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A simplified model for the complex photocycle of the
D8SN genetic variant of the bacteriorhodopsin (bR)
protein molecule is presented. Steady state popula-
tion densities of the various intermediate states of the
molecule induced by photo-absorption of modulation
light beam are obtained using the rate equations ap-
proach. All-optical modulation of various probe sig-
nals at wavelengths corresponding to absorption
peaks of each of the intermediate states by a pump
signal at 570 nm is presented in the form of optical
densities. The analysis presented here is useful for
designing the molecular spatial light modulators us-
ing D85N variant of bR molecules.

RECENT years have witnessed dramatic progress In in-
vestigating novel materials for all-optical signal process-
ing and data storage. The photochromic protein
bacteriorhodopsin (bR) which is found in the purple
membrane of Halobacterium halobium, has emerged as
an excellent material for bio-molecular photonic appli-
cations due to its unique advantages'. bR absorbs light
in a bacterium and undergoes a complex photocycle that
generates intermediate states with absorption maxima
spanning the entire visible region of the spectrum. It has
a high quantum efficiency of converting light into a state
change and large absorption cross-section. The crystal-
like architecture leads to high stability and makes it
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robust to degeneration by environmental perturbations.
Thin bR films in polymers and gels have been switched
between two stable states more than a million times
without any photodegradation.

The photocycle of the bR molecule can be I'e'ldily
moditied by replacing the light absorbing component of
the protein which is a retinal (Vitamin-A-like) chromo-
phore, by natural and synthetic analogues, thercby
shifting to virtually any colour. Also, genetic mutations
of bR through biotechnological procedures such as
variation in polymer environment including pH and de-
gree of hydration, can alter both the kinetic and spectral
properties of bR. Furthermore, the low cost of produc-
lion, low power requirements and it being environmen-
tally fru,ndly have made bR an attractive photonic
material®’. Many nonlmear optical phenomena mclud:ng
two-photon ahaorpttan , second harmonic generation®,
saturable absorption™®, wave mixing and phase conju-
gation® and optical bistability’ have been reported in bR
molecules. Based on these phenomena bR molecules
have been used for many applications including mode-
locking®, switching®, neural networks'®, spatial Tight
modulation”‘”, spatial frequency filtering'?, logic
gates'”, dynamic holography'® and biochips for optical
cemputers using 3D optical memories’.

The bR molecule contains seven transmembrane heli-
cal segments and consists of a polypeptide chain com-
posed of 248 amino acids. The active chromophore in
the bR protein is a retinal molecule linked via a proto-
nated Schiff base near the middle of helix G to lysine
216. The relevant location for the proton pumping ac-
tivity of the bR protein consists of an ion pair which is
composed of a protonated Schiff base and an anionic
aspartic acid in positton 85 (Asp85 residue). Proton
transfer from the Schiff base to Asp85 is the primary
mechanism 1n the feeding protons towards the extracel-
lular side of the membrane and other proton transfers.
This mechanism is also associated with conformational
changes in the bR molecule and its chromorphoric group
during the phmocyc\e"z. Varnauon of the polymer envi-
ronment including pH and degree of hydration can lead
lo dramatic changes in optical performance'’. For per-
manent optical storage applications, a mutant is needed
in which an intermediate state occurs with a lifetime of
several years. At pH 5-7 with glycerol as a less protic
solvent, protonation of the Asp8S residue results in the
photoexcitation of the all-rrans configuration tnto a state
with 9-¢is configuration with red light, which is ther-
mally stable and 1s no longer catalysed to transform to
the all-zrans configuration of the initial state, Thus, a
photoexcitation lcads to a short circuit in the photocy-
cle. This 9-cis configuration photoproduct is called the
P-state. It absorbs at 490 nm and can be photochemi-
cally reconverted to the initial state'®, The P-state is
thermally stable at room temperature leading to no
thermal pathway to reconvert atself to  the  initial
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B-state and hence can be used for permanent optical
storage' >+%°,

The aim of this communication is to present a simpli-
fied model for the complex photocycle of the D85N
variant of bR which has a thermally stable P- (and Q)
state. Based on this model the photocycle is analysed
using the rate equation approach and analytical expres-
stons are derived for the transmission characteristics of
the bR film for probe beams at various wavelengths.
These characteristics are useful in designing the molecu-
lar spatial light modulators based on different interme-
diate states of the D85N variant of bR moleculc.
However, no attempt has been made to study the SLM
properties of this variant in the present communication,

The photocyle!*'®?! of the bR molecule is shown
schematically in Figure 1a. In the initial B-state, also
called the light adapted state, the retinal chromophore is
in 1ts all-trans molecular configuration. After excitation
with yellow light at 570 nm, the molecule in the initial
bR state gets transformed into the J-state with an ab-
sorption maximum at ~650 nm within about 450 fs. The
species In the J-state thermally transform in 3 ps into the
intermediate K-state which in turn transforms in 2 ps

