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Summary 

In order to test  the question if a pool  of  lipophilic ions may exist in black 
lipid membranes which cannot  be detected by electrical relaxation measure- 
ments we have performed simultaneously measurements of  the optical absorp- 
tion of  a lipophilic ion. The absorbance of  membrane-bound dipicrylamine at 
410 nm was measured with a sensitive spect rophotometer  which can detect  
absorbance changes ~> 4 . 1 0  -s. A minimal concentrat ion of  about  6-1011 
dipicrylamine ions per cm 2 of  the membrane could be detected with this 
instrument.  The dipicrylamine concentrat ion in the membrane obtained with 
the optical method  N[ 'pt is compared with the concentrations N~t I obtained 
from simultaneous electrical relaxation measurements.  N~ pt and N~ 1 agreed at 
low dipicrylamine concentrations (10-8--10-7M in the aqueous phase) and 
showed saturation at higher concentrations (up to 5 • 10 -6 M). In the saturation 
range N~ 'pt was maximally four  times higher than N~ 1. The significance of  this 
difference is discussed together with general aspects of  the saturation phenom- 
enon. 

Introduction 

Black lipid membranes first described by Miiller et al. [ 1 ], have been used in 
the past as tools for  physicochemical studies as well as models for biological 
membranes.  Transport  phenomena across these membranes have been studied 
by  many investigators [2--6].  It has been found that lipid bilayer membranes 
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show a high specific resistance (~ 10 8 £ t .  cm 2) in the presence of common 
electrolytes like NaC1 or KC1 in contrast  to biological membranes [7]. This high 
specific resistance is lowered by many orders of  magnitude if certain carrier 
antibiotica like valinomycin or nonactin are present. Similar effects have been 
found if weak organic acids like dinitrophenol or carbonylcyanide-n-chloro- 
phenylhydrazone are added to the aqueous phase [8]. 

Large organic ions, such as te t raphenylborate  or dipicrylamine, added to the 
aqueous phase do not  change the steady-state conductivity of  bilayer mem- 
branes considerably [3,4,9],  but  cause current transients under voltage clamp 
conditions. These transients have been studied in detail by different authors 
[9--12] and it has been found that this is caused by redistribution of charges 
across the membranes as well as by diffusion polarization associated with con- 
centration changes of  the permeable ion in the unstirred layers adjacent to the 
membrane surface, which result from current flow through the membrane 
[9,13].  

A detailed mechanism for the transport  of hydrophobic  ions across lipid 
bilayer membranes has been proposed earlier [9]. From the data of relaxation 
measurements it has been shown that the transport  of  lipophilic ions occurs in 
three different steps, namely, adsorption from the aqueous phase to the inter- 
face of  the membrane,  translocation to the opposite interface and desorption 
into the aqueous phase. The rate constant  k i for the exchange of  lipophilic ions 
between the deep potential-energy minima at the membrane solution interface 
was derived from the current transient [9--11].  A value for the rate constant  
kma of the transport  from the membrane into the aqueous phase cannot be 
given because of  the slow aqueous diffusion [14].  The interpretation of the fast 
current transient in terms of  a redistribution of ions across the central energy 
barrier has been confirmed in recent voltage-jump and charge-pulse relaxation 
experiments [12,15].  

For small concentrations of  lipophilic ions the concentrat ion in the mem- 
brane was found to be proport ional  to the concentrat ion in the aqueous phase 
[9--11,15].  For  larger concentrations (c ~> 10 -7 M for dipicrylamine) saturation 
phenomena for the hydrophobic  ions in the membrane were observed [9,11,15].  
The effect  has been discussed on the basis of  binding sites at the membrane 
surface for the lipophilic ions [16]. Recently,  McLaughlin [17] gave an esti- 
mation of the surface potential  on the basis of  a refined adsorption model  and 
received higher values than Ketterer et al. [9].  Surface potentials of  the magni- 
tude estimated by McLaughlin [17] are sufficient to explain the observed satu- 
ration in the binding of  lipophilic ions to the bilayer membrane.  In the satura- 
tion range, a large decrease of the translocation rate constant  ki has been ob- 
served. It is not  clear, whether  this effect is caused by electrostatic interactions 
ment ioned above and/or rather by  a change in the structural properties of  the 
membrane.  

