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Summary 

Charge-pulse relaxation experiments with the negatively charged lipophilic 
ions, dipicrylamine and tetraphenylborate,  (as well as with the positively 
charged carrier system Rb*-valinomycin) have been carried out in order to 
study the influence of sterols on the ion transport through the lipid bilayer 
membrane. The mol fraction of the sterols (cholesterol, epicholesterol, ergoste- 
rol, stigmasterol, dihydrocholsterol,  epicoprostanol and cholesterololeate) as 
referred to total lipid was varied in a wide range (mol fractions 0--0.8). 

The monoolein/sterol or dioleoylphosphatidylcholine/sterol mixtures were 
dissolved in n-hexadecane in order to minimize effects of the sterol on the 
membrane thickness. 

Cholesterol had a strong influence on the transport of the lipophilic ions. Its 
incorporation into monoolein membranes increased the rate constant k i of 
translocation up to 8-fold, but incorporation into phosphatidylcholine mem- 
branes had virtually no influence on k i. The other sterols with one hydroxy 
group and cholesterololeate had no influence on the rate constant or the parti- 
tion coefficient ~. The results are discussed on the basis of a possible change of 
dipole potential of the membrane caused by'cholesterol and its derivatives. 

In the case of valinomycin-mediated Rb ÷ transport only cholesterol had a 
strong influence on transport properties. The rate constants of association 
(kR) as well as the rate constants of translocation of the complex (kMS) and of 
the free carrier (ks} were reduced by incorporation of cholesterol up to eight- 
fold. The decrease of ks and kMS are possibly caused by a decrease of mem- 
brane fluidity, whereas the decrease of kR may be due to an increase of sur- 
face potential. The different action of cholesterol on the two transport systems 
is discussed under the assumption that  the adsorption plane of the lipophilic 
ion is located more towards the aqueous side and that  of the ion-carrier com- 
plexes more towards the hydrocarbon side of the dipole layer. 

* Permanent address: Laborato ire  de  Chimie Physique, Universit~ des  S c i e n c e s  et  T e c h n i q u e s  du 
L a n g u e d o c ,  Place E. Bataillon, 34060 Montpellier, France .  
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Introduction 

Sterols are common constituents of biological membranes. Some mamma- 
lian membranes such as erythrocyte  or myelin membranes contain high 
amounts of cholesterol (the major mammalian sterol), up to tool fractions 
between 0.5 and 0.67 (referred to total lipid) [1]. Besides this major sterol 
component  small amounts of other sterols like 7-dehydrocholesterol, cholesta- 
nol or desmosterol are present in mammalian membranes [2--4]. Ergosterol 
and stigmasterol have been found in plants [5]. 

Sterols were found to have a large influence on the structure of monolayers 
and model membranes [6,37]. It has been shown that  the addition of choleste- 
rol to monolayers of phosphatidylcholine with unsaturated fat ty acid residues 
leads to a condensation of the monolayer [7]. A similar condensation effect has 
been observed with lipid vesicles. In the presence of cholesterol the osmotically 
induced swelling rate of liposomes from phospholipids in the liquid crystal- 
line state decreased considerably [8], indicating a decreased water permea- 
bility. A similar influence on the permeability of other uncharged molecules 
has been found. In contrast to these findings the permeability of liposomes 
from lecithin in the crystalline state increases, if cholesterol is present [8,9]. 

Calorimetric measurements showed that  the phase transition of phospho- 
lipids from the crystalline to the liquid crystalline state gradually disappears 
with increasing cholesterol content  [10]. Nuclear magnetic resonance studies 
with mixed phospholipid/cholsterol systems in water indicated a strong inter- 
action between the fat ty acid chains of the phospholipids and cholesterol 
[11]. The mobility of the chains has been found to decrease above the phase 
transition temperature and to increase below the phase transition point. 

Experiments with different sterols, in particular with the 3 a-hydroxy 
isomers like epicholesterol showed that  for the interaction of sterols with the 
membrane phospholipids certain structural properties are necessary. Besides a 
planar configuration of the sterol molecule, the presence of the 3-~-hydroxy- 
group and of the intact side chain is critical. Epicholesterol, for instance, does 
not influence the structure of model membranes to an appreciable extent [5]. 

The action of cholesterol on planar lipid bilayer membranes has also been 
studied in the past. It has been found that  the permeability of membranes is 
altered in the presence of cholesterol [12--17]. Whereas for positively charged 
molecules a decrease of conductivity has been observed [12,15,16] ; the oppo- 
site effect has been found for negatively charged "probes"  [14,15,17]. From 
these results it has been concluded that  not so much the above-mentioned con- 
densation effect is responsible for the permeability changes but rather the high 
dipole moment  of the cholesterol molecule (it should be noted that  under the 
conditions of these experiments the lipid bilayer membranes were always in the 
liquid bilayer membranes were always in the liquid crystalline state). Choleste- 
rol is assumed to change the dipole potential in the surface of the membrane, 
thus altering the transport kinetics of the charged probes [13--15,18]. In addi- 
tion, the concentration of the charged molecules adsorbed to the membrane- 
water interface may be influenced by the change of the dipolar potential. 

Most of these investigations have been performed on a more qualitative basis, 
i.e. the change of membrane conductivity has been measured, which does not 
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allow the separation of the above-mentioned effects [12--14]. From relaxation 
studies it is possible to separate the influence of cholesterol on the transloca- 
tion rate constant  as well as on the partition coefficient. Such studies have been 
described in three recent publications [15--17]. In addition, it has been found 
that  increasing the content  of cholesterol in membranes made from monoolein 
or dioleoyllecithin dissolved in n-decane leads to an increase in the specific 
capacity of the membranes [16,17,19]. Experiments with lipophilic ions and 
membranes made from one and the same lipid dissolved in different n-alkanes 
have shown that  thinning of the membrane leads to a dramatic increase of the 
translocation rate constant of the lipophilic ion [17]. In this study we have 
at tempted to separate the thickness effect from the other effects of cholesterol 
on the transport properties. Therefore the lipids were dissolved in n-hexadecane 
where no further thinning of the membranes in the presence of cholesterol was 
observed. In addition, the influence of other sterols on the transport of charged 
probes was investigated. We used the negatively charged lipophilic ions tetra- 
phenylborate and dipicrylamine as well as the positively-charged carrier system 
valinomycin/Rb ÷ as probes. These three different transport systems are well 
established and have been used as model systems in a number of investigations 
[14--17,20--25]. 

