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Abstract

Electric signals associated with the photocycle of bacteriorhodopsin carry valuable information about the proton transport
process. Photocurrents measured by different experimental methods are interpreted in terms of intramolecular charge
displacements [1,2]. Permanent electrical asymmetry of the sample is considered to be a prerequisite for the detection of
electric signals. The various photoelectric measuring techniques can be distinguished by the way of achievement of this
asymmetry [3]. A common feature of the available methods, however, is that the samples are cylindrically symmetric.
Consequently, intramembraneous charge displacements can normally be monitored only along the axis of the membrane
normal. We developed a novel method that allows also the detection of the in-plane components of the charge
displacements. Samples containing oriented purple membrane fragments were used in the experiments [4], and the rotational
symmetry was transiently broken via anisotropic excitation of the bR molecules by linearly polarized light. Kinetics of the
normal and in-plane components were measured and interpreted as a result of spatial charge displacements associated with

the proton transport process in bacteriorhodopsin.
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1. Introduction

Bacteriorhodopsin (bR) is one of the best-char-
acterized ion pumps known in biological membranes.
It pumps protons from the intracellular side of the
cell membrane to the extracellular space [5]. Among
others, mainly spectroscopic techniques (i.e. visible
and UV absorption kinetics, FTIR, CD and reso-
nance Raman spectroscopy) were used to investigate
its photoreaction cycle accompanying the proton
transport process. Photoelectric signals also carry
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valuable information about the photocycle indepen-
dent of those supplied by other techniques (for a
review see [3]). We have developed a method for the
kinetic measurement of photoelectric signals of
membrane-bound ion pumps within a wide time
range (from submicroseconds to seconds) [1,4] that
allows simultaneous measurement of absorption ki-
netic signals, as well. As a result of a complex
evaluation procedure of electric and absorption ki-
netic signals it is possible to determine the size of
intramolecular charge displacements accompanying
the photocycle of bR [1,6] in the direction of the
overall pumping process, i.e. parallel with the nor-
mal membrane. Because of an inherent rotational

0301-4622 /95 /$09.50 © 1995 Elsevier Science B.V. All rights reserved

SSDI 0301-4622(95)00028-3



160 A. Dér, P. Ormos / Biophysical Chemistry 56 (1995) 159-163

symmetry of both the available measuring techniques
and samples, the in-plane components of the charge
displacements have not been detected yet. Here we
introduce a novel method allowing the measurement
of bR photoelectric signals in all three space dimen-
sions. For the orientation of membrane fragments a
combination of electric and magnetic fields was ap-
plied, while excitation with polarized light (photo-
selection) was used to break the rotational symmetry
of the system. The first results prove the existence of
the in-plane components.

2. Materials and methods

Purple membranes prepared by the usual proce-
dures [5] were oriented by the combination of elec-
tric and magnetic fields. First an electric field of 20
V/cm was applied to the membrane suspension
containing polyacrylamide gel-forming materials (see
e.g. [4]), and the sample was subsequently intro-
duced into a magnetic field of 14T, where the align-
ment of the membranes is close to perfect [7]. After a
duration of 20 s the electric field was switched off in
order to minimize the consequences of electrolysis
and electrophoresis, while the magnetic field was
kept on until the polymerization was completed. The
average polymerization time was 4 min. Samples
were prepared only by magnetic field ordering. Note
that in this case the membrane fragments are only
aligned, i.e. the membranes are parallel but their
sidedness (pumping direction) is random.

Cubes of 1 cm length were cut out of the gels of
OD,,; = 2, and were put into a.cubic measuring cell
with 3 pairs of platinized platinum electrodes on the
walls of the cell. The distance between the electrodes
was 2 cm. Special care was taken to shield electrodes
from the exciting light in order to avoid the usual
light-scattering artifacts.

Samples were excited by polarized light flashes of
100 wJ energy. The plane of the polarization made
an angle of 45° with the z-axis (Fig. 1). Signals
were amplified by voltage amplifiers (home-made)
and collected in a transient recorder (LeCroy). The
time resolution of the measuring system was 2 us.
Exponential fitting was carried out by the routines of
the program package MATLAB for Windows 3.0.

