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ABSTRACT The photochemical activity of the 0-state was investigated in bacteriorhodopsin (BR) films containing wildtype
BR at pH 6.5 in the presence of glycerol. The formation of a photoproduct of 0 with an absorption maximum at 490 nm and
9-cis-retinal configuration was found. This 490-nm product was named P and shows a slow thermal reaction into a compound
with a maximal absorption at 380 nm which was named Q and contains free 9-cis-retinal in the proteins binding site. The
photoproducts of 0, i.e., P and Q, are very similar, or even identical, to those previously observed in blue membranes. Common
to the 0-state and blue membrane forms of bacteriorhodopsin is a protonated aspartic acid 85, and we suggest that it is the
reduced negative charge around the Schiff base which is responsible for the 9-cis photoisomerization. The release of a proton
from aspartic acid 85 is linked to the conversion of the 0-state back to the initial state of BR. Therefore the conditions of low
proton mobility in BR films containing glycerol favor the accumulation of the 0-state. For optical and holographic applications
such BR films are very attractive. It is possible to create photoproducts with red light which are thermally stable at room
temperature and that can be photochemically erased. Dependent on the light composition both properties can be realized in
the same sample material. This feature may bridge the gap between information processing and short-term and long-term
storage of information with BR.

INTRODUCTION

The photochromic retinal protein bacteriorhodopsin (BR) is
found in the cell membrane of the archaeon Halobacterium
salinarium (formerly Halobacterium halobium) (Oesterhelt
and Stoeckenius, 1971) where it acts as a light-driven proton
pump. BR is the key protein for photosynthetic growth ofH.
salinarium and, together with the closely related light-driven
chloride pump halorhodopsin, it enables halobacteria to sur-
vive in salt lakes with an inhospitable natural environment,
i.e., at high salt concentration and low oxygen tension. The
biophysical and biochemical properties of BR have been
studied intensively in recent years and a detailed knowledge
of its structure and function has resulted (for reviews see,
e.g., Kouyama et al. (1988) and Birge (1990)). In the halo-
bacterial cell membrane BR occurs in the form of a two-
dimensional hexagonal crystalline lattice ofBR trimers. Due
to their intense color these patches are called purple mem-
branes (PM). In the PM-state BR shows an astonishing sta-
bility toward chemical, thermal, and photochemical degra-
dation which is lost after solubilization of the membrane
(Baribeau and Boucher, 1985). The photochemical properties
of BR (Harbison et al., 1984; Varo et al., 1990; Varo and
Lanyi, 1991) are summarized in Fig. 1.
The availability of BR variants with modified amino acid

sequences (Dunn et al., 1987; Nassal et al., 1987; Soppa et
al., 1989; Soppa and Oesterhelt, 1989; Ni et al., 1990) has
improved the understanding of the proton transport mecha-
nism in BR significantly. In addition, a new impulse for tech-
nical applications of BR was created, since engineering of
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BR and thereby the modification of its photophysical prop-
erties has become feasible. The photochromic properties of
BR and its variants provide recording media for optical and
holographic information processing with superior quality
(Oesterhelt et al., 1991; Brauchle et al., 1991; Gross et al.,
1992; Haronian and Lewis, 1991; Werner et al., 1992;
Vsevolodov et al., 1986). It has been found that BR films
containing the BR variant BRD96N, which differs from the
wild type (BRwT) by the exchange of aspartic acid 96 for
asparagine, show an improved light sensitivity and a sub-
stantially higher holographic diffraction efficiency than
BRw- films (Hampp et al., 1992).
The difference in the light sensitivity is due to the longer

lifetime of the M-intermediate of BRD96N which in turn is
related to the loss of its internal molecular proton donor
group (Miller and Oesterhelt, 1990). However, the observed
differences in the maximal diffraction efficiencies, in par-
ticular at the wavelength 633 nm, were initially not obvious.
Recently it has been shown that the pH-dependent steady-
state population of the 0-state (Varo et al., 1990) which dif-
fers between BRw and BRD96N is the reason for the higher
diffraction efficiencies of the BRD96N films (Hampp et al.,
1992).A detailed analysis of the holographic diffraction pat-
tern which is observed with BRw films led to the assump-
tion that a photochemical conversion of the 0-state and the
formation of side products of the standard photocycle must
occur in these films.

In this paper we report on this photochemical conversion
of the 0-state into a product with an absorption maximum at
490 nm and 9-cis retinal configuration which we name
P-state. It should be mentioned that there is no relation to the
P-state introduced by Drachev et al. (1986), which revealed
to be identical to the N-intermediate. The P-product intro-
duced here undergoes a slow thermal reaction to a further
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FIGURE 1 Simplified model of the photocycle of BRwr in suspension.
The BR-states are represented by single letters and their absorption maxima
are given as indices. The states given in italics have a 13-cis configuration
of the retinal, those in capital letters (B and 0) contain all-trans retinal. Bold
letters signify that the Schiff base is protonated, outlined letters (M' andM")
indicate a deprotonated form. The mixture of B (all-trans, 15-anti) and D
(13-cis, 15-syn) which is obtained in the thermal equilibrium in the dark is
called dark-adapted BR. Thermal steps are represented by black arrows,
photochemical conversions by thick grey arrows.

blue-shifted product named Q with an absorption maximum
at 380 nm which may be free 9-cis-retinal in the binding site.
P and Q are similar or even identical to photoproducts formed
from acidified purple membrane in glycerol (Maeda and
Yoshizawa, 1980) and from the blue membrane (Fischer et
al., 1981). Both 0-photoproducts P and Q can be photo-
chemically reconverted into the BR initial state and therefore
provide a first example of a photostable, photoerasable BR-
state at neutral pH.

