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Abstract

The effect of cholestero] on the monensin mediated proton—caticn exchange reaction was measured in the time-resolved
domain. The experimentul system consisted of a black lipid membrane equilibrated with monensin (Nachliel, E
Finkelstein, Y. and Gutman, M. {1996} Biochim. Biophys. Acta 1285, 131-145). The membrane separated 1wo compart-
ments containing electrolyte solutions and pyranine (8-hydroxypyrene 1.3.6-trisulfonate) was added on to one side of the
membrane. A short laser pulse was used to cause a brief transient acidification of the pyranine-containing solution and the
resulling electric signal, derived from proton—cation exchange. was measured in the microsecond time domain. Incorpora-
tion of cholesteral had a clear effect an the electric transients as mc.nured with Na* or K* as lmnsponable cations. The
measured Iransients were subjected ta rigarous analysis based on numeric i ion of coupled ial rate
equations which correspond with the perturbed multi-equilibria state between all reactants present in lhe system. The
various Kinetic parameters of the reaction and their dependence on the cholesterol content had been determined. On the
basis of these observations we can draw the following conclusions; (1) Cholesterol perturbed the homogeneity of the
membrane and microdomains were formed, having a composition that differed from the average value. The jonophore was
found in domains which werc practically depleted of phosphatidylserine. (2) The diffusivity of the protonated monensin
{(MoH) was not affected by the presence of cholesterol. indicating that the viscosity of the central layer of the membrane
was unaliered. (3) The diffusivity of the monensin metal complexes (MoNa and MoK) was significantly inereased upon
addition of cholesterol. As the viscosity along the cross membranal diffusion route is unchanged, the enhanced motion of
the MoNa and MoK is attributed to variations of the electrostatic potential within the domains.

Keywords: Monensin; Cholesterol; Micradomain; Time-resotved polarization: Poliization

1. Introduction

In the preceding publication [1] we deseribed an
experimental method, based on asymmetric pulse
torated monensin: GOH, O acidification of a bilayer membrane. that can quanti-
nated and fonized state, re tate the physical properties which control the flux of

* Corresponding author. Fax: +972 3 6415083, uncharged hydrophobic bodies across the memorane.

Abbreviations: PC, ph()\ph.mdyldmllm. PS. phosphatidylser-

ine: ch, MoM. 1 complex: MaH, pro-

8-hydroxypyrenc in its proto-
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That study clearly discriminated between the ef-
fects of viscose drag and the dipolar field as indepen-
dent modulators of the diffusion across the mem-
brane. Encouraged by the results we employed this
method to investigate the effect of cholesterol on the
rigidity of the membrane and the intensity of the
electrostatic potentials. According to the common
knowledge that chalestero! increases the rigidity of
the membrane [2-4] we were expecting to measure a
slower diffusion of the MoH in cholesterol-enriched
membranes. Cholesterol also affects the intensity of
the membrane’s dipolar field. The dipolar field of
phospholipid membranes is generated by the ordered
dipales of the fatty acid’s carbonyls and the ordered
water al the interface {5-7]. Cholesterol. when incor-
porated into bilayers {8] or monolayers [9] is oriented
normal to the surface with its dipole pointing in the
same direction as that of the carbonyls or the ardered
water. As a result the measured field was increased
upan incorporation of cholesterol to a membrane.
Based on this information it was expected that addi-
tion of cholesterol will retard the diffusion of the
polarized MoNa and MoK complexes even more than
that of the nonpolar MoH. Our experimental mea-
surements demonstrated that both expectations were
not fulfilled. The diffusivity of MoH. as measured
across the membrane’s acyl chain region. was not
reduced in cholesterol-containing membrane, indicat-
ing that the viscosity along the cross-membranal tra-
jectory of the diffusing monensin is hardly affected
by the incorporated cholesterol. In parallel we found
that the presence of cholesterol increased the cross-
membranal diffusivity of the dipolar Mo?a and MoK
complexes. This finding implies that in the immediate
vicinity of the monensin the local dipolar field is not
equal to the average one as measured by more macro-
scopic techniques [7.8].

