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Introduction
The field of nanotechnology has responded

to the challenges posed by Moore’s law by
measuring, modeling, and fabricating mate-
rials no larger than one thousandth of a micron
(nanometer). At this size, techniques in nano-
lithography must account for the thermody-
namic effects that accompany complex
molecular architectures. To cope with the high

error rates associated with these thermal side
effects, fault-tolerant designs are often used
in fabricating such devices. The caveat to
using these designs is that they rarely match
the high level of functional complexity that
is observed in biological machinery. As a result,
biological nanotechnology has emerged as an
appealing alternative to methods in macro-
scopic miniaturization (1).
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Abstract
The potential use of proteins in device applications has advanced in large part due to signif-
icant advances in the methods and procedures of protein engineering, most notably, directed
evolution. Directed evolution has been used to tailor a broad range of enzymatic proteins for
pharmaceutical and industrial applications. Thermal stability, chemical stability, and sub-
strate specificity are among the most common phenotypes targeted for optimization. However,
in vivo screening systems for photoactive proteins have been slow in development. A high-
throughput screening system for the photokinetic optimization of photoactive proteins would
promote the development of protein-based field-effect transistors, artificial retinas, spatial
light modulators, photovoltaic fuel cells, three-dimensional volumetric memories, and opti-
cal holographic processors. This investigation seeks to optimize the photoactive protein bac-
teriorhodopsin (BR) for volumetric optical and holographic memories. Semi-random
mutagenesis and in vitro screening were used to create and analyze nearly 800 mutants span-
ning the entire length of the bacterio-opsin (bop) gene. To fully realize the potential of BR
in optoelectronic environments, future investigations will utilize global mutagenesis and in
vivo screening systems. The architecture for a potential in vivo screening system is explored
in this study. We demonstrate the ability to measure the formation and decay of the red-shifted
O-state within in vivo colonies of Halobacterium salinarum, and discuss the implications of
this screening method to directed evolution.

(Nanobiotechnology DOI: 10.1385/Nano:1:2:141)
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Nearly all forms of life use nano-scale machinery for
structural support, motion, metabolism, and information pro-
cessing. Many of these organic macromolecules have survived
multiple extinction events and hostile environmental trans-
formations over the past 3.5 billion years. During this time,
genetic mutations have accumulated and manifested into
changes in the structure and function of these molecules. If
nature can create highly efficient, genetically versatile
machines, it is expected that they can be modified to function
in biologically based nanoscopic devices. Consequently,
directed evolution has become a staple of most endeavors to
incorporate organic components into optical and electronic
device architectures. 

Directed evolution is the process by which proteins are
optimized toward a specific characteristic via multiple rounds
of genetic mutation and differential selection (2–7). Recent
investigations have shown that it is possible to optimize the
thermal stability, chemical stability, and substrate specificity
of proteins used in therapeutic and industrial applications
(8–12). Mutant libraries are first exposed to a selective pres-
sure and then screened for a characteristic of interest. Mutants
with favorable phenotypes are genetically characterized and
used as parental templates in subsequent rounds of directed
evolution. The stringency of each screen is increased in order
to drive the mutant library toward a predetermined end point. 

While directed evolution has historically been used to opti-
mize organic macromolecules for pharmaceutical and indus-
trial purposes, investigators are now tailoring this technique to
optimize photoactive proteins to function in optoelectronic and
photovoltaic environments (12–15). This effort has spawned
the development of protein-based photovoltaic fuel cells, field-
effect transistors, motion-tracking devices, spatial light modu-
lators,artificial retinas, three-dimensional removable memories,
and holographic associative processors (16–25).

One of the more unique photoactive proteins to be inves-
tigated in the past 20 yr is bacteriorhodopsin (BR). Bacterio-
rhodopsin is a light-transducing protein that is found within
the plasma membrane of the archaea Halobacteriun sali-
narum (26,27). This transmembrane protein is composed of
seven helical segments that are arranged in a two-dimensional
hexagonal lattice of trimers (28). This semi-crystalline envi-
ronment enables the protein to capture light in all polariza-
tions and offers resistance to fluctuations in temperature,
radiation, and pH.

