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Spectroscopic and Theoretical Characterization of
Retinylidene Proteins and Biological Chromophores
for Use in Biophotonic Applications

Jordan Alan Greco, Ph.D.

University of Connecticut, 2015

Retinylidene proteins are found in all domains of life and perform diverse biological functions,
including light-induced ion transport and phototransduction in visual systems. One such protein,
bacteriorhodopsin (BR), is the light-activated proton pump that produces chemical energy for the
archaeon, Halobacterium salinarum. In recent years, a branching reaction from the photocycle
of BR has been discovered to produce a stable photoproduct, the Q state, using a sequential
multiphoton process. The Q state has optical properties that enable the use of BR in bioelectronic
technologies, however, the native protein has limited access to this photoproduct. A review is
presented on the associative processors and optical memories that are based on BR mutants with
enhanced photochemical properties. The BR mutant, V49A, is identified as an efficient Q-
forming mutant, and the pH-dependent mechanism that governs the photochemistry of V49A is
investigated. This mutant is also characterized in the context of a protein-based retinal implant.
Moreover, this thesis includes two reports involving the spectroscopic and theoretical analysis of
various porphyrinoids for application in optically driven biotechnologies. The first is an analysis
of the two-photon absorptivities of tertraphenyl-porphyrins and -chlorins, which reveal that the
nonlinear optical properties are sensitive to macrocycle distortion. Secondly, absorption
spectroscopy and excited state calculations describe the relationship between the structural
features of trithienyl-corrole and the resulting optical properties. Lastly, low-temperature
trapping of the rhodopsin E181Q mutant is investigated to elucidate the role of residue Glu-181

during the early photostationary states of the photobleaching sequence.
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1.0. Abstract

Consumer demand for fast computing speeds and smaller device interfaces has prompted
the necessary reevaluation of the long-term sustainability of modern computing paradigms.
Computer scientists responsible for designing and developing emerging computing systems will
soon be forced to imagine novel ways to store and process information due to the projected
limitations of lithographic manipulation. Molecular and biomolecular approaches offer unique
solutions to the impending issues of scalability and energy efficiency by using innovative
architectural motifs. Biomolecular devices exploit the natural evolutionary processes that have
serendipitously provided biomolecules that are able to function within an electronic and/or
optical domain. One such biomolecule is bacteriorhodopsin, the light-transducing, trans-
membrane protein found in the halophilic archaeon, Halobacterium salinarum.
Bacteriorhodopsin has long been considered an excellent material for optical applications due to
inherent photochemical efficiency and stability, and has served as an archetypal candidate for
these applications for a number of decades. Upon light absorption by the retinal chromophore of
bacteriorhodopsin, the protein undergoes a proton-pumping mechanism that is characterized by a
series of spectrally and conformationally discrete photointermediates. This reaction is known as
the bacteriorhodopsin photocycle. We describe here the implementation of the protein within two
unique optical computing systems: Fourier transform holographic associative processors and
three-dimensional optical memories. The real-time holographic associative processors employ
Fourier transform optical loops and rely on the transient change of refractive index throughout
the photocycle. The three-dimensional memories use the unique photochemistry of a branching
reaction from the main photocycle for long-term data storage. The conception and design of

prototypes for each bioelectronic device will be presented in detail. We also explore advances in



genetic engineering and directed evolution, which have allowed for the further enhancement of

the optical properties of bacteriorhodopsin for use in these biomolecular device applications.



1.1.  Introduction

Molecular electronics explores the encoding, manipulation, and retrieval of information
at the molecular or macromolecular level. Biomolecular electronics (or bioelectronics) is a
subfield of molecular electronics that investigates the use of both native and modified biological
molecules as media, in place of molecules synthesized in the laboratory. Bioelectronics has
shown significant promise because of the sophisticated control and manipulation that is
obtainable through self-assembly mechanisms and genetic optimization of large macromolecules.
The ability to explore new architectures unique to biomolecular-based systems enhances the
value of bioelectronics beyond the materials realm and opens up new possibilities that reflect the
creative processes inherent in nature and revealed through natural selection.

Semiconductor electronics are the cornerstone for a majority of the recent and developing
computing and processing systems. We do not propose that biomolecular electronic systems can
replace these semiconductor-based devices; rather, we believe that bioelectronics can provide
new options that can ultimately yield improved energy efficiency or unique architectures. The
continuous push towards miniaturization and high-speed computing will inevitably succumb to
the limits of lithographic manipulation of bulk materials, as reflected in Moore’s Law.' Experts
in the industry have predicted that complimentary metal-oxide-semiconductors will soon reach
scalable limits and will require new paradigms (i.e., new transistors) and new architectures to
circumvent current device limitations in power and scalability.”* As smaller transistors are
crowded onto silicon chips, both power and heating issues start to dominate.* Biomolecular
devices have the potential to operate at higher efficiencies. This chapter begins with a
comparison of biomolecular and semiconductor electronics and highlights the exploration of

these new architectures as the molecular limit is approached.



A bioelectronics material that has shown great potential in photonic devices is the protein
bacteriorhodopsin (BR). The native organism, Halobacterium salinarum, uses this protein as a
photosynthetic energy source that converts light energy into a proton gradient (chemical energy).
The photochemistry involved in this conversion is inherent to its potential for biophotonic
devices and facilitates complex optical data storage and information processing. Implementing
BR as a medium for molecular computing has the potential to solve some of the problems unique
to integrated circuits. Additionally, the architecture of these protein-based devices may serve as a
model for scientists and computer engineers who are investigating other molecular media.
Optical memories and processors will be discussed in this chapter and prototypes successfully

implementing the proposed architectures will be described.

1.2.  Biomolecular and Semiconductor Electronics

One of the best ways to introduce bioelectronic computing is to compare the potential
advantages of these developing technologies with the current advantages of semiconductor-based
electronics. The following sections elaborate on key characteristics of computing and serve as a
sample of the technical advancements achieved by scientists and engineers over the past few
decades. Similar discussions can be found in references . We note that many of the same
challenges faced by molecular engineers to achieve the goals of miniaturization and speed will
soon be faced by semiconductor engineers as consumer technology advances. As the molecular
level is approached, the problems involved in developing novel computational systems will unify

independent of the technology used.



