction causes a global turning of the
membrane chromophores from originally homogeneous
radial distribution away from the external field direction
(Figs. 1 and 2), leading to negative absorbance dichroism
[26]. At >0 the amplitude of the dichroism is smaller than
that for «=0. It is known that in an electric field the
extinction coefficient tensor of a chromophore in the
membrane may also change due to the iono-electrochromic
effect or other changes of the local environment of the
chromophores, leading to a finite value of AA". However,
when the chemical term A4™ is very small compared to the
difference term A4~ | we may safely neglect the difference
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(AAl(l;H fAAéH) in Eq. (4). Therefore, the reduced absorb-
ance dichroism is given by the integral [27]:

A4 A4~ 3 T
el Z-SDPH-/O {1 — 3-cos* [arctan (p*tan6) | }
-sinf d@. (22)

In Eq. (22), A, is the initial value of the absorbance at
E=0. Sppi={(3-cos’x —1)/2} is the order parameter for
the optical transition moments of B-DPH pPC; see, e.g.,
[43.,44]. Here we model the optical transition moments 7 as
randomly distributed in a conical surface under the semi-
angle o around the membrane normal N . Note, that the
orientational angle « is analogous to the cone angle for the
stationary orientation in the “wobbling-in-cone” model for
the fluorescence of a rod-shaped molecule with the emission
moment parallel to the long axis [44]. If 7 is randomly
distributed in the body of the cone of angle o> 0, the
term Sppy in Eq. (22) has to be replaced by:

Omax 3. 2. 1 Olmax
SppH = / %-Sina doc// sino dot (23)
0 0

Following the notations of Straume and Litman [19], we
may express o by the fractions f}; and f| of the optical
transition moments of E;DPH pPC oriented parallel (/)
and orthogonal (f}) to N:

fi B 3f|| —1
2 2
where the mass conservation £} +7| =1 has been used. Note
that the parameters o, o max and f}; (f.) yield similar
information on the order of 7 relative to the membrane
normal.

Sppn = f) — (24)

3.5. Vesicle volume changes

At low electrolyte concentration, the vesicle volume
change AV is directly proportional to the conductivity
change A/ of the solution according to AL/ .= —AV/V.
Here .y 1s the maximum conductivity for the case that all
the salt ions are completely released from the vesicle interior
into the solution. The relative change of the conductivity at
the pulse time g can be related to the relative volume
change at t¢ by:

Ai(tE) ) AV(IE)

2 = ¢ o (25)

In Eq. (25), £=— Amax/4o is a constant, o=/l the
initial conductivity and V, the initial volume [36]. The
exact analytical solution for the time course of AV(¢)/V
due to electromechanical deformation of the vesicle is
given by a special Lambert W-function [31]. However, for
short pulse durations t; << 71y, Where 7y is the character-
istic time of the volume change, the volume reduction is
proportional to #p, but independent of the membrane
bending rigidity x [25].

4. Results
4.1. Electrooptic relaxations and conductivity data

In Fig. 3 it is seen that the turbidity modes A7 (¢) and
AT"(#) and the absorbance modes A4~ (r) and A4"(¢) reach
stationary values (amplitudes), respectively, already in the
time range of about 1 ps, if the field strength is E=5MV m ™'
(tg=10 ps). The data refer to a vesicle suspension of low-salt
content ¢;,=c=0.2 mM NaCl. As seen in Fig. 4, the
amplitude AT /T starts to decrease with increasing choles-
terol content x and 1AA4 /A, starts to increase at about the
same threshold mole fraction xg,,=0.01, indicating the
appearance of a different membrane structure. Since the
chemical terms IAT'| and AA" are independent of x,
cholesterol apparently does not affect the extent of the
changes in the environment of the optical transition moments.

For salt-filled vesicles, ¢;,=0.5 M NaCl, in 0.2 mM NaCl
and 0.72 M sucrose solution, the electrooptical amplitudes
are smaller than for vesicles in low-salt conditions. At low-
salt conditions, saturation is reached at x,,=0.5 whereas at
high-salt/sucrose conditions x4, =0.2.

— — — — — —

t/ us

Fig. 3. Turbidity and absorbance relaxations A7 (¢) and A4 (¢) in high
electric fields at low-salt conditions. (a) The difference modes A7/
To=(AT'—ATY)/(Ty) are positive and the plus modes AT/
TO:(AT” +2ATL)/(3T0) are negative, 7p=0.20+0.01, (b) the absorbance
modes are Ad/Ag=(Ad!'—A4L)/(4g) and Ad'/Ag=(A4+2A41)/
(34¢), A9=0.24£0.01, at E=5 MV m~ ! and the pulse duration =10
ps at different mole fractions x of cholesterol in the membrane: (—) no
cholesterol, (——) x=0.04, (---) x=0.10, (——) x=0.25 and (—*) x=0.50.
Vesicle radius ¢=50+3 nm, lipid concentration 1.0 mM, [B-DPH
pPC]=5.0 pM, c¢i=cex=0.2 mM, A=365 nm, 7=293 K (20 °C).
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Fig. 4. The dependencies of the relaxation amplitudes on the cholesterol mole
fraction x. (a) Turbidity difference mode AT’/TO:(AT‘I —ATH)/(Ty), plus
mode AF/TOZ(AT|‘ +2AT*)/(3T,), (b) absorbance difference mode A4~/
Ao=(AA"=A41)/(40) and plus mode Ad*/do=(AA"+2A41)/(34,).
Experimental conditions are as in the legend to Fig. 3.

