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Abstract

The effect of preliminary illumination of purple membranes by yellow
light on the difference spectra of short-lived intermediates has been
studied. It has been found that changes of the optical density of two of
these intermediates, which have the maxima of the difference spectrum
at 412 nm and 650 nm, coincides well with the kinetics of the known
reversible transitions of the main band of the purple membrane
absorption (560 570), ie., 13-cis-trans transitions. The changes at
412 nm and 650 nm are proportional to the concentration changes of
the all-trans retinal and 13-cis retinal, respectively. It was concluded
that the formation of the short-lived 412 and 650 intermediates occurs
in different photochemical cycles. The pH is found to affect the forma-
tion of the 650 intermediate.

Introduction

A lipochromoprotein complex, the properties of which resemble visual
rhodopsin, was discovered in the cell membrane of bacteria H. halobium.
This complex was called bacteriorhodopsin, by Oesterhelt and Stoeckenius
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[1]. Henderson [2] has shown that bacteriorhodopsin molecules in the
purple membrane are centered all in one plane and arranged in the form of a
hexagonal crystal lattice with three molecules in each cluster. The complex
dissociates when it is removed from the membrane [1], therefore all the
experiments with bacteriorhodopsin as a complex are carried out on
membrane suspensions in different solvents. A peculiar feature of bacterior-
hodopsin is the ability for multiple cyclic transformations induced by light.
Oesterhelt and Hess [3] and Stoeckenius and Lozier [4] have shown that
during a photochemical cycle protons are transferred through the cell
membrane, and as a result energy is stored in the form of a proton gradient [ 5]
and then, according to Mitchell’s theory, is used for the ATP synthesis. The
participation of the bacteriorhodopsin in photophosphorylation was
demonstrated in a reconstituted system by Racker and Stoeckenius [6].

At present, the proton transfer through the purple membrane is con-
sidered to be caused by the appearance and the decay of the intermediate
products of the photochemical cycle. However, it is not yet determined what
intermediates are related to the proton transfer through the membrane. At
first it was considered that only a short-lived product with the absorption
band at 412 nm took part in this transfer [3]. Later a short-lived product
discovered in the long-wave spectrum region (640 nm) [7] was supposed to
possess the same function. In one of the recent papers by Lozier et al. [8], an
attempt was made to characterize all the intermediates of the photochemical
cycle which are known at present. The main difficulty is that the form and the
position of the absorption bands, the kinetics of appearance and decay, and
other characteristics of the cycle intermediates are greatly affected by the
experimental conditions (pH, medium, temperature, preliminary illumina-
tion, etc.). In this paper we have studied the effects of the preliminary illumina-
tion and pH of the medium on the spectral and kinetic characteristics of the
intermediates H412 and H650*.!

The latter is suggested to be identical to the intermediate at 640 nm as
described by Dencher and Wilms [7]. As will be shown below, the maximum
of absorption band of this intermediate can be localized in the spectral range
620-680 nm.

Materials and Methods

The purple membranes were isolated from Halobacterium halobium by
the method of Oesterhelt and Stoeckenius [1]. The aqueous suspension of

'All intermediates are designated by H. The figure denotes the maximum of the
absorption band. The symbol “x” indicates that the maximum belongs to the difference
spectrum.
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purple membranes was not buffered. pH was changed by adding HC! and
NaOH and tested before and after the experiments. The temperature of the
samples in all experiments (except the temperature-dependent experiments)
was 19-22°C. Absorption spectra and slow changes (half-time > 107" sec) of
difference spectra of the optical density or transmittance were registered by
spectrophotometers SF-10 (USSR) and Specord UV VIS (GDR). For
measurements of the fast spectral changes (half-time <107' sec) a flash
photolysis apparatus was used [9]. The duration of a flash was 6 psec,
power —10-20 MW.

Slow spectral changes were induced by continuous illumination of the
sample with a 1-kW incandescent lamp. The optical system for illumination
was the same both for flash and continuous illumination. In the latter case
an additional 25-cm water filter was used. The intensity of incident light was
20 mW/cm ™ 2. The spectral region of excitation was cut off by a combination
of glass filters BS-10, GS-18, SS-11 which had a summary transmittance
coefficient of about 90% in the range of 540 nm. Samples of the purple
membrane suspensions kept in darkness for no less than 48 hours will be
called “dark samples,” those illuminated by yellow light for 2 min will be
called “light samples.” Slow spectral changes in the light samples attained
95% saturation. After 20 min illumination slow spectral changes were not
observed. In the other cases the conditions of illumination will be indicated
specially.