The primary light-absorbing moiety in bacteriorhodopsin is
an all-trans retinal chromophore that is covalently attached to
the protein via a protonated Schiff base linkage to Lys-216,
shown in Fig. 1A. Upon light absorption, the chromophore iso-
merizes from all-trans to a 13-cis configuration. Chromophore
isomerization triggers changes in protein structure and pro-
tein–chromophore interactions. Changes in the protein–
chromophore environment are visualized through a photocycle
of spectrally discrete intermediate states labeled bR, K, L, M,
N, and O. Figure 1B lists the absorption maximum and lifetime
of each spectral intermediate of the BR photocycle. Each 

photocycle results in the translocation of a proton from the
cytoplasmic to extracellular face of the membrane.

When environmental conditions become unfavorable for
aerobic respiration, H. salinarum expresses BR in what is
known as the purple membrane (PM). The proton pumping
action of BR leads to the formation of an electrochemical gra-
dient across the cellular membrane. The electrochemical flux
triggers membrane-bound ATPase to synthesize ATP for key
cellular functions (29,30). The capacity to generate energy via
aerobic and photosynthetic pathways has surely added to the
evolutionary fitness of H. salinarum. 

One of the unique features of BR, from the perspective of
device applications, is the branched photochemistry of the
protein. Upon illuminating the O-state with red light, a branch-
ing reaction forms a short-lived P-state that quickly decays
to a more permanent Q-state. Both the P- and Q states have
a 9-cis chromophore that is sterically caged within the apopro-
tein binding pocket (31). The Q-state is stable for up to 7 yr
and is easily recycled back to the bR resting state via illumi-
nation with blue light. The optical architectures discussed in
this study exploit the branched photochemistry of BR for
binary photonic and holographic memory storage devices.

Bacteriorhodopsin-based volumetric memories are
designed to read, write, and erase binary data in volumetric
cubes of the protein (24,25). Bacteriorhodopsin, in the form
of PM fragments, is suspended in a polymer matrix and posi-
tioned between a green, red, and blue laser diode. Figure 2
illustrates the process by which data are written, read, and
erased from volumetric cubes of BR. 

To write data, a single block of the protein matrix is paged
with a green laser diode to activate the BR photocycle. Access
to the branched photocycle (P- and Q-states) is achieved via
illumination with a high-powered red laser diode after approx
2 ms. Because the branched photocycle is only accessed in
doubly irradiated pages of the protein matrix, the timing of
this binary photonic process is critical to the storage of spa-
tial information. 

To read volumetric data, the BR photocycle is once again
activated via illumination with a green laser diode. After approx
2 ms, the protein matrix is illuminated with a low-power red
laser diode. Low-powered red laser diodes are used so that
pages of data stored in the Q-state will transmit the light,
whereas pages of data in the O-state will preferentially absorb
it. The discrepancy in light absorption is detected as “0” and
“1” bits by charge coupled detectors (CCDs) in the memory
architecture. 

Erasing data stored in the Q-state is achieved by illumi-
nating the data page with a blue laser diode. Illumination with
blue light drives the branched photocycle back to the bR rest-
ing state. The volumetric memory is designed to accommo-
date bits stored in either P or Q, and fortunately, both can be
erased with blue light. This is not an important issue for a
majority of BR variants, but some modifications with enhanced
O to P quantum efficiency achieve this increase by decreas-
ing the barrier to all-trans → 9-cis photochemistry. This genetic
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Fig. 1. The structure (A) and photocycle (B) of bacteriorhodopsin. Amino acids important to the photocycle and proton pumping
are shown in panel (A). Panel (B) shows the main (bR, K, L, M, N, and O) and branched (P and Q) photocycle intermediates and their
associated absorption maxima.

modification invariably decreases the rate of thermal 
conversion of P to Q, because modifications to the binding
site decrease the all-trans to 9-cis barrier. This yields a
binding site that is more compatible to the 9-cis protonated
Schiff base P geometry. As noted in ref. 24, the decay of P
to Q is driven energetically by repulsive interactions between
the 9-cis chromophore and the binding site residues 
(see Fig. 6 of ref. 24). 