So far it was not  clear whether  the concentrat ion of  lipophilic ions in the 
membrane derived by  electrical measurement  agrees with the real total concen- 
tration. It could not  be excluded that a special pool of  lipophilic ions exists in 
the membrane which did not  participate in the charge transport.  To decide this 
question and to get more insight into the saturation phenomena occurring at 
high concentrations of  lipophilic ions more information about  the real concen- 
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trat ion in the membrane is needed. This information may be obtained by 
optical measurements. Recently,  Pohl et al. [18] measured the concentration 
of  dansyl-valinomycin in the membrane by electrical as well as by fluorescence 
measurements and found with the optical method a higher concentration than 
derived from the conductance measurements. These measurements were not 
performed simultaneously because of  the high time resolution needed for elec- 
trical measurements which required a small membrane area, whereas a large 
area was necessary for the fluorescence measurements. 

In this publication we describe experiments with lipophilic ions performed at 
the same membrane with optical absorption and electrical relaxation measure- 
ments. For the optical absorption experiments with dipicrylamine as lipophilic 
ion, a spectrometer with a resolution of  about 4 • 10 -s absorbance units was 
constructed. With an extinction coefficient of dipicrylamine of  e ~ 2 -104  
M -1 • cm -1 a sensitivity of 4 • 10 -s allows to detect  about 6 • 10 ~ dipicrylamine 
ions per cm 2 of the membrane. 

Description of  the transport model 

Lipid bilayer membranes have a non-polar interior and therefore form thin 
barriers (~ 5 nm) in aqueous solutions. For common electrolytes such as KC1 
or NaC1 the membrane has a high specific resistance (108~2 • cm2). This is 
caused by the high energy needed to introduce a small ion from the aqueous 
phase into the membrane which makes the solubility of these ions in the mem- 
brane extremely small. In contrast,  for large organic ions such as dipicrylamine 
or tetraphenylborate the energy of transfer is substantially lowered so that an 
increased permeability is observed. 

The transport of  lipophilic ions through a lipid bilayer membrane is assumed 
to occur in three different steps [9]. (i) Adsorption from the a(]-ueous phase 
(concentration c'} to the left side of the membrane (surface concentration N' in 
mol/cm 2, rate constant h~m); (ii) translocation for the left side energy min- 
imum across the central barrier to the minimum at the right side (surface con- 
centration N " ,  rate constant  h i ); (iii) desorption from the right side energy min- 
imum to the aqueous phase (concentration c", rate constant hma). The rate of 
change of  N' and N" per unit  time is given by the following equations: 

dN'  k~.~c ' '+ k ' i ' g"  - - k ' iN '  (1) dt  = ' ' - -  k ma N 

t l  t t  I t  t t  t r  I d.N" _ kamc - -  k maN -- k i N' + k~N' (2) 
dt  

At equilibrium (voltage Vm = 0) the interracial concentrations for identical 
aqueous solutions (c = c' = c" ) are equal and given by the partition coefficient ~,: 

N'  = N "  = N t / 2  (3) 

N t _ kam d 
2c kma - "~'2 (4) 

iV, is the total concentration of the lipophilic ion in the membrane and d is the 
t t  t I t  t t !  

membrane thickness. The rate constants k'am, kam, kma, kma, ki  and ki are, in 
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principle, functions of the applied voltage V m. In the limit of small voltage, 
however,  the voltage dependence of kma and kam can be neglected [12].  For k; 
and k~' the following voltage dependence according to an Eyring t reatment  may 
be assumed for monovalent  lipophilic ions: 

k '  i = k i e x p ( + u / 2 )  (5) 

k~' = k i e x p ( - - u / 2 )  (6 )  

where u is the reduced voltage: 

V m ' F  

u =  R----T (7) 

R is the gas constant ,  T the absolute temperature and F the Faraday constant.  
The solution of  the Eqns. 1 and 2 under non-stationary conditions (voltage 

jump) was given previously [9]. For  the membrane current I(t) the following 
expression has been found:  