4.2. Conductivity changes and volume reduction

A typical example of small ion release due to electro-
poration of salt-filled vesicles is shown in Fig. 5. The volume
reduction AV/V, is calculated with Eq. (25) from the relative
conductivity change A//Zq, caused by the field pulse and
measured 5 min after the pulses for two typical field strengths.
The changes start to become smaller with increasing choles-
terol content at about x=0.01, being larger at the higher field
strength by factor of about 5 compared to the lower field
strength. Visual inspection shows that the trend in the con-
ductivity term AA/J is reflected in the volume term AV/Vy,.

5. Data analysis and discussion
5.1. Vesicle elongation parameters

In Fig. 6(a), it is seen that the vesicle deformation
parameter p at the typical field strength E=5 MV m~ ',
calculated from the turbidity modes A7~ and AT" as
outlined in [35], starts to decrease with increasing choles-
terol content of the membrane at the apparent threshold
X =0.06. For x>xy,, the deformability of the vesicles is
lower both for low-salt conditions and for salt-filled

vesicles. In the range 0<x<0.05, it is mainly Ap, that
contributes to p, see Eq. (8). At E=5 MV m~ ',
Aps<0.057+£0.005 and at E=7 MV m ', Ap,=
0.117£0.005. Clearly |IAV/Vyl and thus Ap, decreases with
increasing x (Fig. 5). At low salt conditions Ap, is
experimentally not accessible. We therefore approximate
Ap, (low salt) = Ap, (high salt) for calculation of AS. Note
that for salt-filled vesicles and £ <5 MV m~ 1, AVIVy=0
(Fig. 5). Therefore, for the case Ap;=0, Eq. (8) reduces to
p=1+Ap,.

5.2. Membrane refractive index

The calculation of p requires knowledge of the refractive
index n, of the membrane. In aqueous solution, the
membrane refractive index at the wavelength 1=366 nm
and at the temperature 7=293 K is n,,=1.507 [45]. The
analysis of the optical density spectrum ODg(V,4)="Ty(4) (in
the absence of the field pulse) yields the membrane
refractive index for both the low-salt conditions 7, (low
salt)=1.507+0.002 and for the salt-filled vesicles n,, (high
salt)=1.525+0.002. For the low-salt condition ¢=0.2 mM
NaCl we have: ni,=ncex=nwater=1.347, for salt-filled
vesicles (¢;,=0.5 M NaCl): r;,(0.5 M)=1.376 and for
0.72 M sucrose ney (0.72 M)=1.382.

5.3. The mode AT" reflects water entrance

It is recalled that the field pulse-induced change AT"
(Fig. 3) is negative, which is consistent with a field-induced

decrease in the average effective index of the membrane,
defined by [46]:

nm(E) = (1 = Afw)nm(0) + Afwnw(E) (26)

In Eq. (26), Afw=fw(E) —fw(0) is the ficld-induced change
in the volume fraction fy of water in the membrane.

AV AL
V,-10-3 Ao102
50, ’l‘ 5.0
25 « ; x r25
& 0 h o ]
0.0 2 0.0
0 0.0001 0.001 0.01 0.1
X

Fig. 5. Relative volume change AV/V of the vesicles filled with 0.5 M NaCl
in 0.72 M sucrose and 0.2 mM NaCl solution (external medium) as a function
(of the logarithm) of the mole fraction x of cholesterol in the membrane,
calculated with Eq. (25) and & =— 9.5 from the relative conductivity increase
A /2 of the suspension at the end of the pulse of duration ¢ =10 ps and field
strength E=5.0 MV m~ ' (0) and E=7.0 MV m~ ' (x), respectively. The
solid lines are drawn to illustrate the trends in the dependencies of A1/, and
AV/V,, respectively. The initial conductivity is Ao=4.1 uS cm~ !; other
experimental conditions are as in the legend to Fig. 3.