The branched-photocycle is also of importance to holo-
graphic associative memories. Our approach to such memo-
ries is based on an adaptation of the Fourier-transform
closed-loop holographic memory proposed by Paek and Psaltis
(32). Our optical design, shown in Fig. 3, has been discussed
previously (24,33–36), and the present discussion will focus
primarily on those characteristics of the protein that are crit-
ical to function. There are two options available for BR-based
holographic memories. If a real-time memory is the goal, then
a short-lived intermediate is desired and the M-state is used
to store the hologram. If the hologram must be stable for
extended periods of time (hours to years), then the M-state is
not appropriate and the Q-state is used. Our most recent designs
of the associative memory utilize the Q-state, and take advan-
tage of angle tuning to permit multiple Fourier-transform

holograms to be stored simultaneously (see Fig. 4). Both the
M- and Q-states provide excellent diffraction, but the Q-state
provides slightly better diffraction efficiency because it has the
more blue-shifted absorption spectrum [λmax(Q) = 380 nm,
λmax(M) = 410 nm]. The goal of our protein optimization work
is to improve the sensitivity of the protein with respect to
Q-state formation. Our discussion below examines the use of
genetic engineering to achieve this goal. 

Semi-random mutagenesis was used in this study to probe
the entire length of the bop gene for regions that are critical
to the formation of 9-cis photoproducts. Increasing the yield
of the O-state via semi-random mutagenesis represents the
first phase of a two-step strategy to optimize the branched
photochemistry of the protein. The second phase will intro-
duce global mutations into the region-specific variants selected
from the first phase of optimization. Because the structural
elements and intramolecular interactions that contribute to 
the branched photochemistry are ambiguous, global mutage-
nesis techniques will be used to supplement semi-random 
optimization.

To efficiently scan the photokinetic properties of thousands
of semi-random and random mutants, in vivo screening sys-
tems are needed. This study demonstrates that detecting the
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formation of 9-cis photoproducts in colonies of H. salinarum
is possible. Future in vivo screening systems will be designed
to select for genetically distinct BR variants with high P- and
Q-state yields, relative to wild-type protein.

Methods
Semi-random Mutagenesis

Semi-random mutagenesis, also known as saturation muta-
genesis, was carried out by the sequence overlap extension
(SOE) protocol described in Fig. 5 (37). In short, a three-step
polymerase chain reaction (PCR) was used to amplify a 15–20

amino acid region of the bacterio-opsin (bop) coding sequence.
A doped oligonucleotide,with a 20% doping level,was designed
to overlap the region of interest. A 20% doping level simply
implies that each nucleotide in the “doped region” has a 6.7%
chance of being mutated into a different nucleotide. An aver-
age of five amino acid substitutions are generated in the doped
region of each variant (13). Doped oligonucleotides were syn-
thesized and purchased from the biotechnology center at the
University of Wisconsin–Madison. 