The detailed analysis of the experimental tracing
yielded, among ather parameters. the number of
phosphatidylserine molecules which are at proton
transfer range from the monensin-metal complex. The
results indicate that addition of cholesterol caused a
sharp fall in that number. In the absence of choles-
terol, there are about 25 phosphatidylserine (PS) car-
boxylates per MoM molecule. In the presence of
cholesterol we measured less than one. This observa-
tion indicates that the homogeneity of the membrane
was lost and microdomains, poor in PS and rich in

PC und cholesterol, are formed. These microdomains
appear to be a better solvent for the monensin metal
complexes.

The ctfect of cholesterol on the domains structure
in phospholipid membrane has been measured at
temperatures close to the transition temperature where
both the liquid-crystal and the gel states coexist
[9-11] 1t was found that. under these conditions.
cholesterol breaks down the domain and enhances the
homogeneity of the membrane. In the present ¢.m-
munication we report that cholesterol can also impose
domain formation in the liquid-crystal state of the
membrane. The energetic considerations which ac-
count for this behavior are discussed.

2. Materials and methods

The observation cell, the preparation of membrane
and the equilibration with monensin were carried out
exactly as in our previous publication [1].

The excitation of the dye was attained by an LCI
nitrogen laser delivering to the observation celi a 1 ns
pulse of = 100 pJ (A, = 347 nm). Because of the
lower energy. in comparison with the conditions used
in our previous publication, the concentration of
pyranine in the cell was raised up to 900 uM. The
measuring cicuit used for monitoring the transient
was essentially that described before [1], except that a
60 dB voltage amplifier (Analog Modules 324-A-4-B)
substituted the current/voltage converter and the
conducting ¢lecirolyte concentration (choline chio-
ride) was increased to 1 M.

The phospholipids (Avanti, egg phosphatidyl-
choline and brain phosphatidylserine, at 3:2 w/w
ratio} were mixed with cholesterol {all in CHCI,) to
the desired proporiions {w /w). dried up by evacua-
tion and disscived either in hexane or in decane to
final concentrations of 0.5% and 1.5% (w /v), respec-
tively.

For each cholesterol /phospholipid mixture, a new
bilayer was made up and equilibrated for 20 min with
monensin (20 uM. added on bath sides). At the end
of the equilibration 900 pM pyranine was added to
the driving (D) side of the cell and the pulsing by the
laser was commenced. The electric signals were mea-
sured in the presence of saturating concentrations of
NaCl (150 mM and up} or KCI (250 mM and up).
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For each membrane the transients were measured
with increasing salt concentrations to verity that the
dynamics and shape of the signal are independent of
the salt concentration.

The numeric analysis of the transient was similar
to that described previously [1].

3. Resuits

3.1. The pofarisation transient driven by the proton
pulse

A typical voltage transient generated by pulse
acidification of the membrane is shown in Fig. . The
experiment, carried out with a cholesterol-free mem-
brane, bears all the characteristic features discussed
in the preceding paper [1]. The most initial phase of
the transient is a fast unresolved positive spike. It is
followed by a brief, negative transient which evolves
into a long positive wave that contains most of the
data points.

Experiments that were carried out in the presence

nvna{}
i -
iy

, X‘u M,_‘W*
§

~c‘04‘\ — ' -
a 50 120, 158

FS

Fig. 1. Polurization transient of a black lipid membrane impre;
nated with i I o puise acidification of one side.
The membrane, made as in Section 2. was equilibrated for 20
min with 20 gM monensin in a solution containing 1 M choline
chloride, 150 mM NaCl, (900 uM pyranine was added on the D
side {see Ref. [1] for more details). The membrane was irradiated
by 256 laser pulses (= 100 21 3347 nm) at a repetition rale of
0.2 Hz. The electric potential built between the two sides of the
membrane was measored by a tast responding voliage amplitier
and the signals were averaged before display. The solid line
superpositioned over the experimental signals is the reconstructed
dynamics gencrated by the | detailed in Ref. [1].

of cholesterol were very similar in shape and no extra
features were observed (Fig. 2). Each sample was
subjected to irradiation at two levels of pulse energy.
yielding signals with amplitudes of =12 uV and
= 2 puV. respectively. (Please note that in the present
communication the transients are of voltage, not cur-
rent. thus the shape of the curves is aot the same).