Kinetic studies with lipophilic ions and carriers have been performed in the 
past using the voltage-jump relaxation method [15,20--22,24] and recently 
also by the charge-pulse relaxation technique [16,17,23,25]. The latter tech- 
nique was used throughout  this study. Its main advantage, besides a minimal 
pertubation of the membrane (Vm <~ 10 my), lies in the increased time resolu- 
tion which is given by the measuring circuit and not limited by the membrane 
conductance. 

Description of the transport models 

The models for the transport of lipophilic ions as well as for carrier mediated 
ion transport have been presented in full detail in previous publications 
[20--27]. The application of the charge pulse method to both transport sys- 
tems has also been described extensively [23,25]. Therefore we give here only 
the main equations which relate the experimental data to the kinetic para- 
meters of the model. 

The transport of lipophilic ions across lip!d bilayer membranes occurs in dif- 
ferent steps, namely the adsorption-desorption reaction between the aqueous 
phase and the membrane interface (rate constants kam and kma), and the 
exchange of the lipophilic ion across the central potential barrier in the mem- 
brane (rate constant  ki) [20]. For charge-pulse experiments in the limit of small 
voltages (Vm ~ 25 mV) the decay of the voltage across the membrane is 
governed by two exponentials with T~ ~ T2 [23] : 

Vm(t) = V°m[al e x p ( - - t / T l )  + a2 exp(--t/v2)] (1) 

with 

al + a2 = 1 (2) 

1 
T1 = 2ki( 1 + bNt )  (3) 
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bNt 
al - (4) 

1 + b N  t 

F ~ 
b . . . . .  (5) 

4 R TC m 

N t is the  to ta l  c oncen t r a t i on  of  the  l ipophil ic ions per cm 2, Cm the  specific 
capaci ty  of  the  membrane ,  R the gas cons tan t ,  F the  Faraday  cons tan t  and T is 
the  absolute  t empera tu re .  It  has been  shown tha t  in the presence of  l ipophil ic 
ions the slow process is governed by  d i f fus ion  polar isa t ion and tha t  it is no t  
possible to  derive f rom the expe r imen ta l  da ta  the  values for  the rate cons tants  
kma and kam [23] .  Only  the  rat io  of  b o t h  rate constants ,  the par t i t ion  coeffi-  
cient/3 ma y  be ob ta ined  according to  the fol lowing equa t ion :  

_ Nt  _/~am (6) 
2c ]~rna 

The  mode l  for  carrier  med ia ted  ion t r anspor t  is based on the assumpt ion  tha t  
the associat ion be tween  carrier  S and ion M + (aqueous  co n cen t r a t i o n  CM) takes 
place at the membrane - so lu t ion  in ter face  with the rate cons tan ts  of  associat ion 
and dissociat ion of  the complex  being kR and kD, respect ively.  Complex  MS ~ 
and free carrier  S cross the  m e m b r a n e  with rate cons tants  kMs and ks [26] .  For  
charge-pulse expe r imen t s  in the  l imit  o f  small voltages ([Vm] < <  35 mV) the  
decay  of  the  voltage across the  m e m b r a n e  with t ime is given by  [25] : 

Vm(t)  = V°m[a, exp ( - -~ , t )  + a2 exp(--X2t) + a3 exp(--X3t)] (7) 

with:  

a,  + a 2 + a 3 = 1 (8) 

The  four  rate cons tan ts  and the  to ta l  carrier  co n cen t r a t i o n  No in the m e m b r a n e  
m ay  be calculated according to  the  fol lowing equa t ions  [25]  : 

kMS = 2 \ P 4  

kD : 2G L>i P4 - P2 (10) 

1 P3 
ks - (11) 

2kD P4 

1 
kR = CMM (P1 - -P4  --  2ks  --  2kMS --  hD) (12) 

2RTCm P4 ( 1 +  kD--) (13) 
No - F 2 kM s k R C M  

The  quant i t ies  Pi may be calcula ted f rom the  re laxa t ion  t imes ri = 1/X i and the 
relative re laxa t ion  ampl i tudes  ai in the  fol lowing way:  

P1 = Xj + X2 + X3 (14) 

P2 = XlX2 + )~lX3 + X2X3 (15) 
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P3 = XlX2X3 

P4 = a l X l  + a2X2 + a3X3 

Ps = alX~ + a2X~ + a3X~ 

(16) 

(17) 

(18) 

Materials and Methods 

Lipid bilayer membranes were obtained in the usual way [28] from a 1--3% 
(w/v) lipid solution in n-hexadecane (Merck, Darmstadt, G.F.R., standard for 
gas chromatography).  The cell used for bilayer formation was made from 
Teflon. The circular hole in the wall between the two compartments had a dia- 
meter of either 2 mm or I mm. The smaller membrane area was used in certain 
critical cases in order to increase the lifetime of the membranes; otherwise the 
membrane area had no influence on the experimental results. The temperature 
was kept at 25°C throughout.  

Dioleoylphosphatidylcholine was synthesized in our own laboratory accord- 
ing to ref. [29]. Monoolein was obtained from Nu. Check Prep. Elysian, Minn.. 