S. Kakorin et al. / Biophysical Chemistry 117 (2005) 155—171 163

1.3 1 .
0 1.2 4 L
...... o)
/ 5 O 0b
1.1 4 o)
1.0 4
0.0 Q... e
(b) 153 1
bto o 0500
1.52 +
nm T
1.51 4
50 Py —— o-e® 00— o woe®
0.00 wﬁ/ S —
(c) i
0.04 -
i o .
: ] °
- Afy gi“"/’ ° oo o0 % B
o
0.02 4
O/ o ° 5
. o O
0.00 +—A
0 0.0001 0.001 0.01 0.1

X

Fig. 6. Logarithmic dependencies of p, n,, and Afy on the mole fraction x
of cholesterol. (a) The axis ratio p=c/b of an elongated vesicle (Fig. 2), (b)
the membrane refractive index nm and (c) the increase in the volume
fraction of membrane water Afy at t5=10 ps and £=5 MV m~ !, calculated
from the modes AT /Ty and AT"/T,. The arrow (<) in (b) indicates n,, at
E=0.In (a), (b) and (c): (@) refers to vesicles with ¢ =c¢;,=0.2 mM NaCl
and (O) refers to vesicles filled with 0.5 M NaCl in 0.72 M sucrose and 0.2
mM NaCl solution (external medium). Other experimental conditions are as
in the legend to Fig. 3.

Obviously, fw(E) and n,(E) refer to the presence of the
field £ and fw(0) and 7,,(0) are the values at £=0. At E=5
MV m~ ', n,(E)=1.502 is about 0.3% smaller than
nm(0)=1.507 for the low-salt condition of c¢;,=c.,=0.2
mM NaCl. For salt-filled vesicles n,,(E)=1.522 is about
0.2% smaller than 7,,(0)=1.525.

Note that Afy, as average along the membrane
normal, is different for the low-salt conditions Afw(E,
low salt)=0.027 compared to the high-salt/sucrose
conditions Afw(E, high salt)=0.015. Both values
appear to be independent of the cholesterol content; see
Fig. 6(c).

Actually, Afy in the head group region is larger than in
the hydrocarbon part of the lipid membrane. If the increase
in the water content is related solely to the two lipid head
group layers of thickness d;,=0.74 nm [47], the water
content in the layers is increased by Afy,-d/(2-dy)=0.05 and
0.09, for the salt-filled and low-salt vesicles, respectively.
This is comparatively smaller than the water volume
fraction of about 0.2 (12 water molecules per lipid
molecule) in the head group region of fully hydrated egg-
yolk phosphatidylcholine bilayer, derived from X-ray
diffraction at £=0 [48]. The conclusion that Afy refers
dominantly to water entrance into the head-group layers is
also in line with *>'P NMR data, showing that up to 70% of
the phospholipids in the electro-permeabilized plasma
membrane appear to have an altered organization of the
polar heads [49].

In any case, at low-salt concentration the field-induced
water entrance is larger than at the dehydrating conditions of
high salt concentration (0.5 M NaCl) and high sucrose
content (0.72 M). It should be noted that the volume
reduction AV/V, only partially rationalizes the large value of
AT". A part of AT" may result from a field-induced change
Ad=d(E)—d in the membrane thickness d, where d(E)
refers to the presence of the field and Ad/d=— AS\s/So.
Using Eq. (10), K=0.2 N m~ ' [12] and the components Ty
and T, of the stress tensors at E=5 MV m~ ', we find that
Ad/d=— 1.4-10" >. This is too small to account for the
actual value AT"/T,=0.04 (Fig. 3).

5.4. The field-induced surface area changes AS(t)

It is recalled that the calculated rate-limiting pro-
cess for the onset of the relaxation AS(f)=ASwms(f)+
ASgsy(t)+ASvg(?) of the membrane surface is the ionic
membrane polarization. See Appendices B and C, where
Eq. (All) is used to calculate the polarization time
constant Tyl

For the low-salt condition of ¢;,=c.=0.2 mM NaCl,
where Ain=/ex=3.8 mS/m, we find 7,,,=0.11 ps. For salt-
filled vesicles, where 4;,=1.57 S/m refers to 0.5 M NaCl
solution and 4,,=0.41 mS/m to 0.2 mM NaCl and 0.72 M
sucrose, we obtain 7,,;=0.35 ps. Obviously, the dehydrating
conditions of high-salt and high-sucrose content slows down
the ionic polarization process.

Because the time constants tgy and 7, are approx-
imately equal, the field-induced smoothing of undulations
appears to occur as fast as the polarization process; see Eq.
(11). In any case, because tyg < 7tTsy, see Eq. (9), the
membrane stretching is rapidly coupled to the slower
polarization process.

5.4.1. Normal mode parameters

As outlined above, the two main contributions of the
experimental curve AS(¢)=AS(t)+ASy(z) are the very rapid
membrane stretching (ASy(¢)) and the slower smoothing of
undulations (ASy(?)). Since s < Ty, the time constant of
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the first phase is given by 7;=7gy and the amplitude AS;
by [38]:

AS 3. (E-a)*Cn  3aegenE?
S 8 K 80K
ks T
\! 27
( " 8ni (i /4a® + 69) ) (27)

It is found that the experimental amplitude AS; compares
well with that calculated with Eq. (27). The explicit time
courses of the polarization-controlled processes MS and SU
are described by the Egs. (18)—(20). The slower mode ASy
is similar to that of membrane electroporation [35]. There-
fore we identify tj=tymg. The exact time course of
AS(t)=AS\g(?) is described by Eq. (21). It is interesting
that at the low-salt condition of ¢;,=c¢,=0.2 mM NaCl, the
time constant 1;=tgy is independent of the cholesterol
content (Fig. 7(a), left panel), whereas both the large
amplitude ASt and the small amplitude ASy start to decrease
at about x=0.07 (Fig. 7(b), left panel). At the same low-salt
condition, the electroporation-associated time constant
Tn=1tme increases with x (Fig. 7(a), left panel). Since at
the low-salt condition AS;;<AS;, membrane stretching and
smoothing are much larger than the surface area increase
due to membrane electroporation.

