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SUMMARY: Black lipid planar membranes were prepared by incorporating
polymers such as polystyrene in a membrane forming solution. The polymer-
incorporated planar menbranes showed greater stability to applied electric
fields and have longer lifetimes. Photopotentials were studied under
several conditions; with bacteriorhodopsin in the planar membrane; with
bacteriorhodopsin in liposames; with bacteriorhodopsin. fragments in sus-
pension; and with bacteriorhodopsin both in the planar membrane and in
liposames. Skulachev's laboratory has reported that bacteriorhodopsin-
liposames develop potentials across a black lipid planar menbrane. In
our studies, because the polymer incorporated planar membranes are very
stable, it was possible to obtain samewhat larger photopotentials in the
presence of bacteriorhodopsin ranging between 30-500 nV. The enhancement
of +§acteriorhodopsin catalyzed photopotentials, found in the presence of
Ca  (or other bivalent cations) and/or applied electric fields, appeared
to result from an orientation effect of bacteriorhodopsin at the membrane
interface.

INTRODUCTION It is known that a planar phospholipid bilayer contain-
ing chlorophyll as a photose.ns' itizer, if separated by two campartments
containing solute of differing redox potential, can, upon illumination,
cause charge movement and production of a photopotential (1). Although
this system could be used in principle, for conversion of light to elec-
trical energy (2), it suffers from instability of the membrane itself
and photocatalysts. In the present study a method is described for the
stabilization of the lipid membrane using polymers like polystyrene.

Also the photopotentials developed across this polymer stabilized lipid
menbrane tested in the presence of BR* are described. We have chosen

BR as the photosensitive pigment, because. it is found in an aggregated
state in the "purple menbrane" areas of Halobacterium halcobium (3),

where it acts as a light-dependent proton pump

(4,5). We have tested BR in several ways; with the pigment in

the planar membrane, in liposames, and as fragmehts in suspension.

* Abbreviation: Bacteriorhodopsin, BR
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The results are coampared with studies using BR-liposames and a planar
membrane reported fram Skulachev's laboratory (6-8).

METHODS

Electrical Measurements. Planar membranes were formed over
a 2 mn circular hole in a 10 ml teflon cup which was then placed
inside a 20 ml glass cup; membrane potential measurements were
made by a pair of calamel electrodes immersed in the agueous solutions
separated by the menbrane. The inner campartment was where the measuring
electrode was located and the ocuter campartment was where the grounded
electrode was immersed. Both aguecus campariments contained 0.1
M sucrose and 5 mM Tris HC1l (pH = 7.3). Illumination was from a
projector lamp with a 300 W tungsten filament with an output of
20 nW/an2 at the planar membrane surface. Membrane resistance (R ),
membrane thickness (t ) and the activation energy were calcula
after Tien (9). ™

I. Bacteriorhodopsin (BR) incorporated within the planar membrane.
The planar membrane forming solution contained: 100 mg polystyrene resin
(Dowex~I), Smg dried purple membrane fragments and 1 ml oxidized
cholesterol (0.2 mg/ml) in octane.

II. BR added into inner campartment. The membrane forming solution
contained: 100 mg polystyrene/ml of oxidized cholesterol/octane mixture.
After a planar membrane was formed, purple membrane fragments containing
0.25 mg BR/ml were added to the inner aqueous compartment.

IIT. BR incorporated into liposames. The planar membrane was
made as in II. Afterward 0.5 ml liposames were added to inner aqueous
campartment. The stock suspension of liposames (15 mg egg lecithin/ml)
was prepared by sonicating a mixture of egg lecithin and water, then
1 ml purple membrane fragments (5 mg protein/ml H,0) were mixed with
1 ml stock suspension of liposames and sonicated for 1 minute.

IV. BR incorporated both in the planar membrane and into liposames.
The planar membrane was made as in I, then 0.5 ml liposames were

added to inner compartment.
RESULTS
Electrical Properties of Polymer Incorporated Planar Membrane.
The electrical properties of planar membranes prepared with
various concentrations of polystyrene are summarized in Figure 1.
As polystyrene increases in the membrane forming solution there is
a fall in capacitance, rise in resistance, and increase in the calculated
menbrane thickness. Polystyrene also increases the stability of
the membrane to breakdown by applied woltage. However, at the higher
polystyrene concentrations membrane thickness substantially increases
causing the breakdown electric field strength (which is a function
of breakdown voltage divided by thickness) to pass through a maximm
at about 100 mg/ml. Membranes thinner than 200 A° are generally
considered as "black" lipid membranes and thus in our other studies
membranes were prepared with 100 mg/ml polystyrene in the membrane
forming solution; we have found that membranes prepared this way
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Figure 1. Effect of polystyrene on the electrical properties of planar
nembranes.

TABIE I

EFFECT OF BACTERTORHODOPSIN AND POLYSTYRENE ON THE
STABILITY CF THE BLACK LIPID PLANAR MEMBRANE

Planar Membrane Lifetime
Mewbrane Resistzr:ﬁe Dark Illuminated Breakdown Voltage
{(ahm/cm®) {(hours) (hours) (applied volts)

ContJ':ola 5-8 x 106 0.50 0.16-0.31 0.20-0.25

BRP 5-6 x 10° 0.16 0.10-0.20 0.15-0.20
rene® 5-6 x 10 3-5 0.31-0.80 1.50-2.10

BR + poly- 6

styrene 2-4 x 10 3-5 0.30-0.80 1.30-1.80

20.2 mg oxidized cholesterol/ml octane.
by mg BR (as purple membrane fragments)/ml added to a.
€100 mg/ml added to a.
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have enhanced stability both in terms of lifespan and applied fields
(cf. Table I). Similar electrical properties were cbtained when

47 mg/ml polyacrylamide was substituted for 100 mg/ml polystyrene,
as the polymer in the membrane fomming solution.