To measure the difference absorption spectra of dark samples the
following procedure was used. The purple membrane suspension in aqueous
solution (25-30 cm?®) was kept in darkness for 48 hours. A 2-cm? cell was
filled with the suspension under scattered weak red light. The cell was then
illuminated by two or three yellow flashes and two or three points of the
difference spectrum were registered. After that the sample was considered to
be bleached and was replaced by a new dark sample. Measurements were
carried out in succession within the interval from 370 to 750 nm in both
directions. The results of the measurements were averaged. The time of
filling the cell and placing it into the chamber was the same for all measure-
ments of the same series. The procedure for the light samples was the same
with the only difference being that before the sample was placed into the
chamber it was illuminated for 2 min by yellow light.

Results

The maximum of the main absorption band of the purple membrane
suspension of a dark sample is located at 560 nm, and that of the light
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sample at 570 nm. Under illumination the maximum reversibly shifts from
560 to 570 nm, which points to isomerization of 13-cis retinal to all-trans
[1, 10].

Figure 1 represents a difference spectrum which shows the formation of
H412 after illumination of both dark and light samples by a yellow flash.
The maximum of the band in the negative area of the difference spectrum is at
580+2 nm, and not at 570 nm as was previously reported [9, 11]. The
preliminary illumination affected the position of ihe maximum at neither
580 nm nor 412 nm. Changes of the optical density at 580 and 412 nm are
twice as high for the light samples than for the dark ones (Fig. 1, curves L
and D).

Figure 2 represents oscillograms of the absorption changes of a light
sample in a long-wave region after a yellow flash. The oscillograms show
that in conformity with Fig. 1 (curve L) the negative absorption caused by
band 580* decreases gradually with the increase of the wavelength, while the
positive absorption which we ascribe to the intermediate H650* increases
and reaches the maximum at 680 nm (Figs. 2a, b, ¢). For the dark sample
(Fig. 1, curve D) the spectral changes are similar but the maximum of the
absorption band of the H650* is located at 620 nm. This indicates that under
illumination the maximum shifts from 620 nm to the red region.

The masking effect of band 580* does not allow us to determine with
high precision the form and the amplitude of the absorption band of H650*
in the difference spectrum. However, the effect of light on the position of the
band is obvious. Moreover, the value of the optical density change of H650*
decreases proportionately to the duration of illumination. After 20 min of

al

acs
442 458 520 560 620 680

0‘”" A
a00

b
W
-0.04
v
W
008 T N
%0 60 s

350 400 450 500 600 700 Anm

Figure 1. Difference spectra of absorption changes in the aqueous suspension of purple
membranes after the flash of yellow light, pH 6.7. L and D represent light sample and
dark sample, respectively. For the dark sample, the kinetic curves are given for four
wavelengths (nm).
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Figure 2. Oscillograms of the optical density changes in the aqueous suspension of
purple membranes (light samples) at pH 6.7 after a yellow flash. Curves are given for
three wavelengths.

continuous preliminary illumination of the sample, H650* was not detected
in the spectral region up to 750 nm while the amplitude of the H412
absorption band was maximal.

A “light minus dark” difference spectrum, shown in Fig. 3, reflects the
light-induced reversible transition of the absorption band from 560 nm to
570 nm, i.e., the transition of 13-cis retinal to all-trans retinal. In the dark
sample the contents of 13-cis and trans retinal isomers were approximately
equal [1, 10, 17].
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Figure 3. “Light minus dark” difference spectra of the samples at pH 7.0 after 20 min of
llumination of one of them. An increase of the absorpticn at 595 nm occurs in the light
sample.

The absence of an isosbestic point between H650* and band 580~
indicates that the formation of H650* proceeds due to the decay of an un-
known intermediate. It is assumed that this intermediate is identical to the
intermediate with the absorption band 520 nm described in the paper by
Lozier [8]. This assumption was indirectly confirmed since band 620 nm
appeared when negative band 580* of the difference spectrum of a light
sample was subtracted (graphically) from the main absorption band 570 nm.
The result is shown in Fig. 1 by a broken line.

All the measurements, the results of which are given above, were carried
out at pH 7.0. In the dark sample the change of the optical density at 620 nm
is insignificant at this pH value. Acidification leads to a sharp increase of the
absorption changes of H650* but at pH 3.5 the absorption changes rapidly
decrease due to the transition of H570 into the long-wave form [1] (Fig. 4).

Figure 5 represents the different transmittance spectra of acidified and
neutral samples. It is seen that a spectral form with the band in the long-wave
region of the spectrum appears in acidified samples.