I(t) = I~ + (Io --I~) exp(--t/r) (8) 

with 

1 
r = kma + 2ki cosh (u/2) (9) 

I0 is the initial current  and I~ the current at long times. In the limit of  small 
voltages (tul < <  1;IVml < <  25 mV), Eqn. 9 reduces to: 

1 
r - - -  (lO) 

kma  + 2 k  i 

In addition the following expressions hold for the initial conductivi ty (X0)t=o 
and the conductivi ty (X0)t=~ at long times: 

F 2 
()ko)t=O ---- ~'00 = 2 - R - ~ N t k i  (11) 

F 2 kmak  i 
(X°)t=~- X°~ - 2RT Nt 2ki + kma (12) 

Under  the assumption ki > >  kma [9,10] or in the case of slow aqueous diffu- 
stion [14] Eqn. 10 reduces to: 

1 
ro = ~.r~a'~ i (13) 

Materi~tq and Methods 

Design of  the spectrophotometer 
In Figs. 1 and 2 the optical set-up and a block diagram of the electronic sys- 

tem are shown. The light source was a xenon-mercury arc lamp (Hanovia 901B1, 
200 W, Newark, N.J., U.S.A.) and was supplied by a Hewlett-Packard Model 
6274A dc power  supply (stability bet ter  than 0.03% during 8 h). Monochro- 
matic light was obtained by using a grating monochromator  (model  33-86-48 
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Fig .  1. P r inc ip l e  o f  t h e  s p e c t r o m e t e r  ( c h o p p e r  1 has  in r e a l i t y  2 0  b l a c k  sec to r s ) .  

f rom Bausch and Lomb,  Rochester,  N.Y., U.S.A.) with a bandwidth of  6.6 nm 
combined with an achromatic condensor.  The light was modulated by  means of  
a rotating chopper  (1) and was split into two beams. A second chopper  (2) syn- 
chronized to the first by  mounting it on the same axis chopped the light with a 
low frequency alternatively into the two light paths [19].  The sample beam was 
focussed on the membrane and after passing the cell the beam was recombined 
with the reference beam in a second beam splitter. For balancing the light intensi- 
ties o f  sample and reference beam a light a t tenuator  was installed in the reference 
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Fig.  2.  B l o c k  d i a g r a m  o f  t h e  e l e c t r o n i c  c i r c u i t  o f  t he  s p e c t r o m e t e r .  
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channel. A soot-blackened platelet was mounted  on a worm reduction gear and 
allowed smallest light at tenuation by altering the angle of the platelet. The 
recombined light signal was detected by a photodiode  (PIN 10 UV United 
Detector  Technology, Santa Monica, Calif., U.S.A.). In Fig. 3a the signal is 
represented which is generated by the two choppers. The incident light was 
pulsed with the high frequency fH = 115 Hz so that  the amplitude of this fre- 
quency was proportional to the sum of the light intensities of both reference 
and sample beams. The second chopper  had only one-tenth of the segment 
number  of  the first and therefore modulated the light with a frequency fL = 
11.5 Hz. The amplitude of the group frequency fL was  proportional to the dif- 
ference of the reference and sample beam intensities. The signal amplitudes at 
both  frequencies were detected by two lock-in-amplifiers which were synchro- 
nized by light gates at the chopper  wheels. The amplitude of  the fH signal was 
measured by a lock-in amplifier model  220 from Princeton Applied Research, 
N.J., U.S.A. The total signal was fed into a selective amplifier tuned to fH 
which rejects signals of interfering frequencies and forms all pulses to a unique 
shape (Fig. 3b). A precision rectifier (output  signal given in Fig. 3c) combined 
with a low-pass filter (model 4213 lthaco, Ithaca, N.Y., U.S.A.) demodulated 
the low frequency signal (Fig. 3d) which was thereafter coupled to the second 
lock-in amplifier (model 391A Ithaco). The prefiltering with the selective filter 
improved the phase stability of this lock-in. From the sum and difference sig- 
nals of both  lock-in amplifiers the negative absorbance was obtained using a 

i J I J ! 

