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Summary 

An increase of electrical conductance up to a factor 102--5 • 102 was 
obtained by adding, in the dark, the honeybee photopigment  to a positively 
charged lipid bilayer. The increase in conductance was made slower by 
illuminating the system during the incorporation of the protein into the 
membrane and it was negligible when the photopigment  was bleached before 
the incorporation. The interaction of the photopigment  with the membrane 
is tentatively interpreted in terms of formation of channels. 

Incorporation of rhodopsin into bilayer lipid membranes in order to 
clarify the still unknown mechanisms underlying the electrical signals trig- 
gered by the illuminated rhodopsin in the visual cell membrane, has been in 
recent years [ 1--3 ] an exciting task. The rhodopsin incorporated into planar 
lipid bilayer as reported by Montal and Korenbrot  [3] resulted in the for- 
mation of  very unstable membranes, making difficult the measurements of 
the effects of illumination. The hindrance of  building such rhodopsin-con- 
taining membranes seems to us to lie in the difficulty of obtaining rhodopsin 
free from detergents and in the number of manipulations needed to extract 
the water soluble rhodopsin lipoprotein into organic solvents. 

We used a light sensitive pigment from the honeybee compound eye, 
similar to that  described by Goldsmith [4],  which is the only example of a 
rhodopsin-like protein soluble in aqueous buffer and easily extractable by 
preparative electrophoresis on polyacrylamide gel [5,6]. As shown by 
measurements on gel electrophoresis [5] and on thin-layer chromatography 
[6],  the pigment binds retinene, releases the chromophore when illuminated 
in solution and it is negatively charged at pH 7. 

The photopigment,  added to the bath containing the planar lipid 
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bilayer, strongly interacted in the dark with lipids bearing positively charged 
groups, obtained by mixing at various percentages egg lecithin in decane 
(50 mg/ml) and oleylamine in decane (18 mg/ml). This interaction induced 
an increase of  the electrical conductance of the membrane up to a factor of 
102--5 • 102 as shown in Fig. 1. With negatively charged lipids such as soy- 
bean lecithin or egg lecithin, smaller or negligible interactions were observed. 

In order  to examine the possibility of a mere interaction of  retinene 
with the membrane,  a control  exper iment  was performed adding to the bath, 
in the dark, an amount  of  retinene in ethanol up to 100-times the concen- 
trat ion of  ret inene bound to protein in the experiments of  Fig. 1. Even at 
such a high concentra t ion no change in conductance was found. 

The t ransport  properties of  the membrane change by illuminating the 
system with white light, as shown in Fig. 2. In the initial stage, the changes 
in conductance  coincide, within the experimental  error, with those obtained 
in the dark (data of  Fig. 1 are plot ted in broken lines for the comparison ). 
The increase in conductance is much slower after about  15 min, which cor- 
responds to the lapse of  t ime necessary to have a sufficient number  of 
bleached molecules [5] .  

In agreement with this behaviour a little or negligible increase in con- 
ductance is obtained if the photopigment  is completely bleached in the 
presence of  hydroxylamine ,  before the incorporat ion into the membrane 
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F ig .  1.  T h e  f i g u r e  s h o w s ,  i n  a l o g - l o g  s c a l e ,  t h e  s p e c i f i c  c o n d u c t a n c e  v a r i a t i o n ,  ~- -g0 ,  as a f u n c t i o n  o f  
t i m e ,  t, a f t e r  t h e  a d d i t i o n  ( a t  t = 0 )  o f  1 0  -3  m g / m l  ( f i n a l  c o n c e n t r a t i o n  in  t h e  b a t h )  o f  the  p h o t o -  
p i g m e n t  i n  t h e  d a r k ,  t o  b o t h  s i d e s  o f  t h e  m e m b r a n e .  T h e  m e m b r a n e  w a s  m a d e  b y  m i x i n g  2 0 %  o f  t h e  
o l e y l a m i n e  a n d  8 0 %  o f  t h e  egg  l e c i t h i n  s o l u t i o n s .  I o n i c  s o l u t i o n s  w e r e  N a C I  ] 0 - 1 M  + C a C l  2 1 0 - 2 M  
b u f f e r e d  a t  p H  7 w i t h  T r i s -HC1  1 0 - 2 M .  E a c h  p o i n t  o n  t h e  g r a p h  r e p r e s e n t s  t h e  m e a n  v a l u e  f r o m  s e v e n  
e x p e r i m e n t s .  A l l  t h e  m e a s u r e m e n t s  w e r e  p e r f o r m e d  in  t h e  d a r k  o r  i n  d i m  r e d  l i g h t ,  w i t h  a n  e x p e r i -  
m e n t a l  a p p a r a t u s  d e s c r i b e d  e l s e w h e r e  [ 7 ] .  
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(hydroxylamine prevents the regeneration of  the photopigment by reacting 
with free retinene and forming the retinene oxime).  As shown by the lower 
curve of  Fig. 2 the bleached photopigment, which has the same isoelectric 
point, did not induce relevant changes in conductance. 

No changes in conductance were observed upon adding to the bath 
amounts of  bovine serum albumin (negatively charged at pH 7) up to 10-. 
times the concentration of  the pigment. 

While these facts exclude the possibility that the observed increase in 
conductance has to be ascribed to an aspecific screening effect of  the photo- 
pigment on the charges of  the membrane [8 ,9] ,  further experiments confirm 
the importance, at least in the first stage of  incorporation, of  the electro- 
static interaction. In fact the increase in conductance is hindered or even 
nullified by either increasing the ionic strength of the solution to 1 M NaC1, 
or decreasing the positive charge on the membrane surface, resulting from a 
decrease in the percentage of  oleylamine. Since, it does not seem plausible 
to imagine specific electrostatic interactions between photopigment and 
membrane, it seems more logical to suppose that, while the initial force 
determining the interaction is mainly electrostatic, the overall incorporation 
involves important hydrophobic bonds. 