BR Expression
Following the three-step PCR reaction, the library of

semi-random bop genes is cloned into the pBA1 expression
plasmid (38). The expression system was transformed into
E. coli according to manafacturer’s instructions (Stratagene,
La Jolla, CA) and plated onto solid LB media containing ampi-
cillin (50 mg/mL) and incubated overnight at 37°C. Over 2000
genetically distinct colonies were then scraped from the agar
plates and pooled together into a single reservoir of cells. DNA
was extracted from the mutant library pool using Qiaprep spin
prep kit (Qiagen, Valencia, CA) and transformed into H.
salinarum (MPK409 strain) using standard protocols. The first
of the two selection methods in H. salinarum use mevinolin
to select for true transformants that contain the mevinolin
resistance gene encoded within the pBA1 plasmid.
Transformants are grown at 40°C on spheroplasting regener-
ation plates containing mevinolin (4 µg/mL). After 5–7 d of
growth, colonies are resuspended in 1 mL of high-salt-culture
media, incubated at 40°C for 30 min, and then re-plated onto
solid 5-fluoroorotic acid (5-FOA) media. FOA selection guar-
antees that the ura3::bop locus has been replaced successfully
with the functional bop gene (39). Without a functional ura3
locus, mutant cells are incapable of synthesizing uracil and
will require an outside supplement to survive. Non-recombi-
nants containing the functional ura3 locus will utilize 5-FOA
in the pyrimidine biosynthetic pathway and die due to the
accumulation of toxic byproducts. 

The 5-FOA selection plates are incubated at 40°C for 7–10 d
and then placed in a fluorescent light bank for 2–3 d in order
to increase the expression of BR. Purple colonies are then
picked and replicated in 96-well plates. The first 96-well plate
is used to grow the mutant colonies in 200 µL of high-salt
media for protein isolation, while the duplicate plate is used
to sequence the mutated bop genes.

DNA Extraction from H. salinarum
MPK409 genomic DNA was extracted according to the

method described in ref. 40. Briefly, 100 µL of culture at 
mid-log phase was centrifuged at high speed for 2 min. The
pellet was resuspended in 400 µL of milli-Q water; 2–3 µL
of the resulting solution were used as a template in the ampli-
fication of the bop gene using the respective amplification
primers. The amplified product was cleaned using a Qiagen
PCR purification kit (QIAGEN, Valencia, Calif) and used for
direct sequencing.

144___________________________________________________________________________________ Hillebrecht et al.

NanoBiotechnology ♦ Volume 1, 2005

Fig. 2. The write, read, and erase operations of the BR volumetric
memory. Both the write and read procedures require two orthog-
onal laser pulses.The first laser pulse, the “page” beam, activates the
BR photocycle in a thin region of the memory. The second laser
pulse, the “write” beam, photoconverts a block of the protein from
the O-state into the branched photocycle.This “page” and “write”
sequence writes a data block into the memory. A similar procedure
reads the data block and uses a low-power laser to illuminate the
protein.This beam is not absorbed by the data blocks already writ-
ten in the memory (the O and P intermediates) and the difference
of the absorptivity between the written and unwritten data blocks
can be detected by an image cast on the CCD.The erase operation
uses a third blue laser to erase, or photoconvert, the O and P inter-
mediates back to the BR state. See ref. 24 for a detailed discussion.
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Protein Isolation
MPK409 colonies carrying a wild-type or mutant bop gene

were inoculated into 96-well plates containing high-salt cul-
ture media supplemented with uracil (50 µg/mL). After 1–2 d
of active growth at 40°C, 96-well plate cultures were used to
inoculate larger volumes (125 mL) of high-salt media enriched
with uracil and peptone. H. salinarum cultures were actively
incubated (200 rpm) at 40°C for 7–10 d under low-oxy-
gen/high-light conditions for enhanced protein expression
(41,42).

Protein variants were harvested from H. salinarum cul-
tures via low-speed centrifugation (8000 rpm) for 15 min at
4°C. The pellets were re-suspended in 10 mL of milli-Q water
containing DNase (0.15 mg/mL) and nutated at ambient tem-
perature for 30–45 min. Purification of PM patches for pho-
tokinetic analysis and device testings entailed multiple
high-speed spins (50,000 rpm) for 60 min at 4°C using a
Beckman Coulter ultra tabletop centrifuge (TLA-55 rotor).
The PM pellets were re-suspended in 200 µL of 5-mM NaCl.