3.2. Numeric analysis of the observed rransients

The numeric reconstruction of the signals followed
the same procedure and program as described before
[1]. Eech signal was analyzed de novo and the ad-
justable parameters were varied until the calculated
charge disbalance transient (AQ vs. r) matched the
measured one (AV/C vs, 1), where AV is the
measured voltage and C is the capacitance of the
membrane. The fitting ignored the poorly resolved
early spikes and concentrated on the main positive
voltage wave.

Black lipid membrane preparations are quite noto-
rious for their instabilities. If technically possible, it
is better to carry out a full set of measurements on
the same membraie. In the present study this was
beyond reach as cholesterol cannot be incorporated
into a pre-existing membrane.

Ta cc for this handicap and increase con-
fidence in the analysis, we repeated the kinetic mea-
surements, as carried out for each lipid /cholesterol
ratio, 2 to 4 times. Each membrane was made on
another day and the kinetics were measured both at
the high and the low outputs of the exciting laser
pulse. The amplitudes of the signals,
recorded at high and low laser intensity, vary by
5-6-fold (see Fig. 2). Yet. in spite of these varia-
tions, the numeric reconstruction of the signals con-
verged into the same set of rate constants. The only
parameter that varied in proportion with the ampli-
tude was the size of the perturbation.

The fitted curves, shown in Figs. 1 and 2, docu-
ment the results of experiments carried owt with
different cholesterol content using cither Na*™ or K™
as transportable cations both at high and low intensi-
ties of the laser pulse.

The numeric reconstruction was carried out for all
the cxperimental signals as measured with mem-
branes where the cholesterol content varied from zero
to 30%. The quality of the fits was as excmplified in
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measured with phospholipid membranes equilibrated with monensin. The

Fig. 2. The effect of chol | on the
experiments were measured as described in Fig. 1 except that cholesterol was added to the lipid mixture at the concentration marked in
evch frame. The transportable cations were Na * (Frames A. C. E)or K~ (Frames B, D, F). The laser intensity in C and D was lowered to

=20 pl/pulse. The smooth curves age the numeric reconstruetion of the dynamics.
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Table |
The kinetic and equilibrium constants characterizing H™/Na ™ exchange by monensin in the presence of varying cholesterol conlent
% Chol. 0% 15 5% 10% 15% 20% 25% 30%
PS (uM) 630 300 15.0 44.0 66.0 45.0 480 390
PS/MoM 220 0.85 0.75 075 075 0.75 0.7¢ 0.75
ky 10°M7' 57" MoNa+H* 75 10.5 10.5 10.5 105 105 10.5 105
ket 10%M7T s MoH + Na® 30 3.0 30 30 10 3.0 30 30
kyy 10"M7's™! Mo 4+ H' 05 05 05 Lo 1.0 1.0 1.0 1.0
by 10°M7P ) Mo +Na* 2.0 2.0 2.0 20 20 2.0 20 20
ket 105571 MoH|, » MoHy 6.7 5.8 58 57 6.0 6.2 6.4 6.2
kyn 105571 MoNag — MoNay, 0.4 04 0.4 04 045 0.85 1.7 6.0
- MoH + ¢0" 1.2 1.2 1.2 1.2 1.2 12 1.2 1.2
' PSH + 40" 1.0 1.0 1.0 0.8 08 08 0.8 038
pK (H*)  MoNaH 48 5.25 3.7 6.22 6.22 6.28 6.3 6.3
pK (Na*) MoNaH 1.0 146 1.96 2.55 285 3.0 33 34
pK MoH 6.62 6.62 6.62 6.62 6.38 6.35 6.1 6.1
pk MoNa 282 2.83 288 295 301 3.07 3125 32

The parameters listed in each column represent the measurements carried out at the given cholesterol value. The units of the parametess

are given in the first column,
Fig. 2 and the rate constants are listed in Table 1 (for
Na*) and Table 2 (for K™).

3.3. Visualization of the effect of cholesterol on the
polarizution transient

Due to daily variations in the experimental condi-
tions, direct comparison between experiments carried

out with different cholesterol contents is inappropri-
ate.

