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Abstract

Bacteriorhodopsin (BR)is a biological photochromecontained in the purple membrane (PM) from

Halobacterium halobium. BR-films can be used as reversible recording materials for holography.

Mutagenesis of the halobacterial gene coding for the bacterio-opsin protein is the key to generate

BR-variants with modified optical properties. BR-films with improved holographic characteristics, i.e.

increased diffraction efficiency and sensitivity, containing mutated bacteriorhodopsins have been used in

dynamic holographic recording, real time interferometry and holographic pattern recognition.

1. Introduction

Bacteriorhodopsin (BR) was discovered about twenty years ago [1] and now is one of the best

investigated membraneproteins [2]. This retinal protein is the key protein of the photosynthetic system

of Halobacterium halobium and catalyses the conversion of light energy into chemical energy. Purple

membrane (PM) is a fragment of the halobacterial cell membrane and consists of a two-dimensional

crystal lattice of BR-molecules embedded into lipid bilayer. BR acts as a light-driven proton pumpin
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the living cell and generates under illumination a proton gradient over the cell membrane which is

utilized by a membrane bound ATP-synthase. Theattractive properties ofthis retinal protein provoked

quite early proposals for possible technical applications [3]. Attempts were made to use the proton-

pumping and photoelectric properties of BR for the developmentof so-called "biochips" with BR as a

molecular switch. Other groups focused their interest on the optical properties of BR,i.e. the extreme

stability against radiation and the speed of the primary photochemical step [4]. The photochromism,i.e.

the light-induced reversible color changes of the BR-molecule is the base of holographicapplicationslike

pattern recognition and real-time interferometry.

2 Photochemistry and Photophysics of BR

Proton transport through the cell membrane is mediated by the photocycle of BR [5] (Fig. 1).

Theretinal chromophoreis covalently bound to bacterio-opsin via a Schiff base linkage to amino acid

Lys216. The intermediates of the photocycle are distinguished by different spectra. After absorption of

a photon the formation of the photo-intermediate
D548)

J takes place in less than a picosecond. From

ay
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reprotonation of Asp96 is accompanied by „+“ ae A
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configurational changes of the retinal chromo- Asp 96 = SO psec

phore from 13-cis to all-trans during the N > O te

transition. The thermal relaxation from M > B

takes approximately 10ms for wildtype Fig. 1 Scheme of the photochemical and thermal
: Bea ; conversions of bacteriorhodopsin.

bacteriorhodopsin in aqueous suspension. In the of eee

dark BR relaxes slowly from the light-adapted B-state to its so-called D-form, which has a mixed

chromophore configuration of all-trans and 13-cis [2]. The photochemical transition from M >

B

is

initiated by the absorption ofa blue photon, e.g., 413 nm bythe M-intermediate. Due to the extreme

stability of PM towards photochemical degradation the state of absorption can be changed reversibly at
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least several hundred thousand times. The high specific absorption oftheinitial B-state of 63,000 1 mol

cmand the high quantum efficiency of at least ¢ = 0.64 [7] of the primary photoreaction B > J result

in a strong intensity-dependence of the light-induced changes of the absorption andofthe refractive

index in the BR-film.

3. Holographic properties of BR-films containing bacteriorhodopsin and its mutated variants

Dried films of PM-suspension or PM embedded into inert matrices like polyvinylalcohol or

polyacrylamide can be used as holographic media. For hologram formation and erasure both conversions

B > ("B-type" holograms) and M > B ("M-type" holograms) can be employed [8]. In correlation

to the incident intensity pattern a local population distribution betweenthe initial B-state and the

M-intermediate is induced. In B-type recording the information is written with a wavelength inside the

absorption band of the initial B-state ( e.g. 568 nm). M-type recording uses a pumping beam which

initiates the B > M reaction in order to achieve a high population of the M-state. The information is

recorded then with blue light ( e.g. 413 nm). The pumping beam can simultaneously be used as a

readout beam and therefore is not destructive but constructive to the hologram formation.