1.2.1. Size and Speed

The strength of molecular electronics is the potential capacity for using synthesized
molecules that are of the nanometer scale. Additive synthesis allows a certain flexibility in
creating a feasible material for these devices “from the bottom up”, starting with readily
available organic compounds. Semiconductor devices are generated “from the top down”
through the lithographic manipulation of bulk materials. A synthetic chemist can selectively add
an oxygen atom to a chromophore with a precision that far exceeds a comparable lithographic
step, in which electron beams or X-rays etch a semiconductor surface. Molecular-based gates
approach a size that is hundreds of times smaller than lithographic components. Some
investigations have even produced logic gates down to the atomic level,” while others have been
shown to exploit the spin states of quantum dots as one- and two-quantum-bit gates.®

1°'2 illustrates trends in bit size that have characterized the last few decades of

Figure 1.
computer memory development. The results indicate that the area per bit has decreased
logarithmically for multiple technologies since the early 1970s. As a comparison, we also show
the cross-sectional area per bit calculated for the human brain (assuming that one neuron is
equivalent to one bit), for our proposed three-dimensional memory, and for generic molecular
memories. Despite the fact that current technologies have surpassed the cross-sectional density
of the human brain, the major advantage of the neural system is that information is stored in
three dimensions and is capable of associative recall. Admittedly, it is a considerable stretch to
compare the mind of a human being to digital technologies; however, the analogy emphasizes

the fact that current computational technology is still far behind the complexity of the human

brain. Figure 1.1 also demonstrates the rationale for and the potential of the development of
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Figure 1.1. Analysis of the area in square microns required to store a single bit of information as
a function of time (date in calendar years). The data for magnetic disk, magnetic bubble, optical
2D and silicon DRAM memories are taken from *'' and the references therein. These data are
compared to the cross-sectional area per bit (neuron) for the human brain as well as anticipated
areas and implementation times for optical three-dimensional memories and molecular
memories.'> Note that the optical 3D memory, the brain, and the molecular memories are three-
dimensional and therefore the cross-sectional area (A) per bit is plotted for comparison. The area

is calculated in terms of the volume per bit, V/bit, by the formula A = (V)m.



three-dimensional memories based on BR, which will be discussed further in this chapter. We
can conclude that the trend of memory densities will soon force the bulk semiconductor industry
to address the approaching limitations that proponents for molecular electronics are beginning to
solve.

The capability of rapid switching of molecular logic gates can largely be attributed to size.
In general terms, gates operating either by electron transfer, electron tunneling, or
conformational photochromism will increase in speed as there is a decrease in size of the
material. This speed-versus-size tradeoff applies to all gates in use, whether they are already
implemented or currently being envisioned. The mass of the carrier will limit how rapidly the
conformational change can take place. In principle, one can argue that the generation of an
excited electronic state in less than one femtosecond (10" sec) within a large chromophore-
containing protein is an exception to this general statement. Nevertheless, the reaction of the
system to the charge shift remains to be size-dependent and the direct relationship between the
total size of the device and the response time remains valid.

The speed of molecular and biomolecular-based devices is limited in part by the
Heisenberg uncertainty principle. The maximum frequency of operation of a monoelectronic or

monomolecular device, fiax, can be estimated by the following relationship:

0.00800801- D, - *
Fous = 0’ 50°
hN{27r+2tan"1(—2)+ln[ . —ln( s H

4 4 (1.1a)
0.9630
£ (GHz) =~
(1.1b)
where 0, is the energy separation of the two states of the device in wavenumbers and N is the

number of state assignments that must be averaged to achieve a reliable state assignment.



Equations 1.1a and 1.1b only apply to monoelectronic or monomolecular devices; however,
Heisenberg’s uncertainty principle permits higher frequencies for devices using ensemble
averaging. For example, if a device requires 1000 state assignment averages to achieve reliability

B Almost all

and 0, =1000 cm”, the maximum operating frequency will be ~960MHz.
monomolecular or monoelectronic devices require N > 500 at ambient temperature, however,
cryogenic devices (~1.2 K) can approach N=1. While quantum mechanics places constraints on
the operating frequency at ambient temperatures, molecular devices may have an inherent
advantage of faster data transfer and calculation speeds compared to current technologies.
1.2.2. Architecture

The fundamental building block of current computer gates and signal processing circuitry
is the three-terminal transistor. Inherent in the ability to exploit this element of modern devices,
lithography offers one advantage that none of the techniques available to bioelectronics can
duplicate. Lithographic materials can be used to build ultra large-scale integrated devices that
involve from 10’ to 10’ discrete components with complex interconnections. The true power of
the integrated circuit does not come from the capability of fabricating a chip with millions of
devices, but stems from the ability to interconnect the devices in a complex circuit. The
replication of this particular architecture is near impossible using molecules and it should be
noted that it is becoming more difficult to implement with semiconductor materials with the need
to keep up with the increasing modern demands of computational power and energy efficiency.