Various mixtures of the lipids with the following sterols were used for the 
membrane forming solutions (Fig. 1). Cholesterol (cholest-5-en-3~-ol, Eastman 
reagent grade), epicholesterol (cholest-5-en-3a-ol, Merck, analytical grade), stig- 
masterol (cholest-5,22-dien-24-ethyl-3~-ol, Sigma), ergosterol (cholest-5,7,22- 
trien-24-methyl-3/3-ol, Sigma), dihydrocholesterol (5a-cholestan-3/3-ol, Sigma) 
epicoprostanol (5/3-cholestan-3a-ol, Sigma) and cholesterolloleate (Merck, 
analytical grade). Dipicrylamide (Fluka, Buchs, Switzerland, puriss), tetraphe- 
nylborate (Merck, analytical grade) and valinomycin (Calbiochem) were used as 
concentrated stock solutions in ethanol. Small amounts of the stock solutions 
were added to the aqueous solutions to get a final concentration between 10 -7 
M and 10 -~ M. These concentrations were chosen in order to obtain a linear 
relationship between the concentrations of the probes in the aqueous phase and 
in the membrane [30], and in order to produce no "boundary potential"  by 

HO HO 
CHOLESTEROL ERGOSTEROL 

HO 

STIGMASTEROL DIHYDROCHOLESTEROL 

Fig. 1. Structure of some 3~-hydroxysterols, and one 3fl,5o:-dihydroxysterol (dihydrocholesterol). Epicho- 
lesterol and epicoprostanol (not included) are the c~,/3 isomers of cholesterol and dihydrocholesterol, 
respectively. 
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the  absorp t ion  of  the  l ipophil ic ions [39] .  The  e thanol  c o n t e n t  in the aqueous  
phase did no t  exceed  0.1% (v/v). The  u n b u f f e r e d  aqueous  solut ions con ta ined  
e i ther  0.1 M NaC1 (exper imen t s  with l ipophil ic  ions) or 1 M RbC1 {experiments  
with va l inomycin) .  The  expe r imen t s  were  p e r f o r m e d  5--10 min af te r  blacken- 
ing of  the  membranes .  

The  charge pulse expe r imen t s  were carried ou t  as descr ibed in previous publi- 
cat ions [23 ,25 ] .  The  m e m b r a n e  capaci tance  was charged up to  a voltage of  
abou t  10 mV by a br ief  cu r ren t  pulse (20 ns to  50 ns dura t ion)  th rough  silver/ 
s i lverchloride or pla t inized p la t inum electrodes .  The  voltage t rans ient  across the 
m e m b r a n e  was r eco rded  in d i f f e ren t  ways in the  case of  expe r imen t s  with lipo- 
philic ions or in the case of  the carrier  system. Whereas in the la t ter  case the 
charge-pulse was appl ied repet i t ive ly ,  a single sweep was s tored in the case of  
the expe r imen t s  with the  l ipophil ic  ions. (Tek t ron ix  7 6 3 3 / 7 A 1 3 / 7 A 2 2  storage 
oscilloscope}. The  evaluat ion of  the  data  f rom the  oscil lographic records  was 
pe r fo r me d  as descr ibed earlier [23 ,35] .  

For  the  calculat ion of  the  to ta l  concen t r a t i o n  N t of  l ipophil ic ions and of  the 
to ta l  carrier  c onc en t r a t i on  N O in the  m e m b r a n e  the value of  the  specific mem-  
brane capac i ty  Cm is needed .  For  some systems studied here the specific capac- 
i ty has been  de t e rmined  previously  [29 ,31] .  For  the others  Cm was measured 
by applying rec tangular  voltage pulses of  10 mV to the membranes .  The capac- 
itive cu r ren t  was measured  as a voltage d rop  across an ex te rna l  resistance with a 
storage osci l loscope (Tek t ron ix  5 1 1 5 / 5 A 2 2 ) .  The  specific capaci ty  of  the mem- 
brane  was calcula ted f rom the da ta  as descr ibed earlier [29] .  

Results 

Experiments with lipophilic ions 
In all expe r imen t s  with the  negat ively charged l ipophil ic  ions d ip icry lamine  

and t e t r a p h e n y l b o r a t e  two re laxat ions  could  be resolved. Whereas the first 
pure ly  exponen t i a l  re laxa t ion  process  is coup led  wi th  the d is t r ibut ion  of  lipo- 
philic ions wi thin  the  membrane ,  the second,  slow re laxa t ion  process reflects 
on ly  the  conduc t iv i ty  of  u n d o p e d  membranes  because of  slow aqueous  diffu- 
sion [23] .  F r o m  the  observed re laxa t ion  t ime T1 and the relative re laxat ion 
ampl i tude  a, of  the  fast process  the rate  cons tan t  of  t rans loca t ion  k i as well the 
to ta l  c onc e n t r a t i on  N t of  l ipophil ic ions in the m e m b r a n e  were calculated 
according to  Eqns.  3 and 4. For  each set o f  expe r imen ta l  condi t ions  at least 
6 me mbra ne s  were used. The  s tandard  deviat ions for  ki were usually less than 
15% for  /z i and less than  30% for  N t. The  larger variat ions for  N t are presum- 
ably caused by  the  d i f f icu l ty  to  ob ta in  par t i t ion  equi l ibr ium because of  the 
shor t  l i fe t ime o f  the  membranes  unde r  cer ta in  condi t ions .  