, i i I I 

21.7 ms 
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Fig. 3. E]ectronie signals at different points a, b, e and d of the electronic circuit as indicated in Fig, 2. 

For further explanations see text. 



435 

ratiometer (model 3512, Ithaco) according to the equation --A = lg [(]yl--  Ix I)/ 
(Jyl + Jx ])] (y and x being the high frequency and low frequency lock-in signals, 
respectively). For absorbances smaller than 10-3 a strip chart recorder was used 
for direct recording of the signals x and y. The absorbance was calculated from 
the equation given above. Before measuring, the gain of the lock-in amplifiers 
was calibrated. This was done by occluding the sample beam. In order to bal- 
ance both signals prior to the formation of a membrane, a variable electronic 
differential amplifier (model AM502, Tektronix) was used to at tenuate the 
x-amplitude to exactly the same value as y. The linearity of the instrument was 
tested with a series of dye solutions of varying concentration and with grey fil- 
ters of known transmission. With dye solutions absorbance changes of 4 ' 10 -5 
could be detected at wavelengths between 260 and 700 nm. 

Membrane experiments 
Black lipid membranes were formed in the usual way [20] from a 1% (w/v) 

solution of 1,2-dierucoyl-sn-glycerol-3-phosphorylcholine in n-decane. The lipid 
was synthesized and purified in our laboratory by Janko [21] ; it gave a single 
spot in a thin-layer chromatogram. Dipicrylamine (Fluka, Buchs, Switzerland, 
purissimum) was used as a concentrated stock solution in ethanol. Small ali- 
quots of the stock solution were added to a 0.1 M NaC1 (Merck, Darmstadt,  
G.F.R.,  analytical grade) solution in twice-distilled water to get a final concen- 
tration between 10 -8 and 5 . 1 0  .6 M. The aqueous phase was buffered with 
10 -2 M HEPES (Serva, Heidelberg, G.F.R.,  analytical grade) and had a pH of 6. 
Some experiments were performed in aqueous solutions without  HEPES and 
some with KC1 instead of NaC1. The results of these experiments agreed with 
those obtained unter normal conditions (0.1 M NaC1, 10 .2 M HEPES) within 
the scatter of the experimental data. All experiments were performed at  25°C. 
The cell used for bilayer formation was made from black Teflon. Each com- 
par tment  on both sides of the wall had a volume of 5 ml. The circular hole in 
the Teflon wall had a diameter of  4 mm (area 12.5 mm2). Because of the large 
membrane area a long time for blackening of the membranes was needed (20 
min). All measurements were performed 30 min after the membrane had 
turned completely black. During this t ime'a substantial increase of the concen- 
tration Nt of dipicrylamine in the membrane was observed. After this period N t 

increased very slowly. 
Voltage-jump measurements were performed as described previously [9]. A 

battery-operated pulse generator with a rise time of about 200 ns (built in our 
electronic workshop) was used together with a storage oscilloscope (Tektronix 
5115/5A22). The current was measured as a voltage drop across a series resistor. 
Depending on the required time resolution of the set-up the resistance was 
chosen between 100 ~2 and 1 k~2. Small voltages of about 10 mV were applied 
through Ag/AgC1 electrodes to the membrane. 

For the analysis of  the optical measurements the absorbance of dipicryl- 
amine dissolved in different  solvents has been measured with a double beam 
spectrometer (Zeiss, DMR 10). It was found that  for more polar solvents like 
n-hexanol, ethanol and water the wavelength of  the absorption maximum was 
larger than for non-polar solvents like n-hexane or chloroform. The molar 
extinction coefficients for several solvents at the wavelength of  maximal 
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T A B L E I  

W a v e l e n g t h  o f  m a x i m a l  a b s o r p t i o n  k m a  x a n d  m o l a r  e x t i n c t i o n  c o e f f i c i e n t  e k m a x  o b t a i n e d  at k m a  x fo r  
d i p i c r y l a m i n e  d isso lved  in d i f f e r e n t  so lven t s  (a t  a c o n c e n t r a t i o n  of  7 • 10 -6 M). The  a q u e o u s  so lu t ions  
c o n t a i n e d  0.1 M NaCl.  T = 25°C .  