1nto the L-state. The relatively long-lived intermediate

M-state is generated by thermal relaxation of species
from the L-state in 50 us. The molecule returns to the B-
state via a couple of intermediate states N and O through
thermal relaxation in about 10 ms. From the all-trans
configuration of O, the P-state is formed in a photo-
chemical transition induced with red light. In the dark, a
thermal decomposition of the P-state into the Q product
takes place. There is no thermal decay from the P- or Q-
state to the initial B-state and the initial B-state can be
generated only through photochemical excitation of the
P- and Q-states'®

We introduce a simplified level diagram (Figure 1 b)
to represent the photochemical cycle of bR moleculcs,
which enables adoption of the simple rate equation ap-
proach for the population densitics in the various inter-
mediate states, An important feature of all the
intermediates 1s their ability to be photochemically
switched back to the initial B-state by shining hght at a
wavelength that corresponds to the absorption peak of
the intermediate in question. The wavelength (in nm) of
the absorption peak of each species is shown as a sub-
script in Figure 1.

In the simplified model the states B, L, K, M, N, O
and P(Q) of bR are represented by numbers -7, re-
spectively. The total bR population in the medium s

9
N= > N,
i=|

where N, 1s the population densities of intermediate
states. We assume that a medium  contaimng bR
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Figure 1. a, Photocycle of D85N variant of bacteriorhodopsin; &,
equivalent simplified model; Subscripts indicate absorption peaks in
nm. The solid and dashed arrows indicate thermal decay and photo-
induced transttions, respectively.

molecules i1s exposed to a light beam of intensity Iy,
which modulates the population densities of different
states through excitaiion and de-excitation processes.
These light intensity-induced population changes are
described by the rate equations in the operator form,
¥ _ow | (1)
dr
The rate equations for the different states can be written
and the Intensity-dependent absorption coefficient in-
corporating all the photochromic processes in the photo-
cyle can be derived analytically which will be reported
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elsewhere. In this communication, we consider the
modulation of different laser probe beam transmissions
by the modulation beam intensity-induced population
changes as experimentally reported by Popp et al.'®.
Propagation effects on the modulating light beam are
tignored 1n the following analysis by assuming optically
thin bR samples.

The modulation-induced population densities for the
various states at steady state are given by,

mcfzk':aﬂ'ﬂ.ﬂ'ls[m)_'
(k7))
L (koK)
N; = Ni(K'3k" 301 130m) | K a(ka)™ . (2)
K ok’ s(ks)™ |
K 4k’ sk’ (ko)™ :
‘4’ sk’ sosWe7(keoq) ! |
where Ny = N/X, and
X=14+k30An)013ln(ks) " {1 + ksk’3(ky)™
[1 + kok's (ka) ™' (1 + kak's(ks) ™"
(1 + ksk's(ke) ™ (1 + 06Ws1(07) D). (3)

Here, k’i = kl/(kl + O'ilm) for i= 2, 4, 5, k"_v, = kg/(kg +
0'37{)31];“), kfﬁ = kﬁ/(kﬁ + Gﬁwﬁ‘?[m) and a; { = 1-7 are the
absorption cross-sections of the states B, L, K, M, N, O
and P, respectively. {; is the photon density flux of the
modulation [aser beam (ratio of the intensity I’,,, to the
photon energy hAv) and 9,3 =0.64, 3, =0.64 and
Y67 = 0.02 are the quantum efficiencies for the transi-
tions B = K, K — B and O — P, respectively?'. De-
talled description of the symbols used in the analysis is
presented in an earlier paper'”. Numerical values of the
rate constants and absorption cross-sections for different
levels are given in Table 1.

Spatial light modulators (SLMs) are the important key
clements 1n real-time optical signal processing, comput-
ing and information processing systems. The feasibility
of using bR molecules for the development of a molecu-
lar SLM depends on the ability to modulate the weak
probe signal by the intensity-dependent population in-
duced by the modulation laser beam. Hence we present
the modulation characteristics for various intermediates
of the bR molecule. We consider laser probe beams of
intensity I', (<< [I',) at different wavelengths corre-
sponding to the absorption maximum of the states M, P,
B and O, separately. The propagation of the probe beam
through the bR medium is governed by

df
dx PP

where x is the distance in the medium and @, is the ab-
sorption coefficient at the probe wavelength. Based on
the absorption spectra of the various intermediate

CURRENT SCIENCE, VOL. 78, NO. 2, 25 JANUARY 2000
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Table 1. Values of rate constants and absorption cross-sections (refs 18, 20-23)
P — ——— — ——— e e e e —— ""___—__—_'—'———'-———-—-——-—-—_.._—-____._______ —
Value (¢cm?)