EXPERIMENTAL PROCEDURES AND RESULTS

Preparation of BR films

BRw- in the form of purple membranes was isolated from
halobacterial strain S9 by the procedure described in
(Oesterhelt and Stoeckenius, 1974). Glass plates with a thick-
ness of 1 mm were used as substrates for the preparation of
BR films. They were cleaned with acetone and siliconized
twice with a solution of3% dimethyldichlorosilane (DDS) in
tetrachloromethane prior to use. Unbound DDS was removed
by extensive washing with ethanol. A buffer stock solution
(100 mM) was prepared from potassium phosphate (pH 6.5)
in doubly distilled water. BR films with a thickness of ap-
proximately 25 ,um were formed between two glass plates as
described in (Hampp et al., 1992).

Retinal extraction and analysis of the
isomer composition

Analysis of the isomer composition in BR films was done by
retinal extraction in the dark and high-performance liquid
chromatographic (HPLC) analysis (Steinberg et al., 1991;
Scherrer et al., 1989). BR material was extracted twice with
a cold mixture of isopropanol/n-hexane at pH 7.0 and ana-
lyzed on a Si6O column at a detection wavelength of 360 nm.

Steady-state absorbance changes in BR films:
continuous wave excitation by
two actinic wavelengths

The setup shown in Fig. 2 was used for the absorption mea-
surements under continuous wave (cw) excitation. From the
krypton 1 laser a pump beam is emitted and varied in its
intensity by means of an acousto-optic modulator (AOM).
TheAOM has a contrast ratio of approximately 1000.Abeam
expander (BE) was used to enlarge the beam diameter and
by use of an aperture (A) the inner part of the Gaussian beam
profile was selected. Alternative to excitation by the kryp-
ton 1 laser the collimated beam (COL) from an arc lamp was
band pass filtered (BF, 560 ± 30 nm) and was used for ex-
citation of the BR film at a fixed intensity. This setup was
chosen since the intensity of the probing beams can be kept
very low.

The light-induced absorption changes were detected si-
multaneously by four monochromatic probe beams at se-
lected wavelengths. The first was obtained by decoupling a

GP

FIGURE 2 Experimental setup for the intensity-dependent absorption
measurements. The acusto-optic modulator (AOM) is used to vary the in-
tensity of the (actinic) pump beam emitted by krypton laser 1. The modulated
beam is expanded (BE), the inner part of the Gaussian intensity profile is
cut out by an apperture (A) and incidents to the BR film. A prism (P) is
installed to separate the wavelengths emitted by krypton laser 2 which runs
in multi-line mode. TWo further test wavelengths are obtained from a HeNe
Laser and by decoupling of a small fraction of the beam intensity of laser
1 by a glass plate (GP).An additional band pass filtered (BF) and collimated
(Col) arc lamp (560 ± 30 nm) can be used to obtain an initial steady-state
population of photocycle intermediates in the BR film prior to the intensity
scan of the beam from laser 1. The intensities of the four test beams are
adjusted by neutral density filters (ND). A set of four photodiodes (D1-D4)
is used for the detection of the transmitted beams.
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small fraction of the variable actinic (pump) beam out of the
light path by means of a 10-mm-thick glass plate (GP). The
other three beams were supplied by a second krypton laser
(krypton 2) running in multi-line mode and a HeNe laser. All
probe beams were incident to the BR film at an angle of ± 80
relative to the (actinic) pump beam. Their intensities were
adjusted by neutral density filters (ND) and were approxi-
mately 50 ,uW/beam. As wavelengths all available emission
lines of the krypton lasers were used. The induced trans-
mittance changes were monitored by a set of photodiodes
(D1-D4) and recorded on a digital storage oscilloscope.
The absorbance changes of a BRwr film of pH = 6.5

which had an initial optical density at 570 nm of iOD570 =
3.3 were analyzed at the wavelengths 413,482,568, and 633
nm and are plotted in Fig. 3. The absorption changes are
given as percent of the initial absorption at the respective
wavelengths and as a function of the intensity in the beam
of the krypton 1 laser (see Fig. 2). The time for an intensity
sweep between minimum and maximum was 80 s.
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First beam 1 at 568 nm was raised from 0.5 to 300 mW/
cm2 (Fig. 3, left column) and an intensity-dependent decrease
of the absorption at 568 and 482 nm and an increase at 633
and 413 nm was observed. This is related to the photochemi-
cal depopulation of the B-state and the appearance of
intensity-dependent, steady-state populations of the M-, N-,
and 0-states. Second (Fig. 3, middle column), the BR film
was continuously illuminated by the arc lamp (560 ± 30 nm)
at an intensity of 87 mW/cm2 and initially a population dis-
tribution of the B-, M-, N-, and 0-states was produced. Then
a second continuous beam at 413 nm was varied in its in-
tensity from 2 to 500 mW/cm2 (Fig. 2, krypton 1). With an
increasing intensity of this blue beam the M-state became
depopulated due to the photochemical conversion M -- B
(see Fig. 1). As expected the absorption in the blue region of
the visible spectrum decreased and the B-dominated absor-
bance (568 and 482 nm) increased. Only very small
changes of the absorption are observed in the red at 633
nm. In a third experiment (Fig. 3, right column) the kryp-
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FIGURE 3 Intensity dependence of the steady-state absorption changes of a BRwT-film with an initial optical density of iOD570 = 3.3 at pH 6.5 upon
excitation with one or two wavelengths. On the x-axis the intensity of the variable pump beam is shown in bold letters. The intensity of the (optional) additional
constant broad band excitation is indicated at the bottom. On the y-axis the induced changes of the optical density AOD normalized to the initial value at

the indicated wavelengths are given in percent. The time for the intensity sweep was 80 s. Left column (A): intensity sweep from 0.5 to 300 mW/cm2 with