So lven t  or  m e m b r a n e  s y s t e m  ~ m a x  ( n m )  e ~ m a x  (104  M -1 • c m  -1) 

n - H e x a n e  370 1.0 

C h l o r o f o r m  376 1.7 

1 , 4 - D i o x a n e  380 1.7 
1 - H e x a n o l  4 1 2  2.9 

E t h a n o l  412  2.6 
0.1 M NaC1, pH  1.5  379 1.6 

0.1 M NaCl,  pH  6 420  2.2 

2% (w/v)  egg p h o s p h a t i d y l c h o l i n e  in 0.1 M NaCl,  

10 -2 M H E P E S ,  PH 6 420  2.5 
D i e r u c o y l  p h o s p h a t i d y l c h o l i n e / n - d e c a n e  

m e m b r a n e s  + 10 -2 M d i p i c r y l a m i n e  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  a q u e o u s  phase :  

0.1 M NaC1, 10  -2 M H E P E S ,  p H  6 ~ 4 1 0  - -  

absorption are given in Table I. The molar extinction coefficient of dipicryl- 
amine added to a 2% (w/v) dispersion of egg phosphatidylcholine in 0.1 M NaC1 
is also given in Table I. This measurement was performed in order to study the 
dipicrylamine molecule in a similar environment as in a planar bilayer mem- 
brane. 

It is seen from Table I that  the shift in the wavelength of the absorption 
maximum may be caused, in principle, by different protonation states 
of dipicrylamine. This is suggested from the results at low pH where 
most  of dipicrylamine is protonated (pK = 2.66 [22]), whereas at high pH 
nearly all is protonated.  The wavelenght of maximal absorption of dipicryl- 
amine in membranes made from dierucoyl phosphatidylcoline in n-decane 
was measured in the following way. Dipicrylamine was dissolved to a 
concentration of 10 -2 M in the membrane-forming solution. The absorption 
was measured at wavelengths between 370 and 430 nm, for at least three mem- 
branes at each wavelength, by taking the difference of the signal before and 
after destroying the membrane. The results indicate that  most  of the dipicryl- 
amine in the membrane is deprotonated.  

The other optical measurements with planar membranes were performed at a 
wavelength of 410 nm. The absorbance was calculated from the difference of 
the signal before and after destroying of  the membrane by an electrical pulse. 
The absorbance for undoped membranes (~ 5 • 10 -s) was subtracted in each 
case. For the evaluation of the dipicrylamine concentration in the membrane 
the extinction coefficient for dipicrylamine dissolved in the suspension of egg 
phosphatidylcholine vesicles (e = 2.5 • 104 M -1 • cm -1) was used. 

Results 

Electrical and optical measurements were performed at the same membrane. 
The results of the electrical measurements are given in Fig. 4 and 5. The initial 
specific conductivity k00 at low voltages as well as the time constant  To of the 
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Fig. 4. In i t ia l  c o n d u c t a n c e  ~'00 ( V m  = 10 m V )  o f  d i e r u c o y l  p h o s p h a t i d y l e h o l i n c / n - d e c a n e  m e m b r a n e s  in 
t he  p resence  o f  d i f f e r en t  d i p i c r y l a m i n e  c o n c e n t r a t i o n s  c. Th e  a q u e o u s  phase  co n t a in ed  0.1 M NaCl and  
10 --2 M H E P E S ,  pH 6;  T = 25°C.  The  bars  ind ica te  the  range  of  m e a s u r e d  values.  

