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Summary 

Charge-pulse relaxation experiments of valinomycin-mediated Rb ÷ transport 
have been carried out  in order to study the influence of  membrane structure on 
carrier kinetics. From the experimental data the rate constants of association 
(ha) and dissociation (kD) of  the ion-carrier complex as well as the rate con- 
stants of  translocation of the complex (kMs) and of the free carrier (ks) could 
be obtained. The composition of the planar bilayer membrane was varied in a 
wide range. In a first series of experiments, membranes made from glycerol- 
monooleate dissolved in different n-alkanes (n-decane to n-hexadecane), as well 
as solvent-free membranes made from the same lipid by the Montal-Mueller 
technique were studied. The translocation rate constants ks and kMS were 
found to differ by less than a factor of two in the membranes of different sol- 
vent content.  Much larger changes of the rate constants were observed if the 
structure of the fa t ty  acid residue was varied. For instance, an increase in the 
number of double bonds in the C:0 fa t ty  acid from one to four resulted in an 
increase of ks by a factor of seven and in an increase of kMS by a factor of 
twenty-four.  The stability constant K = k R / k  D of the ion-carrier complex as 
well as the translocation rate constants ks and kMs were found to depend 
strongly on the nature of the polar headgroup of the lipid. The incorporation 
of cholesterol into glycerolmonooleate membranes reduced kR, kMS and k s up 
to seven-fold. 

Introduction 

Planar lipid bilayer membranes have been widely used as models for bio- 
logical membranes and as tools for the physicochemical investigation of trans- 
port processes. By incorporating specific transport systems such as macrocyclic 
ion carriers or channel-forming peptides detailed information on ion permea- 
tion mechanisms could be obtained. In most experiments the membranes have 
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been formed using the technique developed by Mueller et al. [1] in which a 
lipid solution in a solvent, such as a n-alkane, is spread across a hole in a plastic 
sheet. In the optically black state these membranes still contain a certain 
amount  of solvent and their thickness is larger than the thickness of a pure 
bilayer [2--!1] .  If a series of n-alkanes is used as solvents it is found that  the 
membrane thickness decreases with increasing chain length of the n-alkane 
[7,11,26]. Virtually solvent-free membranes can be made by the more recent 
Montal-Mueller technique, starting from lipid monolayers at the air/water inter- 
face [12]. 

Very little is known on the influence of solvent on the transport properties 
of the membrane, for instance on the transport kinetics of lipophilic ions or of 
ion carriers. The question to what extent  transport rates are determined by the 
nature of the lipid and to what extent  they are influenced by the solvent 
present in the membrane, is, of course, of some importance for the use of black 
lipid films as models for biological membranes. For this reason we have carried 
out  a study on the kinetics of valinomycin-mediated cation transport through 
membranes made from glycerolmonooleate in a series of n-alkane solvents 
(n<lecane to n-hexanedecane) and through solvent-free (Montal--Mueller) mem- 
brane of the same lipid. The use of an ion carrier as a "p robe"  for the membrane 
structure [13,14] seems particularly useful because carrier-mediated ion trans- 
port occurs in several distinct steps (complexation, translocation of the loaded 
carrier, dissociation, back-transport of the unloaded carrier) and each of these 
steps is affected differently by changes in the structure of the membrane. A 
kinetic analysis of the carrier system yielding the rate constants of the four 
transport steps has been performed in the past using the voltage-jump relaxa- 
tion technique [15] and, more recently, by the charge-pulse relaxation tech- 
nique [ 16]. The latter method has been used throughout  in this study. 

We have also investigated the dependence of transport kinetics on the struc- 
ture of the lipid. This part of the paper is an extension of previous studies 
[14,17,18] on the influence of hydrocarbon chain length on the rate constants 
of carrier-mediated ion transport. The translocation rate constant of the ion- 
carrier complex depends on several factors such as the shape of the dielectric 
barrier, the viscosity of the membrane, and the dipolar potential in the mem- 
brane-solution interface. The relative importance of these factors is difficult to 
assess at the moment.  Studies with lipids of different structures seem therefore 
interesting. We have used monoglycerides with fat ty acids differing in the 
hydrocarbon chain length as well as in the number and position of double 
bonds. Furthermore,  the polar head group and the nature of the linkage 
between hydrocarbon chain and polar residue (ester and ether bonds) were 
varied. In a third series of experiments, membranes made from a mixture of 
glycerolm0nooleate and cholesterol were studied. 

Description of  the transport model 

The model which was previously described in full detail [15,19] is based on 
the assumption that  the association between the ion M ÷ {aqueous concentration 
CM) and the carrier S takes place in the membrane-solution interfaee, the rate 
constant of association and dissociation of the complex being kR and kD, 
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respectively. The translocation steps of the complex MS + and of  the free carrier 
S are described by rate constants kMS and ks. It is assumed that only kMS is vol- 
tage-dependent. This is of  course an approximation since it is known that only 
part of the applied voltage drops across the central barrier [20--22].  The 
resulting voltage-dependenc e of  k R and kD, however, is rather small [23].  Fur- 
thermore,  the influence of  barrier shape on the voltage-dependence of  kMS is 
neglected; this is permissible as long as the voltage is small [24,25];  in our 
experiments the voltage was about  10 mV. At t = 0 the membrane capacity is 
charged up virtually instantaneously to a voltage V°m. For IV°~I ~ 25 mV the 
decay of the voltage is given by [16] : 

Vm(t) = V°m[at exp(--k, t)  + a2 exp(--k2t) + a3 exp(--k3t)] (1) 

a, + as + a3 = 1 (2) 

If all relaxation tifnes ri = 1/hi and all relative relaxation amplitudes a i are 
known, the rate constants kR, kD, kMS and ks as well as the total  carrier con- 
centration No in the membrane may be calculated in the following way: defin- 
ing the quantities: 

P, = k, + k2 + ~3 (3) 

P2 = ~,~2 + ~,k3 + ~2~3 (4) 