568 nm. Middle column (B): constant broad band excitation (560 ± 30 nm) with 87 mW/cm2 and sweep of the 413-nm intensity from 2 to 500 mW/cm2.

Right column (C): constant broad band excitation (560 ± 30 nm) with 177 mW/cm2 and sweep of the 647 nm intensity from 0.5 to 500 mW/cm2.
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ton 1 beam had a wavelength of 647 nm and was varied
from 0.5 to 500 mW/cm2. At 413, 568, and 633 nm a
slight decrease occurred but at 482 nm a significant in-
crease of the absorption was observed. This indicates that a
state which absorbs in the red can be photochemically con-
verted into a product(s) which absorbs in the blue-green
region. Note that the absorption changes are given as per-
cent of the initial optical density iOD at the indicated
wavelengths, emphasizing the rise of the new photoprod-
uct shown in the right column of Fig. 3.
The spectral properties of this product were recorded by

difference spectroscopy in the following way. Light-induced
absorption changes were determined for all krypton emission
wavelengths (Fig. 2, krypton 2) at a constant excitation with
the arc lamp and switching the 647-nm excitation (Fig. 2,
krypton 1) from 0.5 to 500 mW/cm2. The absorption dif-
ferences obtained are plotted in Fig. 4. In this difference
spectrum the appearance of an absorption at 490 nm is ob-
served. The negative features of the difference spectrum in-
dicate the disappearance of M-state (AOD - 400 nm) and
point out also the net loss of material absorbing around 600
nm under the photostationary conditions.

These experiments confirm that under illumination with
647 nm a photoproduct ofBR is formed which absorbs in the
blue-green region that will be called P. The educt BR-state
from which the P-state is formed is not obvious from these
measurements because the applied conditions produce a
complex photochemical reaction pattern. However, from the
absorption properties of the photocycle intermediates the
red-shifted K- and 0-state must be considered as possible
educt BR-states. Since the steady-state concentration of the
K-state is very low at room temperature the 0-state seems to
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FIGURE 4 Difference spectrum obtained from a BRw-r-film of iOD570 =
3.3 and pH = 6.5, which is constantly illuminated with 177 mW/cm2 of light
of 560 ± 30 nm, which was induced by an 100-fold increase from 0.5 to
500 mW/cm2 of simultaneous irradiation with 647 nm. Absorption changes
were monitored at various wavelengths of the krypton 2 laser in Fig. 2. The
high red light-intensity causes the formation of a product with an absorption
maximum at about 490 nm.

be the most likely candidate for the observed product. A
stringent proof that the educt is not the B-state itself but one
of the red absorbing photointermediates, i.e., the 0-state, can
be obtained by holographic techniques and is described in the
following.

Analysis of the phase and amplitude distribution
of the diffracted wave from holographic gratings
in BR films: 0-type holograms
A more sensitive tool than the steady-state absorption mea-
surements is the analysis of the amplitude and phase distri-
bution of the holographic diffraction pattern. In particular it
allows the distinction between a photoreaction starting from
the B-state and photoreactions of intermediates of the pho-
tocycle as will be demonstrated by the results described
below.

For analytical investigations it is reasonable to use the
simplest hologram, i.e., a plane wave hologram. Due to
the Gaussian intensity distribution of the recording beams the
photochemistry occurring at different light intensities can be
investigated in parallel when the spatial distribution of the
phase and amplitude of the diffracted beam is analyzed.

For this purpose (see Fig. 5) a laser beam of variable wave-
length from 468 to 647 nm (laser 1, krypton lines) with a
Gaussian intensity distribution (TEMoo) is divided by a
beamsplitter (BS) into two coherent beams of equal intensity.
The intensity distribution I(x, y) along the x andy axes of the
interference pattern in the plane of the BR film is given by

X2Cos2o +y2
Iw(x,y) = 2 Iow exp(-2 c

w
2

*[1 + cos(2r/G)] with G = Aw/(2 sinO), (1)

where Iow is the maximal intensity of each of the writing
beams (wavelength AW), G is the grating period, ww their
beam radii and 2 - O, the angle between them. From laser 2
a read/pump beam of wavelength AR = 521 nm which can
be varied in its intensity by a variable neutral density filter
(NDva,) incidents to the holographic grating at the Bragg
angle OR = arcsin(AR/2 * G). This beam is diffracted at the
grating formed in the BR film by the writing beams.ACCD-
detector array connected to a monitor is placed in the path
of the diffracted wave.
From the read/pump beam (521 nm) a fraction is de-

coupled by a semitransparent mirror (SM), adjusted in its
intensity by neutral density filters (ND) to approximately the
same intensity as the diffracted beam. It is superimposed with
the diffracted beam on the CCD-detector array at a small
angle, e.g., OD = 0.030. The diffracted beam and this ref-
erence beam, which can be turned on and off by a shutter
(SH), interfere because they are coherent and hence the phase
distribution of the diffracted wave becomes visible.