relaxation were derived from the semilogarithmic plot  of  log current versus 
time as described earlier [9]. For  low concentrations of  dipicrylamine in the 
aqueous phase (c ~< 5 • 10 -7 M) the current across the membranes decayed in a 
single exponential  function to values which nearly corresponded to the con- 
ductance of  undoped membranes. At higher concentrations a larger current at 

ms 

300 

200 / 
8O 
6O 
4O 
2O 

i 

10 . 8  10 -~ 10 .6 10 -s  

c/M 
Fig. 5. R e l a x a t i o n  t i m e  70 f r o m  v o l t a g e - j u m p  m e a s u r e m e n t s  w i t h  d i e r u c o y l  p h o s p h a t i d y l c h o l i n e / n - d e c a n e  
m e m b r a n e s  in the  p resence  of  d i f f e r en t  d ip i c ry l a mine  c o n c e n t r a t i o n s  c. T h e  a q u e o u s  phase  c o n t a i n e d  
0.1 M NaCI and  10 "2 M HEPES,  p H  6;  T = 25°C.  T h e  bars  ind ica te  the  r ange  o f  the  obse rved  values.  
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long times was observed which showed a slow additional relaxation in the time 
range of seconds. There is a strong evidence based on theoretical arguments 
that  this current is limited by diffusion polarization in the unstirred layers 
adjacent to the membrane [23]. It was therefore not  possible to evaluate the 
value of the desorption rate kma from the experiments. 

From Fig. 4 it is seen that  the initial conductivity at low voltages, X00, shows 
a saturation behaviour at high dipicrylamine concentrations. Similar results 
have been obtained by other authors [9--12,15]. Below 10-TM dipicrylamine 
in the aqueous solution ?~00 has been shown to be a linear function of the 
dipicrylamine concentration [9,10]. The saturation behaviour of the initial 
conductivity X00 is accompanied by a large increase of the relaxation time To 
(Fig. 5). Between 10 -s and 5 • 10 -6 M dipicrylamine To increased from 6 to 280 
ms. This corresponds to a decrease of the rate constant  of translocation ki by a 
factor of about 45. A large increase of ki with increasing dipicrylamine concen- 
tration has already been observed by Bruner [10] ; similar results were obtained 
also for tetraphenylborate [ 11,12,15 ]. 

The total dipicrylamine concentration N~ 1 in the membrane from electrical 
measurements was calculated from the data of r0 and X00 according to Eqn. 11. 
The results are given in Fig. 6 together with the total dipicrylamine concentra- 
tion N~ pt from optical measurements. N~ pt was calculated from the absorbance 
A according to: 

g ~ , p t  - A mol/cm ~ (14) 
e • 103 

For the molar extinction coefficient e the value obtained for dipicrylamine in 
egg phosphatidylcholine vesicles (Table I) has been used, The dependence of 

Nt 

pmote crn 2 

SO 

20 

o optical T 
• e l e c t r i c a l  

1 i i 

IW s I0 "7 i0 -6 i0 -s 

clM 
Fig .  6.  T o t a l  d i p i c r y l a m i n e  c o n c e n t r a t i o n  N t in  t h e  m e m b r a n e  as  c a l c u l a t e d  f r o m  e l e c t r i c a l  a n d  o p t i c a l  
m e a s u r e m e n t s .  0 .1  M N a C l ,  1 0  -2 M H E P E S ,  p H  6 ;  T = 2 5 ° C .  T h e  b a r s  i n d i c a t e  t h e  r a n g e  o f  t h e  o b s e r v e d  

v a l u e s .  
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Nt pt 
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5 
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Fig.  7.  R a t i o  N~)Pt/N~ 1 c a l c u l a t e d  f r o m  s i m u l t a n e o u s  o p t i c a l  a n d  e l ec t r i ca l  m e a s u r e m e n t s  w i t h  the  s ame  
m e m b r a n e .  T h e  ba r s  i n d i c a t e  t h e  r a n g e  o f  t he  o b s e r v e d  va lues .  

both N[ 1 and N~ "t on aqueous dipicrylamine concentration c between 10 -s and 
10 -7 M, as shown in Fig. 6, agrees with the previously observed linear relation- 
ship between Nt and c at low concentrations [9,10]. A partition coefficient 
7 ~ 4.5 • l 0  s for dipicrylamine may be calculated from this linear range (using 
d = 5.7 nm [21]). For higher dipicrylamine concentrations in the aqueous 
phase, Nt saturates, as observed in the optical as well as in the electrical mea- 
surements. Whereas the values for Nt derived for both types of measurements 
closely agree at low dipicrylamine concentrations, a large difference between 
N~ 1 and N ~  ) p t  is observed in the saturation range. This is also shown in Fig. 7 
where values of the ratio N~pt/N~ 1 taken from the same membrane are given. 
N~pt/N~ 1 varies between 1 and 4 in the concentration range of 10-8--5 • 10 -6 M. 

