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We present our results on the optimization of light-induced anisotropy characteristics
and holography recording on the films of genetically and chemically modified bacteriorho-
dopsin (BR), the photochromic retinal protein. Gelatin films with chemically modified
D96N and D96E BR mutants might be promising for both optical data storage and spatial
light modulators. We were the first to show that E204Q BR films (wherein the proton
release complex in the protein is affected), exhibit a considerable increase in the diffrac-
tion efficiency and initial peak sharpness in the holography recording kinetics as compared
to wild type BR and D96N BR. The E204Q BR is the only known holographic reversible
material where such sharpness of the initial transient process is observed in dynamic
recording by low-intensity red light from a cw He—Ne laser.

ITpuBeneHbl pe3yabTATHI II0 ONTUMUSAINY XapPaKTEPUCTUK (POTOUMHAYIIMPOBAHHON aHU30TPO-
nmuu u rojorpad)uyecKoil 3ammcu Ha ILUIeHKax OakTepuopoponcuba (BP), ¢otoxpomuoro peru-
HaJIb-COZleprKalllero 6ejiKa, IOCPeJCTBOM ero reHeTUYecKoil m XmMuuecKoit moguduranuu. He-
JIATUHOBLIE IJIEHKU ¢ XxuMudyecKu MomudurupoBaHHsIMu DI6N u DIGE myrantamu BP moryt
SABJATHCA MEPCHEKTUBHLIMU KaK [JI XPaHeHUs ONTHYECKUX AAHHBIX, TAK U AJId IIPOCTPAHCT-
BEHHBIX CBETOBHIX MOZYJIATOPOB. BrepBhie OBLIO ITOKasaHO, UTO B IJIEHKaxXx ¢ MyTaHTom BP
E204Q (B xoTopoM u3MeHeH KOMILIEKC BbIOpoca IPOTOHA B MOJIeKyJe OejlKa) HaOJIoZaeTcs
CYIIlECTBEHHOE YyBeJIMUeHNe IN(PPaKIUOHHON 5(DOMEKTUBHOCTA U OCTPOTHI HAYAJBHOTO IHUKA B
KUHETUKe TojiorpadumuecKoil 3amucu B cpaBHeHHU ¢ HemoguduinupoBaHHEIM BP m D96N BP.
ITnmenxku E204Q BP aBnA0TCA €IMHCTBEHHLIMHU U3 M3BECTHHIX PEBEPCUBHBIX ToJiorpaduyecKmx
MaTepuaioB, B KOTOPHIX TaKasg OCTPOTa HAUAJILHOT'O KPATKOBPEMEHHOTO IIpollecca IIOJydYeHa B
OUHAMUYECKO! 3alucy KPacHBIM cBeToM HusKoil umuTeHcuBHocTu He—Ne sasepa.

© 2006 — Institute for Single Crystals

One of the main problems for optical
data processing is to find real-time photo-
materials with the most effective combina-
tion of optical properties. The key element
in many optical applications is a thin film
of a photosensitive material. Biological opti-
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cal materials have attracted a lot of atten-
tion in recent years. The retinal-protein
bacteriorhodopsin (BR), similar to visual
human pigment rhodopsin, a biological pho-
toreceptor and photoactive proton pump in
the purple membrane (PM) of the microor-
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ganism Halobacterium salinarum, is one of
the bright examples [1]. Evolution has opti-
mized this protein for high photochemical
efficiency, highly directional nature, ther-
mal and photochemical stability and rapid
cycling [2]. The proton pumping mechanism
is realized via a series of conformational
changes of the chromophore and the protein
during the photochemical cycle (Fig. 1). All
photocycle intermediates are photoactive [3]
and can be spectroscopically distinguished
by the shift of absorption maximum. The
initial state of BR, bR570, has an absorp-
tion peak at 570 nm, and the longest-lived
short-wavelength absorbing intermediate
M412 (or M-state) has one at 412 nm. The
optical and functional properties of BR
molecules are preserved in isolated PMs and
partially even in dry films. This makes it
possible to obtain samples with PM frag-
ments to be used in real-time optical infor-
mation processing [4].