Biomolecular electronics offers significant potential as a catalyst to explore completely
novel architectures and represents one of the defining sources of enthusiasm for researchers in

the field. The need for new architectures as devices approach the limits of lithographic materials

should encourage the investigation and development of new designs based on neural, associative,



or parallel architectures and lead to hybrid systems with enhanced capabilities relative to current
technology. For example, optical associative memories and three-dimensional memories can be
implemented with unique capabilities based on photoactive proteins (see sections 1.4 and
1.5)."*"* The incorporation of these architectures within hybrid systems is anticipated to have
near-term application. Furthermore, the human brain, a computer with capabilities that far
exceed the most advanced supercomputer, is an elegant example of the potential of molecular
electronics and a hint into the future of computation and artificial intelligence.'>'*"” Although
the development of an artificial neural computer is beyond our current technology, it would be
unreasonable to assume that such an accomplishment is impossible. Current research
investigating molecular electronics should be viewed as an opening to new architectural
opportunities that will lead to overall advances in computer and signal processing systems.
1.2.3. Nanoscale Engineering

During the evolution of computer technology, the feature size of high-speed
semiconductor devices has decreased dramatically and still continues along this trend (see Figure
1.1). The informational revolution has driven the demand for higher speeds and densities, which
has lead to submicron feature sizes in the most commonplace devices of today. Extreme
ultraviolet lithography can provide modest improvement over the projected densities of current
materials; however, there is a need for new light sources for the development of nanoscale
feature sizes.”” Such lithographic methods are well understood, although several challenges
remain to be solved before the technology is successfully implemented.*'**

As we have noted above, organic synthesis provides a “bottom-up” approach that offers a
100- to 1000-fold improvement in resolution relative to the best lithographic methods. Two

alternatives to organic synthesis that have made an impact on current efforts in biomolecular
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electronics have been self-assembly and genetic engineering. The Langmuir-Blodgett technique
that is used to prepare organized structures is the most known and best characterized example of
self-assembly; however, self-assembly can also be used in the generation of membrane-based

23-29 .
Genetic

devices, microtubule-based devices, and liquid crystal holographic films.
engineering offers a unique approach to the manipulation of large biological molecules and is the
described technique in this chapter. Specifically, here we discuss the enhancement and
application of BR using mutagenesis and directed evolution for various bioelectronic devices
(see section 1.6). Genetic engineering is crucial to the early success of implementing large and
complex molecules into these devices. We note, however, that recent advances in DNA
architectures for computing and processing information have been made and the reader is
directed to relevant references for further discussions of these technologies.'®!">%>
1.2.4. Stability

All electronic devices produce heat as a byproduct of their operation. The thermal
stability of the biomolecular components must be considered because most organic-based
molecules, including proteins, are irreversibly damaged at temperatures far lower than the
operational temperature of the inorganic materials that are used in current semiconductors.
However, there are examples of biological molecules that can operate at moderate to high
temperatures for extended periods of time. Bacteriorhodopsin, for example, is stable to
temperatures above 80 °C>® and is often regarded as a viable material for optical computing (see
section 1.3)."73%37
When many write-read-erase cycles are required for biophotonic applications, such as

holographic associative memories, concerns of stability are extended to the photochemical

degradation of molecules. Photochemical stability is measured in terms of cyclicity and
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approximates the ability to photochemically switch between functional states before becoming
unreliable. There is no accepted definition of cyclicity, but it is often considered to be the
number of events required to degrade (or denature) ~37% (l/e) of the material.”
Bacteriorhodopsin is capable of >10° conversions at ambient temperature®* and, when paired
with the thermal stability, is more stable than a majority of organic photochromic molecules.*'
Much of this stability is attributed to the protein structure,” which sequesters the photoactive
chromophore within the protein core and protects it from oxidation and free radicals while
simultaneously providing steric constraints that enhance stability.

The reliability of the protein-based device can also be implemented to ensure that no data
is corrupted or lost if any protein denatures via thermal or photochemical stress during operation.
One such method is ensemble averaging, whereby many molecules are simultaneously used to
represent a single bit of information. This technique is implemented as a fail-safe to reduce the
risk of molecular degradation affecting a device. Other methods have been designed and the
reader is directed to articles by Lawrence et al.*’ and Lawrence and Birge** for further
information about the topic. In summary, thermal and photochemical stability is an important
issue to consider when implementing molecules into electronics; however, it has been shown that
both native and redesigned biological molecules have stabilities sufficient for the operating
conditions of the proposed technologies."

1.2.5. Reliability

Advocates of semiconductor-based devices have cited the issue of reliability repeatedly
as a reason to view molecular and biomolecular electronics as impractical. Some believe that the
need to use ensemble averaging in optically coupled molecular gates and switches demonstrates

the inherent unreliability of these devices. As a counterpoint, one must acknowledge that
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transistors require more than one charge carrier to function efficiently. In fact, most ambient
temperature molecular and bulk semiconductor devices use more than one molecule or charge
carrier to represent a bit. This is simply because ensemble averaging improves reliability and
permits higher speeds. The use of ensemble averaging does not, however, rule out the possibility
of building reliable monomolecular or monoelectronic devices.

The probability of correctly assigning the state of a single molecule, p;, is never unity.
This seemingly flawed assignment capability is due to quantum effects and inherent limitations
in the state assignment process for many technologies. The probability of an error occurring in a
single state assignment, Peyor, 1S @ function of p; and the number of molecules, n, within the
ensemble used to represent a single bit of information. Peqor can be approximated by the

following formula:"

(2p1+1)\/; . (2171—1)\/5
42p, (1= p) " 4/2p,(1- p,) (1.2)

Perr()r(n’pl) = _e’ff‘

where erf[Zo; Z1] is the differential error function defined by:

erf|Z,;Z,| = Erf1Z,1- Erf1Z,] (1.3)

where

erf|Z] = %joz exp(—12)dt
(7) (1.4)

Equation 1.2 is an approximate representation of the error involved in these processes and
neglects the statistical error associated with the probability that the number of molecules in the
correct conformation can stray from their expectation values. Nevertheless, these equations are

sufficient to demonstrate the issue of reliability and ensemble size.
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Let us define a logarithmic reliability parameter, &, that is related to the probability of
error in the measurement of the state of the ensemble by the function, Peror = 10™. A value of & =
10 is considered a minimal requirement for reliability without the need for error correcting
routines. If we assume that a single molecule can be correctly assigned with a probability of 90%
(p1 = 0.9), then 95 molecules are required to collectively represent a single bit to yield & > 10
[Perror (95, 0.9) = 8 x 10™""]. A value of p; = 0.9 is larger than what is normally observed.
Ensembles larger than 10° are typically required for sufficient reliability, although this value
diminishes if fault-tolerant or fault-correcting routines are built within the architecture. Analyses
on specific molecular-based devices are discussed further by Tallent et al.”