In the bright parts of the intensity pattern resulting from
the interference of the writing beams (see Eq. 1) the pho-
tochemical conversion of the B-state is initiated and con-
comitantly a population of the intermediate states appears. A
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A

FIGURE 5 Holographic setup for the analysis of the phase distribution
in the diffracted wave. Recording beams: A, = 647 nm, HW = 7.6°,
Io, = 358 mW/Cm2, WW = 4 mm. Read/pump beam: AR = 521 nm, WR =

4 mm. IOR = 4-254 mW/cm2. For definitions for WR, WW, IOw, and IOR see
text. SM, semitransparent mirror; BS, beam splitter; NDva,, variable neu-
tral density filter; ND, neutral density filter; SH, shutter.

description of the resulting modulation of the absorption co-

efficient and the refractive index and their contribution to the
diffraction efficiency can be found, e.g., in Hampp et al.
(1992), Brauchle and Burland (1983), and Kogelnik (1969).
At low intensities of the read/pump beam (IR) the fringe

contrast of the holographic grating in the BR film is almost
unaffected, therefore it can be considered as being non-

actinic. At higher intensities the steady-state population of
the different intermediates in the BR film are determined
additionally by the intensity of the read/pump beam. There-
fore, photochemical conversions of intermediates must be
taken into account. This principle was first applied in so-

called M-type holograms (Hampp et al., 1990).
In Fig. 6 the intensity-dependent transition of the Gaussian

to a donut-shaped diffraction pattern with increasing inten-
sities of the read/pump beam is shown. At a low intensity of
the read/pump beam ofIR = 4 mW/cm2 (Fig. 6A) a Gaussian
diffraction pattern is observed. A continuous transition to the
donut-shape is found in parallel to the increase of the read/
pump intensity (IR = 50 mW/cm2 in Fig. 6 B). The high
intensity in the center of the read/pump beam leads to an

erasure of the grating induced by the 647-nm writing beams
due to saturation effects. Therefore, a weaker intensity is
diffracted by this part of the sample causing the black spot
in the center of the diffracted beam pattern (Fig. 6 B). Further
increase in intensity of the read/pump beam causes another
diffraction pattern specifically for the red part of the writing
beams, e.g., 633, 647, and 676 nm. When the intensity of the
read/pump beam (521 nm) is raised a steady increase of the
diffracted intensity in the middle of the donut is observed
(IR = 254 mW/cm2 in Fig. 6 C).
The characteristic transition from the gaussian to the

donut-shape of the spatial intensity distribution of the dif-
fracted wave (Fig. 6, A and B) is also found for writing
wavelengths in the blue to yellow range, i.e., 468, 482, 531,
and 568 nm. However the "filled donut" (Fig. 6 C) does not
appear even at high read/pump intensities.

FIGURE 6 Spatial intensity distribution in the diffracted wave at different
read/pump but constant writing intensities. Writing: A, = 647 nm, I, = 328
mW/cm2; read/pump: AR = 521 nm, IR: 4 mW/cm2 (A), 50 mW/cm2 (B),
254 mW/cm2 (C).

In a next experiment the shutter (see Fig. 5) was opened
and the phase distribution of the diffraction pattern was ana-

lyzed (Fig. 7). A comparison with Fig. 6 C shows that there
is a phase shift between the outer ring and the center of the
diffracted wave.

The wavelength dependence for the "filled donut" dif-
fraction is the same as found in the absorbance measurements
for the photochemical formation of P (Figs. 3 and 4). The
intensity-dependent shift in the phase distribution indicates,
that the hologram formation in the center is related to a

photochemical conversion of an intermediate state in the

B
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FIGURE 7 Phase distribution in the diffraction pattern shown in Fig. 6 C.
A phase shift of 1800 is observed between the inner and the outer part of
the diffraction pattern. In the sketch on the right the bright parts of the outer
ring are connected by thick lines. Since these lie in the dark parts of the inner
grating a phase shift of 180° is observed. The outer ring relates to the B-type
hologram formed by the 647-nm writing beams in the BR film where, due
to the Gaussian beam profile the intensity of both the 647-nm writing and
the 521-nm read/pump beam are low. In the central part where as well a high
521-nm read/pump and a high 647-nm writing intensity illuminate the BR
film the dominant contribution to the hologram relates to a photochemical
conversion of an intermediate which absorbs in the red and is populated by
the continuous pump beam, i.e., the 0-state.

photocycle of BR. This situation is explained schemati-
cally in Fig. 8. The case where the read intensity (521 nm)
is low compared to the 647-nm write intensity (Fig. 8, Al)
is treated first. The low 521-nm read intensity only induces
a small population distribution change in the BR film (Fig.
8, A2). In the bright parts of the 647 nm intensity distribu-

read beam
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521 nm - ---
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521 nm only

A3

647 nm only

A4
O-products

521nm + 647nm / V W \

read/pump beam
521 nm (high) 0Ln 1

M,N,O _ _ _ _ _ B2

B I___j

M,N,O B3

B

M,N,O B4

\0-products
FIGURE 8 Scheme for the explanation of the phase-shift appearing in a

holographic diffraction pattern where B-type and 0-type holograms exist in
parallel. (left column) A 647-nm intensity grating leads to a related B-type
hologram without phase shift in the grating. (right column) Simultaneous
illumination of a BR film with, e.g., 521 nm and 647 nm results in the outer
part, where no 521 nm appears, in the formation of a B-type hologram. In
the inner part, where initially a high steady-state population of intermediates
is induced by the 521-nm read/pump beam, the conversion of photointer-
mediates, in particular the 0-state, dominates. This leads to an inversed
hologram. At the boundary between the inner and outer part a phase shift
of 1800 appears.