Gelatin films were prepared using cast-
ing procedure wherein the photosensitive
mixture of a BR protein (in a form of aque-
ous PM suspension), 8 % (w/v) gelatin so-
lution and chemical additives (arcaine sul-
fate, N,N,N',N'-tetramethyl ethylenediamine
and 1,2-diaminopropane or triethanolamine)
is introduced between two glass supports
separated with 500 to 1000 pm thick spac-
ers and is allowed to gel at 10°C. After 1 h,
the upper (hydrophobic) support is removed,
and the layer is dried at 10°C and 10-15 %
r.h. [4]. The resulting dry film thickness
can be varied between 30 to 70 pum (depend-
ing on spacers). All films described here
had the same BR concentration in the gela-
tin matrix, their thickness was mnearly
50 um and optical density, measured spec-
troscopically at 570 nm, is about 2.0. The
gelatin-BR films show very high photosensi-
tivity (several mW/ecm?2 of cw visible laser
irradiation), their spatial resolution is typi-
cally at least 5000 lines/mm; they require
no external processing and may be cycled
through the write/erase process over mil-
lions of times without degradation. The
photosensitivity and cyclicity of BR films
are far beyond than those of synthetic ma-
terials [2, 5].

Although BR films are now used widely
for optical processing, the wild-type (WT),
i.e. genetically unmodified BR is not neces-
sarily successful [6]. For various systems of
optical information processing, there is a
strong demand for generation of the films
with maximum bleaching and diffraction ef-
ficiency and considerably prolonged M-state
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Fig. 1. Main reactions of the BR photocycle.
Intermediates are designated by letters J
through O accompanied by position of absorp-
tion maximum in nm.

lifetimes. For example, the time scale of
10 ms (limited by the natural thermal re-
laxation time of the initial bR570 state) is
not enough for cache-memory applications
using the BR films. Alternatively, when
photoinduced population distribution is
used to store information recorded by light,
of critical importance is the maximum occu-
pancy of M, i.e. the total number of BR
molecules converted into the M-state upon
illumination. It is known that there exist
several possible approaches to improve the
properties of the BR films for information
processing without appreciable loss of pho-
tosensitivity and cyclicity. The BR molecu-
lar properties can be modified by several
means: changing physical/chemical condi-
tions of the medium, retinal replacements,
genetic modification of the BR primary se-
quence [7], chemical modification of the
BR-polymer environment by adding chemi-
cals [4], etc. Here, we discuss the combina-
tion of two approaches to improve the char-
acteristics of BR films for information stor-
age and processing: the use of BR genetic
mutants and chemical modification of the
protein environment. The genetic engineer-
ing of BR has become a high-effective tool
for designing novel photochromic materials.
The replacements of D96 and E204 residues
(which are functionally important in the pro-
ton transfer pathway) can offer the desired
performance characteristics in the BR genetic
mutants D96N, D96E, and E204Q BR by
changing their photocycle kinetics.

One of the areas where modification of
BR and the resulting prolonged M lifetimes
appeared to be quite effective is photoan-
isotropic response in BR films. The photoin-
duced anisotropy occurs in BR film upon
illumination with linearly polarized light
[8]- The BR films are unique materials for
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dynamic holography recording [9]. The
light-induced anisotropy and dynamic holog-
raphy recording in BR films have recently
drawn a great attention in the field of opti-
cal image processing [10—12]. Here, we pre-
sent our results on the optimization of
light-induced anisotropy characteristics and
holography recording by means of genetic
and chemical modifications.