The question next becomes whether or not a reliable processor can be designed that uses
a single molecule to represent one bit of information. The answer is yes, provided that one of two
conditions is met. First, the device can have fault-tolerant architectures that either recover from
digital errors or operate reliably with sporadic error due to analog or analog-type environments.
One example of digital error correction that is commonly used in semiconductor memories is the
use of additional bits beyond the number required to represent a number. These architectures
lower the required value of & to less than 4. Analog error tolerance is present in many optical
computer designs that implement holographic and/or Fourier architectures to carry out complex
functions. Second, it is possible to design molecular architectures that can probe the assigned
state of a bit without disturbing the state of the molecule. For example, an optically coupled
device can be read by using a wavelength that is absorbed or diffracted, but that does not initiate
state conversion. Under these conditions, the variable n in Equation 1.2 can be defined as the
number of read operations instead of the ensemble size. In the previous example, 95 molecules

must be included in the ensemble to achieve reliability. Using this architectural system, a single
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molecule can be used to assign a state provided that 95 nondestructive measurements are used to
define the state. Multiple measurements are equivalent to integrated measurements, and a

continuous read with digital or analog averaging can achieve the same level of reliability.

1.3.  Bacteriorhodopsin as a Holographic Material for Bioelectronics
1.3.1. The Purple Membrane

Bacteriorhodopsin (MW = 26 kDa) is the light-transducing protein expressed in the
purple membrane (PM) of the archacon, Halobacterium salinarum.”*" This organism is native
to salt marshes, which contain environments characterized by low oxygen levels and a salinity
that is roughly six times greater than that of seawater. When dissolved oxygen concentrations are
insufficient to support oxidative phosphorylation, BR is expressed throughout the plasma
membrane of the native organism. Thus, production of metabolic energy occurs via a
photosynthetic proton pumping mechanism that is coupled with the rapid synthesis of adenosine
triphosphate (ATP) in the cell cytoplasm.*®

The PM, coined as such due to the presence of a distinctive purple pigment, contains a
two-dimensional, semi-crystalline lattice of hexagonal subunits made up of BR trimers. The
structure of BR includes a seven transmembrane, a-helical motif that is functionalized with a
long-chain polyene chromophore, all-frans retinal, via a protonated Schiff base linkage to
Lysine-216.** The absorption of a single photon by the protein initiates a complex photochemical
reaction, termed the BR photocycle, which is characterized by a cyclic series of conformational
changes and the concurrent net translocation of a proton from the intracellular to the extracellular

49-51

region (see Figure 1.2). The photocycle of native BR has a lifetime of approximately 15 ms

and contains transient, spectrally distinct photointermediates that span the entire visible region of
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Figure 1.2. The photocycle and branched photocycle of native BR. (A) The absorption maxima
(in nm) and the retinal conformation are provided below each corresponding photointermediate.
The branched photocycle (the P and Q states) is reached via a sequential two-photon event, in
which the protein is initially paged with an incident photon (~570 nm) and is subsequently
driven by another (~640 nm) during the lifetime of the O state. The relative refractive index of
key photointermediates are highlighted, and the absorption spectra of select photointermediates
are provided in (B) (Based on Figure 2 from reference 15).
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the electromagnetic spectrum. The unique photophysical properties of BR present an innate
advantage for the development of photonic devices; however, the potential of this biomaterial is
derived from the coupling of this photochemistry with robust structural and functional stability.

In the PM, native BR has been shown to be stable at temperatures above 80°C,* and, once
placed in a chemically altered environment, could withstand temperatures as high as 140°C.”>>
In addition to thermal stability, BR exhibits high photochemical stability, which is defined as the
number of times the protein can be photochemically activated before denaturing.'> This cycling
property exceeds 10° for BR at ambient temperature and is considerably higher than that of most

: . 38,39
photochromic organic molecules.™

1.3.2. The Photochromic Properties of Bacteriorhodopsin

For FT holographic associative processors, the spectral separation and the significant
change in refractive index throughout the photocycle implicate the potential for use in the
architectures described above. The absorption of a photon by all-frans retinal potentiates the
formation of a Franck-Condon excited state and a near instantaneous shift of electron density
down the polyene chain of the chromophore, thereby initiating an isomerization around the
C13=C 4 double bond to form 13-cis retinal (see Figure 1.2).*® This 500 fs process is referred to
as the primary photochemical event of BR (bR—=>K), and is followed by a cascade of thermally
driven photointermediates (L, M, N, O, and back to bR).54’55 The M state forms approximately
50 ps after the absorption of a photon and is associated with the transfer of a proton from the
protonated Schiff base to Aspartic acid-85, which is the residue that serves as the primary
counterion in the resting state.’® This transition results in a dramatic hypsochromic shift in the
absorption maximum (Amax; 570 nm = 410 nm), which has a time constant of 10 ms. For real-

time holographic associative processing, the blue light absorbing M state is the secondary
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constituent in the bR/M photochromic pair. In addition to the thermal decay pathway of the M
state back to the resting state, the bR state can also be regenerated from the M state through the

absorption of blue light. This photoreversibility is described using the following equation,

DRy, = 5T0mm) 7= M (},

max

= 410nm) (L5)

where @, and @, are the quantum efficiencies of the forward (bR—>M) and reverse (M—>bR)
reactions, respectively. Due to the unusually high quantum efficiencies of both reactions, BR has
proven to be an ideal optical recording medium for holographic processors. However, this
application relies on the manipulability of the M state time constant, which is prohibitively short
in the native form of the protein. Norbert Hampp and colleagues have achieved success in
designing a real-time holographic interferometer based on the chemically and mutationally
modified BR mutant, which contains a long-lived M intermediate that persists on the order of

57-
seconds.’”™’

Despite this success, a system with pure photoswitching without a transient thermal
decay has yet to be realized using the M state, thereby preventing applications in long-term data
storage. Since the advent of this device, however, a long-term photoproduct of BR (the Q state)
has been discovered and exploited to form a new prospect of photochromic equilibrium with two
long-lived states.

