
ELSEVIER giochimica et Biophysica Acta 1285 (1996) 146-154 

Utilization of  monensin  for detection of  microdomains  in cholesterol 

containing membrane 

s. Bransburg-Zabary, E. Nachliel, M. Gutman ~ 
I~tser l~UtelrtttaCv.[~}r Fast Reac ¢iems in Biologl. Dcl~trlment e~f Bic,clu,~ti.~tt3'. George .~ Wi.~e Fa¢ ~d 0 of L(fi" St'iences, Tel At'it 

Unh l.r~ity, Rom~:l A+'h' 69978, I~rael 

Received 15 May 1996; revlsed 19 July 199h: uccepled 19 July 1996 

Abstract 

The effect of cholesterol on the monensin mediated proton-carlton exchange reaction was measured in the time-resolved 
domain, The experimenla[ syslem 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 two 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 transien t acidification of the pyranine-containing solution and the 
resulting electlic signal derived from proton cation exchange, was measured in the microsecond time domain. Incorpora- 
tion of cholesterol had a clear effee~ on tile electric transients as measured with Na + or K + as tronsportable cations. The 
measured Iransients were subjeeled to rigorous analysis based on numeric inlegralion of coupled, non-llnear, differential rate 
equations which con'espond with the pcrlurbcd multi-equilibria state between all reactants present in the system. The 
various kinetic parameters of file reaction and their dependence on the cholesterol content had been determined. On the 
basis of these observations we can draw the following conclusions; (I) Cholesterol perturbed the homogeneity of the 
membrane and microdomains were formed, having a composition that differed from the average value. The ionophore was 
found in domains which were practically depleted of phosphatidylserine, (2) The diffusivity of the protonated monensin 
(Moll) was not affected by the presence of cholesterol, indicating that the viscosity of the central layer of Ihe membrane 
w~ls unullercd. (3) The diffilsivily of the inonensh, mehd comple×es (MoNa and MoK) was significantly increased 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 variatious of the electrostatic potential within Ihe domains. 
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In the preceding publication [I] we described an 
experimental method, based on asymmetric pulse 
acidification of a bilayer membrane, that can quanti- 
tare the physical properties which control the flux of 
uncharged hydrophobic bodies across the membrane. 
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That study clearly discriminated between the of- 
feels 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 cholesterol increases the rigidity of 
the membrane [2-4]  we were expecting to measure a 
slower diffusion of  the Moll  in cholesterol-enriched 
membranes. Cholesterol also affects the intensily ot 
the membrane's dipolar field. The dipolar field of 
phospholipid membranes is generaled by the ordered 
dipoles of  the fi/tty acid's carbonyls attd the ordered 
water at the interface [5-7] .  Cholesterol. when incor- 
porated into bilayers [8] or monolayers [9] is oriented 
normal to the surface with its dipole poiming in the 
same direction as that of  the earbonyls or the ordered 
water. As a result the measured field was increased 
upon incorporation of cholesterol to a membrane, 
Based on this inlbmmtion 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 Moll .  Our experimental mea- 
surements demonstrated that both expectations were 
not fulfilled. The diffusivity of Moll ,  as measured 
across the membrane's acyl chain region, was not 
reduced in cholesterol-containing membrane, indicat- 
ing that the viscosity along the cross-membranul tra- 
jectory of the diffusing monensin is hardly affected 
by the incorporated cholesterol. In parallel we lbund 
that the presence of cholesterol increased the cross- 
membrenal diffusivity of the dipolar MoNa and MoK 
complexes. This finding implies that in the immediate 
vicinity of the mooensin the local dipolar field is nm 
equal to the average one as measured by more macro- 
scopic techniques [7,8]. 

The detailed analysis of  the experimental tracing 
yielded, among other 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 
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PC and cholesterol+ are formed. These mierodomains 
appear to be a better solvent for the monensin metal 
complexes. 

"File effect of  cholesterol on the domains st:~acture 
in phospholipid membrane has been measured at 
temperatures close to the transition temperature where 
both the liquid-crystal and the gel states coexist 
[9-111. It was found that. under these conditions, 
cholesterol brews down the domain and enhances the 
houtogeneity of the membrane. In the present c.~m- 
munication we report that cholesterol can also impose 
domain formation in the liquid-crystal state of  the 
nlcmbrane. The energetic considerations which ac- 
count for this behavior are discussed. 