The BR molecules both in the initial
state bR570 and longest-lived intermediate
M412 possess anisotropic absorption. We
designate the photoinduced anisotropy
method based only on anisotropic properties
of bR570 as "B type anisotropy”, that based
only on anisotropic properties of M412 as
"M type anisotropy”, and the method based
on anisotropic properties of both bR570 and
M412 as "B-M type anisotropy” [13]. An
experimental setup to detect photoanisot-
ropic responses of the B, M and B-M types
is shown in Fig. 2. To induce the B type
anisotropy, a linearly polarized beam of a
He—Ne laser, A =633 nm initiating solely
bR570—>M412 transition is sufficient. To
induce the M and B-M types anisotropy, it
is necessary to initiate bR570—>M412 tran-
sition and run simultaneous anisotropic
photoselection of M412 molecules with line-
arly polarized blue light (Fig. 1). We con-
currently employ a He—Cd laser, A = 442 nm,
that activates predominantly the long-lived
short-wavelength absorbing photocycle in-
termediate M412, and He—Ne laser, A=
633 nm, to induce the M and B-M types
anisotropy. The linear polarization of He—
Cd laser beam and circular polarization of
He—Ne laser beam induce the M type anisot-
ropy. The orthogonally linearly polarized
beams of the He-Cd and He—Ne lasers in-
duce the B-M type anisotropy. The intensi-
ties of the exciting beams are varied over a
wide range by two Glan prisms arranged in
series and measured by photodiodes PD2
and PD3, respectively. The He—Ne exciting
beam polarization is varied by rotating the
A/4 plate. The BR film is mounted between
a crossed polarizer P and analyzer A; the
optical axis induced by the exciting beams
is inclined at 45° to the polarizer axis. Test-
ing is also performed by the He—Ne laser
beam. With high precision, the photoanisot-
ropic response value can be determined at a
high accuracy by measuring the transmit-
tance TP-BR-A of the system P-BR-A using
the photodiode PD1. We have shown that
the mixed B-M type anisotropy produces the
highest photoanisotropic response: it is
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Fig. 2. Experimental setup for the detection

of the photoanisotropic response of the B, M
and B-M types in BR films.

nearly three times greater than that for the
M type and twice as large as that for the B
type [13].

The obtained results are explained in
terms of a model of the reversible anisot-
ropic photoselection of BR molecules under
linearly polarized light. The distribution of
molecular populations between the initial
state bR570 (NB) and intermediate M412
(NM) under excitation with He—Ne laser and
He—-Cd laser beams is described by the fol-
lowing balance equation:

dNB Mo lowr
at - (G%(Q)Abl% e TTONY-
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O
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where oB and oM are absorption cross-sec-

tions for the B-state and M-state at exciting
wavelength, respectively; AB>M and AM—>B
are quantum yields of bR570—M412 and
M412—bR570 transitions, respectively; t is
an average lifetime of the M-state, I, and
I,; are He—Ne laser and He—Cd laser intensi-
ties (indices r and bl correspond to wave-
lengths A =688 nm and %,; = 442 nm, re-
spectively, see Fig. 1). It is assumed that in
all cases NB+ NM = N, where N is the
total density of BR molecules.

In general, an anisotropically absorb-
ing molecule can be approximated by mu-
tually orthogonal linear oscillators, so
that the absorption cross-section depend-
ence on angle ¢ between a long absorp-
tion axis of a molecule and electric field
vector of light takes the form

Bym _ ,M 2 B,M 29
Oplr (@) = Gﬁ?yz,rcos Opr,r + O L1, SN Cpy s

B,M B,M .
where ojp; . and o3, are absorption cross-

sections for the light polarized parallel and
perpendicular to a long absorption axis of a
molecule, respectively. The absorption
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Fig. 3. Experimental dependences of photoin-
duced dichroism in WT BR film on the inten-
sity of linearly polarized He—-Cd laser excit-
ing beam I,(%,, = 442 nm) under concurrent
excitation by circularly polarized He—Ne laser
beam at the intensity I.= 500 mW /cm? and
calculated dependences at different values of
molecular dichroism %8 and M. (1) — kp=0.2,
ky=0; (2) — kg= 0.4, ky=0.05; (3) — kg= 0.6,
ky=0.11.

cross-section for the circularly polarized
light takes the form GF = 0.5(Gﬁ. + Gfr). The

anisotropic absorption of molecules is described
by the molecular dichroism, k: k£ =0c,/ ol
As a result, the heterogeneous distribution
of angular concentration of molecules oc-
curs. The photostationary specific angular
distribution of molecules in bR570 state is
written as Eq.(1).