tion a related photoconversion of the B-state occurs and
the photointermediates M, N, and 0 are populated (A3).
Since the read beam is almost nonactive this pattern is not
altered when both the 521- and 647-nm intensities illumi-
nate the film (A4). Even if a secondary photochemistry of
the 0-state occurs (products of 0) no phase shift inside the
grating results. In the second case the 521-nm intensity is
high and therefore considered as actinic light (Fig. 8, B1).
The 521-nm read/pump beam induces a corresponding and
substantial population of the M-, N-, and 0-states in the
BR film (B2). The 647-nm intensity grating (B3) would be
identical to that in (A3). The combined irradiance of the
BR film with the 521 nm and the 647 nm intensities leads
to a complex population distribution (B4). In the outer part
of the irradiated area the B-type hologram is formed. In
the middle the secondary photoreaction, i.e., the conver-
sion of 0 to P now becomes dominant which results in the
formation of an inversed grating. At the boundary a phase
shift appears (B4).
From these experimental results the educt of the photo-

chemical formation ofP which absorbs at about 490 nm must
be assigned to a photointermediate of the BR-photocycle.
The only one which fulfills the spectroscopic characteristics
and also reaches the required steady-state population is the
0-state. Therefore we call these holograms 0-type holo-
grams in analogy to the M-type holograms reported earlier
(Hampp et al., 1990).

Both have in common that the photochemical conversion
of an intermediate of the BR-photocycle is used for recording
which by definition is first populated by optical pumping of
the BR film. M- and 0-type holograms differ in the type of
the photoproduct and in their holographic properties. In
M-type recording the B-state is repopulated after photo-
chemical excitation of the M-state with blue light. All the BR
material is cycled within the first half of the photocycle, i.e.,
B z± M. In the 0-type holograms the photoreaction from 0
leads to a side product of the photocycle, i.e., P. Several
questions arise: I) is P the only photoproduct? II) can P be
reversibly converted to the initial B-state? III) does the back
reaction take a thermal and/or a photochemical path? IV) is
this reconversion via O?
A first observation clearly demonstrates the photochemi-

cal reversibility of the P formation. 0-type holograms decay
on a time scale of several tens of milliseconds when the
writing beam (e.g., 647 nm) is turned off but the read/pump
beam still irradiates the BR film. In the holographic experi-
ments described so far a read/pump beam with a wavelength
on the blue side of the B-state absorption was always used,
e.g., 521 nm. This is within the absorption of P, or more
precisely within the positive absorption change region of the
difference spectrum in Fig. 4. From this we conclude that
0-type holograms are erased photochemically. Therefore the
chemical nature of the photoproduct(s) of 0 and their re-
conversion were investigated spectroscopically and their
retinal configuration was analyzed.
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Retinal configuration in the P and 0 states and
their photochemical conversion to the B state

In Fig. 9 the absorption changes accompanying the light-
induced formation, the thermal conversion and light-
stimulated reconversion of the photoproducts of 0 are
shown. In the right row the related difference spectra are
given. In parallel an analysis of the isomer composition was
done by HPLC and the results are listed in Table 1.

First the photochemical formation of photoproducts of 0
with red light was analyzed. In Fig. 9A the absorption spec-
trum of a BRwT-film at pH 6.5 is shown before (I) and after
1, 2, and 3 min (II-IV) of illumination with 676 nm at an
intensity of 830 mW/cm2. The absorption in the maximum
at 560 nm decreases and shifts slightly to 556 nm. This
change is accompanied by an absorption increase around 450
nm, and a quasi-isosbestic point at 483 nm is observed. Reti-
nal extraction and isomer composition analysis show that
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during this step 9-cis-retinal is formed (see Table 1, AI and
AIV). The observed changes in the absorption spectra can be
numerically simulated under the assumption that material
absorbing at 560 nm is converted into two species which
appear in a constant ratio of 30:70, one absorbing at 490 nm
and the other absorbing at 560 nm. Since the 490-nm product
found in the previous experiments alone cannot explain the
observed quasi-isosbestic point at 483 nm, a third compound
must be involved which is inactive with respect to the
560 -* 490 nm transition but has its absorption maximum
close to 560 nm. Since li-cis-retinal was not found in the
samples (Maeda and Yoshizawa, 1980) this compound con-
tains presumably 13-cis-retinal which may be assigned either
to the N-state or D-state (Kouyama et al., 1985).

In the next step of the experiment the development of the
system in the dark at room temperature was measured. The
irradiated sample was kept in the dark and the absorption
spectrum recorded over a period of 19 h. In Fig. 9 C the
spectra after 0 (IV), 1 (V), 3 (VI), and 12 h (VII) are shown.
No further change of the absorption spectrum occurs after
12 h. During this 12-h period the absorption in the range of
400-500 nm decays and the absorption around 380 nm in-
creases with an isosbestic point of the transition at 400 nm.
The amount of 9-cis-retinal in the sample does not change
during this period but more 13-cis-retinal is formed from
all-trans due to the dark adaptation process (see Table 1). Due
to the shift in the absorption spectrum the release of 9-cis-
retinal from the Schiff base linkage and the formation of the
380-nm absorbing product is assumed as reported upon neu-
tralization of the 490-nm absorbing photoproduct of acidified
BR (Fischer et al., 1981). This correlates with numerical
simulations where a constant decomposition rate of the
490-nm to the 380-nm 9-cis-product is assumed. In addition
to the change around 380 nm a change in absorption around
570 nm also occurs indicating dark 13-cis to all-trans tran-
sition reverting potential shifts of that isomeric equilibrium.