2. Mater ia ls  and methods 

The observation cell, the preparation of membrane 
and the equilibration with monensin were carried out 
exactly L~s in our previous publication [I]. 

The excitation of the dye was attained by an LCI 
nitrogen laser delivering to the observmion cell a I n s  
pulse of = 100 ,ttJ (a,,,,, = 347 nm). Because of the 
lower energy, in comparison with the conditions used 
in our previous publication, the concentration of 
pyraninc in the cell was raised up to 900 /sM. The 
measuring circuit used for monitoring the transient 
was essentially that described before [I], except that a 
60 dB voltage amplifier (Analog Modules 324-A-4-B) 
substituted the current/voltage converter and the 
conducting electrolyte concentration (choline chlo- 
ride) was increased to I M. 

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

For each cholegterol/phospholipid mixture, a new 
bilayer was made up and equilibrated for 20 min with 
monensin (20 # M ,  added on both sides). At the end 
of the equilibration 9110 p,M pyranine was added to 
the driving (D) side of the cell and the pulsing by the 
laser wt~s commenced. The electric signals were mea- 
sured in the presence of saturating concentrations of 
NaCI (150 mM and up) or KCI (250 mM and up). 



For each membrane the transients were measured 
with increasing salt concentrations to verily that the 
dynamics and shape of the signal are independent of 
the salt concentralion. 

The nnmeric analysis of  the transient was similar 
to that described previously [I]. 
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3. Resldts 

3,1, T/te pohtrisation transient dril en by tlze proton 
pulse 

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

Experiments that were carried out iu the presence 
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Fi~. I, PolariLatlon transient i i1" t~ black lipid membrane impreg- 
nated with monensin subjected Io pulse acidification of one side. 
The membrane, made as in Section 2. was equilibrated fur 2a 
nlin with 211 #M nlonensil~ in a ~Mution containing I M choline 
chit*ride, 150 mM NaCI, (9110 #M pyranine was added oil the D 
side tsee Rcf. [I] I~r more details). The membrane was irradialed 
by 256 laser pulses ( ~ It)n ul 33~..7 nnl) al a repetition talc ot 
n.2 Hz. The electric potetuial built belwceu the two hides of the 
mcmbrzule was me~lsured by a fast re,:p(mding vohage amplifier 
and the signals were avera',ded before display, The solid line 
superp,~silitmed ~ver the e×perimental signals is the re¢onslrttcted 
dynanllcs generated by Ihc palccdurc dclailcd in Rcf. [I]. 

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 /zV and 
= 2 /.iV. respectively. (Please note that in the present 
communication the transients are of voltage, not cur- 
rent, thus the shape of the curves is not the same). 

3,2. Nnmeric analysis o f  the obserced transients 

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. t) matched the 
measared one ( A V / C  vs. t), where ,'iV is the 
measnred 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 memhra,m. In the present study this was 
beyond reach as cholesterol cannot be incorporated 
into a pre-existing membrane. 

To compensate 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 kinetic~ were measured both at 
the high and the low outputs of  the exciting laser 
pulse. The amplitudes of the measured 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 out with 
different cholesterol content using either Na + or K + 
as transportable cations bolh at high and low intensi- 
ties of the laser pulse. 

The numeric reconstruction wits carried out for all 
the experimental signals as measured with mem- 
branes where the cholesterol content varied from zero 
to 30%. The quality of the fits was as exemplified in 



S. Br.n.~hzlr,." Zahar 3 et a; / Bio~ hlmi~ll et Bi,~lllIx ~it ~; Ic t .  t 2~5 t 19961 146 .154 

A 
. 0 8  

:N., 

=t.  : ' ,  a:~,,~., ¢ ,  

:i t 

o 50. I~S ~oo. ~so 

C 
. 0 4  : .06 ' 

. . . . . . . .  " 

[ 

2 
o so. p S  loo. ~go o 

iZ~ ~ i .  
E 

B 
. 1 4  !.:~ 

: a . ! !  

i 
o i! 

ii 

"~'L 

D 

o q l  . . . . .  

!; 

! 
,p 

so. pS lo0. 15o. 