Wildtype BR (BR,,;) cannot fulfill completely the differing physical demands of the various

optical techniques. Variants of BR have been generated by mutation of the halobacterial gene which

codes for the protein part of BR, so-called bacterio-opsin. Some of these BR-variants showed improved

optical properties for holographic applica-
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the photocycle [6,9,10]. The cited and the refractive index (e—®) in a BR-film and

alterations influence the internal proton eamperisan wäh Knmmersikeonig:fheory (3)

donor/acceptor functions of BR and result in a pH-dependency of the formation and thermal relaxation

of the M-state.

A modified Michelson-Interferometer operating in ’pump-probe’ technique was used to measure

the light-induced changesin refractive index and absorption coefficient occuring during photocycle. The
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spectral dependency ofthese correlated changes in a BRpogy ~ film is shown in Fig. 2. The changes in

absorption (triangles) and refractive index (dots) are substantially greater for BRpogy than for BRwr.

Changes of the optical density of Aq,,,, = 1.5 are accompanied by refractive-index changes of

An = 0.004 at the wavelength 633nm. A maximal value of An = 0.008 was obtained with BRyogy at pH

9.5. The theoretically predicted spectral dependence of refractive index (Kramers Kronig relations,

dotted in Fig. 2) was confirmed. It can be derived that no additional conformational changes in the

electronic structure of the chromophore take place during the photocycleandtheretinal molecule can be

regarded as an undisturbed chromophoric group in the surrounding of the protein.

Due to the prolonged lifetimes in samples of BRpgsy an about 50 % higher recording sensitivity

and a two-fold higher diffraction efficiency compared to BRy,-films is observed [8]. The spatial

resolution of BR-films is > 5000 mm”independentof the variant. A systematic experimental investiga-

tion of the diffraction efficiency of PM-films containing BRwr, BRpgsp and BRpgsy with respectto its

intensity-, pH- and temperature-dependencies was done, which showed that a carefully balanced

adjustment of several interfering parameters optimizes the holographic properties of BR-films

significantly [11].

4. Applications of BR-films in holography

The described BR-films have been characterized in several holographic applications. Examples

from polarization sensitive Fourier holography, where the photoinducable anisotropic properties of

BR-films were employed to improve the signal-to-noise (S/N) ratio and their applications in pattern

recognition and in real-time interferometry are presented.

4.1 Fourier holograms and polarization holography

In Fig. 3 the optical setup used for Fourier holography is shown schematically. The beam emitted

by laser 1 is split into two coherent beams by BS 1. The beam in the upper arm is expanded by L and

then focused onto the BR-film by FTL 1. In this arrangementa post-lens Fourier transform ofthe object,

which is placed directly behind FTL is obtained in the plane of the BR-film (see for example [12]).

The Fourier pattern of the object is superimposed with the reference beam from the lower arm and a

holographic grating is formed, which is recorded in the BR-film and read out by a second beam from

laser 2 which usually has a different wavelength. The wave diffracted by the hologram and the

transmitted recording beam are separated by a colorfilter F and the hologram waveis re-transformed

onto a CCD sensor. The photograph in Fig. 4a shows a hologram of the USAFtest pattern, which was
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Fig. 3 Schematical drawing of a setup for polarization holography with BR-films.

taken directly from a TV screen connected to the monitoring CCD-camera without any further

processing. The apparently high S/N-ratio was obtained by employingthe polarization properties of BR-

films [13] due to the highly anisotropic chromophore [2]. Indicated in Tab. 1 is the state of

polarization of the two writing beams (PW1 and PW2), the reading beam (PR), the diffracted hologram

(PH) and thescattered light (SL). The last column gives therelative diffraction efficiency (RDE) of each

 

Fig. 4 Screen photograph ofa USAF testpattern recorded as a Fourier hologram in a BR-film (a) with
and (b) without polarization filtering.

configuration normalized to thatin line 1. In particular the configurationsin line 3 and 4 of Tab. 1 are

important. It can be seen that orthogonal circular polarized writing beamsresult in a hologram wave

which is strongly elliptically polarized, when reconstructed with linear polarized light. It is importantto

mention that the long axis is perpendicular to the polarization direction of the scattered light (SL).