Finally, the sample was illuminated for 22 min with light
ofwavelength 532 nm at an intensity of 88 mW/cm2 followed
by a 2-min irradiation from a halogene lamp with light above
300 nm at an intensity of 400 mW/cm2 (Fig. 9 E). The ab-
sorption at 560 nm increased under the monochromatic ex-
citation with the laser (Fig. 9 E, VIII) but the absorption at
380 nm remained unchanged. However, second illumination
with white light resulted in an almost complete disappear-
ance of this part and a further increase of the 560-nm ab-
sorption. According to the analysis of the retinal isomer com-
position, the monochromatic excitation at 532 nm reconverts
the remaining 490-nm product but leaves the 380-nm product
unchanged (Table 1, EVIII and EIX). Except for a very small
part (compare I - IX in Fig. 9 F) all photoproducts were
reconverted to the initial state of the BR film by illumination
with additional white light. This is expected from the expe-
rience with the photochemical behaviour of free retinal
(Fischer et al., 1981) and photoproducts of BR (Szundi and
Stoeckenius, 1989; Chang et al., 1987; Chang et al., 1988;
Liu and Ebrey, 1987; Szundi and Stoeckenius, 1988).
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FIGURE 9 Photochemical conversion ofthe 0-state and thermal and pho-
tochemical reactions of the products of 0. In the left column the absorption
spectra are shown for the formation and reconversion of the photoproduct(s)
of 0. In the right column the corresponding difference spectra are shown.
(A and B) Photochemical formation: Spectra of a BRw-r-film (I) before and
(II) after 1 min, (III) 2 min, and (IV) 3 min of illumination with 676 nm at
an intensity of 830 mW/cm2. (C and D) Thermal stability: Spectra of the
BR film (IV) immediately after illumination and after (V) 1 h, (VI) 3 h, and
(VII) 12 and 19 h in the dark. (E and F) Photochemical reconversion:
Spectra of the BR film in state (VIII) after monochromatic illumination with
532 nm at 88 mW/cm2 for 22 min (VIII) and (IX) after additional broad band
excitation with an halogene lamp for 2 min at 400 mW/cm2. The initial
absorption spectrum (I) is given for comparison.
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TABLE 1 Retinal composition of BTw- films after exposures according to Fig. 9
Absorption
spectrum Retinal composition 13-cis 9-cis all-trans

Al Light-adapted: 5 min 400 mW/cm2 with arclamp 11 <1 89
AIV +5 min 500 mW/cm2 at 676 nm 16 22 62
CVII +12 h in the dark 24 20 56
EVIII +5 min 300 mW/cm2 at 532 nm 31 10 59
EIX +5 min 400 mW/cm2 with arclamp 20 3 77

The accuracy of the retinal extraction data is estimated to
±3% of the given values due to the statistical errors in the
extraction analysis and slight differences of the used BR
films. The light/dark-adaptation depends on the humidity
of the BR films (Korenstein and Hess, 1977). Also it was
reported that photoconversion into the dark-adapted state
occurs with wavelengths on the red wing (Kouyama et al.,
1985). Therefore the 13-cis:all-trans ratios cannot be as-
signed clearly to dark- or light-adapted BR.

In summary the result of the above described experiments
is that the photochemical formation of a 9-cis-retinal con-
taining species occurs under constant irradiation with red
light without the presence of blue membrane as a starting
material. This 9-cis material is photochemically reconvert-
able to all-trans, but thermally stable in the range of hours.
This primary 9-cis photoproduct P is converted thermally
very slowly into a species with maximal absorption at 380
nm. Apparently the Schiff base linkage to Lys-216 (Bayley
et al., 1981; Katre et al., 1981; Lemke and Oesterhelt, 1981)
is hydrolyzed and free 9-cis-retinal is formed in the binding
site of BR (Q-state) and which then shows long-term sta-
bility. Also this species can be photochemically reconverted
to 13-cis/all-trans BR as reported for mixtures of 9-cis-
retinal and bacterio-opsin (Oesterhelt and Schuhman, 1974).

The meaning of 0-photochemistry for optical
applications of BR films

Important for optical and holographic applications of BR
films is the finding that extended irradiation with wave-
lengths in the far red leads to the formation of long-living
thermally stable products.

In applications where the dynamic properties of BR films
are required, e.g., optical processing, the formation of long-
living products can easily be suppressed. In all cases where
green-yellow background irradiance is applied, e.g., M-type
holograms, effective photochemical reconversions of the P-
and Q-states to the initial B-state is guaranteed and no net loss
of photoactive material out of the common all-trans/13-cis
cycle occurs.