P3 = ~,~2~3 (5) 

P4 = a,k,  + a2k 2 + a3k3 (6) 

Ps = a~k, 2 + a2k22 + a3k3 2 (7) 

the rate constants and No are given by [16]: 

kMS = 2 \P4 

kD = - P :  + K - \ P 4 l  j (9) 

1 P3 
kS - 2kD P4 (10) 

kR =c~(P, --P4 -- 2ks -- 2kMS -- kD) (11) 

2RTCm P4 (1+ kD 
- -  ( 1 2 )  No - F2 kM s 

with Cm being the specific capacity of  the membrane.  The interfacial concen- 
tration of  the free carrier S and the complex MS* may be calculated using the 
relations for Ns and NMS as published earlier [ 16]. The partition coefficients 7s 
and 7MS are defined as dimensionless parameters: 
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2N s 
7s - dcs (13) 

2NMs 
7MS = dCMS (14) 

d is the membrane thickness and Cs and CMS are the concentrations of the car- 
rier S and the complex MS + in the aqueous phase (Co = Cs + CMS is the total car- 
rier concentration in the aqueous phase). Because of the small equilibrium con- 
stant K for valinomycin and Rb in water (K ~< 0.1 M -~ [17]), 7s may be calcu- 
lated using the approximation Cs ~ Co. For 7MS only a lower limit can be calcu- 
lated from Eqn. 14. 

Materials and Methods 

Optically black lipid bilayer membranes were formed in the usual way [17] 
from a 1--2% (w/v) solution of  the lipids in n-alkanes (Merck, standard for gas 
chromatography).  The circular hole in the Teflon wall between the two aque- 
ous compartments had a diameter of 2 mm. The temperature in the cell was 
kept at 25°C. The aqueous phase contained 1 M RbC1 (Merck, analytical grade) 
dissolved in twice destilled water and 10 -7 M valinomycin (Calbiochem, San 
Diego, Calif.). The aqueous solutions were unbuffered and had a pH of about  6. 
The measurements were performed 10--20 min after the membrane had turned 
completely black. 

Bilayer membranes made from monolayers (solvent-free membranes) were 
formed as described earlier [11,12]. A 12.5-pm thick plastic septum (Yellow 
Springs Instrument,  Membrane Kit No. 5937 for oxygen electrodes) with a hole 
of 0.2--0.3 mm in diameter was clamped between two Teflon troughs. 

After filling the troughs with the aqueous solution and cleaning the water 
surface, the two water levels were adjusted below the hole by means of two 
syringes. The lipid was then added to the surface as a 0.1% (w/v) solution in 
n-hexane (Merck, Uvasol grade). The amount  of lipid on the surface was in 
large excess compared with the amount  needed for a monolayer.  After evapora- 
tion of the solvent the water level on one side was adjusted just above the hole 
with the syringe. Then the level on the other side was also raised. If there was 
no membrane formed across the hole, the procedure was repeated. It cannot be 
excluded that  small amounts of hexane were still present in the membrane 
[11,42]. 

Membranes were formed from monoglycerides (Nu Check Prep, Elysian, 
Minn.) with the following fa t ty  acid residues: palmitoleoyl (A9-C16:1), petrose- 
linoyl (A6-Cls:~), vaccenoyl (A1~-C18:~), elaidinoyl (transAg-Cls:l), linoleoyl 
(A9'I2-Cls:2), linolenoyl (Ao'12'lS-C18:3), eicosenoyl (All-C:0:~), eicosadienoyl 
(Al1"14-C20:2), eicosatrienoyl (Al1'14'17-C20:3), arachidonoyl (A5'~'11'14-C20:4) 
erucoyl (A13-C22:1). The lipids contained about 98% of the 1-isomer and 
gave a single spot in a thin-layer chromatogram. The purity of the fat ty acids 
was checked by mass spectroscopy and gas chromatography; the results indi- 
cated that  the fat ty acids contained trace amounts of other fat ty "acids. The 
content  was greater than about  90--95%. Id,2-dipalmitoleoyl-3-phospha- 
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tidylcholine was synthesized in our laboratory by Benz and Janko [29].  
l~)leylglycerol  was purchased from Serdary (London, Ontario N6G 2R7, 
Canada). 

The purity of  both  lipids was checked by thin-layer chromatography and was 
found to be greater than 99%. 

The charge pulse experiments were performed as described in a previous 
publication [16]. In the meantime the time-resolution of  the method was 
increased to about  200 ns and the noise-level of the detecting system substan- 
tially reduced. The membrane capacitance was charged up to a voltage of  about  
10 mV. For this purpose a voltage source was connected with the cell by means 
of  an FET switch during a time between 20 ns and 100 ns. The impedance of 
the switch in the "open"  position was larger than 1012~2. The switch was trig- 
gered repetitively by a separate bat tery-operated pulse generator with pause 
periods which were at least 20-times longer than the longest relaxation time of  
the membrane. An oscillographic record of a charging pulse is given in Fig. 1. 
The transients of  the membrane voltage were recorded with a Tektronix 7633/  
7A13 storage oscilloscoi~e. If not  otherwise indicated the detecting system had 
a bandwidth of about  10 MHz. The original photographs of  the oscillograms 
were enlarged to 15 × 20 cm in order to match the resolution of the digitizer 
(Hewlett  Packard 9864A). The digitized data from the curves were further 
analyzed with a Hewlett  Packard 9820A calculator and a plot ter  9862A. 

The experiments were performed with a pair of  carefully selected platinized 
platinum electrodes of  large surfaces (about  2 cm 2 for each electrode) with an 
asymmetry  of less than 0.5 mV. The performance of  the whole set-up was care- 
fully checked with resistors in parallel to an unmodified membrane and with 
dummy circuits replacing cell and membrane.  An example is given in Fig. 2. A 
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Fig. 1. Osc i l lograph ic  r e c o r d  of  a c h a r g i n g  pulse  o f  a b o u t  30  ns  d u r a t i o n  w h i c h  was  app l i ed  to  a r e s i s t ance  
of  100b'~. The  m e a s u r e m e n t  was  p e r f o r m e d  w i t h  a T e k t r o n i x  7633  o s c i l l o s c o p e / 7 A 1 3  a m p l i f i e r  a t  a 
b a n d w i t h  o f  80  MHz.  