The same conclusion can be reached independently if one considers the 
kinetics of  such an interaction, which both in the time scale and dependency 
greatly differs from that observed for the simple adsorption of  a protein at 
an oil-water interface [10] .  
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Fig .  2 .  T h e  u p p e r  c u r v e  s h o w s ,  in  a l o g - l o g  s c a l e ,  t h e  s p e c i f i c  c o n d u c t a n c e  v a r i a t i o n ,  g--go, as  a f u n c -  
t i o n  o f  t i m e ,  t ,  a f t e r  t h e  a d d i t i o n  t o  b o t h  s i d e s  o f  t h e  m e m b r a n e  (a t  t = 0 )  o f  1 0  - 3  m g / m l  ( f i n a l  c o n c e n -  
t r a t i o n  in  t h e  b a t h )  o f  t h e  p h o t o p i g m e n t  in  a c o l d  a n d  d i f f u s e  w h i t e  l i g h t .  T h e  l o w e r  c u r v e  r e f e r s  t o  
t h e  a d d i t i o n  o f  t h e  s a m e  a m o u n t  o f  p h o t o p i g m e n t  b l e a c h e d  in  t h e  l i g h t  in  t h e  p r e s e n c e  o f  h y d r o x y l -  
a m i n e  0 . 1  M ,  a f t e r  r e m o v a l  o f  r e t i n e n e  o x i m e  a n d  h y d r o x y l a m i n e  b y  d i a l y s i s .  O t h e r  c o n d i t i o n s  are  
t h e  s a m e  as  in  F i g .  1 .  
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On the basis of these findings the most challenging question remains 
the role played by the retinene in the incorporation and in the transport 
process. In answering this question, further complication lies in the difficulty 
to separate, in the overall conductance changes, the contribution due to the 
formation of new permeation pattern, from a possible gating role played by 
retinene, upon illumination, in the ionophoric properties of the photo- 
pigment already incorporated. While this question remains still open, some 
further informations can be drawn from the analysis of the data of  Fig. 1. 
The points of Fig. 1 can be fit ted by the equation: 

g--go = k tY  (1) 

where g is the specific conductance at time t, go is the specific conduc- 
tance of the membrane at t=O and k is a parameter which should depend on the 
photopigment  concentration and on the composition of the lipid membrane. 
It is of interest to note that  the tY dependency of  the conductance variation, 
g--go, with 1< y< 2 is a general feature observed in differently charged mem- 
branes. 

In order to get some deeper insight into the meaning of Eqn. 1, we shall 
consider an heuristic model in which the interaction of the photopigment  
with the membrane results in the formation of a permeation pathway or a 
channel of constant  conductance h. Moreover, we shall assume that  a coop- 
erative process is involved so that  the rate of channel formation, d n / d t ,  is 
increasing with time, t, according to the empirical law 

d_nn = a tg 
dt  (2) 

hence 

n( t )  = n (o )  + -at~+l 
~+1 (3) 

where n(0) = 0 is the number of channels at t=O. The total conductance 
variation, G - - G o ,  will be given by 

a?tt[3+l 
G - - G o  - 

~+1 (4) 

which, upon dividing by the area A, is identical to Eqn. 1 where 

a ~  

(~+I)A (5) 

and 

y = ~+1. (6) 

The best fit of  data from Fig. 1 yields: k = 1.4-10 -14 (~'~-I"s-Y-mm -2) and 
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y = 1.8. These values of  k and y allow one to evaluate, by use of relations 
3, 4, 5 and 6, the number  of  pores formed in the membrane at a certain t ime 
t, provided the single channel conductance,  ~,, is known. We may try heuris- 
tically to put  ?~ = 2 .10  -12 ~-~,  which is the same value as that  estimated for 
the Na + pore in frog and rat rod [11] and is of the same order of  the lower 
limit of  Na + channel conductance in various preparations of  nerve mem- 
brane [12] .  Thus, recalling that  the membrane area is A -  ~ 1 mm 2, the num- 
ber of  channels formed in the membrane after  30 min, is of  the order  of  104, 
with a specific area of 100 pm2/pore. Such a value of  the area is many orders 
of  magnitude greater than that  estimated for the mean cross sectional area of  
a photopigment  molecule. This consideration suggests that  it is highly im- 
probable for a single photopigment  molecule to form a channel, since in this 
case the mean distance between molecules would be too large to account  for 
a cooperative process. A more convincing model  might be one in which the 
channels are formed by the statistical aggregation of  different  molecules. In 
this case the number  of molecules inside the membrane would be much 
greater than the mean number  of  open pores. Fur ther  support  to this model  
will be given by direct measurements of  single channel conductance.  

Although the net  negative charge of the protein wi thout  chromophore  
does not  change (as shown by electrophoresis experiments [ 5] ), the incor- 
porat ion into the membrane produces changes in conductance only in case 
the chromophore  is not  detached.  

We may therefore  conclude that  the first electrostatic interaction 
cannot  be considered responsible for the changes in conductance,  but  there 
might be some impor tant  hydrophobic  bonds in the protein,  which are 
masked by a conformat ional  change following the illumination. A different  
explanation is tha t  ret inene might confer  to the protein the ability, by asso- 
ciating with others, to form a channel. In both  cases it will be interesting to 
examine the responses to illumination of  the membrane when the incor- 
porat ion of  the photopigment  has already taken place in the dark. 

We thank Professor A. Mauro for critical reading of the manuscript  and 
Mr. C. Cugnoli for  technical assistance. 
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