However, there are some possible applications where
this phototransition may be advantageous. The all-trans/9-
cis photosystem contains the key feature for short-term and
long-term storage of information, i.e., the absence of a
thermal pathway to all-trans/13-cis BR. For example the
O -+ P phototransition may be used in the way that a ho-
logram recorded with green-yellow light can be photo-

chemically fixated by an intense pulse of 670-690-nm
light with a duration shorter than the cycle time from
B -O 0 (millisecond range). Only in the bright regions of
the initial B-type hologram a relevant population of the
0-state does occur and the 670-690-nm pulse leads to the
formation of the photoproducts of 0, and thus a photo-
chemical fixation of the primary hologram can be ob-
tained. Illumination with a shorter wavelength, e.g., in the
green range, releases the material from the P-state. This
procedure is in analogy to an experimental approach by
Hwang et al. (1978) for the investigation of the 0-state
kinetics. However, they did not observe the branching of
the photocycle.

Finally "long-term" storage of information is possible
in the P-state and its final product Q, which both are
photoerasable and therefore mark the way to the use of BR
at ambient pH values as a long-term information storage
material.

DISCUSSION

The results reported here document the photochemical ac-
tivity of the 0-state in bacteriorhodopsin for the first time.
The photoproduct P contains a 9-cis-retinal configuration.
It decays thermally into the final product Q which contains
free 9-cis-retinal in the binding site. Both states P and Q
are photochemically reconvertible to the B state. This al-
lows dynamic holography (0-type hologram) with BRwr
where holograms can be photochemically fixed and erased
at will. At the same time information can be stored on a
long time basis.

Formation of 9-cis-retinal has been first observed by
irradiation of acidified purple membranes (Oesterhelt and
Stoeckenius, 1971) which are blue (Fischer et al., 1981;
Fischer and Oesterhelt, 1979). Blue membranes (or BR605)
can be obtained from purple membranes either at low pH
values (Oesterhelt and Stoeckenius, 1971; Maeda and
Yoshizawa, 1980; Fischer et al., 1981; Szundi and Stoeck-
enius, 1989), by removal of divalent cations (Chang et al.,
1987; Chang et al., 1988; Liu and Ebrey, 1987), in a special
lipid environment (Szundi and Stoeckenius, 1988), by low
tenside concentrations (Padros et al., 1984) or by mutation
of Asp85 to either glutamic acid (Subramaniam et al., 1990;
Lanyi et al., 1992) or any nonacidic amino acid side chain
(Otto et al., 1990). Early experimental results had suggested
that the blue color of acidified BR (BR605) is due to a pro-
tonation of the counterion of the Schiff base (Fischer and
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Oesterhelt, 1979; Mowery et al., 1979). This negative charge
was identified as a complex anion (de Groot et al., 1989a; de
Groot et al., 1989b) which includes Asp85 as an important
component. Acidification of BR below pH 3 causes the blue
color and by NMR it has been shown that only water exposed
carboxylgroups are protonated at low pH (Gerwert et al.,
1987). Since the Schiff base exchanges protons with the
aqueous phase (Harbison et al., 1988) and the extracellular
half channel ofBR is wider than the cytoplasmic half channel
(Henderson et al., 1990) it seems likely that Asp85 is pro-
tonated during acidification causing the blue color. A more
direct evidence has been obtained in mutated BRD85E which
has a drastic upward shift in pK of the blue to purple tran-
sition (Subramaniam et al., 1990; Lanyi et al., 1992). The
color shift leading from an inactive to an active proton pump
has been linked to the deprotonation of the glutamic acid in
position 85 (Fahmy et al., 1992) andAsp85 is the only internal
carboxyl group that becomes protonated in theM state of the
photocycle (Metz et al., 1992). Generalizing the blue color
ofBR can be explained by the removal of the negative charge
in position 85, either by shifting the pK of the carboxyl group
by protonation during the photocycle or by removing this
group all together. This situation is found in halorhodopsin
(HR) which does not have either a proton donor or acceptor
because it is a chloride pump. The surprising similarity of
both proteins might be seen in the fact, that 9-cis-retinal
formation under red light exposure has been reported in HR
(Zimanyi and Lanyi, 1987).

In accordance with this all blue BR species were found to
be inactive proton pumps and noM could be observed (Lanyi
et al., 1992). The dominant photoreaction of BR605 is a
transition to an L-type intermediate which persists for a time
roughly equal to the lifetime of M at neutral pH before re-
turning to the initial state (Varo and Lanyi, 1989). Extended
exposure of either BR605 or decationized blue membrane to
red light results in the formation of a so-called pink mem-
brane which contains 9-cis-retinal and has an absorption
maximum at 491 nm and an extinction coefficient of 44.500
1 mol11 cm-' (Chang et al., 1987; Liu and Ebrey, 1987;
Fischer et al., 1981; Pande et al., 1986; Maeda and
Yoshizawa, 1980). In addition l1-cis-retinal absorbing maxi-
mally at 560 nm was found in irradiated acidified purple
membranes in 67% glycerol (Maeda and Yoshizawa, 1980).
The quantum efficiency of the photoconversion of the blue
(all-trans) to the pink (9-cis) form was determined to be
1.6 X 10-4. For the pink to blue photoconversion a 55 times
higher value of 8.8 X 10-3 was reported (Liu and Ebrey,
1987). The pink form is regarded to be thermally stable (Liu
and Ebrey, 1987) at low pH but during neutralization release
of free 9-cis-retinal in the binding site was observed and
so-called BR380 is formed (Fischer et al., 1981).
A contribution of photoproducts of the residual 13-cis-BR