To demonstrate the effect of the cholesterol con-
tent on the shape and magnitude of the electric signal,
we chose 1o reconstruct the experiments at the ideal-
ized virtual reality of the computation space, where
the initial reactant concentrations could be equalized
and the parameters, given in Table I or Table 2, were

Table 2
The Kinetic and equilibrium ronstants ch izing H* /K™ exch: by in the presence of varying cholesterol content
% Chol. 0% 1% 5% 10% 15% 20% 25% 30%
PS (uM} 670 140 260 370 49.0 520 56.0 720
PS/MaM 20.0 0.85 0.75 075 0.75 0.75 075 0.75
10 M~ MoK +H* 0.7 0.7 0.7 07 0.7 07 1.0 10
10°M~'s™' MoH+K* 24 24 24 24 24 24 24 24
0"M's"' Mo~ +H* 0.7 0.7 0.7 0.7 0.7 0.7 0.5 0.5
kot 10°M7 157! Mo~ +K* 2.0 20 20 20 20 20 20 20
ki 10857 MoHp — MoHy 6.7 6.8 6.8 6.2 6.0 60 6.7 6.5
ki 10757 MoKy = MoKy LS 180 18.0 40,0 270 400 $6.0 65.0
S10°M7 57! MoH + 40" 12 1.2 1.2 1.2 1.2 12 1.2 1.2
ki 10" M~ 57! PSH + 40~ 1.8 08 0.7 038 0.6 06 0.6 0.6
pK(H™) MoKH 4.95 516 5.52 6.0 6.0 6.0 6. 60
pK (K"} MoKH 015 0.38 0.9 14 172 1.84 2,22 2.32
pK MoH 6.62 6.62 662 6.62 64 6.38 6.1 6.1
pk MoK 1.82 184 192 2,02 212 222 232 342

The parameters listed in each column represent the measurements carried out at the given cholesterol value. The units of the parameters

are given in the first column.
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Fig. 3. Simulation of the p under equal boundary conditions. The curves are the numeric reconstruction of the

dynamics w:th 1%, 5% nnd 10% cholesterol (Frame A) or 10%,

per pulse. p
used for the reconstruction were taken from Table 1.

used to reproduce the dynamics for the various
cholesterol contents of the membranes.

As shown in Fig. 3. the effects of cholesterol on
the polarization signal vary with its intramembranal
content. Below 10% it suppressed the transient and
stretched the perturbation over time (Fig. 3A). At
higher concentrations, the trend is reversed (Fig. 3B);
the amplitude increases while the relaxation time
becomes shorter.

A similar pattern was obtained with K* as a
transportable cation (not shown).

4, Discussion

The simulated p ing the signals as
shown in Fig. 3 (A and B) demonstrate the complex-
ity of the cholesterol effect. At low content it sup-
presses the electric signal while at higher content the
transient increases both in magnitude and rate. Any
attempt to quantitate the observed effect of choles-
terol just by referring to amplitudes and time con-
stants will not serve to clarify why cholesterol causes
these effects. As argued in the preceding publication.
the understanding of the dependence of the observed
signal on the cholesterol content must rely on the
molecular parameters listed in Tables | and 2. In the

15%, 20%.

% and 30% cholesterol in Frame B. All other

. Na ™ and initial pH) were set to be equal. The rate constams and PS /MoM ratio

following discussion we shall implement this ap-
proach.

d.1. Quantitative evaluation of the rate constanis

The chemical events which drive the electric tran-
sient are initiated by protonation of the carboxylate of
the phosphatidylserine moieties (see Scheme 2 in the
preceding publication [1]). The rate constant of this
reaction (k,, in Tables 1 and 2) has a magnitude
typical of u diftusion controlled reaction and the rate
is independent of the cholesterol content. In parallel,
the diffusion controlled reaction between @O~ and
the protonated phosphoscrine headgroup is also unaf-
fected by cholesterol. Thus it can be concluded that
incorporation of cholesterol does not modify the ac-
cessibilitv of the phosphoserine moieties to the bulk
[12]. The same conclusion is reached with respect to
the accessibility of the monensin-metal carboxylate.
The rates of its protonation by H* or deprotonation
by O~ (&, and k,, in Tables 1 and 2) are diffu-
sion-controlled according to their magnitude and are
not affected by the incorporation of cholesterol.

While the rates of interaction between monensin
and water-soluble ions seem to be unaffected by
cholesterol, some equilibrium constants like the dis-
sociation of MoH (pK,,) and the dissociation reac-
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tions of the ternary complex {pK,, and pK,;) exhibit
a clear dependence on the cholesterol content. We
consider these changes as evidence that the immedi-
ate environment surrounding the monensin changes
upon addition of cholesterol yet a mechanistic inter-
pretation of the measured effect is still premature.