Discussion 

It has been shown in the previous section that  the values of the total concen- 
tration Nt of dipicrylamine in the membrane obtained from optical and elec- 
trical measurements are closely correlated. The quantitative evaluation of the 
optical measurements requires the knowledge of the absorbance of the un- 
doped membrane and of  the molar extinction coefficient of dipicrylamine in 
the dierucoyl phosphatidylcholine/n-decane membrane. The first point  is only 
of impor tance  at low dipicrylamine concentrations. Although the mean absor- 
bence value A0 for bare membranes was subtracted in each case, the value of 
A0 varies to some extent  from membrane to membrane,  thereby increasing the 
error in N~ pt. The second point  may lead to errors in N~ 'pt in the whole concen- 
tration range. The molar extinction coefficients for dipicrylamine in different 
solvents, as given in Table I, refer to isotropic bulk phases. For the calculation 
of  N~ pt the extinction coefficient obtained from a suspension of  egg phos- 
phatidylcholine vesicles has been used. In this case the dipicrylamine molecule 
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presumably is in a similar environment as in the planar bilayer, but the value of 
e represents an average over all possible orientations of the molecule with 
respect to the light beam. 

A membrane is not  isotropic and if the molecules are ordered in the mem- 
brane-water interface the molar extinction coefficient in a planar membrane 
and in a bulk phase may differ [24--26]. On the other hand, the good agree- 
ment  between optical and electrical measurements at low dipicrylamine con- 
centrations is in favour of the view that  the uncertainties mentioned above do 
not  seriously influence the interpretation of the optical measurements. We can- 
not  exclude, however, that  at higher concentrations a reorientation of the 
dipicrylamine molecules in the membranes takes place as well as optical saturation 
effects may occur which influence the value of e. A smaller value for e should 
be expected in these cases [27], which would lead to a higher N~ pt, increasing 
the discrepancy between electrical and optical measurements. 

From the results given in Table 1 it is not  possible to draw clear conclusions 
on the environment of the dipicrylamine molecule in the membrane. The wave- 
length of maximal absorption seems to depend on the charge of dipicrylamine. 
Most of the dipicrylamine adsorbed to the membrane is likely to be in the 
ionized state. This is consistent with the results of measurements with dioleoyl 
phosphatidylcholine/n-decane membranes at different pH values in the pres- 
ence of dipicrylamine in the aqueous phase [12]. From the observation that  
the dipicrylamine molecule experiences approx. 95% of the voltage drop across 
a dierucoyl phosphatidylcholine/n-decane membrane [12] it is very likely that  
the molecule is situated close to the polar layers of the membrane. Similar 
results have been obtained by G. Szabo from measurements with tetraphenyl- 
borate in glycerol monooleate membranes [15] and by Anderson and Fuchs 
[ 11] from phosphatidylethanolamine membranes. 

For large aqueous concentrations of dipicrylamine a saturation behaviour of  
the concentration N t in the membrane as well as for h i = 1/2T0 have been observec[ 
The saturation of N t has been observed in the optical as well as in the electrical 
measurements. The results obtained by the two methods differ in the extend of 
the saturation by a factor of maximally 3--4 (Fig. 7). This difference is too 
large to be explained on the basis of the inaccuracy of the measurements. A 
possible explanation may lie in the high surface concentration of dipicrylamine 
in the saturation range (1 molecule/6.7 nm2). At such a high concentration not  
all adsorbed lipophilic ions may participate in the transport under the influence 
of an applied potential difference. 