This gives rise to a photoinduced anisot-
ropy: birefringence, and macroscopic di-
chroism. The specific angular distribution of
molecules in bR570 state for the B-M type
anisotropy is more anisotropic than those ob-
served for the anisotropy of B and M types.

Comparing the experimental dependences
of nonlinear photoinduced macroscopic di-
chroism on the laser intensity with similar
calculated dependences, it is possible to de-
termine the molecular dichroism of BR for
the initial state of the photocycle bR570,

M412, kM [14]. The photoinduced macro-
scopic dichroism D, —Dj is written as:

D-Dy=

2n
_ 2Dy 1 - kﬁstJ'aNB,
- \
Ny 1+kfest0 o

sinZp — cos20)do,

where D| and D| are optical densities of a
sample in the testing beam polarized perpen-
dicular and parallel to an induced optical

axis, respectively. Here, D =N06ﬁest a1+
kB )dy/Inl10 is the initial optical density of

photocycling molecules (dy is the sample
thickness, Otest is the absorption cross-
section at A;.;). For example, the experi-
mental and calculated dependences of the M
type macroscopic photoinduced dichroism on
the exciting He-Cd laser intensity for dif-
ferent molecular dichroism values are
shown in Fig. 3. It is seen that the experi-
mental and theoretical curves agree very
well at M = 0.11+0.01 with A = 442 nm. An
additional information for the estimation of
EB and kM was obtained using excitation
solely with the He-Cd laser and testing

using the collimated lamp beam with 2, =
570 nm [14].

The photoinduced anisotropy was studied
in polymer films with the WT BR, genetic
mutants D96N (Asp96—non-ionizable Asn),

D96E BR (Asp96—ionizable Glu) and in re-
spective chemically modified BR films. Both
Asp96 mutants show a slowed photochemis-
try, since the replacement of Asp96, an in-
ternal proton donor in the proton pathway,
can provide a mutant protein with a slowed
later photocycle part. The lack of the inter-
nal proton donor in the protein slows down
sharply the proton uptake, therefore, the
lifetime of M intermediate is also increased
(Fig. 1). Besides, the chemical modification
of BR typically produces 8-to-10 times in-
crease in the M state lifetime as well, re-
sulting in its higher population. We believe
that the chemicals affect the pKa of the
functionally important residues involved in

kB, and the longest-lived intermediate the cytoplasmic part of the proton transfer
I\
M->B “bl'*bl _
oONB N R DAy T T (Eq.1)
dp 2n )
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pathway, thus hindering conformation
changes of the later photocycle part and
slowing down the initial state recovery.
The molecular dichroism of bR570 and
the M412 intermediate in these BR films
has been estimated (Table). The molecular
dichroism of bR570 in D96E BR, D96N BR
and chemically modified BR films is
slightly increased as compared to the un-
modified WT BR film. This is an indication
that site-specific mutations in D96E and
DI96N BR as well as the addition of chemi-
cals into gelatin matrix result in insignifi-
cant weakening of chromophore/protein in-
teraction as against the chemically un-
treated WT BR [14]. For B type anisotropy,
the transmittance Tppggp 4 in chemically un-
treated WT, D96E and D96N BR films and
in the respective chemically modified films
is plotted in Fig. 4 as a function of exciting
He-Ne laser beam intensity I,. The chemi-
cally modified BR films exhibit almost four-
fold increase of the photoanisotropic re-
sponse and a 100-fold increase in photosen-
sitivity. It should be noted that, the BR
concentration being the same in all films,
the photoinduced anisotropy was consider-
ably higher in chemically modified BR films
due to a significant increased fraction of
BR molecules converted into M [13]. The
photoinduced anisotropy model in the BR
films [14] implies that photoanisotropic re-
sponse grows as the total number of
bleached BR molecules converted into the M
state increases, since the effective optical
density (the difference between the initial
and residual optical densities upon satura-
tion intensity irradiation) is proportional to
the amount of bleached BR molecules. The
M decay time constants 1; and 15 (8) for
chemically modified WT BR, D96E and
D96N BR in ambient conditions are
21.9/221.1; 20.6/414.3; 41.9/567.8, respec-
tively, as compared with 2.8/28.5 for