It  is seen f r om Eqn.  5 tha t  for  the calculat ion o f  N t f rom the exper imenta l  
da ta  the  specific capaci ty  C m is needed .  In the case of  pure  m o n o o l e i n  and 
pure  d io l eoy lphospha t idy l cho l ine  dissolved in n-hexadecane  the  value for  Cm 
was t aken  f rom the l i tera ture .  For  the o the r  systems it was measured  in the 
course  of  this s tudy.  In all cases the  specific capaci ty  was 600 ~ 30 nF • cm 2 
for  m e mbra ne s  con ta in ing  m o n o o l e i n  and 630  +_ 30 n F .  cm -2 for  membranes  
con ta in ing  d io l eoy lphospha t idy lcho l ine ,  i rrespective of  the a m o u n t  of  sterol in 
the  m e m b r a n e .  
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Membranes were formed from mixtures of monoole in  with different sterols 
and cholesterololeat dissolved in n-hexadecane. The results describing the 
kinetic behaviour of  dipicrylamine and tetraphenylborate for the different sys- 
tems are summarized in Tables 1 and II. It is seen that the time constant T1 of 
the fast relaxation process is strongly dependent  on the molar ratio cholesterol/  
monoole in .  For increasing mol fraction of  cholesterol from 0 to 0.8 (as referred 
to total lipid) v~ decreases about eight-fold in the case of dipicrylamide and of 
tetraphenylborate.  This decrease is paralleled with an increase of ki for both 
lipophilic ions, whereas N t remains virtually constant.  

The influence of the other sterols like epicholesterol,  ergosterol and stigma- 
sterol on the transport kinetics of the lipophilic ions is comparably small. The 
same applies for cholesterololeate.  In the case of the sterols with two hydroxy 
groups the influence is somewhat  larger. But also in this case only the rate con- 
stant of translocation is changed whereas Nt remains unaffected. 

It is seen from Table III that cholesterol,  epicholesterol,  ergosterol, stigma° 
sterol and cholesterololeat have no influence on the kinetics of dipicrylamine 

T A B L E  I 

K I N E T I C  P A R A M E T E R S  O F  D I P I C R Y L A M I N E  T R A N S P O R T  T H R O U G H  M E M B R A N E S  M A D E  
F R O M  M O N O O L E I N / S T E R O L  M I X T U R E S  D I S S O L V E D  I N  n - H E X A D E C A N E  

T h e  m o l  f r a c t i o n  x o f  the  s tero ls  in the  m e m b r a n e - f o r m i n g  s o l u t i o n  (re ferred  to  to ta l  l ip id)  is g iven in the 
first c o l u m n .  T h e  a q u e o u s  p h a s e  c o n t a i n e d  0 .1  M NaCl  and  3 • 10  -8  M d i p i c r y l a m i n e ,  2 5 ° C .  The  resul ts  

for  pure  m o n o o l e i n  w e r e  t a k e n  f r o m  ref.  17 .  F o r  the  c a l c u l a t i o n  o f  N t a spec i f i c  c a p a c i t y  C m = 6 0 0  
n F  • c m  -2 was  used .  

x Z 1 / p S  a 1 t e i / 1 0 3  s-1 N t / p m o l  - c m  -2  f l /10  -2  c m  

C h o l e s t e r o l  
0 8 7  0 . 1 8  4 .7  0 . 1 4  0 . 2 3  

0 . 1 7  76  0 . 1 8  5 .4  0 . 1 4  0 . 2 3  
0 . 3 3  54  0 . 1 7  7 .7  0 . 1 3  0 . 2 2  

0 . 5 0  26  0 . 2 1  1 5  0 . 1 7  0 . 2 8  

0 . 6 7  16  0 . 1 9  26  0 . 1 5  0 . 2 5  
0 . 8 0  11  0 . 1 9  3 8  0 . 1 5  0 . 2 5  

E p i c h o l e s t e r o l  
0 . 1 7  7 8  (}.17 5 ,3  0 . 1 3  0 . 2 2  
0 . 3 3  1 3 0  0 . 1 8  3 , 2  0 . 1 4  0 . 2 3  
0 . 5 0  1 1 0  0 . 1 9  3 . 7  0 . 1 5  0 . 2 5  

0 . 6 7  1 1 0  0 . 2 0  3 . 8  0 . 1 6  0 . 2 7  
0 . 8 0  9 4  0 . 2 3  4 .1  0 . 1 9  0 . 3 2  

Ergos tero l  
0 . 5 0  1 0 0  0 , 1 7  4 .3  0 . 1 5  0 . 2 5  
0 . 8 0  1 1 0  0 . 2 5  3 . 6  0 . 2 1  0 . 3 5  

C h o l e s t e r o l o l e a t e  
0 . 5 0  1 1 0  0 . 1 9  3 . 8  0 . 1 5  0 . 2 5  
0 . 8 0  1 1 0  0 . 2 1  3 . 7  0 . 1 7  0 . 2 8  

S t i g m a s t e r o l  
0 . 8 0  7 5  0 . 2 1  5 .3  0 . 1 7  0 . 2 8  

D i h y d r o c h o l e s t e r o l  
0 . 5 0  3 6  0 . 2 0  11 0 . 1 6  0 . 2 7  
0 . 8 0  2 2  0 . 2 4  17  0 . 2 0  0 . 3 3  

E p i c o p r o s t a n o l  
0 . 5 0  51 0 . 1 7  8 . 2  0 . 1 3  0 . 2 2  



272 

T A B L E  I I  

K I N E T I C  P A R A M E T E R S  O F  T E T R A P H E N Y L B O R A T E  T R A N S P O R T  T H R O U G H  M E M B R A N E S  
M A D E  F R O M  M O N O O L E I N ] S T E R O L  M I X T U R E S  D I S S O L V E D  I N  n - H E X A D E C A N E  

T h e  t o o l  f r a c t i o n  x o f  t h e  s t e r o l s  i n  t h e  m e m b r a n e - f o r m i n g  s o l u t i o n  ( r e f e r r e d  t o  t o t a l  l i p i d )  is g i v e n  in  t h e  
f i r s t  c o l u m n .  T h e  a q u e o u s  p h a s e  c o n t a i n e d  0 .1  M NaC1 a n d  10  -7  M t e t r a p h e n y l b o r a t e ;  2 5 ° C .  F o r  t h e  cal-  
c u l a t i o n  o f  N t a s p e c i f i c  c a p a c i t y  C m = 6 0 0  n F  • c m  -2  w a s  u s e d .  