Fig.  2. Osc i l lograph ic  r e c o r d  o f  a t e s t  e x p e r i m e n t  w i t h  a g i y c e r o l m o n o o l e a t e / n - d e c a n e  m e m b r a n e  in 1 M 
KC1 ( res i s tance  o f  so lu t ions  and e l e c t r o d e s  a b o u t  R S ffi 4 0 ~ ) .  The  m e m b r a n e  c a p a c i t y  was  C = 4.9  n F  

( m e m b r a n e  a rea  A = 1 .23  m m  2) and the  m e m b r a n e  res i s tance  o f  the  orde r  o f  1 0 8 £ L  In  o r d e r  to  s i m u l a t e  
the  carrier- induced c o n d u c t a n c e  an  e x t e r n a l  r e s i s t ance  R e = 33£Z wa s  i n t r o d u c e d  paral le l  to  C and R S. A t  

t i m e  t = 0 a c h a r g i n g  pu l se  of  a b o u t  2 0  ns  durat ion  was  appl ied to  the  m e m b r a n e .  F o r  t i m e  t > 200  ns the  
d e c a y  o f  the  m e m b r a n e  vo l tage  is p u r e l y  e x p o n e n t i a l  w i t h  a t i m e  c o n s t a n t  o f  3 6 9  ns  w h i c h  nea r ly  agrees  
w i t h  the  ca l cu l a t ed  t i m e  c o n s t a n t  (R  e + Rs)C = 3 5 8  ns. 
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Fig. 3. D e c a y  of  the  m e m b r a n e  vo l t age  V m a f t e r  a c h a r g e  pulse .  G lyce ro l  m o n o e i c o s a t r i e n o a t e / n - d e c a n e  

m e m b r a n e  in  a a q u e o u s  so lu t i on  of  10 . 7  M v a l i n o m y c i n  and 1 M RbC1; T = 2 5 ° C ,  m e m b r a n e  a rea  a b o u t  
2 m m  2. At  t i m e  t = 0 the  m e m b r a n e  c a p a c i t a n c e  was  c h a r g e d  up  by  a c u r r e n t  pu lse  of  a b o u t  20 ns dura-  

t i on  to a vo l t age  I ~  m = 11 .5  inV.  A r e p e t i t i v e  pulse  s e q u e n c e  was u s e d  w i t h  pause  in te rva l s  o f  1 m s  

b e t w e e n  t w o  s ingle  pulses.  The  deacy  of  V m w a S  r e c o r d e d  w i t h  d i f f e r e n t  s w e e p  t imes ,  as i n d i c a t e d  on  the  
r i gh t  side of  the  osc f l logram.  T h e  base  l ines of  the  d i f f e r e n t  r e c o r d s  we re :  0 m V  (20 t t s /d iv) ,  - -5 .56  m V  (5 

(5 t ts /div) ,  - -5 .53  m V  (1 t ts /div) ,  and  - - 5 . 1 4  m V  (0 .2  t ts/div).  

glycerolmonooleate/n-decane membrane with a capacity of C = 4.9 nF (area 
about  1.26 mm 2) was formed in 1 M KC1. Parallel to the electrodes on both 
sides of the membrane an external resistor of Re = 33~2 was introduced.  From 
Re and C together  with the resistance of  electrolyte and electrodes of about  
40Ft the RC-time constant  of  the circuit is calculated to be 358 ns. From Fig. 2 
a time constant  of  369 ns for  the exponential  decay is obtained. The time reso- 
lution of  the whole set-up is limited by oscillations of the FET-switch, the geo- 
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Fig. 4. Analys i s  o f  the  data  o f  Fig. 3.  The  re laxat ion  t imes  T i and the  vo l tage  a m p l i t u d e s  V i (Eqn.  1 5 )  
w e r e  eva luated  f r o m  the  three  success ive  p lots ,  A~ B, and C. In  each  case  te regress ion l ine  was  dra wn  
w h i c h  gave the  bes t  f i t  to  the  p l o t t e d  po in t s  in the  l im i t  o f  l o n g  t imes  t. The  corre la t ion  coe f f i c i entS  w e r e  
ca lcu la ted  to  be  r = 0 . 9 9 9 9  ( p l o t  A, 5 ps  < t < 1 5 0  /Js), r = 0 . 9 9 1 9  (p lo t  B, 1 . 5  /~s < t < 5 /Js) and r = 
0 . 9 9 6 8  ( p l o t  C,  0 . 1 4 6  ~s  ~ t < I /~ s ) .  F r o m  the  data  given in A ,  B and C, the  f o l l o w i n g  values  for  the  rate 
c o n s t a n t s  and for  N o w e r e  ca lcu la ted  f r o m  Eqns. 3 - - ] 2 .  k R = 3 . 3 2  • 1 0 5  M -lr.  s -1 ; k D = 5 . 2 6  • 1 0 4  s -1 ; 

k M S =  1 . 3 4 .  1 0 6  s - l ; k  S =  9 . 3 6 -  1 0 4 s  - I ; N  offi 4 . 5 6 ,  1 0  - 1 3  m o l . c m  - 2 .  
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metry of the cell and the area of the hole in the cell wall. Under optimal condi- 
tions a time resolution of 200 ns was obtained. Relaxation processes with time 
constants of about  150 ns and an amplitude of 1 mV (total amplitude ~ 10 
mV) could be measured with the above described experimental set-up. In test 
experiments with undoped membranes of the different lipids in I M KC1 or 1 M 
RbC1 solution and an external resistance in parallel to the membrane only one 
time constant  was observed in general, which agreed with the calculated RC 
time of the circuit. Only glycerolmonooleate/n-hexadecane membranes showed 
an additional early voltage decay with a time constant  of about  150 ns and a 
relative amplitude of 0.1 (membrane voltage V°m ~ 10 mV). The origin of this 
fast relaxation process is not  yet  clear. The early voltage-decay may be caused 
by the impedance of the polar-layer which may be represented by a large 
capacity in parallel with a small resistance [27]. Or the transient may reflect a 
reorientation of dipoles in the membrane [28]. The experimental data obtained 
from glycerolmonooleate/n-hexadecane membranes were not  influenced by this 
additional fourth relaxation process which cannot be explained by the carrier 
model. 