For salt-filled vesicles, the amplitude ASy;=AS\g of
membrane electroporation is larger than AS;=ASgy+AS\vs
(Fig. 7(b), right panel). The surface change is thus
dominated by ASyg(?). The sigmoid onset of AS(¢) reflects

that ME is rate limited by the initial membrane charging. At
x=0.1, both ASy\r and ASgy decrease with x. Summing up,
increasing cholesterol content decreases both the rates and
extents of the field-induced membrane processes.

5.5. Membrane compressibility and bending rigidity

Since cholesterol is known to affect the membrane
compressibility K and the bending rigidity x, the depend-
encies K(x), k(x) and the initial lateral membrane tension
ao are calculated from the amplitude AS;=ASgy+ASys
with Egs. (10) and (12), respectively. At the low-salt
condition, the membrane compressibility is in the range
0.2 <K/(N m~')<0.6 and the bending rigidity in the range
2.9<k/107>° J<5.8 for the cholesterol fraction 0 <x<0.5
(Fig. 8), consistent with reference data [10]. The tension
00=2.10"* mNm ™' is found to be independent of x.

For the high-salt conditions, the parameters are in the
ranges 0.9<x/107" J<3.3 and 0.55<K/N m ' <6.0 for
the range 0<x <0.2 and 0o=1.10"* mNm ™', respectively
(Fig. 8). These K values are in the range of those (K <0.7 N
m ") given by Needham and Nunn [10]. The elastic
parameters K, k and ¢, are dramatically increased in
the presence of 0.72 M sucrose and 0.5 M NaCl compared
to the low-salt conditions. As a consequence, the amplitude of
the first phase AS; becomes tenfold smaller than AS;=AS\
and the overall AS/S, decreases (Fig. 7(b), right panel).

The analysis of AS\g(?) at both x=0.2 and x=0 (Fig.
9(a) and (b)) with Egs. (18)—(21), respectively, yields the
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Fig. 7. Dependence of (a) the time constant t and of (b) the amplitude AS/S, of the rapid (O) and the slower (®) modes on the mole fraction x of cholesterol for
the low-salt conditions c.=c;,=0.2 mM NaCl (left column) and for the salt-filled vesicles with ¢;,=0.5 M NaCl, ¢.,=0.2 mM NaCl and 0.72 M sucrose
solution (left column), respectively. Rectangular electric pulse of E=5.0 MV m ™! and #:=10 ps pulse duration. Other experimental conditions are as in the

legend to Fig. 3.
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Fig. 8. The membrane bending rigidity « (a) and the stretching modulus K
(b) of the salt-filled vesicles (A) and of the vesicles with c.x=c¢;,=0.2 mM
NaCl (O) as a function of the mole fraction x of cholesterol. Other
experimental conditions are as in the legend to Fig. 7.

same electroporation parameter 5=2.4-10""> m*> V2, see
Eq. (A19). However, the electroporation time constants are
different: ty=1r=4.35 ps at x=0.2 and 7pE=2.0 us at
x=0.

Interestingly, ASyg and Ty ! for the high-salt condition
are about twofold larger than ASyg and Ty ' for ¢jn=Cexs
respectively (Fig. 7). This experimental fact is in line with
the physical—chemical electroporation theory, rationalizing
the increase in extent and rate of ME in salt-filled vesicles
by an increase in the electrostatic part of the elastic
parameters and the membrane spontaneous curvature due
to the transmembrane salt gradient [40]. The larger values of
K, k and o of salt-filled vesicles are also consistent with
major dehydration of the membrane in 0.72 M sucrose
solution. The stronger dependence of K and x on x can be
rationalized by the more compact packing of the lipid
molecules in the membrane of salt-filled vesicles. The
decrease in ASye/So and Tyvg =z |f1 with increasing x is in
line with the inhibitory effect of cholesterol on ME [9]. In
summary, sucrose and salt gradient across the membrane
favor ME but decrease membrane stretching (MS) and
undulations (SU).

Membrane cholesterol decreases not only MS and SU,
but also ME, leading to a decrease in the degree of
electroelongation of vesicles.