Tearar %
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Fig. 4. Transmittance Tp gp 4 for the chemi-
cally untreated WT, D96E and D96N BR
films and the respective films with chemical
additives as a function of the linearly polar-
ized He-Ne laser exciting beam intensity I,
(A, =633 nm). I — WTBR; 2 — D96E BR; 3 —
D96N BR; 4 — WT BR with add.; 5 — D96E BR
with add.; 6 — D96N BR with add.

chemically untreated WT BR [15]. Thus,
the B type anisotropy in these BR films
seems to be of interest for optical data stor-
age [10]. For spatial light modulators, the
M and B-M type anisotropy of these BR
films are more promising [12]. In the latter
cases, the cycle process time is about
100 pusec (Fig. 1).

It is seen that the BR films are low-satu-
rated dynamic recording materials (Fig. 4).
The diffraction efficiency kineties in BR

Table. Molecular dichroism of the initial state bR570, B and the longest-lived M412 intermedi-
ate, M for the WT, D96E and D96N BR in chemically untreated gelatin films and similar films

with chemical additives

Intermediate BR films Wavelength Molecular
of photocycle (nm) dichroism k&
Initial state, WT, 633, 510, 488, 0.0440.005,
bR570 DI96E, DI96N, 633, 510, 488 0.06+0.005
WT + additives,
D96E + additives,
D96N + additives
Longest-lived WT, D96E, DI6N, 442 0.11+0.01
intermediate M412 WT + additives
D96E + additives
D96N + additives

Functional materials, 13, 4, 2006
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films consists of two stages: an initial peak
followed by a decrease to a steady state [16,
17]. The high amplitude of the transient
process in BR films (the initial peak sharp-
ness) of holography recording kinetics in
Raman-Nath thin grating is a useful fea-
ture which can be utilized in novelty filter
and detection of rapid object movement. Re-
cently, we have proposed to use the initial
overshoot in the first-order self-diffraction
beam kinetics in thin holography grating to
detect small periodic vibrations [17, 18]. In
this method, the vibration detection is based
on the holographic grating recording by the
shifted interference pattern in a novel place
of a BR film. Hence, the efficiency and time
resolution of vibration detection do not de-
pend on the vibration shape. They depend
only on the amplitude and sharpness of the
initial peak in the first-order self-diffraction
beam recording kinetics.