x T 1 //~s a I k i / s - 1  N t / p m o l  • c m  -2  f i /10  -3 c m  

C h o l e s t e r o l  

0 3 . 0  0 . 2 2  1 3 0  0 . 1 8  0 . 9 0  

0 . 1 7  3 .3  0 . 2 1  1 2 0  0 . 1 7  0 . 8 5  

0 . 3 3  1 .8  0 . 1 9  2 3 0  0 . 1 5  0 . 7 5  

0 . 5 0  0 . 7 4  0 . 2 0  5 4 0  0 . 1 6  0 . 8 0  

0 . 6 7  0 . 5 9  0 . 1 9  6 9 0  0 . 1 5  0 . 7 5  

0 . 8 0  0 . 3 7  0 . 1 9  1 1 0 0  0 . 1 5  0 . 7 5  

E p i c h o l e s t e r o l  

0 . 8 0  3 . 2  0 . 2 4  1 2 0  0 . 2 0  1 .0  

E r g o s t e r o l  

0 . 5 0  2 .8  0 . 2 3  1 4 0  0 . 1 9  0 . 9 5  

0 . 8 0  3 . 0  0 . 2 1  1 3 0  0 . 1 7  0 . 8 5  

C h o l e s t e r o l o l e a t e  

0 . 8 0  3 .3  0 . 2 1  1 2 0  0 . 1 7  0 . 8 5  

S t i g m a s t e r o l  

0 . 8 0  2 . 5  0 . 2 4  1 5 0  0 . 2 0  1 .0  

D i h y d r o c h o l e s t e r o l  

0 . 6 7  1 .4  0 . 2 1  2 8 0  0 . 1 7  0 . 8 5  

0 . 8 0  1 .1  0 . 2 3  3 5 0  0 . 1 9  0 . 9 5  

E p i c o p r o s t a n o l  

0 . 5 0  1 .8  0 . 1 9  2 2 0  0 . 1 5  0 . 7 5  

T A B L E  I I I  

K I N E T I C  P A R A M E T E R S  O F  D I P I C R Y L A M I N E  T R A N S P O R T  T H R O U G H  M E M B R A N E S  M A D E  
F R O M  D I O L E O Y L P H O S P H A T I D Y L C H O L I N E / S T E R O L  M I X T U R E S  D I S S O L V E D  I N  n - H E X A D E -  
C A N E  

T h e  m o l  f r a c t i o n  x o f  s t e r o l  i n  t h e  m e m b r a n e - f o r m i n g  s o l u t i o n  ( r e f e r r e d  t o  t o t a l  l i p i d )  is  g i v e n  in  t h e  f i r s t  

c o l u m n .  T h e  a q u e o u s  p h a s e  c o n t a i n e d  0 . 1  M NaC1 a n d  1 0  -8  M d i p i c r y l a m i n e ;  2 5 ° C .  T h e  r e s u l t s  f o r  p u r e  

d i o l e o y l p h o s p h a t i d y l c l i o l i n e  w e r e  t a k e n  f r o m  r e f .  1 7 .  F o r  t h e  c a l c u l a t i o n  o f  N t a s p e c i f i c  c a p a c i t y  C m = 
6 3 0  n F  • c m  -2  w a s  u s e d .  

x ~ ' 1 / p s  a 1 k i l l 0 3  s-1 N t / p m o l .  c m  -2  f l /10  -2  c m  

C h o l e s t e r o l  
0 4 2  0 . 4 9  6 . 0  0 . 6 5  3 .3  
0 . 1 7  41  0 . 5 2  5 .8  0 . 7 4  3 .7  

0 . 3 3  3 8  0 . 5 8  5 .6  0 . 9 2  4 . 6  
0 . 5 0  4 0  0 . 5 0  6 . 2  0 . 6 8  3 . 4  
0 . 6 7  37  0 . 5 2  6 . 5  0 . 7 2  3 .6  

0 . 8 0  39  0 . 5 1  6 . 3  0 . 6 9  3 . 5  

E p i c h o l e s t e r o l  
0 . 8 0  3 7  0 . 5 0  6 . 7  0 . 6 7  3 .4  

E r g o s t e r o l  
0 . 8 0  4 3  0 . 4 3  6 . 2  0 . 5 9  3 . 0  

C h o l e s t e r o l o l e a t e  
0 . 8 0  4 5  0 . 4 8  5 .8  0 . 6 2  3.1 
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T A B L E  I V  

R E L A X A T I O N  T I M E S  T i A N D  R E L A T I V E  R E L A X A T I O N  A M P L I T U D E S  a i O B T A I N E D  F R O M  

C H A R G E - P U L S E  E X P E R I M E N T S  W I T H  M E M B R A N E S  M A D E  F R O M  M O N O O L E I N / S T E R O L  M I X -  

T U R E S  D I S S O L V E D  I N  n - H E X A D E C A N E  

T h e  t o o l  f r a c t i o n  x o f  s t e r o l  i n  t h e  m e m b r a n e - f o r m i n g  s o l u t i o n  ( r e f e r r e d  t o  t o t a l  l i p i d )  is g i v e n  in t h e  f i r s t  
c o l u m n .  T h e  a q u e o u s  p h a s e  c o n t a i n e d  1 M R b C  a n d  1 0  -7  M v a l i n o m y c i n ;  T = 2 5 ° C .  T h e  e x p e r i m e n t a l  
v a l u e s  f o r  p u r e  m o n o o l e i n  w e r e  t a k e n  f r o m  r e f .  1 6 .  