5.6. Radius of electropore
Using the identity AST()=ASve(t)=/2(t) - So, Eq. (17) is

applied to the data in Fig. 9. The amplitude analysis uses the
identity /,=Kj; see Eq. (16) for > < 1. Applying Egs. (A18)

and (Al19), we obtain the mean pore radius 7,=[b/
T go (6w —e1) d/(2kpT)]"*=0.940.1 nm from the fit
parameter 5=2.4-10" '* m? V~ % Obviously, the number
of pores per vesicle is given by [50]:

4-a2 ASME
Ngeszﬁ~ 5 (28)

For the range 0 <x <0.2 we have 31 > N;*>15. The mean
pore radius calculated from AS(z)/Sy is the same as
7,=0.9£0.1 nm, derived from previous conductometric
data of PC/PG-vesicles (PC/PG=1:1) of radius ¢ =50+3 nm
at E=1 MV m~" and in the (long) time range 5 < tx/ms < 60
[31,36]. For lecithin (20%) vesicles of radius ¢=90 nm in
the range 1 <E/MV m~ '<7.5 and at 1z=10 us [35], the
analysis of the release of Na'- and Cl -ions through the
pores yields a smaller radius: 7,=0.56+0.05 nm.

The turbidity (7)) in non-polarized light show that
cholesterol does not affect the refractive index of the
membrane (data not shown). Therefore x does not change
the difference (¢, — &) and, consequently, the pore radius
Fo=[b/m g0 (6w —e1)-d/(2ksT)]"*. The quantity ASyg/So
and Tyk=1" depend on x dominantly through the line
tension of the pore edge, the surface tension of the
membrane and the packing density of lipid molecules [40].

5.7. Fraction of pores and water content of the membrane

The field induced relative increase in the membrane
water content Afyw=0.016, Fig. 6(c), is about tenfold larger
than the electroporative increase in the membrane volume:
AVvie/Vei=d - AS\e/(d-Sy)=0.0029 for salt-filled vesicles.
For low-salt vesicles, we have Afw=0.028 and AVyg/
V5'=0.0012 (Fig. 7(b) at x=0). Since Afw = AVyie/Vy', the
membrane electropores cannot be solely responsible for
Afyw. Rather, besides the electropores, water appears to enter
into the head group region of the lipid bilayer due to the
global Maxwell stress. In addition, the induced membrane

ASME(t) T T T T
S»107
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Fig. 9. Surface area relaxations. The relative increase ASy\g(?)/Sy in the
membrane surface areas of lipid vesicles at E=5.0 MV m ™' as a function of
time: (a), at the mole fraction x=0.2 of cholesterol and (b), at x=0. The
solid line is the theoretical simulation of ASyr(7)/So using Eq. (21) of the
text. Salt-filled vesicles (0.5 M NaCl) in 0.2 mM NaCl and 0.72 M sucrose
solution (external medium). Other experimental conditions are as in the
legend to Fig. 3.
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field causes orientational changes of the lipid head groups in
the transmembrane field [51]. This suggestion is consistent
with the decrease in the refractive index n,, as measured
with the turbidity plus mode AT /T,

5.8. Position of reporter lipids in the membrane

It is recalled that cholesterol affects the amplitudes of the
turbidity (A7) and the absorbance (A4 ™) modes, respec-
tively, in a different manner (Fig. 4), but both A7~ and A4~
indicate electroporative vesicle deformation. However, if the
presence of cholesterol solely decreases AS/S, and thus the
degree p of vesicle elongation, the absolute values A7 |
and |A4 ™| should decrease nearly parallel with increasing
cholesterol content x. However, |AT | decreases whereas
IAA™ | increases with increasing x (Fig. 4). The numerical
analysis for the mantled ellipsoids shows that p decreases
with increasing x. Analysis of A4~ with Eq. (22) at constant
angle o suggests that p increases with increasing x.
Apparently, A4~ reflects not only vesicle elongation, but
also a decrease in the average angle o between the optical
transition moment of 3-DPH pPC and the membrane normal

(Fig. 1).
5.9. Membrane order and lipid alignments

5.9.1. Cholesterol orders the f-DPH pPC molecule

Substitution of the axis ratio p, obtained from the
stationary values of the turbidity relaxations A7~ and AT
(Fig. 3(a)), into Eq. (22) and analysis of A4 (Fig. 3(b))
shows that the average angle « is a function of x (Fig.
10(a)). The data suggest that at x=0, 2 =45° at ¢, =¢;,=0.2
mM NaCl and «=38° for vesicles filled with 0.5 M NaCl
and suspended in 0.72 M sucrose and 0.2 mM NaCl
solution. If the chromophores are randomly distributed in
the cone body of the semi-angle o,.c, Eq. (23), the
maximum angles are o, =69° and o, =56° for low-salt
and salt-filled vesicles, respectively. In terms of || and 1| ,
Eq. (24), at x=0 the fraction of p-DPH pPC parallel to the
membrane normal N is f;=0.5 for low-salt vesicles and
f11=0.62 for salt-filled vesicles, respectively. At x=0.5,
f11=0.995 for low-salt vesicles at x=0.2 and f};=1 for salt-
filled vesicles. The fraction f);=0.5 of p-DPH pPC in low-
salt vesicles at x=0 compares well with f};=0.45 at x=0 of
1,6-diphenyl-1,3,5-hexatriene (DPH) in dioleoylphosphati-
dylcholine (DOPC) vesicles (7=37 °C), determined from
the analysis of the fluorescence anisotropy decay [19]. The
fact that f;=0.5 of R-DPH pPC is larger than f);=0.45 of
DPH is rationalized by the covalent coupling of DPH in the
p-DPH pPC molecule. Obviously, there is less rotational
freedom for the 3-DPH pPC molecule than for the free DPH
in the membrane.