Discussion

Each cluster of the purple membrane consisting of three molecules of
bacteriorhodopsin surrounded by lipids should probably be considered as a
whole chromoprotein complex, the characteristics of which can differ con-
siderably from those of a separate bacteriorhodopsin molecule. At different
intensities of continuous illumination a cluster can exist in one of the four
steady forms: (1) all the three retinals of a cluster are in a 13-cis form; (2) two
retinals are in a 13-cis and one is in a trans form; (3) two retinals are in a
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Figure 4. Dependence on pH of the H650* absorption changes at 620 nm in the dark
sample.
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Figure 5. “Acidified minus neutral” difference spectra of absorption changes in the
aqueous suspension of purple membranes for the dark samples (pH 2.5 and 7.0). An
increase of absorption at 630 nm occurs in the sample at pH 2.5.

trans form and one is in a 13-cis form; (4) all the three retinals are in a trans
form.

The first form corresponds to an ideal dark sample, and the fourth to a
sample under continuous safurating light; the second and the third are
intermediate forms.

There are no direct experiments proving the existence of these forms.
Indirect evidence of the existence of the first and the fourth forms is provided
by experiments with thin-layer chromatography [ 10, 12]. Close proximity of
the molecules in the cluster permits their interaction. An excited molecule can
transfer part of its energy to two (or one) neighbors. As a result the cluster
state will not be the same as if two or three molecules were excited simul-
taneously. The variety of spectral forms of the intermediates could probably
be explained by the features of the cluster composition.

According to our results the content of H412 in a sample is maximal for a
cluster in the fourth form and is equal to zero for the first form. On the
contrary, the content of H650* must be maximal for the first and zero for
the fourth form. When all the retinal was in the trans form after 20 min of
continuous preliminary illumination (the fourth form of the cluster) only the
H412, but not the H650* absorption was detected and it had the maximal
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value. The H650" absorption was maximal in dark samples and decreased
during illumination. This means that H412 cannot be a precursor of H650.
According to the scheme by Lozier [8] the formation of intermediates in the
photochemical cycle proceeds in the following way:

L—) 590—)550——)412»520—»650—7

Our data suggest that this scheme should be modified since the forma-
tion of H650* and H412 seems to occur in different photochemical cycles.

We have observed only the three last intermediates of this scheme
(H412, H520*, H650%) under normal conditions (Fig. 1). These intermediates
were called “fast” since their time of transition was less than 107! sec. At
continuous illumination slow (greater than 10~ sec) spectral forms appear
(Fig. 3) i.e., H410-430 and H595" [11]. After a flash (10 kW/cm?) changes of
the optical density in the region of 412 nm were approximately 0.04 D, and
in the region of 410-430 nm approximately 0.0004 D. This means that the
duration of the flash was insufficient for the slow forms to arise in con-
siderable amount.

We suggest that after a yellow flash the photochemical transitions of
bacteriorhodopsin proceed simultaneously in three different ways, as shown
in Fig. 6, where (1) and (2) are the fast photochemical cycles, corresponding
to the modified scheme of Lozier [8]. Cycle (3) corresponds to the slow
photochemical cycle [11] caused by photoisomerization of 13-cis retinal to
all-trans retinal.

The purple membrane is one of the most rigid membranes. However,
in this membrane fast photochemical processes proceed even at low
temperature [14]. Spectral changes can be caused by changing temperature
or pH and are often similar by the form and position of the difference spectra
to the changes caused by light. The reason for such a high sensitivity to
external effects, despite the rigidity of the membrane as a crystal lattice,
seems to be a high mobility of chromophores in the cluster.
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Figure 6. Scheme of photochemical transitions of bacteriorhodopsin (BR) after a
yellow flash. The time of the turnover of the cyles: (1) ~100 msec, (2) ~10 msec,
(3) ~ 10 min.

Note

This paper was already prepared for publication when we received the
preprint by Dencher et al. [17], which was kindly sent to us by Dr. Dencher.
We would like to note that some conclusions of our paper are in agreement
with the results obtained by Dencher et al. and, in particular, cycle (2) (Fig, 6).
Dencher et al. succeeded to reconstitute the purple membrane containing
only 13-cis retinal, which corresponds to cluster 1 (the ideal dark sample) in
our paper. H412 was completely absent from this membrane and was formed
only when the trans retinal appeared. Experimentally, this corroborates our
assumption that the formation of H412 occurs only in cycle (2). As for ¢1°C,
we suppose that this is the same intermediate which we have designated as
H650%.
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