A branching reaction of the main photocycle is accessed via a sequential two-photon
event. The photocycle is first initiated through light absorption by the chromophore, and the
branching reaction is obtained through the subsequent exposure to red light (~640 nm) while the
protein is in the O state.’’ The P state, which contains a 9-cis chromophore and a Ap,x of 490 nm,
is the direct photochemical intermediate of this reaction pathway, and is followed by the

hydrolysis of 9-cis retinal and the formation of the Q state (Amax = 380 nm).**®' The Q state

photoproduct is thermally stable for several years (requiring 190 kJ mol™ to initiate a reversion)
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and may be converted back to the bR resting state upon the absorption of a high-energy photon
(~380 nm). The discovery of the branched photocycle of BR has yielded advances in the
development of sequential two-photon volumetric memories based on the protein, where two
stable products (bR and Q) are assigned to binary bit 0 and binary bit 1, respectively."

The stability of this photoproduct and the ability to probe and manipulate the protein
medium via differential absorptivity has lead to a dramatic increase of potential in biomolecular
devices. The architectural requirements of the sequential two-photon stimulus parameters of BR
in the PM are more suitable for three-dimensional memories,"”> and not for the FT holographic
associative memories described here. Alternatively, a blue-shifted species analogous to the P and
Q states can be exploited in the blue membrane (BM) form of the protein, in which the PM is
transformed into a biphasic photochromic material capable of long-lived changes in the
refractive index.

1.3.3. The Blue Membrane

The formation of the BM occurs through altering the electrostatic interaction of retinal
with key residues using either chemical or mutational modification of the protein. Native BR
contains 4 moles of calcium(Il) and magnesium(II) per mole of protein at pH 6.0,°>® and the
removal of these cations perturbs the retinal binding pocket, inducing a reversible color change

from purple (Amax= 570 nm) to blue (Amax=605 nm).**” Cation displacement is accomplished by

65,68,69 62,64,69-71

either acidification of the PM or through deionization methods at standard pH.

Despite the efficiency of these methods, both forms of chemical modification result in a

72,73

destabilized form of the protein. Mutational manipulation has proven to be effective at

inducing localized changes to create a stable form of the BM. Amino acids that stabilize the
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74,75

protonated Schiff base are often targeted for mutagenesis, and these mutants have been

successfully implemented into long-term holographic memory devices.”®"’

Within the BM, the chromophore exists in both the all-trans and 13-cis conformations in
the resting state (Amax = 605 nm).**’® The primary photochemical event (all-trans = 13-cis) is
still initiated upon the absorption of a photon, however, the reaction has a much lower efficiency
(® = 0.10) and contains a truncated photocycle that does not terminate with the net translocation
of a proton.”” Despite these altered photophysical characteristics, the BM is capable of forming
blue-shifted intermediates that are similar to the P and Q states of the branched photocycle.
Under sustained illumination with red light (~640 nm), a reversible photoconversion is initiated
to form a species with a Amay of 490 nm, which is often referred to as the pink membrane.”® The
pink membrane is characterized by the 9-cis conformation of retinal and is a long-lasting
photoproduct of the BM form of BR, which can only be reverted back to the BM resting state
(bR) via blue light (~400 nm) illumination.’®® The pink membrane has been shown to form two
thermal decay products (Amax = 450 nm and 380 nm), the latter of which is characterized by a

60,70,71,80

hydrolyzed 9-cis retinal (Q state). In application, blue&—>pink photochromism is

isolated in dehydrated polymer films.”"*'

The application that includes the blue/pink photochromic pair differs in two ways from
the bR/M pair. First, the pink membrane form is stable for weeks or months in contrast with the
transient intermediates of the BR photocycle.”’ Secondly, the quantum efficiencies of the
forward and back reactions are minute compared to the reactions of the PM.”® The low sensitivity
to incident light, however, is of little consequence and can even be advantageous. Low quantum

efficiencies signify that thin films would be stable under ambient light conditions, which would

elicit transferrable long-term holograms for data storage. Moreover, under write and read
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conditions, the low efficiency is circumvented due to the widespread availability of high-energy

diode lasers.

1.4.  Fourier Transform Holographic Associative Processors

Associative processors based on holography present a unique advantage over
conventional computers in the implementation of auto-correlation. These processors can be used
to identify and optically compare real objects to an extensive holographic database and has
shown potential for applications in optical computer architectures, robotic vision hardware, and

88284 Unlike the architectures of current integrated circuits

generic pattern recognition systems.
in semiconductor-based computers, holographic associative processors mimic the neural
associative activity of the human brain. Neural association processes allow for the fast and
efficient identification of objects in real time and the capability of distinguishing between
multiple objects of a similar form. Conventional computers lack the necessary architecture to
complete associative recall. They are capable, however, of compensating through complex
algorithms that involve the digitization of the input image, the comparison of the input data to all
digital images, and the exploitation of correlation subroutines that identify the closest match.*
Holography allows us to surpass these limitations and to create a data processor that competes
with the complexity and efficiency of the human brain.

It has long been known that human associative recall can be simulated by using a Fourier

84,86-89 . .
’ Before we discuss the use of protein-based

transform (FT) holographic optical loop.
holographic films and spatial light modulators, it is useful to describe the nature of FT optical

association. This introduction is important to understanding the hybrid architecture we have

implemented.
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1.4.1. Computer Simulation of the Complex Fourier Association Process

Consider two gray-scale image planes of identical pixel dimensions. Each pixel is
represented by an element in a matrix of identical dimension (a 1024 x 1024 image plane is
represented by a 1024 x 1024 matrix of real numbers). A smaller sample image is copied into the
sample plane at an arbitrary location, and a reference image is copied into the reference plane at
an arbitrary location. If we assume that an image pixel has a value from 0.0 to 1.0, where 0.0 is
pure black and 1.0 is pure white, the following algorithm will yield the complex Fourier
association (CFA) between the two images.