With increasing x (Fi&) 10(a)), the angle o of the DPH-
chromophore relative to N becomes smaller, suggesting that
the DPH lipids are more aligned along the membrane
normal. This is in line with the observation that cholesterol
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Fig. 10. The stationary value of the average angle « of the optical transition
moment of the chromophore 3-DPH pPC relative to the membrane normal
(Fig. 1). (a) Low-salt conditions (@) cex=ci,=0.2 mM NaCl, and (O) salt-
filled vesicles (0.5 M NaCl) in 0.2 mM NaCl and 0.72 M sucrose solution
(external medium), as a function of the mole fraction x of cholesterol at
E=5MV m~ "and rz=10 ps. (b) o as a function of the field strength £ for
different mole fractions x of cholesterol: (@) x=0, (w) x=0.01, (O)
x=0.05, (O) x=0.15 and (0) x=0.20 for the salt-filled vesicles (0.5 M
NaCl) in 0.2 mM NaCl and 0.72 M sucrose solution (external medium).
Other experimental conditions are as in the legend to Fig. 3.

hinders the conformational flexibility of the upper portions
of the lipid acyl chains [10,52—54]. The decrease of o with
increasing x is also consistent with X-ray diffraction data
and dielectric capacitance data, suggesting that cholesterol
decreases the depth of water penetration into the bilayer
[55,56]. Therefore there is less space for 3-DPH pPC to
deviate from the N direction [44].

If there are raft-like domains of cholesterol in the vesicle
membrane, the cholesterol would affect the position of -
DPH pPC molecules only at the boundaries of the rafts but
not in the rest of the membrane [57]. Therefore, cholesterol
rafts cannot cause the alignment of the practically all the
evenly distributed DPH-chromophores along the membrane
normal. Note that f;;=0.995 (x=0.5) for low-salt vesicles
and f};=1.0 (x=0.2) for salt-filled vesicles. So we can safely
exclude the dominance of pure cholesterol rafts.

5.9.2. Order by sucrose
In the salt-filled vesicles (0.5 M NaCl) in 0.72 M sucrose
solution, the alignment of R-DPH pPC parallel to the
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membrane normal is more pronounced than in vesicles with
Cex=Cin=0.2 mM NaCl , Fig. 10(a), consistent with the
dehydration of the lipid membrane in the presence of
sucrose. Dehydration solely by 0.5 M NaCl is less probable,
because 1 M NaCl electrolyte produces little or no changes
in the bilayer structure [48]. Various methods show that
dehydration increases the bilayer thickness and decreases
the area per lipid molecule, leading to a larger lipid packing
density. This, in turn, leads to less free space for the 3-DPH
pPC motion. Dehydration and increase in the packing
density of the lipids correlate well with the larger refractive
index nm and the smaller content of water in the membrane
of the salt-filled vesicles (Fig. 6(b),(c)).

5.9.3. Electric fields change the alignment of f-DPH pPC

For the salt-filled vesicles at x=0, the angle o« weakly
increases in the range 38° <o <41° with increasing field
strength in the range 5<E/MV m '<8.5 (Fig. 10(b)).
At x=0.2, the decrease of the alignment of the optic_)al
transition moments of R-DPH pPC (parallel to N)
is stronger: 0°<ax<23° in the range S5S<E/MV
m ' <85. If the displacement of B-DPH pPC in the
field is solely due to the field-induced membrane
thinning, the increase in « should reflect an unreason-
ably large change in the membrane surface area AS/
So~— Ad/d=— (cos(8.5°)—c0s(5°))=0.033 for x=0
and AS/S¢=0.079 for x=0.2. On the contrary, the increase
in o is rationalized by the rotational displacement of the
chromophore residue caused by the alignment of the dipolar
head groups in the field direction [27]. Since the conforma-
tion of the R-DPH pPC lipids is similar to that of non-labeled
lipids, the field-induced alignment of p-DPH pPC is
concomitant with an alignment of all other lipid molecules
of the membrane.

6. Conclusion

The electrooptic and conductometric relaxation data in
high electric fields indicate that the electro-deformation of
vesicles is associated with three different processes:
membrane electroporation (ME), smoothing of membrane
undulations (SU) and membrane stretching (MS). The small
electropores of the mean radius of 7,=0.910.1 nm lead to
electrolyte efflux from the vesicle interior, concomitant with
vesicle elongation.