In Vitro Screening
Type I, an in vitro selection, requires that variant pro-

teins be isolated and purified prior to photokinetic charac-

terization. Genetically distinct proteins were isolated from
250-mL cultures and diluted to an optical density of 1.0 using
milli-Q water. UV/Vis measurements were recorded using
a Cary 50 spectrometer at ambient temperature. Time-
resolved measurements were then performed at 21 ± 1°C,
using a 568-nm laser pulse generated by using a Coherent
Infinity-XPO Nd:YAG system (43). A rapid scanning mono-
chromater (Olis Instruments, Inc., RSM-1000) was used to
collect a fixed wavelength sample spectrum at 412, 568, and
650 nm.

In Vivo Measurement of O-State
The measurement of O-state formation and decay in vivo

was accomplished using an intensity stabilized, red laser diode
feedback loop to monitor intermediates within a microscopic
(2 mm2) living colony of H. salinarum. Scattering is con-
stantly changing during the measurement and the feedback
loop adjusts the intensity of the laser to maintain total through-
put on both short (<0.1 ms) and long (>1 s) time scales, rel-
ative to the median response time of O-state formation. A
pulsed green Nd:YAG laser is used to excite the colony and
the intensity of the red laser monitored with a 100 ± 50 ms
bandpass filter. The formation and decay of the O-state is
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Fig. 3. The Fourier-transform holographic associative memory uses a thin film of BR as a medium for real-time holographic storage.This
device can select from thousands of images simultaneously and requires only a partial input image to select and regenerate the entire
image from a stored hologram. See ref. 24 for a detailed discussion.
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Fig. 4. (A) Q-based diffraction peaks generated from diffraction patterns with one degree angular separation in a 1 cm BR poly(acry-
lamide) cube with an optical density of 1.5. (B) A Kramers–Kronig analysis of wavelength dependence of the diffraction efficiency asso-
ciated with the formation of the Q-state.

clearly visible although the use of feedback and filtering pre-
vents accurate assignment of kinetic parameters. The peak
absorption at 640 nm correlates linearly with the amount of
O-state produced.

Results
The first round of semi-random mutagenesis yielded a total

of 875 mutants that encompass the entire length of the bop
gene (1–238). The C-terminus of the protein (239–248) was

not included in this study due to restrictions in cloning the gene
into the pBA1 expression vector. Figure 6 illustrates the dis-
tribution of amino acids in BR that were found to affect the life-
time of the M-state. The majority of BR variants do not have
any significant effect on the lifetime of the M-state, relative to
the native protein (approx 15 ms). However,a few select mutants
were observed to have M-state lifetimes larger than 200 ms. A
distribution of BR mutants with significantly longer M-state
lifetimes, relative to wild-type protein, is shown in Fig. 7.
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This histogram indicates that BR variants with long M-state
lifetimes have one or more mutations in either helix E or F of
the protein (139–193).

This study also identified a number of O-state mutants with
increased lifetimes. Figure 8 shows that BR variants with long
O-state lifetimes, relative to wild type, had mutations that
occurred in the FG loop region of the protein. In particular,
mutants with O-state lifetimes greater than 50 ms contained
mutations located between residues 194 and 208 (Fig. 9). As
expected some of these variants contained mutations to Glu194
and Glu204, while others contain a number of other amino
acids (up to six mutations in one variant). 

Time-resolved UV/Vis spectra of a single colony of
H. salinarum, shown in Fig. 10, were taken every 5 min at
690 nm for a total of 90 min. Immediately following 2 h of
red light illumination (635 nm), additional spectra were taken
yielding a lower absorption at 690 nm. The decrease in absorp-
tion at 690 nm is indicative of the formation of P and Q. An
electronic feedback circuit automatically compensated for the

noise created by motion and scattering of the colony, but in the
process, modified the temporal response slightly so that the
in vivo kinetics could not be accurately assigned. However,
the in vivo response data can clearly provide information on
the amount of O-state present and changes in the amount of
O-state associated with the creation of P and Q.