As discussed in the previous section, the decay of the membrane voltage V m 
(t) after a charge pulse is governed by three relaxation processes (rl ~ r2 ~ r~): 

Vm(t) = V1 exp(-- t /r l )  + V2 exp(--t/T2) + V3 exp(--t/T3) (15) 

The relaxation times ri and the voltage amplitudes Vi were evaluated from the 
record of Vm(t) as described earlier [16]. An example is given in Figs. 3 and 4. 
In each case the regression line was calculated using a least-squares fitting pro- 

gram. 
From Eqn. 12 it is seen that  for the calculation of the total carrier concen- 

tration in the membrane the value of the specific membrane capacity Cm is 
needed. For most of the systems studied here the specific capacity was given in 
previous papers [11,29]. For the others Cm was measured as described earlier 
[29]. Rectangular pulses with a voltage of Vm = 10 mV were applied to the 
membrane. The current was measured as a voltage drop across an external resis- 
tance with a 5115 Tektronix storage oscilloscope. The membrane capacity C 
was calculated using the relation VmC = TIo, where Io is the current extrapo- 
lated to zero time and r the time constant  of the exponential decay. The area 
of the membranes was measured using an eyepiece micrometer. The values of 
the calculated specific capacity varied within 6% around the mean value. 

Results 

(a) Influence o f  the solvent 
The experimental results obtained with membranes made from glycerol- 

monooleate dissolved in four different n-alkanes and with solvent-free mem- 
branes of the same lipid are given in Table I. In addition to the mean values of 
the experimental data of rl ,  r2, r3, al and as (a3 is equal to 1--al--a2) the spe- 
cific membrane capacity Cm is given. In contrast  to the voltage clamp experi- 
ments, where relaxation times and amplitudes are independent  of the carrier 
concentration in the membrane, the relaxation data from the charge-pulse 
experiments are strongly dependent  on the total carrier concentration No in the 
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T A B L E  I 

Re laxa t ion  t imes  r i and  relat ive r e l axa t ion  a m p l i t u d e s  a i ob t a ined  f r o m  charge-pulse  e x p e r i m e n t s  with  
m e m b r a n e s  m a d e  f r o m  g i y c e r o l m o n o o l e a t e  dissolved in d i f f e ren t  n-a lkanas  an d  wi th  so lvent - f ree  m e m -  
b ranes  f r o m  the  s ame  lipid. The  a q u e o u s  phase  c on t a ine d  1 M RbCI an d  10 -7 M v a l i n o m y c i n ;  T = 25°C.  
The  values  of  the specif ic  c apac i t y  C m were  t a k e n  f r o m  ref.  11 an d  the  e x p e r i m e n t a l  da t a  fo r  n -decane  
f r o m  ref.  16. The  values  of  T I and  a i are  m e a n  values  ob t a ined  f r o m  d i f f e r en t  m e m b r a n e s  ( c o m p a r e  Table  
II). 

So lvent  ~" 1/~s I" 2 /ps  ?'3/ps a I a2 C m / n F  c m - 2  

n-Decane  0 .696  2 .04  63.1 0 .357  0 .236  390 
n -Dodecane  1 .049  3.42 80.7 0 .407  0 .147  416  
n -Te t r adecane  1 .099  • 3 .62 69 .8  0 .483  0 .114  469  
n - H e x a d e c a n e  0 .763  4.11 63 .2  0 .558  0 .112  585  
Solvent - f ree  0 .705  5.57 62 .4  0 .363  0 .126  7 4 5  

membrane [16] .  As the black film is not always in a true partition equilibrium 
with the aqueous phase with respect to valinomycin [17] ,  the value of No and 
therefore also the values of the relaxation times and amplitudes are subjected 
to relatively large variations from membrane to membrane. The rate constants, 
however, which are evaluated from T i and ai (see below) show much smaller 
variations. 

Table II contains the values of  the rate constants and of  No, which were cal- 
culated from T i = 1/~,, a i and Cm according to Eqns. 8--12. In addition, the 
partition coefficient 7s of  the free carrier is given. 

7s was calculated using Eqn. 13. The thickness d of the hydrocarbon layer 
of the membrane may be obtained from Cm = eeo/d,  where eo = 8.85 • 10 -12 
F/m is the permittivity of free space and e = 2.1 the dielectric constant of a 
hydrocarbon. From the results of  Table II it is seen that the rate constants of  
t rans loca t ion ,  kMS and ks are nearly independent of  the nature of  the solvent 
used for membrane formation and are almost the same for solvent-free mem- 
branes. The rate constants of  the interfacial reaction k s  and k D s e e m  to 
decrease in the series n-decane to n-hexadecane to solvent-free membranes 

T A B L E  II  

Ra te  cons t an t s  kR,  kD, kMS , k S fo r  v a l i n o m y c i n - m e d i a t e d  Rb+- t ranspor t  across m e m b r a n e s  m a d e  f r o m  
g i y c e r o l m o n o o l e a t e  dissvolved in d i f f e r en t  n-a lkanes  and  solvent - f ree  m e m b r a n e s ,  as ca lcu la ted  f r o m  the 
da ta  of  Table  I. The  pa r t i t i on  coef f i c ien t  7S was ca lcu la ted  acco rd ing  to  Eqn.  13. Fo r  solvent- f ree  m e m -  
b ranes  only a l ow er  l imi t  for  7S could  be  given because  the a q u e o u s  car r ie r  c o n c e n t r a t i o n  is dec reased  in 

this case b y  u p t a k e  of  c a r d e r  in to  the  excess l ipid in the  w a t e r  surface .  In  add i t ion  to  the  s t anda rd  devia-  
t ions,  the  n u m b e r  n of  m e m b r a n e s  fo r  each  set  of  the e x p e r i m e n t a l  cond i t i ons  is given. The  results  for  
n -decane  were  t aken  f r o m  ref.  16. 