x T 1 / p s  ~ '2 /Ps T3/ t~s a 1 a2 

C h o l e s t e r o l  

0 0 . 7 6  4 . 1  63  0 . 5 6  0 . 1 1  
0 . 1 7  1 .4  5 .1  9 2  0 . 3 0  0 . 1 8  
0 . 3 3  2 .0  8 .6  1 3 0  0 . 1 6  0 . 2 3  

0 . 5 0  3 . 2  12  1 6 0  0 . 1 5  0 . 3 4  
0 . 6 7  4 . 3  33  2 6 0  0 . 0 2 9  0 . 2 8  
0 . 8 0  5 .3  50  3 1 0  0 . 0 2 4  0 . 5 0  

E p i c h o l e s t e r o l  

0 . 1 7  1 .1  3 . 8  1 3 0  0 . 3 4  0 . 1 1  

0 . 3 3  1 .0  3 . 7  1 1 0  0 . 3 0  0 . 1 2  

0 . 5 0  1.1 2 .9  1 2 0  0 . 3 0  0 . 2 0  

0 . 6 7  0 . 9 0  3 .1  1 4 0  0 . 4 4  0 . 1 6  

0 . 8 0  1 .2  3 . 4  1 8 0  0 . 2 1  0 . 1 8  

E r g o s t e r o l  

0 . 6 7  1 .3  3 .3  1 2 0  0 . 2 3  0 . 1 8  

C h o l e s t e r o l o l e a t e  

0 . 6 7  0 . 9 5  3 .1  9 8  0 . 3 5  0 . 1 2  

S t i g m  a s t e r o l  

0 . 8 0  1 .3  3 . 4  1 5 0  0 . 2 0  0 . 1 5  

t ransport  through membranes from dioleoylphosphatidylcholine.  In a previous 
publication [17] we showed that  the addition of  cholesterol caused an increase 
of k i in the case of membranes from the same lipid dissolved in n-decane 
(instead of n-hexadecane). According to the results obtained in this study it is 
very likely that  the earlier observed increase is mainly caused by a thinning of 
the membranes.  Similar considerations apply to the finding of Szabo [15] that 
cholesterol leads to increase of tzi for  te t raphenylborate  in monoolein/n-decane 
membranes of about  40-fold if the mole fraction of  cholesterol is increased 
from 0 to 0.91. As cholesterol in monoolein in n-decane membranes causes a 
membrane thinning [16] this strong increase of k i may also partly be caused by 
the thickness effect.  

Experiments with valinomycin 
The experimental  results obtained with membranes from monoolein/s terol  

mixtures dissolved in n-hexadecane are given in Table IV. The mol fraction of 
cholesterol and epicholesterol was varied between 0 and 0.8. 

The three relaxations predicted by the model could be resolved. As shown in 
Table IV, all three relaxation times strongly increase, while a~ the amplitude 
of the fastest relaxation, shows an opposite behaviour. In contrast  to this find- 
ing, epicholesterol,  ergosterol and stigmasterol as well as cholesterololeat show 
only a small influence on the kinetics of valinomycin mediated Rb*-transport. 
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T A B L E  V 

I N F L U E N C E  O F  S T E R O L  ON T H E  R A T E  C O N S T A N T S  O F  V A L I N O M Y C I N - M E D I A T E D  R b  ÷- 

T R A N S P O R T ,  A S  C A L C U L A T E D  F R O M  T H E  E X P E R I M E N T A L  D A T A  O F  T A B L E  IV 

For  the  c a l c u l a t i o n  o f  N t a value  for  the  spec i f i c  c a p a c i t y  C m = 6 0 0  n F  • c m  -2 was  used .  

x t : R / I O  4 M I .  s t k D / 1 0 4  s I k M S / 1 0 4  s - I  k S / 1 0 4  s -1 N o / p m o l . c m  2 

C h o l e s t e r o l  

0 15  9 23 3 .0  1.7 

0 . 1 7  13 1 l  19 2.7 0 .81  

0 . 3 3  8.3 12 14 1.7 0 . 6 2  

0 . 5 0  6 .2  10 7.1 1.0 0 . 9 2  

0 . 6 7  3 .0  12 4 .2  0 . 6 2  0 . 6 8  

0 . 8 0  2.0 11 2.8 0 .41  0 . 9 5  

E p i e h o l e s t e r o l  

0 .17  19 8 25  3 .4  0 . 6 2  

0 .33  19 10 28  3 .7  0 . 5 8  

0 . 5 0  29 14 23 2.7 0 . 7 5  

0 . 6 7  25  12 26 2.1 0 .91  

0 . 8 0  26 13 24 2.2 0 . 4 8  

Ergostero l  

0 . 6 7  25  12 21 3 .5  0 . 5 4  

C h o l e s t e r o l o l e a t e  

0 . 6 7  23 10 28 4 .2  0 . 6 8  

S t i g m a s t e r o l  

0 . 8 0  25  l I 23 3 .4  0 .41  

With d ihydrocho les tero l  or ep icopros tano l  the  experimental  data are much  
more ef fected.  In these t w o  cases on ly  t w o  relaxations could be resolved. Possi- 
bly the  first and the  second  relaxat ion process have approximate ly  the same 
t ime cons tant  or the  ampl i tude  of  the  fastest process is t o o  small. 

Table V conta ins  the values of  the rate constants  and o f  No,  which  were cal- 
culated from the  experimental  results given in Table IV and from Cm according 
to Eqns.  9 - -13 .  

It is seen from Table V that  cholesterol  has a strong inf luence  on  the rate 
constants  kR, kMs and ks. As Xchol is varied be tween  0 and 0 .8 ,  the three rate 
constants  kR, kMs and k s decrease about  7 to 8-fold,  whereas kD remains virtu- 
ally constant .  