Rate Absorption - :
constant Value (s7") cross-section 570 nm 410 nm 610 nm- 490 nm 640 nm

oy 24x 107" 0573 x 10" 1.4 x 107! 0.915 x 107 0.346 x 10~'%
k, 2.0 x 10* 0> 1.8 x 1078 - ~ [.115 x 10718 -
ks 3.3x 10" 03 1.9 x 1018 ~ 3.0 x 10! 0.38 x 107'* 1.923 x [0
kq 1.0 x 107 7 0.0 1.72 x 107'® - - _
Ks 3.3 x 10° s 0.2 x 1071¢ - - 0.47 % 1071° -
ke 2.0 x 102 s 1.15 x 10-1® - - _ 2 472 x 16-19
- 0.0 0 0.64x 107" 074 %1070 _ 1.907 x 10°'® _

i, el —

i S

p——

Table 2. The absorption coefficient and the transmittance of bR at different probe wavelengths

R——— —— —

Ap(ﬂl'ﬂ) e ([puulf[pin)
410 O 1pN1mx + OaNam + 010N, exp(-B{1 + (k'ak" 3k’ 40 1ot 130w/ 01p) ({(Oap/ks) + k' sk’ s0emO et/ (ks0mm)] 1 X)
A90) T1oNtw + O2N2m + O3pN 3 + OspNsm + 015N exp(-fl1 + (K30 i lwf o) ((oopk oka) + (O3/k3)
+ k'zk'4k'5[(55p/k5) + (k’ﬁﬂ'ﬁma?pwﬁ?fkﬁg?m)]] }fX)
570 T (pN 1w + 02pNyy + Oapl¥apm + exp(-p{] + k'3w13!m[(32mkr2fk2) + (0aw'k3) + k'2k sk’ s{(Osp/lks)
OspNsy + CepNom + O7pN7, + (k' s06mlks )1 + Ys7)]1 1 X)
640 G1pN1m + O3pNag + OspNam | exp(~B{1 + (K30 1myp13I/01p)[(O3p/ks) + (KoK’ 4k’ sk’ 606 k)] 1/ X)

*The subscripts p and m signify that the parameters are at the probe wavelength 4p and at the modulation wavelength A, respectively. In all
cases, the small signal absorption coefficient 8 = o1 (A,)NL, where 01(4,) is the cross-section of the initial B-state at the probe wavelength, N is
the total number of active bR molecules and L is the thickness of the film.
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Figure 2. Variation of the modulation beam intensity-dependent normalized optical density for a probe beam ot a, 570 nm; b, 490 am; ¢,
410 nm and d, 640 nm.
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Jdates'” 7 the absorption coefficient for the respective
probe beams can be written in terms of the population
densttics ot the participating intermediate  states, as
shown i Table 2. The modulation characteristics for
different probe beams can be computed by integrating
cg. ¢ using corresponding absorption cocfticients. The
results i the torm of ratio of the transmitted (o the inci-
Jent probe beam intensity for various probe beams are
given in Table 2. The modulation characteristics are
also computed in terms of optical densities (OD) of the
bR film defined as™*

QD = _]ngti!{];n}ul“!pm)- (5)

Modulation laser beam intensity-dependent variation of
the absorption changes of various probe beams is pre
sented in Figure 2 «—d, for a bR film with an initial OD
of 3.5 (ref. 18) at 570 nm. The absorption changes are
given as per cent of the imual absorption at the respec-
tive probe wavelength and as a function of the intensity
of the pump (modulation) beam. These figures indicate
that as the modulation beam intensity at 570 nm is
raised from 0.5 to 300 mW/cm®, the absorption of the
probe beams at 370 and 490 nm decreased while it in-
creased at 410 and 640 nm. The decrease in absorption
al 370 nm indicates that the population 1n the initial B-
state decreased as the modulation beam intensity in-
creased with corresponding increase in the photocon-
verston, In absence of the 640 nm wavelength, the
population of the P-state is very low and the absorption
of the probe beam 1s essentially dominated by the broad
band absorption of the molecules in the B-state. Hence
the decrease of absorption of the probe beam at 490 nm
}s also due to the depletion of B level population, The
photoconverted B molecule produced corresponding
enhancement of the population in the M-state leading to
the observed cnhancement of absorption at 410 nm. The
population from the M-state relaxes into the O-state
leading to the enhancement of the absorption at 640 nm.
The pump beam intensity-induced variations in the ab-
sorption characteristics of bR film at various probe
wavelengths predicted by the present analysis match
very well with recent experimental resulis'®.

in conclusion, we have applied the simplified model
proposed earlier for the complex photocycle of the bR
molecule to model the photocycle of D85SN, a genetic
vartant of bR which exhibits an additional long lifetime
intermediate P(Q)-state ideal for making volumetric
memorics. Analytical expressions for the transmission

— A, I e —

charactenistics of bR films at different probe wave-
lcngths are derived using the rate equation approach.
These results are very useful tor designing the molecular
SLMs based on the intcrmediate states of the D8SN
variant of bR molecules.
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