Solvent  k R / 1 0 4  M - t  • s "1 k D / 1 0 4  kMS/104  k s / 1 0 4  N 0 / p m o l  7S /103  n 
S-I s-I S---I cm-2 

n-Decane  37 + 12 24 -+ 6 27 + 3 3.5 ± 0 .4  0 .68  ± 0 .30  5.6 7 
n -Dodecane  21 -+ 5 10 -+ 3 20 ± 1.5 3.9 ± 0 .5  0 .70  -+ 0 .32  5.1 9 
n -Te t r a decane  18 + 5 9 ± 2 18 ± 1.5 4 .0  ± 0 .4  0 .93  ± 0 .28  7.8 9 
n -Hexadecane  15  ± 3 9 ± 2 23 ± 3 3.0 ± 0.6 1 .70  ± 0 .5  20 11 
Solvent - f ree  8 + 1 .5  12 ± 4 41 ± 8 3.2 ± 0 .4  1.1 -+ 0 .3  > 2 6  9 
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whereas the heterogeneous stability constant Kh = k R / k D  remains approxi- 
mately constant. An interesting result is the strong influence of  the solvent on 
the partition coefficient 7s. 

(b) Variation of  the structure of  the fatty acid residue 
Tables III and IV summarize the experimental results obtained from mono- 

glycerides with different fatty acid residues. All membranes were formed from 
a solution of  the lipid in n-decane. In a first series of  experiments the chain 
length of  the mono-unsaturated fatty acid, as well as the position of the double 
bond was varied. The two cis-trans isomers of the A9-C18:~ fatty acid residue 
were also included. It is seen from Table IV that te a anti ted vary only within a 
factor of  about two within the range of  the mono-unsaturated fatty acid resi- 
dues studied here. A much larger dependence on the structure of the hydrocar- 
bon chain was found for the translocation rate constants kMs and ks, both con- 
stants decreasing 8- to 10-fold between C16:~ and C22:~. 

In a second series of  experiments the number of double bonds was varied. 
Again, it is found that ka and kD are not very sensitive to a change in the struc- 
ture of  the hydrocarbon chain (Table IV). On the other hand, kMs increases 
about 9-fold from C18:~ to C~8:3 and more than 20-fold from C20:l to C20:4. A 
similar but smaller variation is observed for ks. This means that in highly unsat- 
urated monoglycerides the dissociation reaction becomes more and more rate 
limiting in the overall transport reaction. 

T A B L E  n l  

R e l a x a t i o n  t i m e s  T i and relat ive re laxat ion  a m p l i t u d e s  a i ob ta ined  f r o m  charge pulse  e x p e r i m e n t s  w i t h  m e m -  
branes  f r o m  m o n o g l y c e r i d e s  w i t h  d i f f e r e n t  f a t ty  acid res idues .  The  l ipids w e r e  d isso lved in n -decane .  The  
a q u e o u s  phase  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 e i n ,  2 5 ° C .  The values  for  the  spec i f i c  capac i ty  
d e n o t e d  b y  an aster i sk  ( * )  w e r e  t a k e n  f r o m  ref .  11 .  The  e x p e r i m e n t a l  data  for  g l y c e r o l m o n o o l e a t e  w e r e  

t a k e n  f r o m  ref .  16.  

Fat ty  acid res idue Var ia t ion  o f  chain  length  and s tructure  

"r 1 /ps  "r 2//as r3/~ts  a 1 a2 C m / n F  c m  -2 

P a l m i t o l e o y l  ( A 9 - C 1 6 : 1 )  0 . 4 1 9  1 .72  80 .7  0 . 2 7 3  0 . 0 6 8  4 4 5 *  

Petrose l inoy l  (A6-CI  8 :1)  0 . 8 9 3  2 . 7 0  6 8 . 8  0 . 2 8 1  0 . 2 7 5  3 7 8  

O l e o y l  ( A 9 - C I  8:1)  0 . 6 9 6  2 . 0 4  63 .1  0 . 3 5 7  0 . 2 3 6  3 9 0 *  

E l a i d i n o y l  (transA9-C18:l) 1 .37  3 .81  9 0 . 0  0 . 1 2 3  0 . 4 9 6  3 7 5  

V a c c e n o y l  (A 11 .CI  8:1 ) 0 . 6 8 4  2 . 1 0  9 2 . 3  0 . 2 9 2  0 . 2 7 3  3 9 6  

E i c o s e n o y l  (A  11 .C20:1  ) 1 . 6 2  3 . 5 3  1 2 5 . 9  0 . 3 7 6  0 . 3 0 6  3 4 5 *  

Eruco y l  ( A 1 3 - C 2 2 : 1 )  1 . 9 2  4 . 2 3  1 6 4 . 9  0 . 2 0 3  0 . 5 3 4  3 1 8  

O l e o y l  (A9-C 18:1 ) 

L i n o l e o y l  ( A 9 , 1 2 . C 1 8 : 2 )  

L i n o l e n o y l  ( A 9 , 1 2 ~ 1 5 . C 1 8 : 3 )  

E i c o s e n o y l  (A11 -C20:1 ) 

E i c o s a d i e n o y l  (A I  1 , 1 4 . C 2 0 : 2 )  

E i c o s a t r i e n o y l  (A 1 1 , 1 4 , 1 7 . C 2 0 : 3 )  

A r a c h i d o n o y l  ( A 5 , 8 , 1 1 , 1 4 . C 2 0 : 4 )  

