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1. Introduction 

In 1966, Mitchell [l] put forward the idea of elec- 

trogenesis in coupling membrane systems. According 
to this concept, there are molecular electric generators 
incorporated in membranes of mitochondria, chloro- 

plasts, photosynthetic and respiring bacteria. These 
generators were postulated to represent enzyme com- 
plexes charging the membranes by electron or proton 
transport across hydrophobic barriers. According to 
Mitchell, the transmembrane electric potential and pH 
differences generated by enzymes of respiratory or 
photosynthetic redox chains are utilized by a reversible 
ATPase to form ATP. 

Several years ago, Tupper and Tedeschi [2] tried to 
detect membrane potentials in mitochondria, using 
microelectrodes, but failed. The size of the mitochon- 
drion is apparently too small to allow an electrode to 
be introduced into the matrix space without a sharp 
decrease in the very high electric resistance of the 
mitochondrial membrane [3]. Some light-dependent 
electric responses of a complex character were demon- 
strated by Bulychev et al. [4] with microelectrodes in 
isolated chloroplast. 

The electric phenomena in coupling membranes 
were also studied by other methods. To measure the 
membrane potential in mitochondria, Mitchell and 
Moyle determined K+ distribution across the mem- 
brane of energized mitochondria whose K+ permeabil- 
ity was increased by valinomycin [5] . Our group, has 
described the antiport of synthetic penetrating anions 

and cations across the membranes of energized mito- 
chondria [6], submitochondrial particles [7,8], sub- 
chloroplast particles [9] , chromatophores of photo- 
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synthetic bacteria [IO] and particles of respiring bac- 

teria [9] . The discovery of this phenomenon defined 
as transmembraneous electrophoresis [ 11,121 was 
considered to support the idea of electric potential 
generation in coupling membranes. 

An independent line of evidence for membrane po- 
tential generation in coupling membranes was pre- 

sented by authors studying electrochromic spectral 
shifts of some pigments in chloroplasts [ 13,141 and 
bacterial chromatophores [ 151. 

Development of Racker’s methods for reconstitu- 
tion of the oxidative phosphorylation system from en- 
zymic complexes and phospholipids [ 16- 191 per- 
mitted a new approach to the study of membrane po- 
tential generators to be used. It was shown that recon- 
stituted cytochrome oxidase- and/or ATPase-contain- 
ing phospholipid vesicles (proteoliposomes) were cap- 
able of carrying out transmembrane electrophoresis 
of synthetic ions [20-221 and of K+ (+valinomycin) 

[ 16,18,19] . A similar effect was found in bacterio- 
rhodopsin proteoliposomes, which suggests that they 
are also capable of forming a membrane potential [23]. 

If this were so, bacteriorhodopsin would be the sim- 
plest biological system for generating electric potentials. 

Bacteriorhodopsin, a rather small protein (mol. wt. 
26 000) containing retinal, was found in Halobacterium 
halobium membranes by Stoeckenius and coworkers 

[24,25] . It occupies special areas in these membrane 
(‘purple sheets’) in which no other protein can be 
demonstrated. So, conversion of light energy into a 
transmembrane electric field, if it occurs, must be car- 
ried out by bacteriorhodopsin as the only protein. 

The obvious simplicity of the bacteriorhodopsin 
generator and its ability to be incorporated into recon- 
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stituted spherical phospholipid membranes provides a 
unique opportunity to incorporate this protein into 
planar phospholipid membranes and to measure elec- 
trogenesis with ordinary electrometer techniques. 

A planar membrane separating two electrolyte solu- 
tions of identical composition was formed from a soya 
bean phospholipid mixture supplemented with the bac- 

teriorhodopsin-containing purple sheets isolated from 
H. hdobium. Illumination of the membrane resulted in 
the appearance of a transmembrane electric potential 

difference, the maximal values of this difference being 
about 50 mV. A protonophorous uncoupler sharply re- 
duced this effect. 

2. Methods 

Purple membrane sheets of H. halobium containing 
bacteriorhodopsin (for procedures, see [23,24] ) were 

mixed with a decane solution of soya bean phospho- 
lipids (azolectin) containing 70 mg of azolectin per ml. 

This mixture was applied to an aperture (1 mm dia- 
meter) made in the Teflon wall which separated two 
electrolyte solutions of identical composition. Electric 
potential difference across the membrane formed were 
measured by Ag/AgCl electrodes connected to a vibrat- 
ing capacitor electrometer RFT VA-J-5 1 and a KSP-4 
recorder. 

In the dark, there was no electric potential differ- 
ence between the two aqueous solutions. Illumination 
was with a 20 W tungsten lamp whose light was fo- 
cused on the aperture in the Teflon wall. The light in- 
tensity was 5 X lop7 W per mm2. To measure the ac- 
tion spectrum, interference filters were used. 

3. Results and discussion 

The results of a typical experiment are shown in fig. 
1. It can be seen (fig. 1A) that illumination of the 
membrane induced the appearance of an electric po- 

tential. Repeated illuminations of the same membrane 
gave rise to stable, reproducible responses. The addition 
of a small amount of 2,4,6-trichlorocarbonylcyanide- 
phenylhydrazone (CCCP) sharply decreased the elec- 
tric potential and changed the form of the light- and 
dark-induced responses (fig. 1 B). Similar changes in the 
form and magnitude of these responses were observed 
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Fig. 1. The light-induced generation of electric potential dif- 
ference across a planar phospholipid membrane with incorpo- 
rated bacteriorhodopsin. The membrane separated two solu- 
tions of identical composition, namely 0.15 M KC1 and 0.01 M 
Tris-HCl (final pH 6.3). In fig. lB, the saline solution was 
supplemented with 2 X lo-’ M CCCP. 

when the membrane was shunted with an external re- 
sistance. 

Both the sign and the magnitude of the photoin- 
duced electric potential varied from membrane to 
membrane. Maximal values of the light-dependent elec- 
tric potential were of about 50 mV at a current of 
about 5 X lo-l3 A. Green light was found to be most 
effective in generating the electric potential. The ef- 
fect disappeared when the spectral maximum of the 
illumination was shifted from 570 nm to shorter or 
longer wave-lengths, indicating that the action spec- 
trum of the photoeffect observed was similar to that 
of bacteriorhodopsin [23] . 

Thus, the above experiments have demonstrated 
that planar bacteriorhodopsin-phospholipid mem- 
branes are capable of converting light energy into elec- 
tric energy. The photoelectromotive force produced 
by this generator is apparently higher than the maxi- 
mal values of 50 mV measured. It is highly probable 
that electric potentials measured were, in fact, the re- 
sult of the simultaneous actions of many bacteriorho- 
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dopsin sheets incorporated into the phospholipid mem- 
brane. Random orientation of the sheets in the mem- 
brane would result in some generating an electric field 
in one direction and others in the opposite direction. 

So, the values of the measured membrane potential 
represents the difference in voltage of the sets of op- 
posed batteries. 

Direct measurements of the electric parameters of 
planar bacteriorhodopsin-phospholipid membranes 

have confirmed the conclusion reached from studies 

of the PCB- responses of bacteriorhodopsin proteo- 

liposomes [23] . There is an obvious similarity in the 
data obtained by these two methods. In particular, the 
CCCP-induced modifications of the form of the light 

responses of proteoliposome and planar membranes 
were essentially the same (cf. fig. 1B of this paper and 
fig. 2B of ref. [23]). 

These results demonstrate the adequacy of the 
PCB- probe for detecting transmembrane electric po- 
tentials and create a precedent for the direct measuring 

of the electric potential formation by a coupling 
membrane protein. 
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