Discussion
From a device standpoint, optimization of the branched pho-

tocycle and key photochemical intermediate states is critical
to the efficacy of BR-based binary photonic and holographic
memories. Using site-directed mutagenesis to achieve these
goals has met with limited success, owing in part to the enor-
mous number of intramolecular associations that contribute to
protein functionality. As a result, semi-random mutagenesis
has emerged as a valuable tool for elucidating key residues, or
a cluster of residues, with unforeseen functional-relevance. 

More than 800 semi-random mutants were analyzed for
improved M- and O-state lifetimes at 412 and 650 nm, respec-
tively. As expected, the majority of mutants had M- and O-state
lifetimes and were comparable to wild-type protein. Previous
studies have shown that mutating the aspartic acid at position
96 (the proton-donating group) to asparagine prolongs the life-
time of the M-state to 1050 ms (44). One would expect a long
M-state mutant to contain this mutation or one in close prox-
imity to it. Unexpectedly, a triple semi-random mutant
(A139G/M145K/L146P) was found to have an M-state life-
time rivaling that of D96N. This mutant does not replace
Asp-96, yet has an M-state lifetime of 1100 ms.

Extending the lifetime of the M-state through genetic mod-
ification has improved the holographic sensitivity of BR by a
factor of 100, relative to the native protein. While optimizing
the photokinetics of the M-state is a sound strategy for real-
time holographic processing, long-term holographic data stor-
age requires a more permanent photo-intermediate state.
Multiple diffraction peaks are observed in Fig. 4, for a two-
state holographic system involving the BR resting state and
the long-lived Q-state. A single degree of angular separation
is observed between each data block. This resolution is char-
acteristic of a high-quality diffraction media in which multi-
ple blocks of data can be stored and read.

To fully realize the potential of Q-based holographic media,
the all-trans → 9-cis barrier must be reduced. Genetic strate-
gies for optimizing the branched photochemistry of BR will
potentially include the use of an in vivo screening system
designed to select for BR variants with high Q-state yields. 

A three-step cell sorting system, shown in Fig. 11, illustrates
the scheme by which colonies of H. salinarum are screened
based on the photokinetic characteristics of the mutated PM.
Areservoir of genetically distinct H. salinarum cells are mechan-
ically diluted and then screened by sequential optical illumi-
nation. Optical selection triggers a high-speed drop selector to
either discard the drop or combine it with other desirable mutants.
The mutant pool is then subject to three selection steps. The
selection strategy includes screening for protein expression,
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Fig. 5. Semi-random mutagenesis uses a three-step PCR reaction
to amplify a specific region of the BR coding sequence.The first step
uses four primers (A, B, C, D) to generate two PCR products, one
containing a random doped region (in this example the FG loop).
The two PCR products are annealed in a subsequent PCR reaction
using the A and B flanking primers [adapted from Georgescu et al.
(37)].The final construct is then transformed into H. salinarum for
protein expression and differential selection.
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Fig. 6. Histogram showing the correlation between the position of mutated residues and the M-state lifetime. Colors in the bars corre-
spond to similarly colored regions of the secondary structural model of BR (inset).

branched photochemistry (Q-yield), and organisms containing
protein with high quantum efficiencies for the transition from
the Q-state back to BR. Organisms that pass the initial screen
are inoculated into larger volumes of growth media for sequenc-
ing and protein isolation. The holographic efficiency of high
Q-yield mutants would then be characterized in an optical record-
ing loop described by Paek and Psaltis. 

To genetically tailor BR for binary photonic architectures,
a two-step optimization strategy is needed. The primary phase
of this endeavor focuses on using semi-random mutagenesis
to probe for regions of the bop gene that yield attractive O-state
kinetics. Improving the lifetime and yield of the O-state can
increase the population of P and Q that are formed via binary
photonic activation. The second phase of optimization will

Fig. 7. Histogram analysis of the long-lived M-state lifetimes.The same color scheme is used as in Fig. 6.
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use select, semi-random variants as templates for global muta-
genesis and in vivo screening. These methods will focus on
reducing the barrier to the branched photocycle via steric and
electrostatic modification of functionally significant residues
lining the retinal-binding pocket. 