Both images are Fourier transformed by using standard two-dimensional complex FT
procedures. Our implementation is an internal function of MathScriptor 2.2.16, which is freely

available from www.mathscriptor.org. The FT of the single matrix, representing the sample
plane (onto which the sample image is imposed), is represented by a matrix, W, of cosine (real)

components and sine (imaginary) components. We represent these elements as c¢; and s;
ij 7

respectively. Similarly, the FT of the reference matrix yields ¥’ , with real and imaginary

components, CS‘ and s;’ The CFA of these two image planes is calculated by using the following

equation:
2(¥[a] ")
YA ) ~— L L ,
(e la]e) P (1.6)
where

=S5 ) ] (1.7

\wb\zzgg_(c;)2+(s;)2} , (18)
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and

(¥

o 1) =S8 () s+l o) | 9

The speed of the above algorithm is limited primarily by the time required to carry out a pair of
two-dimensional complex Fourier transformations. High-resolution CFA on 3000 x 3000 images
can take many seconds on array processors designed for the task, and thus, optical
implementations are of value for real world applications. The key advantage of the above
algorithm is two-fold: it allows us to explore the association process with digital precision and it
reflects the same behavior as the optical associative memory that we explore below.
Translational Invariance: There are three variables that determine the relationship of a
sample image with respect to a reference image: translation, rotation and size. If the sample and

reference images are identical, the above equations calculate perfect association

(<‘P” A| ‘Pb>= 1) regardless of where the images are located on the sample and reference planes.
Thus, CFA is translationally invariant in the mathematical domain. This observation is not
necessarily true in the optical domain, but in our implementation, translational invariance is
retained (see below).

Rotational Variance: Consider solid white rectangles of identical width and a variable
aspect ratio, in which the aspect ratio equals the ratio of the long axis to the short axis. If we
associate two identical rectangles that differ only in terms of rotation, we find that the CFA
varies dramatically depending upon the relative angle of the sample and reference rectangles.
The results are presented in Figure 1.3 for rectangles of aspect ratio 1 (squares) to 10 (rectangles

of length 10 by 1). Thus, we are calculating the CFA (Equation 1.6) for two identical objects

which have a relative rotation from 0° to 90°. The CFA value is invariant to the absolute rotation
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Figure 1.3. Complex Fourier association (CFA) is rotationally variant. The above graph displays
CFA values for pairs of identical solid white rectangles as a function of relative angle and for
various aspect ratios (= length/width). Pure squares (aspect ratio = 1) show only minor
dependence on angle. Rectangles with lengths ten times longer than widths (aspect ratio = 10)
must be aligned to within a fraction of a degree to register accurate CFA values.

24



of the samples, but very sensitive to the relative rotation. Higher aspect ratios lead to a more
severe drop-off in CFA with relative rotation (Figure 1.3).

Size Variance: The problem of rotational variance is compounded due to the fact that two
objects must be size coordinated to properly associate in Fourier space. As shown in Figure 1.4,
however, the nature of the objects is of minor importance to the magnitude of the variance.
Figure 1.4 displays the CFA for a variety of identical objects, from simple letters to human faces.
It is surprising how similar the size dependence of the CFA is with regards to varying objects.
The nature of the size variance (Figure 1.4) is quite different from the shape dependence of the
rotational variance (Figure 1.3). Thus, when an unknown object is to be characterized via Fourier
association, the first step is to optimize the relative size to yield a maximal CFA. The second step
is to rotate the input object to maximize the CFA. This combination works well for the vast
majority of problems, although it is not uncommon to follow this cycle through two optimization
passes when high discrimination is desired (i.e. size—>rotation—>size—>rotation).

Face Identification: The human brain is remarkably adept at facial recognition. The
neural processes have been studied extensively,”’ but the complex architecture of the human
brain is too unique to provide useful templates for computer-based face recognition.”"”> Given
the observation that FT optical associative memories mimic human memory recall (see above), it
is appropriate to test the ability of CFA to differentiate human faces. A simple example based on
four faces is presented in Figure 1.5. The two faces in the top quadrants are from different
individuals. The two faces in the bottom quadrants are of the same individual, but differ in
expression. Despite the different expressions, CFA yields a very high correlation between both

faces (see Figure 1.6).
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Figure 1.4. Complex Fourier association (CFA) requires that the two objects being compared
have relative sizes that are shifted to an identical extent from the actual sizes of the objects. The
above graph displays the CFA values for a set of identical objects, where the sample size has
been changed relative to the reference size by a value of 1 (identical sizes) to 3 (sample image is
three times larger than the reference image). Objects ranged from simple letters to complex
objects, including human faces. Regardless of object complexity, the CFA varies with size
differential by a similar magnitude.
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0.9758

0.9992

Figure 1.5. Comparison of four faces based on complex Fourier association (CFA). Each pair of
faces are angle and size tuned to yield the listed maximal CFA value, which is displayed between
all pairs as indicated by the arrows. Note that the bottom two faces belong to the same person,
but differ significantly in expression. Nevertheless, the CFA value of 0.9992 indicates that a
holographic associative memory would recognize that both images were associated with the
same person. A key observation of this study is that facial recognition via CFA is accurate, but
requires at least 3.5 significant digits of precision. This is an easy goal for a computer, but a non-
trivial requirement for optical Fourier instrumentation.
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Figure 1.6. The remarkable ability of complex Fourier association (CFA) to recognize that two
faces, with very different expressions, belong to the same individual. The complex Fourier
transform of image a generates a cosine (c;) and a sine (s; ) matrix, which are shown in the top
three panels from left to right. The bottom three panels show the corresponding information for
image b. The values of the matrix elements are represented by pixel darkness with white = 0.0
and relative magnitude being represented by darkness of the pixel. While the two complex
transforms have significantly different cosine and sine matrices, the CFA calculated using
Equation 1.6 is nevertheless capable of revealing a high associative correlation (0.9992). The key
disadvantage of CFA algorithms is the computational expense. Hence, an optical approach
(Figure 1.7), which is thousands of times faster, is to be preferred for real-time applications.
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An important observation is that while CFA does a remarkably good job of
differentiating faces, the process requires four digits of precision. In computer terms, this is a
trivial requirement. When CFA is implemented in optics, however, the equivalent of four
significant digits of precision can only be achieved by using high-quality Fourier lenses and
vibration-free optical platforms. We explore an optical associative processor in the next section.
1.4.2. Fourier Transform Optical Associative Processors