3. Results and discussion

3.1. Principles of the new method

An intrinsic rotational symmetry of the measuring
systems available for the detection of photoelectric
currents of bacteriorhodopsin is the reason why only
the normal component of the electric signal has been
measured so far. In our novel method, this rotational
symmetry was transiently broken by an appropriate
excitation with polarized light. Fig. la shows the
geometry of the optical properties of a purple mem-
brane oriented by its permanent dipole moment along
the z direction. The Descartian component vectors of
the electric signal are denoted by i,, i, and i,
respectively. Let us consider the contribution of the
bR molecules having chromophores in the ‘left’ half
space (—o <x<ow; —w<y<P; —0<z<® to
the i, and i, componenis to be positive. Then,
because of symmetry reasons, the contribution of
molecules in the ‘right’ half space (—o <x < oo
0 <y<o; — < z<®) to the same components is
negative. In order to maximize the measurable in-
plane components, the difference between the excita-
tion probabilities in the left and right half spaces (D)
should be maximized too. Using the notations of Fig.
la, D can be written as:

D~f | < e,pup>17dQ
Q, -

2
—f | <e,pp> [*dQ) = — - sin?B - sin%
Q, ~ T

where & is the half-angle of the retinal cone, and B
is the angle which the plane of polarization makes
with the z-axis. {1, is related to the left, while €}, is
to the right half-space. D is maximal for 8 =45° +
k- 180°, where k is a natural number.

As for the case of facing membranes (alignment
with magnetic field only), it is demonstrated in Fig.
1b that the i, and i, components are compensated,
while the i, components are not.

The arguments presented above are valid for the
case of perfect orientation and alignment of mem-
brane fragments. Note, that a non-complete orienta-
tion results in a contribution of i, to the signal
measured in the y direction.
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Fig. 1. Geometrical representation of the optical properties of
purple membranes oriented in two opposite directions (a and b,
respectively). The photocurrent components are denoted by i,, i,
and i,; p is the permanent —, and wy is the transition dipole
moment of the membrane and the retinal, respectively. The elec-
tric field vector of the exciting light is denoted by e.

3.2. Electric signals

In order to prove the existence of an in-plane
component of the electric signal of bR, the first

measurements were performed on samples contain-
ing purple membranes aligned in a magnetic field.
Because of symmetry reasons, in this case no contri-
bution from the y and z component should occur in
any direction, while the x components from facing
membranes are not compensated by each other, as it
is demonstrated in Fig. 1b. In fact, the measurements
revealed the existence of an i, component, which
changed sign upon changing the polarization plane
of the exciting flash from 45° to —45°. The fast
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Fig. 2. (a) Electric signals of bacteriorhodopsin in the x direction
(i) measured with two different polarizations of the exciting light
(B =45° (1) and —45° (2)) on a sample containing pm aligned
in the magnetic field. The gels were washed in distilled water at
pH 6.5. (b) The averaged subtraction of the signals in Fig. 2a
together with the traces measured in the y and z direction under
the same conditions.
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Fig. 3. Electric signals of bR in all the three Descartian space
dimensions: i,, i, and I, corresponding to a, b and ¢, respec-
tively, on a sample containing pm oriented by a combination of
electric and magnetic fields. Measuring conditions were the same
as for the traces of Fig. 2.

electromagnetic artifact is expected to be diminished
by the subtraction of signals (1) and (2) in Fig. 2a.
The result is shown in Fig. 2b, together with the
traces measured in the y and z directions. The
observations are in a complete accord with the sym-
metry properties of the measuring system. Note, that
this is the first demonstration of photocurrents mea-
sured in a non-oriented (but aligned) membrane
system.

The y component of the electric signal, however,
can only be measured in a sample containing ori-
ented membrane fragments. For this purpose we
used a gel with purple membrane fragments oriented
by the combination of an electric and a magnetic
field. First, the membrane fragments were oriented
by an electric field, subsequently, a magnetic field
was switched on in order to improve the optical
anisotropy of the sample. This procedure resulted in
a nearly perfect alignment of the membranes with a
preferential orientation in one direction. (For details,
see Materials and Methods). As it is shown in Fig.
la, using an excitation by polarized light, both in-
plane components should be detected in this case.

The results are depicted in Figs. 3a—c. The life
times of the exponential components from a global
fit of all curves to 4 exponentials are informative
Qus ', 4us, 40 us and 200 us), however, a com-
plex evaluation procedure using the results of simul-
taneous absorption kinetic measurements would be
necessary to obtain the charge displacement vectors.
Some normalization problems may also occur for the
following reason. The y and z components are
dependent on the net orientation, while the x compo-
nent is only alignment-dependent. Thus, in case of a
non-perfect orientation (in the sense that a non-
negligible amount of purple membranes face each
other) the size of the x component is overestimated
as compared to the other two components. This
problem would be solved by using a higher magnetic
field during the sample preparation in order to get a
more perfect orientation, by which also the possible
contribution of i, to i, could be avoided, resulting
in ‘clean’ current components. With these improve-

! Limited by the measuring system.
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ments, we expect the new method to supply us with
results having important implications in bR research,
and, possibly, in the case of other biological systems,
too.
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