It was assumed before that a substantial
gain in the bleaching efficiency and hence
in diffraction efficiency of the BR film
could be reached with just Asp96 genetic
mutants lacking the internal proton donor
in the molecule (the proton uptake pathway
is affected), e.g. D96N BR. We were the
first to show that E204Q BR (Glu204—non-
ionizable Gln) wherein the proton release
complex in the protein is affected (this mu-
tant exhibits a strongly delayed light-in-
duced proton release) provides a consider-
able gain in diffraction efficiency as com-
pared to WT and D96N BR (Fig. 5a). Unlike
the transmittance kinetics in the WT and
D96N BR for He—Ne laser, A = 633 nm, the
transmittance kinetics in E204Q BR film
(Fig. 5b) demonstrates two stages: an initial
peak followed by a decrease to a steady
state. This could result from the formation
of a considerable amount of O-intermediate
[19] even in thin 50 uym E204Q BR film
(Fig. 1). The E204Q BR film has a larger
fraction of bleached molecules at the initial
photoexcitation stage than the D96N and
WT BR ones (Fig. 5b). The existence of two
stages in the transmittance kinetic results
mainly in the increase of the initial peak
sharpness of holography recording kinetics
in E204Q BR film (Fig. 5a). The ratio be-
tween the peak and steady-state values is
5.8, 6.9 and 9.6 for the WT, D96N and
E204Q BR, respectively.

To conclude, the gelatin films with
chemically modified Asp96 mutants might
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Fig. 5. The first-order self-diffraction kinet-
ics in Raman-Nath thin grating (a) and trans-
mittance kinetics (b) for the He—Ne laser re-
cording in WT (1), D96N (2) and E204Q (3)
BR gelatin films at 95 % relative humidity.

be of promise for both optical data storage
(using B type anisotropy) and spatial light
modulators (using M and B-M type anisot-
ropy). The film with genetic mutant E204Q
BR (where the proton release complex is
affected) has been shown to exhibit an in-
creased diffraction efficiency. A consider-
able population of red-light absorbing
O-state arises in the E204Q film in the later
part of the BR photocycle. This results in a
significant gain in the initial peak sharp-
ness. The E204Q BR film is the only known
holographic reversible material where such
sharpness of the initial transient process is
observed in dynamic recording by low-inten-
sity red light from a cw He—Ne laser. This
could be extremely useful for the novelty fil-
ter and detection of object rapid movement.
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BakTepiopoaoncuH Ta WOro MyTaHTH
s (OTOIHAYKOBAHOI aHI30TPOmImil Ta AMHAMIYHOIL rojorpadgii

A .Cmenanuwuxos, M.Bypurxin, T./[woxoea,
T.A.I6pi, C.Il.Barawos, O.Kopuemcovra

ITomano pesyabTaTé 3 onTuMisalii xapakTepucTuk (PoToiHAYKOBaHOI aHizoTpomii Ta roJso-
rpadiuHoro 3ammcy Ha ILIiBKax OakTtepiopomomcuny (BP), doToxpomMHOro peTMHAJILHOTO
nporeiny, 3a AOIOMOTrOI TeHeTHYHOI Ta Ximiunoi momudikarmiiit BP. KematunoBi miiBku 3
ximiuno moxumpirkosanumMu DI6N ta DIGE myrantamu BP MoKyTh OyTH HIepClIeKTUBHUMU
AK AJSA onTUYHOro 36epiraHHA JaHUX, TaK 1 IPOCTOPOBUX CBiTOBUX MOAyJaATOpiB. Bmepire
TIOKasdaHo, Io y IuIiBmi 8 myrantoMm BP E204Q, B AKOMy KOMILIEKC BUKWUAAHHA IIPOTOHY Y
MOJIEKYJIi IIpoTeiHny 3MiHeHO, cIocTepiraeThbcs 3HAUHE IIiABUIIeHHA TudpakIliiinol epeKTUBHOCTI
Ta TOCTPOTU IIOYATKOBOIO IIiKY y KiHeTuili rosiorpadiuHoro sanucy y IOPiBHAHHI 3 NMPUPOJHUM
Hemoxudikopanum BP ta DO96N BP. Ilriska 3 E204Q BP e equnum o6opoTHUM rojiorpadiuaum
MaTepiasioM, fie TaKa rOCTPOTa IIOYATKOBOIO KOPOTKOYACHOTO IIPOIlecy Mae Miclle y AUHAMiuHOMY
samnmcy mij miero KpacHoro cBitia HusbKol inTenHcusuocti 3 He—Ne masepa.
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