Tabel V conta ins  also the  results for the sterols wi th  one  h y d r o x y  group and 
for choles ter inoleate .  According  to the f inding that  the relaxation date are no t  
very much  affected by these c o m p o u n d s ,  the rate constants  and No remain also 
virtually constant .  

Discuss ion 

From the results given in the previous sect ion it is seen that  there is a strong 
inf luence  of  cholesterol  on the transport  kinetics  of  l ipophil ic  ions and carrier 
molecules .  For an increasing mol  fract ion of  cholesterol  be tween  0 and 0.8 the 
trans locat ion rate cons tant  k i for dipicrylamine and te traphenylborate  increases 
by a factor of  about  8, whereas the part i t ion coef f ic ient /3  is a lmost  insensitive 
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to the cholesterol content  of the membrane. These findings are in contrast to 
the observed decrease of nonelectrolyte permeability of lipid vesicles in the 
presences of cholesterol [5,8]. These results have been explained in terms of a 
condensation effect of cholesterol [5] and a concomitant  decrease of mem- 
brane fluidity. 

In experiments with lipid bilayer membranes containing increasing amounts 
of cholesterol the permeability of positively charged probes decreases, whereas 
the opposite is valid for negatively charged molecules [14,15]. These findings 
can be explained by the assumption that  the influence of cholesterol on the 
kinetics of charged probes is given mainly by the change of the dipole poten- 
tial of lipid bilayer membranes and to a much lesser extent by the membrane 
fluidity [13,14]. No direct information is available on the magnitude of the 
dipole potential between aqueous phase and membrane interior. Measurements 
of surface potentials of lipid monolayers which may be considered as one halve 
of a membrane indicate that  the interior of a membrane is more positive by 
several 100 mV with respect to the aqueous phase [32]. As indicated by mono- 
layer experiments the dipole potential of membranes seems to be largely depen- 
dent on the lipid composition of the membrane [32]. Monolayers of monolein 
and lecithin, the lipids used in this study, have a surface potential of about 320 
mV and 440 mV, respectively [32]. As the dipole potential VD (Fig. 2) of a 
membrane affects in general, both the partition coefficient/3 and the transloca- 
tion rate constant  ki, the product  k.~ for a given hydrophobic ion should be dif- 
ferent by a factor of about 100 for membranes composed of either monoolein 
or lecithin. This is not  the case, as seen from Tables I and III. From the devia- 
tion one may conclude that  not  only the variation of the dipole potential is 
responsible for the differences between the single lipids. The adsorption of 
hydrophobic ions to the zwitterionic polar head group or structural properties 
of the membranes may also play a role. 

/---~---1 

/ / / 

D 

\ 

f 

aqueous dipole hydrocarbon dipole  aqueous 

phase layer layer layer phase 

F i g .  2 .  P o t e n t i a l  c o u r s e  i n  a m e m b r a n e .  V D and  V M are the  p o t e n t i a l s  o f  the  m e m b r a n e  inter ior  w i t h  
r e s p e c t  to  t h e  m e m b r a n e  surface  and  t h e  a q u e o u s  phase ,  r e s p e c t i v e l y .  A V  D is  the  c h a n g e  o f  the  d i p o l e  
p o t e n t i a l  V D .  
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The change of the dipole potential  AV D (Fig. 2) of a membrane may affect 
in general the part i t ion coefficient  ~ as well as the translocation rate constant 
k i. The relative magnitude of the effects on ~ and k i depends on the location of 
the adsorption plane of  the lipophilic ion. Under the assumption that  the intro- 
duction of  sterol molecules in the membrane affects only the surface potential  
by the amount  AV D but leaves other  membrane parameters unchanged, the 
influence on ~ki is given by the following equation: 

~h i -~ /3* exp(--zSF A V D / R T )  • k~ exp(--z(1--5)  F A V D / R T )  (19) 

where z is the valency of the lipophilic ion, 5AVD and (1--5)AV D the change of 
the dipole potential  with respect to the adsorption plane of the lipophilic ions 
and to the translocation rate constant,  respectively, and h i and fi are the con- 
stants for  AVD = 0. If the adsorption plane is located outside (on the aqueous 
side) of  the dipole layer then AV D acts only on hi leaving fl unaffected (5 = 0). 

The results given in Tables I, II and III show that  the parti t ion coefficient  is 
almost insensitive to the composi t ion of the membrane,  whereas the transloca- 
t ion rate constant  ki is found to increase in the case of monoolein  membranes 
with increasing cholesterol content .  In the case of lecithin membranes k i seems 
to be nearly unaffected (Table III). These results are consistent with the finding 
that  a monolayer  of cholesterol has a surface potential  of 390 mV [33],  which 
is much larger than that  of a monoolein monolayer  (about 320 mV) [32]. A 
lecithin monolayer  has a surface potential  of 440 mV [32],  hi should therefore 
decrease in membranes from cholesterol lecithin mixtures with increasing 
cholesterol content .  It is seen from Table III that  no decrease was observed for 
ki. The reason for this finding is not  yet  clear. 

Using the assumption that  cholesterol and monoolein  are ideally mixed in 
the membrane and that  the membrane has the same composi t ion as the bulk 
phase, (an assumption, which is not  completely fullfilled in cases where the 
composi t ion of membranes containing cholesterol has been measured [34]) 
Eqn. 19 reduces in the case 5 = 0 to: 

k i = h~ exp(F  x A V D / R T  ) (20) 

when the valency z = --1 of dipicrylamine and te t raphenylbora te  has been 
introduced,  x is the mol fraction of cholesterol. Fig. 3 shows the results for the 
two lipophilic ions. The theoretical  curve was drawn with AV D = 70 mV. It is 
seen that  the dependence of the ratio k i /h~ on the mol fraction of cholesterol is 
very well described by Eqn. 20. This finding is not  obvious, as some of the 
assumptions which are implicit in equation 20 seem doubtful .  Especially in 
the case of epieholesterol,  where a surface potential  of  monolayers  in the order 
o f - - 1 0 0  mV has been observed [33],  it is not  possible to describe the results 
for ki/k* in a similar way as for  cholesterol. An explanation for this unexpected 
be'haviour is also not  ye t  clear, but  monolayer  studies may help to decide this 
question. 