4.2. The rate of transmembranal diffusion

As detailed in the preceding publication {1], both
MoH and MoM diffuse across the membrane as
uncharged complexes. Tire MoH complex, devoid of
dipole moment. is retarded only by a viscous drag
while the MoM complex, due to its dipole moment,
has also to overcome the energy barrier set by the
dipolar ficld of the membrane. A quantitative evalua-
tion of the effect of cholesterol on the diffusivity of
the two complexes can discriminate between the vari-
ation in viscosity and modulation of the electrostatic
potential in the immediate vicinity of the diffusing
complex.

The dependence of the rate of cross-membranal
diffusion of MoH and MoM are shown in Fig. 4. It is
evident that cholesicrol does not increase the viscous
drag. The rate constant of MoH diffusion across the
membrane is constant and equal to that measured in

the absence af cholesterol. The drag, as calculated for
the cross-membranal diffusion of monensin, is com-
patible with local viscosity of = 1 poise. There are
numerous experiments based on a variety of method-
ologies (fluorescence polarization [2], NMR [3] and
photoaccoustic measurements [4]) which consistently
record an incremental viscosity of the membrane
upon addition of cholesterol. In all these experiments
the gaugement of the viscosity was along the mem-
brane’s surface. In the present study it is measured
normal 1o the plane. Thus our measurements are not
in contradiction to common knowledge but illuminate
an aspect as yel untouched.

The cholesterol molecules in the membranc are
arranged with their 3-OH moiety exposed to the
water, while their rigid hydrophobic body inserted
between the acyl chains {11,13-15]. In this position
they function as a spacer between the polar head-
groups, hut do not interact with them [13.16]. The
insertion of the cholesterol into the membrane rigidi-
fies the outer section of the acyl chains, while at the
inner section of the low dielectric matrix the disorder
is increased [17]. The unaltered rate of MoH diffu-
sion, from one side of the membrane to the other,
implies that the initial equilibrium placement of the
carrier within the membrane is such that its cross

k)
3

Fig. 4. The eflee

i
T chnlesteral

of cholesterol content on the rate of monensin ditfusion acr

L o n L
] 2 BTl

s the membrane. <, The rate constant of MoH diffusion.

O, The rate constunt of MoNa diffusion. X. The rae constant of MoK diftusion.
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membranal diffusion mostly transverses the midsee-
tion of the membrane where the rigidifying effect of
cholesterol is not expressed.

These conclusions are in accord with the theoreti-
cal calculations of the free energy of monensin trans-
fer from water to membrane. The monensin molecule
is mostly hydrophobic and only its carboxylate region
carries some local charges. As a result, upon dissolv-
ing in the membrane, most of the ionophore will be
submerged in the low dielectric matrix of the mem-
brane while only the carboxylate region is exposed to
the aqucous phase. Upon diffusion across the mem-
brane the ionophore™s center of mass transverses only
the midsection of the membrane. In parallel the
ionophore rotates so that its hydrophilic segment
faces the nearest lipid-water boundary (Ben-Tal and
Gutman, unpublished results).

The diffusion of the MoM complexes is controlied
both by the viscous drag and the interaction between
the molecular dipole and the dipolar field of the
membrane [1]. The enhanced diffusivity of both MoNa
and MoK across the membrane (see Fig. ) as a
function of the cholesterol content implies a dimin-
ished electrostatic barrier in the vicinity of the mon-
ensin. This conclusion contradicts the observations of
Franklin and Cafiso {7] or Simon et al. [8] thit
cholesterol increases the dipolar field of the mem-
brane. This apparent discrepancy might be explained
by assuming that the environment sampled by our
gauge particle differs greatly from the averaged value
of the membrane. The incorporation of cholesterol
appears to break the homogeneity of the membrane
and microdomains of different lipid composition are
formed. These cholesterol-rich PC domains are the
favored site for the binding of the ionaphore. Due to
the short decay length of the dipolar field [6]. the
local intensity within the domain may differ from that
measured by less resolving methods [7.8].