In the presence of cholesterol, both ME and the
membrane surface area increase due to MS and SU are
reduced. Additionally, cholesterol increases the alignment of
the 3-DPH pPC lipid molecules parallel to the membrane
normal and thereby increases the lipid packing density.
Similarly to cholesterol, the presence of 0.72 M sucrose in
the medium increases the order of the P-DPH pPC
molecules in the membrane, decreasing the degree of
vesicle elongation in an electric field. The ordering effect
of sucrose is in line with the larger values of the membrane

refractive index of salt-filled vesicles. In an electric field
pulse, the refractive index is smaller due to the increase in
the volume fraction of membrane water. An electric field
can transiently decrease the alignment of (3-DPH pPC
molecules along the membrane normal. Surprisingly, the
electric field leads to water entrance not only locally to form
the electropores, but also globally into the lipid head group
layers. Consistent with the previous results of membrane
electroporation in ionic strength gradients [40], extent and
rate of ME are (nearly twofold) larger in salt-filled vesicles
than in low-salt vesicles.
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Appendix A. Lambert—Beer’s law

We use Lambert—Beer’s law for the absorbance:
A=17 Z &, (A1)

where ¢; is the molar extinction tensor and c¢; the
concentration of species i, ¢ is the optical path way.

For optically anisotropic ellipsoidal particles, with two
components ¢|; and ¢ ; the conventional extinction
coefficient is the orientational mean: &;=(g);+2¢& 1 ;)/3.
In polarized light it is practical to subdivide the field-
induced change d4 into two (independent) contributions.
The total differential [30]

d4 =7 ( Z ei-dci + Z Ci'de) s (AZ)

contains the chemical concentration changes ddcy = ¢
&dc; and the orientational changes ddor = ¢+ ; ¢;-de;, such
that the integral change is specified as:

A4 = Adcu + Ador, (A3)

See Eq. (2) of the main text. For dilute solutions of light
scattering particles the forward-light scattering term,
expressed as turbidity 7 obeys a concentration dependence
in a similar way as Lambert—Beer’s law for the absorbance.
Hence, analogous to Eq. (Al), the turbidity is given by:

T=¢ ZJ’i'Ct, (A4)

where y; is a kind of the molar scattering tensor of species i.
Assuming that the scattering centers are independent,
analogous to Eq. (A3), we may write:

AT = ATcy + ATor, (A5)
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If, in addition, the light extinction centers leading to the
absorbance 4 are independent of the light scattering centers
leading to the turbidity 7, then the approximations

OD=A4+T (A6)
and
AOD = A4 + AT, (A7)

are justified.

Appendix B. Global and local Maxwell membrane
tensions

The global Maxwell stress is dependent on the
positional angle 6, see Fig. 2 of the main text. The 0-
average (T g ) of the global Maxwell tension 7, is given by
[31]:

3a

Ty = <Tg> = —{sosszjff -

64k-(p— 1)
20 7} (A8)

343

where f; is the conductivity factor. At A;, > A, the
approximation f;=A.,-a/(2- A« -d) holds, where A, Ae
and /A, are the conductivities of the vesicle membrane, the
bulk solution and the vesicle interior, respectively [35]. Note,
the derivation of Eq. (A8) contains the Laplace expression
Ty=a-Py/4, referring to the two water—lipid interfaces of the
lipid membrane [38]. The global average pressure is given by
Py = 3a/20-{eoewE*f} — 641c(p — 1)/3a*}.

The O-average of the local Maxwell stress 7, across the
membrane is given by [9]:

~ Cn(Ap?

T,
/ 2 )

(A9)
where C,,,=0.5 uF cm 2 is the specific membrane capaci-
tance. The term (A¢p?) is the O-average of the induced
(squared) transmembrane potential difference in the direc-
tion of the membrane normal according to [35]:

/2
(Ap?) = (1.5'a~E;f,1)2'/ cos?0-sinfd0), (A10)
0
where 0 is the positional angle relative to the field strength

vector E (Fig. 2). For f;~1, the approximation (A¢?)=
3-a”-E*/4 applies [35].

Appendix C. Time constant 7, of the ionic membrane
polarization

The time resolution of the modes ASys(¢), ASsy(?) and
AS\g(?) is technically limited by the spark gap discharge
time controlling the switch-on of the electric field and by the
time constant 7, of the ionic membrane polarization. The
machine time of the field-jump relaxation spectrometer is

Tm <0.07 ps. The characteristic time of the membrane ionic
polarization is given by [58]:
Tpol=@Coy (A + 22 /2) (A11)
In the case of in Ai,=1e=3.8 mS m~', Eq. (All) yields
Tpot=0.11 us, which is comparable with 7,=0.07 ps.
Therefore, the increase in the field strength E,, of the
membrane of thickness d can be formulated along the lines
given by Eigen and DeMayer [59]. Here, the differential
equation for E,(f) is specified as:

dE, . En  1.5E-af;|cos 0-(1 —exp(—t/tm))
dr Tpol d'fpol
(A12)

where E is the stationary value of the external field
strength. At small values of £<5 MV m™ !, where f;~ 1
(practically no ME yet), the integration of Eq. (Al12)
yields:

En(1)