A possibility is that  the sterols with one h y d r o x y  group, besides cholesterol, 
are completely excluded from a bilayer. However, a complete  exclusion of 
sterols f rom membranes seems not  very likely. Similar considerations apply to 
cholesterololeat,  where also no influence on the kinetics of ions transport  was 
observed. Cholesterol, for instance is only excluded to a small extent  at higher 
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t e x t .  

concentrat ions in the membrane forming solutions [34].  Monolayer studies 
with lipid/sterol mixtures,  especially the measurement  of the surface potential  
may help to decide this question. 

The action of cholesterol on valinomycin mediated by Rb ÷ transport  is much 
more complex as compared with the action on lipophilic ions. It is seen from 
Table V that  not  only kMS decreases with increasing cholesterol content  in the 
membrane,  but  also ]?R and k s show a similar behaviour as kMs (Fig. 4). The 
decrease of  the three constants is of similar magnitude as the increase of k i in 
the case of the lipophilic ions under  identical conditions. A change in the 
dipolar potential  of the membranes is able to influence the stability of the ion- 
carrier complex as well as the translocation rate constant  kMS. But its influence 

rate 
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F i g .  4.  D e p e n d e n c e  o f  t h e  r a t e  c o n s t a n t s  o f  v a l i n o m y c i n  m e d i a t e d  R b  + t r a n s p o r t  o n  t h e  m o l  f r a c t i o n  o f  
c h o l e s t e r o l  i n  m o n o o l e i n / c h o l e s t e r o l  m i x t u r e s .  T h e  l i p i d  was  d i s s o l v e d  in  n - h e x a d e c a n e .  The  a q u e o u s  
p h a s e  c o n t a i n e d  1 M RbC1 a n d  1 0  -7  M v a l i n o m y c i n ,  T = 2 5 ° C .  
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on uncharged molecules should be negligible. The decrease of the translocation 
rate constant ks of the free carrier may therefore be caused by a decrease of the 
fluidity of the membrane in the presence of cholesterol. A very similar 
condensing effect, which lowers the permeability of uncharged molecules, has 
been observed with model membranes in the fluid state [5]. The finding that  
the influence of cholesterol on k S and ]ZMS is approximately the same seems to 
indicate that  the change of the translocation rate constant kMS is presumably 
caused by a fluidity change of the membrane and not by the change of the 
dipolar potential. 

Depending on the location of the adsorbed carrier-ion with respect to the 
dipolar layer a change of the dipolar potential may affect the heterogeneous 
stability constant of the complex Kh = k a / k D ,  as well as the translocation rate 
constant kMs. As kMS and ks show the same dependence and K~ decreases about 
8-fold if the tool fraction x of cholesterol is increased from 0 to 0.8 the dipole 
potential change AV D seems to act only on the stability of the complex. The 
decrease of K h is caused by a decrease of the association rate constant ]'R 
whereas ~D remains virtually constant. The finding that only k R is affected by 
cholesterol may be explained by the assumption that  the charged complex is 
located on the hydrocarbon side of the dipole layer. In this case, Rb ÷ from the 
aqueous phase has to surmount the additional potential difference AVD, thus 
apparently decreasing k R. The decrease of kR for increasing mol fraction x of 
cholesterol can be described in a similar way as given by Eqn. 20 for k i. The 
experimental data for k R fits very well for AVD = 70 mV. The hypothesis that 
the carrier-ion complex is located towards the membrane interior is supported 
by the fact that  only part of an applied voltage seems to act on the carrier-ion 
complex [24,35,36]. 

The results obtained with the valinomycin/Rb ÷ system in membranes 
containing the other sterols reflect in principle the results found with the lipo- 
philic ions. Also in this case the transport parameters are not influenced by epi- 
cholesterol, ergosterol and stigmasterol. The same applies to cholesterololeate. 

It is interesting to note that  the 3~-hydrosterols ergosterol and stigmasterol 
show also in model systems like monolayers and liposomes a somewhat differ- 
ent behaviour than cholesterol [6,37]. For instance, the high collapse pressure 
for cholesterol monolayers is reduced in the case of these sterols [6] and the 
decrease of the permeability of lecithin liposomes for glucose, glycerol and Rb ~ 
is smaller [37i.  In a recent publication [38] an opposite action of cholesterol 
on the permeability of lecithin vesicles has been reported. Whereas in the earlier 
publications [5,6,8,37] a reduced permeability of the liposomes obtained by 
stirring for charged and uncharged molecules has been found, the opposite is 
valid for vesicles obtained by sonication [38]. The contradictory results may 
caused by the different preparations of the model systems in the two cases 
[37,38]. 

From the results obtained with membranes containing cholesterol and 
related studies with membranes of different composition and thickness [16,17] 
it is possible to deduce which membrane properties act on the two transport 
systems, the negatively charged lipophilic ion and the positively charged ion- 
carrier complex. The transport kinetics of lipophilic ions seems to be mostly 
influenced by membrane thickness and magnitude of the dipole potential and 
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to a neglectible extent  by the membrane fluidity. The translocation rate con- 
stants kMs and ks of  carrier mediated ion transport  are limited to large extend 
by the membrane fluidity, whereas the stability constant K h seems to be partly 
influenced by the dipole potential.  The different behaviour of  the two trans- 
port  systems may be caused by the different location of  the adsorption planes. 
Whereas the lipophilic ions are possibly adsorbed towards the aqueous side of 
the dipole layer, the charged carrier-ion complex seems to be located on its 
hydrocarbon side. 
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