Holographic associative loops were first described by Paek and Psaltis in 1987 and were
revolutionary in their use of Fourier transformations to write and read reference planes using thin
films.** In practice, these associative memories take an input data block and scan the entire
memory for the data block that matches the input. In some implementations, the closest match
will be found even if there is not a perfect match. The memory will then return the data block
that satisfies the matching criteria. The most sophisticated associative memory hardware would
permit data blocks of varying sizes for flexible association of input and output data. We have
implemented the design proposed by Paek and Psaltis by using thin films made with BR as the
photoactive material (Figure 1.7)." Modifications to this system have been made to facilitate the
introduction of both input and reference images using a single active matrix spatial light
modulator (AMSLM) and output using a charge-coupled detector (CCD). Because BR thin films
are dynamic holographic media, new databases can be actively fed in through the AMSLM as
needed. Database images are focused via Fourier lenses (FL) onto two hologram locations, H1
and H2, and then the input image is fed into the system. The image transverses the loop and is
superimposed on H1 and H2, at which point an intensity enhancement is observed at the location
of the closest match in the database array. The hologram stored at this location is preferentially

selected and imaged at the CCD output. Figure 1.8 demonstrates the associative analysis of a
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Figure 1.7. Schematic diagram of a Fourier transform holographic (FTH) associative memory.
Thin polymer films of bacteriorhodopsin serve as media to create FTH reference planes for real-
time storage of the holograms. A partial input image is enough to select and regenerate the entire
associated image stored on the reference hologram. Although only four reference images are
shown, the FTH associative memory can handle many hundreds or thousands of images
simultaneously. This memory can also work on binary data by using redundant binary
representation logic, and a small segment of data can be used to find which page has the largest
association with the input segment. Selected components are labeled as follows: AMSLM, active
matrix spatial light modulator; FL, Fourier lens; FVA, Fresnel variable attenuator; H1, H2,
holographic films; PHA, pin-hole array; SF, spatial filter; SP, beam stop (adapted from Figure 9
from reference 15).
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Figure 1.8. Demonstration of the importance of thresholding in the associative analysis of data
sets with similar pages. A set of 16 pages each containing a single letter (A) is associated with a
single letter, K, as input (B). The intensity of the Fourier association at each pinhole is shown in
(C) and displayed as a profile at the CCD detector in (D). The letters R and K are so similar that
either letter will strongly associate with the other, and without variable association, both letters
would be displayed in the output. Associative memories work best when the pages contain more
complex entities such as words, paragraphs, complex images or combinations of words and
images. The higher the complexity, the more accurate is the associative recall.
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data set using thresholding to obtain the closest match. Thresholding is handled electronically in
this implementation; however, optical thresholding can improve the overall performance.®***
As shown in Figure 1.7, a partial input image is sufficient to generate a complete output image
once a match is obtained within the database. For a more detailed discussion of associative loop

15,83,85,93
b

technology and the architecture described above, the reader is referred to references as

well as further discussions by Paek and Psaltis.******7

A data search within the associative memory can be enhanced significantly if the
holographic reference pattern is rapidly changed via the single optical input. For this to remain
true, feedback and thresholding must be maintained. In conjunction with solid-state hardware, a
search engine of this type can be integrated into the hybrid computer architectures envisioned
here. The diffraction limited performance and the high write and erase speeds associated with the
excellent quantum efficiencies of these films represent key elements in the potential of this
memory. The protein-based system described above provides the most efficient and cost-
effective approach to developing large-scale associative processors for true artificial intelligence.
Furthermore, the ability to genetically modify the protein (see section 1.6) or replace retinal with
a modified chromophore analogue provides tremendous flexibility and control in enhancing the
photophysical properties of the protein for such devices.*>”*"®
1.4.3. Holographic Properties of Bacteriorhodopsin Thin Films

Bunkin and coworkers were the first to propose the use of BR in protein-based thin films
as a holographic storage medium.” Bacteriorhodopsin has since been characterized as an
efficient holographic material that exhibits significant potential in pattern recognition, optical

39,40,57,89,100-102

filtering, and artificial neural networking. Protein-based thin films are prepared by

using an optically transparent polymer or polymer blend base to immobilize the PM (or BM),
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thereby creating ordered protein-polymer assemblies. The thin films are tunable through the
manipulation of concentration and chemical environment, genetic engineering, and read/write

laser intensity, and have a resolution that is more than 5000 lines/mm.'%*

Below, we discuss the
holographic properties that enable BR-based thin films to be applied in associative memories.
Figure 1.9 provides a theoretical schematic describing the optical design necessary to
record plane wave holograms onto a thin protein film and to read the resulting spatial light
intensity distribution. This architecture is capable of recording volume transmission holograms,
where the object and reference beams approach the recording medium from the same side of the
film. Data recording is initiated using two identical laser beams that are derived from the same
source and have a wavelength that couples sufficiently with the Amax of BR (~570 nm). The two
incident beams overlap at the plane of the film and are polarized perpendicular to the plane of
incidence to make an angle (6,) with respect to the film normal. As a result of the coherence
properties of emitted laser light, a three-dimensional interference pattern is recorded onto the
film, which has a thickness (¢) that is significantly greater than the recorded interference pattern

induced by laser light. The periodic spatial light intensity distribution presented in Figure 1.9 can

also be described mathematically in one dimension by

1) =, +12)[1+Vcos2ﬂ}
L (1.10)

where I, and I, are the intensities of the individual beams, V' is the contrast ratio of the