The saturation of the surface concentration of dipicrylamine in the mem- 
brane has already been discussed in the literature [9--12,15]. It is not  possible 
to explain the saturation only on the basis of  a Gouy Chapman potential caused 
by the surface charge of the adsorbed lipophilic ions [9,17]. For the number of 
adsorbed ions per cm 2 reported here from the optical measurements at 5 • 10 -6 
M dipicrylamine in the aqueous phase, a surface potential of about --30 mV 
may be calculated from the Gouy Chapman equation (ionic strength ~ 0.1 M) 
[9]. If we define the partion coefficient 7 as being given by the ratio of Nt/c_d, 
were c_ is the dipicrylamine concentration in the aqueous layer immediately 
adjacent to the membrane surface and if we assume 7 to be independent  of c ,  
a potential  difference A6 '  may be calculated which is responsible for the satu- 
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ration in the membrane: 

Nt 
c_ - - -  - c exp(A~ '  • F/RT) (15) 

7 J d  

Under the assumption that  at 5 • 10 -8 M (7 ~ 7 • l 0  s, from N~ pt) dipicrylamine 
in the aqueous phase c_ is nearly equal to c (i.e. A~ '  ~ o or Nt ~ c) a potential 
A~ '  = --95 mV is calculated for a dipicrylamine concentration of 5 • 10-6 M in 
the aqueous phase. (For other concentrations see Fig. 8). The absolute value of 
the surface potential  is considerably higher than the potential value o f - -30  mV 
obtained by the Gouy Chapman equation. McLaughlin [17] recently pointed 
out that  boundary potentials which are considerably larger than the Gouy 
Chapman potential may be observed if the adsorption plane of the lipophilic 
ions is shifted more towards the hydrophobic interior of the membrane. Be- 
cause of the high specific capacity of the polar region a surface concentration 
similar to that  given above may cause a boundary potential of the order of 
--100 mV [17]. The qualitative agreement between the potential calculated 
according to Eqn. 15 and the boundery potential estimated on the basis of 
McLaughlins t reatment  supports the notion that the saturation of N t may be 
partly caused by electrostatic interaction. We cannot exclude, however, that  
also distortions of the lipid structure at high N t contribute to the saturation 
behaviour. 

The large increase of  To with increasing dipicrylamine concentration has been 
discussed on the basis of  a decreasing membrane fluidity [ 10] or, in the case of 
tetraphenylborate,  by an effect of  the surface potential [15]. We found a 45- 
fold increase of  r0 between 10 -s and 5 • 10 -6 M dipicrylamine in the aqueous 
phase. It is difficult to explain the corresponding large decrease of the trans- 
location rate constant  on the basis of  a fluidity change of the membrane inte- 
rior alone. In principle, the decrease of  k i to ki* for high dipicrylamine concen- 
trations may be explained assuming an additional potential A 4" acting on the 
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Fig. 8. P o t e n t i a l  d i f f e r ence  A~ c a l c u l a t e d  f r o m  t h e  s a t u r a t i o n  b e h a v i o u r  o f  N~ pt  ( ful l  circles,  A~ r) a n d  
f r o m  t h e  i n c r e a s e  o f  TO ( c r o s s e s ,  A ~ " ) ,  as a f u n c t i o n  o f  d i p i c r y i a m i n e  c o n c e n t r a t i o n  c. For  fu r the r  
e x p l a n a t i o n s  s ee  t e x t .  
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single molecule: 

ki* = ki exp (A~"  • F/RT) (16) 

For c = 5 • 10 -6 M dipicrylamine in the aqueous phase a potential A¢" = --100 
mV may be calculated. The results for other concentrations are given in Fig. 8. 

It is interesting to note that  the potential  difference A¢ '  calculated for the 
saturation of N~ 'pt and the potential  difference A¢" which may be responsible 
for the decrease of k* have similar values and the same dependence on the 
dipicrylamine concentrat ion in the aqueous phase (Fig. 8). It seems that  high 
concentrations of adsorbed dipicrylamine influence the membrane properties in 
different  ways. The adsorption may lead to a boundary potential,  as well as to 
a change of the dipole moment  in the polar layers of the membrane. Further 
experiments with lipophilic ions and carriers may give information on the rela- 
tive contributions of the mentioned effects on the behaviour of the concentra- 
t ion Nt in the membrane and of the translocation rate constant  ki. 
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