Variat ion  o f  the  n u m b e r  o f  d o u b l e  b o n d s  

0 . 6 9 6  2 . 0 4  6 3 . 1  0 . 3 5 7  0 . 2 3 6  3 9 0 *  

0 . 2 0 2  1 .26  9 5 . 9  0 . 4 0 7  0 . 0 6 3  4 6 4  

0 . 1 2 4  1 . 1 0  1 3 7 . 1  0 . 3 6 6  0 . 0 2 3  5 7 6  

1 . 6 1 5  3 . 5 3  1 2 5 . 9  0 . 3 7 6  0 . 3 0 6  3 4 5 *  

0 . 5 0 3  2 .37  1 2 6 . 6  0 . 3 7 9  0 . 0 6 6  4 1 4  

0 . 2 0 2  1 .73  1 2 3 . 0  0 . 4 7 8  0 . 0 1 8  5 3 9  

0 . 1 3 1  1 .40  2 1 0 . 6  0 . 3 7 3  0 . 0 0 9  5 5 2  
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T A B L E  V 

R e l a x a t i o n  t i m e s  T i and  re la t ive  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  cha rge  pulse  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  d i f f e r e n t  l ip ids  d i sso lved  in  n -decane .  The  a q u e o u s  phase  c o n t a i n e d  1 M RbCl  and  

10 -7  M v a l i n o m y c i n ;  T = 25°C.  T h e  e x p e r i m e n t a l  d a t a  fo r  g l y c e r o l m o n o o l e a t e  were  t a k e n  f r o m  ref.  16. 

L ip id  r 1/~s r 2/$ts T 3/$t a 1 a2 C m / n F  
cm-2 

1 ,2 -D i p a l mi t o l eo y l - 3 -  1 .35  7 .85 31 .4  0 .049  0 .546  387 ** 
p h o s p h a t i d y l c h o l i n e  

G l y c e r o l m o n o -  0 .419  1.72 80.7  0 . 2 7 3  0 .068  445  * 
p a l m i t o l e a t e  

G l y c e r o l m o n o -  0 . 6 9 6  2 .04  63.1  0 .357  0 . 2 3 6  390  * 
o lea te  

1 -Oley lg lyce ro l  2.51 7 .50  88.8  0 .066  O. 141 385  

* F r o m  ref .  11. 

** F r o m  ref .  29.  

(c) Other lipids. 
A number of  experiments have been performed with a di-(16:1 )-lecithin(1,2- 

dipalmitoleoyl-3-phosphatidylcholine) as well as with the ether analog of  glyc- 
erolmonooleate ,  1-oleylgiycerol. The results obtained with these lipids are 
summarized in Tables V and VI. For comparison the kinetic data of  glycerol- 
monopalmitoleate  and of  glycerolmonooleate (taken from Tables III and IV) 
are also included in Tables V and VI. The values of  the rate constants for 1,2- 
dipalmitoleoyl-3-phosphatidylcholine/n-decane membranes agree with previous 
data [17]  obtained with the voltage-jump relaxation method; the latter values 
are given in brackets (Table VI). It is seen from Table VI that the stability con- 
stant kR/k  D of the val inomycin/Rb ÷ complex  is about 20-times higher in the 
glycerolmonopalmitoleate membrane as compared with the lecithin membrane 
with the same fatty acid residue. Furthermore, the translocation rate constants 

T A B L E  VI 

R a t e  c o n s t a n t s  h R ,  hD,  k M S  , k S a n d  to ta l  ca r r i e r  c o n c e n t r a t i o n  N o in  the  m e m b r a n e  fo r  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  ac ros s  m e m b r a n e s  m a d e  f r o m  d i f f e r e n t  Hpids d i s so lved  in n -decane .  T h e  resu l t s  w e r e  

ca l cu l a t ed  f r o m  the  d a t a  of  Tab le  V.  In  a d d i t i o n  to  the  s t a n d a r d  d e v i a t i o n s ,  the  n u m b e r  n of  m e m b r a n e s  

fo r  each  se t  o f  e x p e r i m e n t a l  c o n d i t i o n s  is g iven.  ~'S was  ca lcu la ted  a c c o r d i n g  to  Eqn.  13. The  resu l t s  fo r  
g l y c e r o l m o n o o l e a t e  were  t a k e n  f r o m  ref .  16. T h e  va lues  f o r  1 , 2 - d i p a l m i t o l e o y l - 3 - p h o s p h a t i d y l c h o l i n e  
g iven  in b r a c k e t s  are f r o m  ref .  17.  

Lipid kRll04 M'-I " s-I kDll04 s-I /~MS/104 kS/104 N0/pmol 3'S/ n 
s-1 s-1 cm-2 103 

1 , 2 - D i p a l m i t o l e o y l -  8 .2  -+ 2 .5  45  + 4 9.1 -+ 2 2.2 -+ 0 .4  1.6 + 0 .5  28 6 
3 -Dhospha t idy l -  (4 .5)  (1 .3)  (65 )  

cho l ine  

G l y c e r o l m o n o -  43 + 15 13 -+ 3 74 +- 7 8.5 -+ 0.9 0 .27  + 0 . 0 5  1.5 7 

p a l m i t o l e a t e  

G l y c e r o l m o n o -  37 + 12 24 + 6 27 + 3 3.5 + 0 .4  0 .68  +- 0 . 3 0  5.6 7 
o lea te  

1 -Oley lg lyce ro l  8.3 + 1 .8  15 -+ 2 9 .8  -+ 2.6 4.1 + 0 .5  0 .32  + 0 .16  4 .3  4 
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T A B L E  VII  

Re laxat ion  t imes ~i and relative re laxat ion ampl i tudes  a i obta ined  from charge-pulse exper iments  with 
membranes  made from mixtures  o f  g lycero lmonoo lea te  and choles tero l  in n-decane.  The mole  fraction x 

of  choles tero l  (referred to  total  l ipid) is given in the first co lumn.  The aqueous  phase conta ined  1 M RbCl  

and 10 -7 M v a l i n o m y c i n ;  T = 25°C.  The exper imenta l  values fo r  p u r e  g iycero lmonoo lea te  were taken 
f r o m  ref .  16.  The  value  o f  the  spec i f i c  capacity  denoted  by an asterisk (*)  was taken  f r o m  ref .  11. 