In a different study King and Steinraut (11) reported that adding
glutaraldehyde crosslinked polylysine to a solution bathing a planar
lipid membrane increased lifetime at pH 11, but the conductance
of such membranes was 70% reduced.

Photopotentials in the Presence of Bacteriorhodopsin (Fig. 2)

I. With BR incorporated in the planar membrane—illumination
results in a potential change of about 30 mV which reaches saturation
in about 3 seconds; when the light is switched off the potential
decays to its dark level in 4 seconds. If ImM CaCl2 is present (in
the inner compartment) the photopotential is about 50 mv.

II. With BR added to inner aguecus campartment—illumination
results in a slow rise in potential (with positive polarity in this
campartment) , followed by a slow decay over one minute. The slow response
and small magnitude of the photopotential probably arises fram the
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Figure 2. Photoresponses of planar membranes in the presence of BR.
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random orientation of purple membrane fragments in suspension. The
magnitude of the photopotential is enhanced if the pH is lowered
in the outer campartment like when HCl or an aercbic FeCl3 solution
is added.

III. With BR incorporated into liposcmes—-illumination results
in a 100 mV transient photopotential. The negative rise in potential
in the inner campartment containing BR-liposames occurs in 150 msec.
In this case, decay is incamplete reaching a steady state level above
the dark level. However, the signal campletely decays when the light
is switched off.

IV. With BR both in the planar membrane and liposames - illumin-

ation results in a 100 mV transient photopotential. ILike in IIT,
the rise in potential also occurs in 150 msec, but the signal decays
to its original dark level even under continuous light.
Enhancement of Photopotentials

Since polymer incorporated planar membranes are able to with-
stand applied fields without breakage, experiments were performed
to detemmine how this would effect photopotentials., A linear relationship
between the photopotential and the applied field was found when purple
membrane fragments were located in one aqueous compartment and absent
in the planar membrane. Figure 3 shows that the magnitude of photopoten-—
tial increased with the applied field. A meximum photoresponse of
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Figure 3. Relation between the photorespaonse of polymer incorporated
planar lipid menmbrane and applied electrical field in the
presence of purple membrane fragments in suspension.
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500 nv was obtained when the applied field was up to 1.5-2 volt.
At zero applied field a photopotential of 25 mV was cbserved.

catt ions are known to reduce the electrostatic repulsion of
charged phospholipid head groups and to pramote vesicle fusion (10).
Skulachev's laboratory (10) showed that Ca'' permitted BR containing
liposames to interact with a black lipid planar membrane and photo-
potential development., We find that a two—fold increase in the magnitude
of photoresponse to 200 nV occurs if 1 mM CaCl, is added to the compart-
ment having BR liposames (test condition IIT). In this case, the
photoresponse was dependent upon the time of dark incubation, with
the maximm photoresponse occurring after 60 minutes of dark pre-
incubation with Ca®t. The transient photopotential in ITI disappeared
and became a saturated photopotential (IV, Fig. 2) when BR liposames
and 1 mM CaCl2 were in the outer campartment. The saturated photopoten-
tial observed when BR-liposomes and CaCl2 were added to the outer
canpartment may be explained by a similar direction of H pup activity
across the planar membrane by BR (in the planar membrane and in liposames
when they are located in the outer compartment).

No photaopotentials were found in the absence of purple membrane
fragments and the photovoltaic action spectrum of polymer incorporated
menbrane closely coincided with the absorption spectrum of the purple
membrane fragments. This implies that BR is the pigment that is
catalyzing charge transfer across the planar membrane.

DISCUSSION

Using crosslinked polymers like polystyrene in the membrane forming
solution, black lipid planar membranes can be prepared with electrical
properties similar to control black lipid and natural membranes, but
manifest greater stability in terms of duration and of ability to
withstand applied voltage of > 1 volt without breakage. Thus our
findings will enhance the usefulness of the planar membranes, parti-
cularly for reconstitution studies because the incorporation of large
protein camplexes, confer even greater instability to planar menbranes.
Using the polymer stabilized membrane we have shown that large photo-
potentials can be developed by BR (added in the form of "purple menbrane
fragments") when it is incorporated into the planar merbrane.

The presence of ER in egg lecithin liposames also allows large
photopotentials to be developed across the planar membrane, but
only if cat?t is present to cause interaction of liposomes with the
planar membrane. Since the photoresponse was enhanced by pre-incubation
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of the liposames with the planar membrane in the dark in the presence
of CaH, this suggests that time was required for interaction of the
two camponents. However, catt may also effect the orientation of
purple membrane fragments at the membrane interface (Fig. 2,I).
Applied electric fields also resulted in an increased photoresponse
(with a polarity opposite to the applied field) up to 500 mV. Further
studies in the mechanisms of photopotential generation, by both Ca*t
and electric fields, including the role of orientation effects are

in progress.
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