1.5-E-a*|cos 0] - t
_LsEakn exp(— /101 | exe(o/5m)
Tpol 0

(1 —exp(— ¥/tm))d¥ = 1.5:E-a:|cos 0]
-(l — (rpol-exp( — t/rpol) — Tmexp( — t/rm))
/(Tpol - Tm)>/d

where ¥ is the dummy time variable. The time constants
Tm and 1t,, permit to calculate the delay time
t4=Tm+Tpor in the build-up of 7, and 7, and,
consequently, the description of the sigmoidal increase
in the time course of ASyg, ASsy and ASyg, respec-
tively. Since tyvs < 1Tpo and Tvs <14, see Eq. (9) of
the text, substitution of 7,=C,-d>(E2)/2, where
(E2)=(Ap> /d* see Eq. (Al3), into Eq. (10) yields
Eq. (18) of the text. Note, even if 7,5 > 1, Eq. (18)
represents a sigmoidal increase in ASrs, because of the
quadratic term (1 —exp(—¢/ rpol))z.

The build-up of the global stress 7', (Eq. (A8)) depends
on the build-up of the global polarization of the vesicle (t,,)
and on the decay phase of the displacement current across
the membrane (t,0). Actually, as long as the electrical
membrane condenser is not completely charged, the
membrane is conductive and the global polarization of the
vesicle is not fully established.

Applying Eq. (A12), the displacement current density
j3 of the current I=dg/dt through the membrane is given
by:

(A13)

d_ dg _ __dEm
T =gidr T Y g

exp(— t/fpol) - exp(— t/Tm)

= 1.5'E-a’|cos 0| Cy
Tpol — Tm

(A14)
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The membrane conductivity 1%, due to the displacement

current density, jo=A%E,., is given by:

_ Cod-(exp( = 1/Tpo1) — exp( — 1/Tm))
Tpol — Tm — (Tpol'exp( - t/Tpol) — Twexp( — t/Tm)) .
(A15)

The total membrane conductivity is given by Ay, =

(iﬁj)z +(22)°, where A9, is the real part of the membrane
conductivity. For the closed (non-electroporated) lipid
membrane 10=5-10"" S m~' [60]. During membrane
charging, the inequality 4,9 1[ holds and therefore
Jm~ 24 At small degrees of vesicle deformation p<1.5,
Eq. (A8) can be approximated by Tg=3a-£08WE2/80 and
the membrane area increase due to the global tension is
given by the Eq. (19) of the main text.

In most practical cases, the smoothing of thermal
undulations is described by the inequality T,/(m-x/
4a*+0,) <1 [61]. Thus Eq. (12) of the text simplifies to:

ASsu kT T,

So  8mk ni/4a> + o

(A16)

In the case when gy =~ 7,01, the kinetics of ASsy(£)/S, is
given by the Eq. (20) of the main text.

Appendix D. Membrane electroporation parameters
The built-up of the fraction of membrane pores f, is

explicitly calculated by insertion of Eq. (A13) for the
membrane field into the kinetic rate equation:

W h_Re(b(EL0)

dt TME TME

(A17)

Using the initial condition f>(=0)=f3, we obtain the Eq.
(21) of the main text.

The field dependence of the overall equilibrium constant
K, of the poration—resealing process of ME according to
Eq. (13) is given by [50]:

K> = Ky-exp(b(Ep)), (A18)
where KY=K»(En=0) and

b = mwe (6w — &) Fod/(2ksT), (A19)
where 7, is the mean pore radius. It is recalled that in the
initial time range of # <1, the induced average membrane

field term (E) depends on time due to the ionic polar-
ization; Eq. (A13).
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Glossary

K: membrane stretching modulus (N m)

/»: surface fraction of membrane pores

fw: volume fraction of water in the membrane

f;: membrane conductivity factor

ny: refractive index of the extravesicular medium

N refractive index of the lipid membrane

Ny average pore number in one vesicle

T, global Maxwell tension of membrane

T,: A local Maxwell tension of membrane

AT, AT": turbidity “minus” and “plus” modes, respectively

AA~, AA": absorbance “minus” and “plus” modes, respectively

7p: mean pore radius

AS': increment of the membrane surface area S

AS\s: increment of the membrane area due to stretching

ASgy: increment of the membrane area due to smoothing of thermal
undulations

AS\g: increment of the membrane area due to electropores

So: membrane initial projected surface area (at £=0)
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tg: duration of the rectangular electric pulse

Vo: initial vesicle volume (at £=0)

a: radius of projected surface of the vesicle

p=c/b: axis ratio of the spheroidal vesicle

E': electric field strength

E,: electric field strength of the membrane

x: mole fraction of cholesterol in the membrane

o: orientational angle of the chromophore in the membrane
o: membrane lateral tension

0. initial membrane lateral tension (at £=0)

171

K: membrane bending rigidity

Am: conductivity of the membrane

Ain: conductivity of the intravesicular solution

Aex: conductivity of the extravesicular solution

Tyms: characteristic time of membrane stretching

Tsy: characteristic time of smoothing of thermal undulations
TpmE: relaxation time of membrane electroporation

Tpol: Characteristic time of ionic membrane polarization

Tm: characteristic machine time of the field-jump apparatus
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