=, ',~-'Z 
F 

c (',\ 

g - -  . . . . .  -g0;  . . . . .  l o o .  :~o ,  ~ . . . . . . . .  Z ~ ;  " 1Go. " - - i - ~ 6 :  

pS ps 

Fig. 2. The cf|~ct of cholesterol on the polarization tranmienlm measured with pho~pht+lipid membranes equilibrated with m0nensth The 
expedment~ were measured as descril~.d in Fi~. ] except that cholesterol wag added to the lipid mixture at Ihe ctlncentration marked in 
e='ch th~me. The  transportable calitms ,*ere Na * (Frames A. C, E) or K " (Frames B, D, FL The laser intensity in C and D was lowered to 

20 , t t l /pulse.  The  smooth curves are the numeric rectmslruction ~ff die dynaudcs. 
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Table I 
The kinclic and equilibrium constants characterizing H - / N a *  exchange by monensin in the presence of varying cholesterol conlent 

% ChoL 0% le/; 5% 10~ 15% 20% 25% 30% 
PS (#M)  630 300 15.0 44.0 66.0 45.0 48.(? 39,0 
PS/MoM 22.0 (].85 0.75 0.75 0.75 0.75 0.75 0.75 

/:3; I0 ~ M- i s -  t MoNa + H + 7.5 10.5 In.5 10.5 10.5 10.5 10.5 10.5 
/:~: I n  8 M i s i M o l l  + Na ~ 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 
/:7; ]OI"M ~s -J Mo 4-l~i ' 0.5 0.5 0.5 1.0 1.0 1.0 1.0 1.0 
k9; 10aM t s I Mo +Na + 2.0 2.0 2,0 2.0 2.0 2.0 2.0 2.0 
kzo; 10 ~ s i MoHr~ ~ Moll a 6.7 5.8 5.8 5.7 6.0 6.2 6.4 6.2 
kz2; 10 ~ s i M~Na D ~ MoNa~ 0.4 0.4 0.4 0.4 0,45 0.85 1.7 6.0 
k31:10 ~ M" i s- r Moll + ~1>O- 1,2 1,2 1.2 1.2 1.2 1.2 1.2 1.2 
k~: 10 I(I M I ~; I PSH +(I)O 1,0 1.0 1.0 0.8 0.8 0,8 0.8 0,8 

pK fH + ) MoNaH 4,8 5.25 5.7 6.22 6.22 6.28 6.3 6,3 
pK (Na ~) MoNaH 1.0 1,46 1.96 2,55 2.85 3.0 3.3 3.4 
pK Moll 6.62 6.62 6.62 6.62 6.38 6.35 6.1 6, I 
pK MoNa 2.82 2.83 2.88 2.95 3.01 3.07 3,125 3.2 

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 Iir~t column. 

Fig. 2 and  the rate constants  are listed in Tab le  I ( lo t  

Na +) and  Table  2 (for  K+) .  

3.3. Visualization o f  the ef fect  o f  cholesterol  on the 
polarization transient 

Due to dai ly  variat ions in the exper imen ta l  condi-  

tions, direct  compar i son  be tween  expe r imen t s  carr ied 

oUt wi th  different  cholesterol  conten ts  is inappropr i -  

ate.  

T o  demons t ra te  the effect  o f  the  cholesterol  con- 

tent  on the shape  and  magn i tude  o f  the  e lectr ic  s ignal ,  
w e  chose  to reconstruct  the expe r imen t s  at  the ideal-  
ized virtual real i ty of  the computa t ion  space ,  where  

the initial reactant  concent ra t ions  could be  equa l i zed  

and  the  parameters ,  g iven  in Tab le  1 or  T a b l e  2, were  

Table 2 
The kinetic 'and equilibrium nonstants characterizing H +/K + exchange by monensin in the presence of varying choleslerOl cOnlent 

~/~ Chol. 0r/~ I% 5% 10% 15% 20% 25% 30% 
P5 (p.M) 670 14.0 26.0 37,0 49.0 52.0 56.0 72.0 
PS/MoM 20.0 0,85 0.75 0.75 0.75 0,75 0.75 0.75 