4.3. Proton exchange between surface groups

The mechanism of proton transfer between immo-
bile surface groups has been reviewed recently by
Gutmun and Nachliel [12]. A proton released by one
site can be taken up by the adjacent one with a
varying probability of escape to the bulk. Sites that
are close enough for their Coulomb cages to overlap
will exchange proton with marginal loss to the bulk.

@

As the distance between the sites increases, the effi-
ciency of proton transfer between them fulls sharply
and most of the protons will be lost to the bulk.
Time-resolved Kinetics measurements have shown that
for reactants placed at a distance comparable to the
Coulomb cage radius, the apparent rate constant for
proton transfer has & magnitude of approx. 1-3- 10"
(12}

The proton pulse causes a transient protonation of
the whole surface of the membrane. Yet the measured
electric signal is generated only by those protons
which react with PS molecules that are located within
a proton transfer range (= 20-30 A) frem a mon-
ensin molecule. Analysis of the experimental curves,
measured in the absence of cholesterol. indicated that
the rate of proton transfer from proionated PS to
MoNa has a rate constant of = 1 - 10" and about 25
molecules of PS are available for each monensin
molecule 1o serve as a proton donor. Assuming a
random distribution of phospholipid in the membrane
and a surtuce area of = 50-60 A® per phospholipid
headgroup, then at a relative abundance of 40% PS.
this number of PS molecules will be found in a
domain having a width of abowt 30 A surrounding
cach MoM complex. Each PS molecule within this
boundary. if protonated. has an appreciable probabil-
ity to transfer its proton to the monensin’s carboxyl-
ate before the proton is lost to the bulk. Upon addi-
tion of cholesterol the number of PS molecules lo-
cated at a proton transfer distance trom the monensin
drops sharply 10 less than onc. indicating that the
immediate perimeter of the monensin (ie. =30 A
wide ring) is cffectively depleted of phosphatidylser-
ine.

44, The effect of cholesterol on the microscopic
structure of the membrane

The thermodynamic favored position of cholesterol
in the membrane is along the extended acy! chains
[13-17] with no interactions with the headgroups.
Due to the fact that cholestcrol is only a spacer
between the headgroups, its insertion between phos-
pholipids differing in the intensity of their head-
groups’ interaction will affect the vverall energetics
of the system. Headgroups which interact poorly with
each other, like phosphatidylcholine, will have a
higher affinity for cholesterol than PS or PE. which
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have a stronger adherence between their polar head-
groups {15-18]. Indeed the miscibility of cholesterol
in PC is higher *han in negatively charged phospho-
lipids [18-20].

The incorporation of cholesterol in the lipid mix-
ture had a dramatic effect on the efficiency of proton
transfer between PS and monensin. The abundance of
PS within the perimeter of MoM was diminished,
indicating that its lipid composition differed from the
average. The observed diminution of the proton trans-
fer efficiency from protonated PS to MoM complex
can be explained by two models. The first one is
based on the observation of Spooner and Smalt {21]
that triolein, added to a lipid bilayer, sinks deeper in
a cholesterol-containing membrane. Such an explana-
tion for our observation is inadequate as the mea-
sured accessibility of MoH to 4O~ is not affected by
addition of cholesterol (k,;, Tables 1 and 2). The
alternative explanation is to assume that the mon-
ensin favors the PC, cholesterol-rich domains where
the abundance of phosphatidylserine is low.

At a temperature close to the main transition tem-
perature of a lipid membrane, addition of cholesterol
upsel the coexistence of the gel and liquid-crystal
domains [21-24], shifting the syslem to a state of
homogeneity. The domains reported in this study
differ not in the ordering and interaction of their acyl
chains but in the composition of the headgroup re-
gion. When the acyl chains are fully miscible, and the
membrane is high above the transition remperature,
the selective interactions between the polar head-
group impose unequal miscibility of the cholesterol
{17-20] and phase separation in the liquid state of the
membrane takes place.

Bloom and Thewalt [15] had pointed out that local
properties must be monitored by the methodologies
whose spectral time matches the propagation of the
perturbation within the local domain. As shown in
this study, we have employed the proton as a gauge
molecule. By monitoring the rate of its reaction with
the various membranal components we could dis-
criminate the heterogeneity near the ionophore em-
bedded in the multicomponent membrane.
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