x r 1 ]l~s T2/I~S r3 /Ps  al a2 C m / n F  cm-2  

0 0 .696  2 .04  63.1 0 .357  0 .236  390  * 

0 .048  0 .863  2 .28  74.9 0 .346  0 .247  385  

0 .091  1 .02 2 .99 98 .3  0 .228  0 .301  393  

0 .167  1 .22  3 .66  104 .0  0 .173  0 . 3 6 5  406  
0 .333  2 .36 8 .69  139 .8  0 .083  0 .390  4 3 5  

0 . 5 0 0  3 .32  27.9  256 .5  0 . 0 1 5  0 .361  538 

kMS and ks are considerably smaller in the lecithin membrane than in the mono-  
glyceride membrane. 

Glycerolmonooleate and its ether analog give similar values of  k D and ks, 
whereas both kR and kMS are 3- to 4-times smaller in the ether compound 
(Table VI). 

(d) Membranes containing cholesterol 
The results from experiments made from a mixture of  glycerolmonoleate/  

cholesterol in n-decane are summarized in Tables VII and VIII. The mole frac- 
tion X~h~ of  cholesterol (referred to total lipid) was varied between 0 and 0.5; at 
x ~  f> 0.67 microcrystals appeared in the membrane-forming solution and in 
the border between torus and black film. As shown in Table VII, all three relax- 
ation times strongly increase as X~ol is varied between 0 and 0.5. The corre- 
sponding variations in the rate constants are given in Table VIII. It is seen that, 
while kD and 7s remain virtually constant, the three other rate constants kR, 
kMS and ks decrease about 7-fold if X~ol increases from 0 to 0.5. 

T A B L E  VIII  

Inf luence  o f  choles tero l  on the rate constants  o f  va lonomyc in -med ia ted  Rb+-transport0 as calculated f r o m  

the exper imenta l  data o f  Table VII.  The partit ion coef f ic ient  TS was calculated according to  Eqn.  13. In 
addi t ion  to  the standard deviat ions  the number  n of  m e m b r a n e s  f o r  each set  o f  exper imenta l  cond i t ions  
is given. 

x k R I l 0 4  M -!  • s "1 k D / 1 0 4  s "1 k M S / 1 0 4  k ~ / 1 0 4  N 0 / p m o  I era-2 7 S / 1 0 3  n. 
s-1 s-S 

0 37 -+ 12 24 + 6 27 + 3 3 .5  -+ 0 .4  0 .68  + 0 .30  5.6 7 
0 .046  39 -+ 8 19 +- 3 23 -+ 4 3 .2  +- 0 .3  0 .73  -+ 0 .31 5 .0  6 
0 .091  30  -+ 3 20 -+ 3 20 + 2 2.1 +- 0 .2  0 .52  +- 0 .22  4 .4  8 
0 .167  27 +, 4 22 +, 4 18 +, 3 1.8 +, 0 .2  0 .62  + 0 . 2 8  6.1 7 

0 .333  13 + 3 14 +- 2 8 +, 2 1.2 +, 0 . I  0 .56  -+ 0 .19  6 .8  8 
0 . 5 0 0  5 +  1 1 7 +  3 4+, 2 0 . 5 +  0.1 0 . 7 2 - + 0 . 2 7  16 7 
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D i s c u s s i o n  

In this study we have analyzed the kinetics of an ion-carrier system in a wide 
range of compositions of the lipid membrane. In all cases investigated here the 
three relaxation processes which are predicted by the theory of the charge- 
pulse experiment could be resolved. It was therefore possible to evaluate from 
the experimental data the rate constants of the four elementary transport steps 
of the valinomycin/Rb ÷ system, as well as the partition coefficient of the carrier 
between water and the membrane. 

We first studied the question of  to what extent  the solvent which is present 
in membranes of  the Mueller-Rudin type affects the transport rates. With dif- 
ferent n-alkanes as solvents the specific capacity of the glycerolmonooleate 
membrane varied between 390 nF  cm -2 (n-decane) and 585 nF  cm -2 (n-hexa- 
decane). With a dielectric constant  of e -- 2.1, this corresponds to a variation in 
the thickness d of the dielectric layer between 4.27 nm (n-decane) and 3.18 nm 
(n-hexadecane). Solvent-free membranes of the same lipid made by the Montal- 
Mueller method had a specific capacity of 745 nF/cm 2, corresponding to a 
thickness of d = 2.50 nm. Despite this relatively large change in thickness and 
solvent content  the translocation rate constant  ks of the free carrier remains 
virtually constant  and the translocation rate constant  kMS of the loaded carrier 
increases only by a factor of about two between d = 4.27 nm and d = 2.50 nm. 
This small variation of kMS is rather unexpected in view of the fact that  the 
translocation of the charged complex is limited by the image-force barrier 
[30,31] which depends on the thickness of the dielectric layer. For the further 
discussion we introduce the energy w(d) of an univalent ion located in the 
central plane of a membrane of thickness d. 

If two membranes of thickness d, and d2 are considered the difference in 
w(d) is given by [31]: 

eo 2 
In( 2ew ) 6 ~ 17.8nm (17) 

h - 47reoemkT \ew "]- em--'--~] 

(T = 298 K) 

eo is the elementary charge, Go the permittivity of free space, em ~-2.1 the 
dielectriC constant of the hydrocarbon layer, ew ~-- 78.5 the dielectric constant 
of water, k the Boltzmann constant and T the absolute temperature; w is 
expressed in units of kT. For d, = 4.27 nm, d2 = 2.50 nm, Aw becomes equal to 
3.0. 