in the films (see Table 1) involving its bathoproduct which
absorbs maximally at 610 nm (Kalinksy et al., 1977; Iwasa
et al., 1981) cannot be excluded but the amount 9-cis-retinal
formed (see Table 1) indicates its origin from the larger all-
trans pool.
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FIGURE 10 Suggested model for the thermal and photochemical con-
versions of the late photocycle intermediates of BRWT. When N is formed
from M and aspartic acid 85 is deprotonated (Asp85) in the meantime BR
returns to the B-state directly from the N-state. The 0-state is formed only
when aspartic acid 85 is still protonated (Asp85H). From the all-trans-retinal
configuration of 0 a photoproduct is formed in a photochemical transition
induced with red light. This state P is characterized by its 9-cis-retinal con-
figuration and maximal absorption at 490 nm. In the dark a thermal de-
composition of the P-state (9-cis-retinal attached to Lys216) into the Q prod-
uct is observed. The Q product presumably contains free 9-cis-retinal in the
binding site. Photochemical excitation of the P- and Q-state lead to the
regeneration of all-trans-retinal and its linkage to the bacterio-opsin. De-
pending on the protonation state of aspartic acid 85 the photochemical re-
conversion leads to the 0- or B-state. No net loss of photoactive material
(13-cis 4± all-trans) occurs due to the 0 -O P pathway. Material is only
temporarily trapped/stored in the 9-cis state(s).

The 0-state of BR and BR605 are spectroscopically very
similar when comparing their respective difference spectra
with BR (Fischer and Oesterhelt, 1979; Lam et al., 1982).
Both occur in all-trans configuration of their chromophores
(Smith et al., 1983; Fischer and Oesterhelt, 1979) and for the
0-state it has recently been shown that Asp85 is protonated
(Mueller et al., 1991) and releases the proton through the
extracellular channel during the transition to BR in comple-
tion of the photocycle. This way Asp85 fulfills its role as
proton acceptor in the extracellular channel receiving it from
the Schiff's base upon M formation and finally transferring
it to the medium.
A straightforward interpretation of these results is that an

already protonated acceptor Asp85 prevents M formation,
i.e., release of the proton from the Schiff base, and causes a
short circuited photocycle. At the same time it allows for a
photoisomerization to 9-cis-retinal with low quantum yield.
Thus, a change in charge around the Schiff base allows for
a side reaction of the otherwise exclusive thermoreversible
all-trans -+ 13-cis photoisomerization.
Under physiological conditions no blue chromophor of the

BR605 type occurs but the 0-state of BR as an intermediate
of the standard photocycle apparently has exactly the same
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properties as BR605. We don't know whether it also has a
short circuited photocycle in the ms range leading from 0 to
0, but our results clearly show the formation of the 9-cis
configuration. Under physiological conditions this reaction
would be without importance because it has a low quantum
yield, only low photostationary 0-state concentrations occur
and the products of 0 show photochemical reversibility. In
fact we observed appreciable P formation in BR films pre-
sumably because the 0-state is selectively accumulated due
to low proton mobility in the medium. After reprotonation
of M (M" -- N) (Fig. 10) cis -- trans isomerization and
deprotonation of Asp85 occur simultaneously. If the latter
reaction is fast (high pH, high proton mobility) no
0-intermediate is observed but only the N -* BR transition.
If the deprotonation is slow the 0-state (all-trans and pro-
tonated Asp85) is passed.
Upon formation of P from 0 a 9-cis configuration of reti-

nal is created in an neutral pH environment. This condition
causes a slow transition to Q with a concomitant shift in Amax
from 490 to 380 nm. We interpret this as hydrolysis of the
Schiff base to free 9-cis-retinal in the binding site. This re-
action has been observed upon neutralization of the 9-cis
species produced from acid BR605 (Fischer et al., 1981).
Hydrolysis is further likely because 9-cis-retinal in bacterio-
opsin cannot form a Schiff base (Fischer et al., 1981).
As expected P as well as Q can be photochemically re-

converted to the all-trans state. It is a general property of
retinal in BR that isomers are photoconvertible and finally
trapped in all-trans or 13-cis. We do not know which inter-
mediates are passed during that transition but assume that
photoisomerization must be the primary reaction. This means
that the photoreaction would lead back to the 0-state ifAsp85
is still protonated. Considering the lifetimes of P (or Q),
however, we conclude that the B-state is the product.

For optical applications the property ofthe 0-state to allow
a photochemical fixation of a primary hologram is most in-
teresting. In principle three methods of improving this ma-
terial exist: i) modification of the physicochemical condi-
tions of the BR-film in order to obtain a high 0-state
population; ii) modifications of the primary structure of BR
to obtain the same as in method i; iii) modification of the
primary structure to create a blue membrane with the prop-
erties described for 0 or acidic BR (BR605).

Here we have shown the feasibility of method i. Mutations
have been created which indeed show drastically enhanced
photostationary 0 concentration at neutral pH by replacing
Leu83 by Ala or Thr (Subramaniam et al., 1991). This dem-
onstrates feasibility of method ii. Finally, several mutations
are known such as D85E, N, or T which produce no M in-
termediate but an L-type intermediate. If it is possible to
write short time information into this L form absorbing
around 560 nm, i.e., 50-nm blue-shifted from the initial state,
long time irradiation leading to 9-cis would permanently fix-
ate this information, but it would be photoerasable as de-
scribed. Thus, also method iii seems feasible. Only experi-
mental optimization will finally determine practical

realization of BR. The high potential of BR in biotechnology
seems to be demonstrated once more.
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