Previous site-directed mutagenesis studies have shown that
residues in the FG loop region of the protein are involved with
releasing a proton to the extracellular face of the membrane.

Two of the most commonly studied residues in the FG loop
region are Glu194 and Glu204. Genetic modification of one
or both of these residues leads to lengthened O-state lifetimes,
relative to the native protein. E194C, E204C, and the double
cysteine mutant (E194C/E204C) prolong the lifetime of the
O-state by more than 10-fold (45–47). 

To increase the scope of site-specific mutagenesis stud-
ies, semi-random methods were used to explore the residues
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Fig. 8. Histogram analysis of the O-state lifetime of mutants.The same color scheme is used as in Fig. 6.

Fig. 9. Histogram analysis of the long-live O-state lifetimes.The same color scheme is used as in Fig. 6.
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between position 194 and 206. A sextuple mutant (A196S/
I198L/P200T/E204A/T205Q/F208Y) with a 2 s O-state life-
time was generated in the first round of semi-random
mutagenesis. The number and type of mutations found in
this mutant illustrate the intricacy of the relationships that
exist between neighboring amino acids. Future studies 
will use site-directed methods to determine which residues
are actively contributing to the observed photokinetic
properties. 

To date, the BR mutant with the largest recorded O-state
yield is E194Q (Q = 0.327). These data support the contention
that Glu194 is a major contributor to the proton translocation
pathway. Additional semi-random studies using E194Q as a tem-
plate for optimization may further enhance the yield of O-state
and increase the access to the branched photocycle. It is pre-
dicted that up to six rounds of genetic modification may be
required before the photochemistry of BR is fully optimized
for binary photonic memories. 

Fig. 11. The three-step cell sorting system allows for in vivo high-throughput photokinetic screening. The first stage (A) selects for BR
expression and high growth rate.The second stage (B) selects mutants with high photochemical conversion into the branched photo-
cycle (O → P transition).The third stage (C) selects for mutants having efficient photochemical conversion from the branched photo-
cycle back to the bR state (Q → bR transition). Mutants with desired photochemical characteristics are automatically deposited into a
single well of a 96-well plate (96WP).

Fig. 10. In vivo photokinetic observation of the O-state within the PM of a microscopic colony of H. salinarum. The dashed lines are a
measurement of the O-state (690 nm) collected every 5 min prior to 2 h exposure with red light (635 nm). The solid line is measure-
ment of the O-state immediately following the 2 h red light irradiation.The in vivo response data can clearly provide information on the
amount of O-state present and changes in the amount of O-state associated with the creation of the Q-state.
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A high throughput analysis of the bop gene will require that
techniques in semi-random and random mutagenesis be com-
bined with in vivo screening systems. Figure 9 shows that indi-
vidual colonies of H. salinarum can be indirectly screened for
modulations in the branched photocycle of BR at 690 nm. The
second phase of the two-step optimization strategy will extrap-
olate colony-screening technology to whole cell pastes and genet-
ically distinct cultures of H. salinarum. The development of in
vivo, photokinetic screening systems will broaden the scope of
directed evolution to functionally complex photoactive systems.

Conclusions 
The lengthened M- and O-state mutants described in this

investigation demonstrate that semi-random mutagenesis is
key to identifying unforeseen residues, or groups of residues,
that shape some identifiable function. While lengthened 
O-state mutants do not directly relate to optimized branched
photochemistry, they are part of a broader strategy to combine
region-specific and global mutagenesis techniques. Optimizing
the yield of 9-cis photoproducts is achievable through in vivo
screening techniques described in this study. As in vivo screen-
ing technology matures, a broader range of proteins will be
genetically tailored to function in optoelectronic environments,
as opposed to their native ecosystems. 
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