This means that, if only the dielectric energy is taken into account, the trans- 
location rate constants in a glycerolmonooleate/n-decane membrane and in a 
solvent-free glycerolmonooleate membrane should differ by a factor of approx. 
exp (Aw) ~-- 20. (This factor becomes even larger, if allowance is made for the 
effects of barrier shape.) 

There are at least two possibilities to explain the small influence of mem- 
brane thickness on kMs. The solvent introduced into the bilayer may diminish 
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the effective viscosity of  the membrane so that  the increase in height of  the 
dielectric barrier is partially compensated by an increase in mobil i ty of  the ion- 
carrier complex.  The other  possibility is based on the assumption that the sol- 
vent is inhomogeneously distributed in the membrane [32] such that small 
areas exist which are almost free of  solvent. These areas would have a thickness 
which is smaller than the average thickness d and which is virtually independent  
of  the nature of the solvent. Ion transport  would then occur predominantly 
through these thinner regions of  the membrane. This hypothesis would also 
provide an explanation for the peculiar observation that the partition coeffi- 
cient 7s of  the free carrier increase with decreasing solvent content  of  the mem- 
brane (Table II). 

In the framework of the kinetic analysis 7s is related to the membrane con- 
centration of  carrier molecules which participate in the ion transport; this con- 
centration would increase if the number  and area of  thin regions in the mem- 
brane increase. 

In contrast  to the small variation of  kMS and ks with the solvent content  of  
the membrane,  a much more pronounced dependence of  the translocation rate 
constants on the structure of the lipid from which the membrane has been 
formed was found. With increasing the chain length of  the mono-unsaturated 
fat ty  acid residue of  the monoglyceride from C1~ to C22 ks decreases about  8- 
fold and kMS about  10-fold (Table IV). An even more drastic effect  on ks and 
kMS Was observed by varying the number of  double bonds in the fat ty  acid. 
Between C20. ~ and C20.4 ks increases by a factor of about  seven and k~s by a fac- 
tor  of  about  twenty-four.  Presumably this strong increase of  the translocation rate 
constants originates in part from the reduced viscosity of  the membrane. Also 
the difference in the translocation rate constants observed with the cis-trans 
isomers of  the A9-C~8.~ monoglyceride (Table IV) possibly result from a vis- 
cosity effect.  Another  factor which may influence kMS is the somewhat  larger 
dielectric constant  and therefore the lower electrostatic energy barrier of  a 
membrane made from highly unsaturated lipids. The increase of  specific mem- 
brane capacity with increasing unsaturation of  the lipid (Table III) may be par- 
tially caused by the change in the dielectric constant. 

The results summarized in Table VI allow a comparison between lipids of  
identical fa t ty  acid chains but  different polar head groups. Dipalmitoleoyl 
phosphatidylcholine and glycerolmonopaimitoleate differ considerably in all 
four rate constants. The most  striking difference occurs in the value of  the sta- 
bility constant  Kh = kR/kD of the complex,  Kh being about  20-times larger in 
the case of  the monoglyceride as compared with the lecithin. Recently,  Hladky 
and Haydon [37] have studied the stationary membrane conductance ~o o f  
lecithin and monoglyceride membranes in the presence of  a cationic carrier sys- 
tem (nonactin/K ÷) and have presented arguments that  the large difference in 
~,o results from the existence of  a dipolar potential in the membrane-solution 
interface which makes the interior of  a lecithin membrane more positive than 
the interior of  a monoglyceride membrane. Our finding that Ka is larger in a 
monoglyceride membrane than in a lecithin membrane is consistent with this 
picture. However,  it is seen from Table VI that  also the two translocation rate 
constants k~s and ks, as well as the partition coefficient ~'s differ considerably 
in membranes made from the two lipids. As "Ys and ks change in opposite direc- 
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tions, these additional effects which are independent of the dipolar potential 
tend to cancel each other and do not  greatly affect the stationary membrane 
conductance. The influence on ks may be discussed on the basis of a higher 
fluidity of the monoglyceride membranes in contrast to membranes from leci- 
thin. Furthermore,  it is not  clear to what extent  a carrier can be influenced by 
an existing dipole potential. The valinomycin-cation complex has a diameter of 
1.5 nm and a height of 1.2 nm; a molecule of this size necessarily creates a large 
local perturbation of the structure of the dipole layer. 

Incorporation of cholesterol into a glycerolmonooleate membrane reduces 
kR, kMS and k s up to about 7-fold (Table VIII). The decrease of the transloca- 
tion rate constants upon incorporation of cholesterol is even more remarkable 
as, at the same time, the membrane thickness as determined from the specific 
capacity (Table VII) decreases. Such a reduction of membrane thickness with 
increasing cholesterol content  has alreadey been observed by Hanai et al. [33]. 
Cholesterol may affect the structure of the membrane and the kinetics of car- 
rier transport in different ways [37--41]. By interacting with the hydrocarbon 
chains of the lipid molecules cholesterol may reduce the fluidity of the mem- 
brane and thereby decrease the translocation rate of the carrier. On the other 
hand, there is experimental evidence that  cholesterol changes the dipolar poten- 
tial of the membrane so that  the interior of the membrane becomes more posi- 
tive [37--40]. Depending on the  location of the absorbed ion-carrier complex 
with respect to the plane of the dipoles, a change in the dipolar potential  may 
affect the stability constant  Kh of the complex as well as the translocation rate 
constant  kMS. The observation that  the effect of  cholesterol on kMS is about 
the same as on ks seems to indicate that  the translocation rate constant  of the 
charged complex is not  significantly influenced by the dipole potential. On the 
other hand it is seen from Table VIII that  the stability constant  Kh = k R / k D  

decreases about  7-fold if the mole fraction x of cholesterol in increased from 0 
to 0.5. Both findings taken together may in principle be interpreted by the 
asumption that  the charged complex is located on the hydrocarbon side of the 
dipole layer. We consider this interpretation as tentative, however, in view of 
the difficulties discussed above in the quantitative application of the dipolar- 
layer model to carrier-mediated ion transport. 
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