Therefore with a linear polarizer the scattered light can be suppressed effectively without weakening the

hologram signal significantly [13]. The components used to establish the necessary polarization relations
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are shown in Fig. 3 : The Glan-Taylor prisms (GT) together with the )/4-plates are used to obtain

circular polarization of the writing beams, the polarizer P is employed for the suppression of the

PW1 PW2_PR_ PE St gee
 

t vo tf $ 100%

t — 1 — f 30%

I. C) sten

OO OO - 1 — 90%

u|
OO OO —— — 80%

Tab. 1 Relations of the polarization states for B-type and M-type holographic polarization
recording in BR-films.

scattered light. As a means of comparisonin Fig. 4b a picture of the same hologram withoutpolarization

filtering is shown.

4.2. Real-time time-averaging interferometry

An importanttool in the field of non-destructive

testing, e.g. in vibrational analysis, is holographic

interferometry [14]. In this technique light reflected

from a vibrating object together with a constantrefe-

rence beam is stored in a hologram. Since the object

stays comparably long in the turn-around pointsofits

vibration, the recorded hologram is dominated by these

two positions. Simultaneous read-out of both

holograms,i.e. the interferogram, visualizes the vibra-

 

tion, since the light from both positions of the object

differs in phase and therefore a pattern of bright and
, Fig. -

dark stripes covers the image of the object and allows Br nn.Ber

to analyze the mode ofvibration. BR-films allow real-time processing and can be reused for a very long

time without any observable degradation. In Fig.5 an interferogram taken from a loudspeaker operating

at a frequency of 7 kHz is shown.
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4.3 Holographic pattern recognition

A dual-axis joint-Fourier-transform correlator [15] was chosen for holographic pattern

recognition with BR-films. In this correlator type the reference beam in Fig. 3 is replaced by a second

object beam, whose Fourier transform is superimposed onto the Fourier transform of object 1 in the

place of the BR-film. The interference pattern of the two coherent Fourier spectra is recorded in the BR-

film. In the described experiments M-type holograms with a read/pump-beam of 530 nm and writing

beams of 413 nm were used. The diffracted wave is again Fourier transformed onto a CCD-sensor [13].

The correlation signal was monitored with a conventional TV-set. No non-optical post-processing was

applied. Fig. 6 shows an old city map of Munich as ’master’ pattern on the left side, and on the right

side a screen photograph of the correlation signal which was obtained with the ’search’ pattern shown

in its upper left hand corner.

  

 

 

Fig. 6 Holographic pattern recognition with BR-films. Ontheleft side the ’master’ pattern is shown, on

the right side the correlation signal together with the ’search’ pattern.

5. Conclusions

Engineered bacteriorhodopsins with improved optical properties for holographic applications were

obtained from mutated halobacterial strains which contain modified bacterio-opsin genes. BR-films

produced from these BR-variants were characterized [7,11,16] and tested in holographic applications

i.e. nonlinear optical filtering [17], real-time interferometry [18] and pattern recognition [13]. In all

applications tested BR-films containing mutated BRs showed an improved performance compared to

BRyr films. The developed BR-films are now commercially available by the Wacker company and a
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critical and moreintense evaluation by different groups and users wil be possible. Further modifications

of the BR-molecule will be realized and the resulting variants will be characterized. It can be imagined

that through the increasing knowledge on molecular properties of BR and the advanced possibilities to

modify this retinal protein by genetic engineering in future the design of "custom-taylored" BR-variants

with optimized optical properties for specific applicationswill be feasible.
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