k~: 10 I° M I s I M=IK + H + 0,7 0.7 0.7 0,7 0.7 0.7 1.0 1,0 
k(,; 10'~M i s I MoH+K + 2.4 2.4 2,4 2.4 2,4 2.4 2.4 2.4 
kT; 10"'M rs '~  M o - + H  ÷ 0.7 0.7 0.7 0.7 0.7 0,7 0.5 0.5 
k,~: 10 ~ M I s I Mo + K ~ 2.0 2.0 2.0 2.0 2.11 2.0 2.0 2.0 
k211; 10 ~ s 1 Moll D "-' Mt~Hr 6,7 6.8 6,8 62 b.0 6.0 6.7 6.5 
k~,.; 10 ~ s i MoK D ~ MoK R 11.5 I8.0 18,0 40.0 27,0 40.0 56.0 65,0 
k~; I0 '~ M- ~ ~- i Moll + 4)0-  1,2 1.2 1,2 1.2 1.2 1.2 1,2 1.2 
k3fi l0 I° M" I s- I PSH + (1~O 18 0,8 0,7 0.8 0.6 0,6 0.6 0~6 

pK(H*)  MoKH 4.95 5,16 5.52 6.0 6.0 6,1) 6.0 6.0 
pK(K ~ ) MuKH 11.15 n.3s 0.9 1.4 1.72 l.g4 2.22 2.32 
p K Moll 6,62 6.62 6,62 6.62 6.4 6,38 6.1 6.1 
p K MoK t .82 1.84 1.92 2.02 2.12 2.22 2.32 3.42 

The parameters listed in each column repre~cnl the measuremenls carried out at the given cholesterol value. The units of the parameters 
are ~iven in Ihe fir~t c(}hnlln 
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Fig. 3. Simulation of Ihe polarization tra, sients under equal houndary conditions. The curves are Ihe numeric reconstnlclion of the 
dynamics with I%. 5% and 10% cholesterol (Frame A) or 10%, 15%. 21)%. 25% and 30% cholesterol in Frame B. All other 
concentrations (monensin, perturbation pulse, pyranine, Na" and initial pH) ~',ere ~et tt~ be equal. The rate ctlnstanls and PS/MoM ratio 
used for the reconstruction were taken tYom Table I. 

used to reproduce tile dynamics for the vzuious 
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 reve~ed (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 transients representing 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- 
ternl 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 I and 2. In the 

following discussion we shall implement this ap- 
proach. 

4. I. Quant i ta t i t ' e  e l ,ahtat ion o f  the  rate  cons tan t s  

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 [I]). The rate constant of this 
reaction (k l l  in Tables 1 and 2) has a magnitude 
typical of a diffusion controlled reaction and the rate 
is independent of the cholesterol content. In parallel, 
the diffusion controlled reaction between .:bO- and 
the protonated phosphoserine hcadgroup is also unaf- 
t'ected by cholesterol. Thus it can be concluded that 
incorporation of cholesterol does not modify the ac- 
cessibility 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 ~bO- {k 7 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 
cholesternl, some equilibrium constants like the dis- 
sociation of Moll  (pK78) and the dissociation rear- 
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tions of the ternary complex (p K4~ and p Kr,~) exhibit 
a clear dependence on thc cholesterol content. We 
cunsider these changes as evidence that the immedi- 
ate environment surrounding the monensin changes 
upon addition of cholesterol yet a mechanistic inter- 
proration of the measured effect is still premature. 

4.2. The rate of tran.smembtzmal diffusion 

As detailed in the preceding publication [1], both 
Mt~H and MoM diffuse across the membrane as 
uncharged complcxe:,. Th~ Moll  complex, devoid of 
dipole moment, is retarded only by a viscous drag 
while the MoM complex, due to its dipole moment. 
has al~o to overcome the energy barrier set by the 
dipolar field of the membrane. A quantitative evalua- 
tion of the eft~et of  cholesterol on the dlffusivity of 
the Iwo 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 Moll  and MoM are shown in Fig. 4. It is 
evident that cholesterol does not increase the viscous 
drag. The rate constant of Moll  diffusion across the 
membrane is constant and equal to that measured in 
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the absence of  cholesterol. The drag, as calculated to,' 
the eross-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 to the plane. Thus our measurements are not 
in contradiction to common knowledge but illuminate 
an aspect as yet untouched. 

The cholesterol molecules in the membrane are 
arranged with their 3-OFI moiety exposed to the 
water, while their rigid hydrophobic body inserted 
between the acyl chains [I 1,13-15]. In this position 
they lkmction as a spacer between the polar head- 
groups, but do not interact with them [13,16]. The 
insertion of the cholesterol into the membrane rigidi- 
ties 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  Moll  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 
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membranal diffusion mostly transverses the midsec- 
tion of the membrane where the rigidifying effect of 
cholesterol is not expressed. 

These conclusions are in accord ;,'ith the theoreti- 
cal calculations of the free energy of monensin trans- 
fer from water to membrane. The monensin molecule 
is mostly hydrophobie and only its earboxylate region 
carries some local charges. As a result, upon dissolv- 
ing in the membrane, most of the ionophore will be 
subme~ed in the low dielectric matrix of the mem- 
brane while only the carboxylate region is exposed to 
the aqueous 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 hydrophihc segment 
faces the nearest lipid-water boundary (Bcn-Tal and 
Gutman, unpublished results). 

The diffusion of the MuM complexes is controlled 
both by the viscous drag and the interaction between 
the molecular dipole and the dipolar field of the 
membrane [I ]. The enhanced diffusivity of both MoNa 
and MoK across the membrane (see Fig. 4) 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. [g] that 
cholesterol increases the dipolar field of the mem- 
brane. This apparent discrepancy might be explained 
by assuming that the environment sampled by our 
gauge purticle differs greatly from the averaged value 
of  the membrane. The incorporation of cholesterol 
appears to break the homogeneity of the membrane 
and microdomalns of dlfferem lipid composition are 
formed. These cholesterol-rich PC domains are the 
favored site for the binding of the ionophore. 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. Pruton exchange  be tween  s t i f f  ace  groups  

The mechanism of proton transfer between immo- 
bile surface groups has been reviewed recently by 
Gutman 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 bt, lk. 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 falls 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 
Cmdomb cage radius, the apparent rate constant for 
proton transfer has a magnitude of approx. 1-3  - 10 "j 
[12]. 

The proton pulse causes a transient p~tonation 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 ( =  2 0 - 3 0  A) from a mon- 
ensin molecule. Analysis of  the experimental curves, 
measured in the absence of cholesterol, indicated that 
the rate of proton transfer from protonated PS to 
MoNa has a rate constant of  = I • 10 II~ and about 25 
molecules of PS are available for each monensin 
molecule to serve as a proton donor. Assuming a 
random distribntion of phospholipid in the membrane 
and a surface area of = 5 0 - 6 0  A "~ per phospholipid 
he:ldgroup, then at a relative abundance of 40% PS. 
this number t~l" PS molecules will be found in a 
d,.nllain hilving a width of about 30 A snrronnding 
each MuM complex. Each PS molecule within this 
boundary, if protonnted, has an appreciable probab!l- 
ity to transfer its proton to the monensin's carboxyl- 
ate belbre the proton is lost to the bulk, Upon addi- 
tion of cholesterol the number of PS molecules lo- 
cated at a pruton transfer distance from the monensin 
drops sharply to less than one. indicating that the 
immediate perimeter of  the monensin (i.e. = 30 ~t 
wide ring) is effectively depleted of phosphatidylser- 
inc. 

4.4. The t~tJ'e~'r o f  cholesterol on the microscopic  

SlrllCtltre o f  Ihe membrane  

The thermodynamic favored position of cholesterol 
in the membrane is along the extended acyl cbains 
[13-17]  with no interactions with the headgroups. 
Due to the hLet that cholesterol is only a spacer 
between the headgroups, its insertion between phos- 
phulipids difl~ring in the intensity of their head- 
groups" interaction will affect the overall energetics 
of the system. Headgroups which interact poorly with 
each other, like phosphatidylchotine, will have a 
higher affinity for cholesterol than PS or PE. which 



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 Small  [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 + O  is not affected by 
addition of cholesterol (k31, Tables 1 and 2). The 
alternative explanation is to assume that the mon- 
ensin favors the PC, cholesterol-rich domains where 
the abundance of phosphatldylserine is low. 

At a temperature close to the main transition tem- 
perature of  a lipid membrane, addition of  cholesterol 
upset the coexistence of the gel and liquid-crystal 
domains [21-24],  shifting the system to a state of  
homogeneity. The domains reported in this study 
differ not in the ordering and interaction of  their aeyl 
chains but in the composit ion of the headgroup re- 
gion. When the acyl chains are fully miscible, and the 
membrane is high above the transition temperature, 
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 Thcwalt  [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 nlembranal components we could dis- 
criminate the heterogeneity near the ionophore em- 
bedded in the multicomponent membrane. 
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