interference pattern given by

V _ 2([112)1/2

(4 +1) (1.11)

and P is the fringe spacing of the grating (see Figure 1.9), which can be calculated using
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Figure 1.9. A schematic representation of the experimental set up used in writing and reading a
volume transmission hologram. The volume transmission hologram (left) is representative of a
BR-based thin film, wherein the dark and light lines represent regions of high (bR) and low (M)
refractive index, respectively (see text). A BR hologram is written by overlapping beams derived
from the same laser, and the hologram is non-destructively read using a probing beam at the
Bragg angle (¢r). See the text for further details on holographic properties. The inset depicts the
general architecture of the formation of the BR-based thin film used in experiment. The
following symbols are used: P (fringe spacing), ¢ (film thickness), ¢w (writing beam angle), FVA
(Fresnel variable attenuator), BS (beamsplitter), SF (spatial filter), M (mirror).
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In real-time holographic applications, the interference pattern can be defined as a periodic spatial
concentration distribution of the bR and M states. The film is a recording of phase and amplitude
information of the incident laser light and can be viewed as a spatial modulation of the
absorption coefficients and the indices of refraction. In places of constructive interference, bR is
driven to the M state and the associated volume has a lower refractive index than initially
observed. Conversely, destructive interference does not initiate the photochemical reaction of BR
and the relevant volumes remain in bR state, which has a relatively high refractive index. An
accurate description of the relationship between absorption and refraction of a modulated BR
thin film is achieved through the use of the Kramers-Kronig (KK) transformation.'*
1.4.4. Application of the Kramers-Kronig Transformation

As light passes through any optically transparent medium, the material will absorb some
portion of that incident light. The relationship between absorption and index of refraction (n) is
fundamental to the diffraction or reconstruction processes in holographic processing applications.
Thus, complex indices of refraction must be applied to accurately describe the behavior of these
materials, using both real (n) and imaginary (k) terms to indicate phase speed and loss of
absorption, respectively.®® These two terms are measured and correlated via the KK

103

transformation. ~ The KK relation analyzes the complex index of refraction using the following

integral relation:

o'k(w)dw'
2

n(a))—n(a)w):zP.V.Jm >
T S Ol O (1.13)
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where « is the absorption index, w is the angular frequency, and P.V. is the Cauchy principal
value of the succeeding improper integral. The absorption index can be related to the absorption
coefficient using

ocC
K=

20" (1.14)
where « is the absorption coefficient in wavenumbers (cm™) and c is the speed of light in the
centimeter-gram-second (CGS) system of units. The absorption coefficient can be linked to

experimentally measured absorbance of the film by using the following equation:

o(A) = 2.3026A(TM

, (1.15)
where ¢ is the thickness of the sample under investigation. Experimental absorbance can then be

incorporated into Equation 1.13 to produce the following relationship:

23026 - A(A)dA!
A (1.16)

Subsequently, this equation can be modified to include the specific photochemical conversion of
interest, particularly the bR->M conversion observed in the transient BR photocycle or the
formation of the pink membrane from the blue membrane:

2.3026

B = Ag(A) = Ay (A)dA!
An(h)==— PV 5
2 . (1.17)

Here, X refers to either the M or Q states and bR refers to the resting state of native BR or of the
BM. Figure 1.10 exhibits the overall change in refractive index of BR through a KK analysis of
the bR and Q states of the BM mutant, D85E/D96Q (Figure 1.10, top) and an efficient Q-

forming mutant, V49A (Figure 1.10, bottom). The D85E/D96Q mutant presents the highest
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Figure 1.10. Calculated wavelength dependence of the holographic efficiency for DSSE/D96Q
(A) and V49A (B) BR using the Kramers-Kronig transformation and Kogelnik equations. The
holographic efficiency (purple line) was calculated for 100% conversion of state 1 (bRg or bR;
thick red line) to state 2 (Q; dotted blue line) in a 0.01 cm thin film with an OD of 5 at 280 nm.
A 10° write angle was used with a write wavelength of 532 nm. The refractive index change
(shaded green line) and holographic efficiency are normalized to their maximal values. All
spectra represent data collected at ambient temperature. This figure was adapted from Figure 7
from reference 104.
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efficiency of any BR mutant to date (16.7%). The V49A mutant also demonstrates an
improvement over that of native BR (6-8%), however, it is not as efficient as the BM mutant.'®*
1.4.5. Analysis of Diffraction Efficiency

The analysis of photodiffractive properties of volume transmission holograms has been
established through Kogelnik’s coupled wave theory.'”” Spatial modulations of the absorption
coefficient and the index of refraction of BR thin films are described using the following
83,105

truncated Fourier expansions:

a(x)=a,, +a,cos(2nx/P), (1.18)

n(x) = n,,, +n,cos(2zx / P) (1.19)

where o(x) and n(x) are spatial dependent values, aa; and na,, are the average values, and a; and
n; are the modulation amplitudes, all with respect to the absorption coefficient (o) and the index
of refraction (n). These parameters contribute to the total diffraction of the system, with the
absorption coefficient related to absorptive modulation and the index of refraction related to the
phase (optical path) modulation of the light electric field amplitude.

The diffraction efficiency of a hologram stored in a BR thin film can be defined as the
ratio of the diffracted light intensity, /p, to the intensity of the reading beam, /y. In a similar
manner to the KK transformation, the diffraction efficiency has both an absorptive and a

refractive component and can be explained using the following equations:®®

1
Mootat = I—D = Maps + Mphase » (1.20)
0
Aot (At
N, = D’ sinh’ {M}
2cos ¢,

(1.21)
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, [mAn(
nphase = D2 Sln2 {W}
(1.22)
oo 21
cos ¢, (1.23)

where Mol 1S the total diffraction efficiency, naps is the diffraction efficiency due to absorption,
Nphase 1S the diffraction efficiency due to refraction, ¢ is the thickness of the film, A is the
wavelength of the read laser, and 6 is the angle of incidence of the read laser. The read angle, 6,
is an experimentally derived measurement that can be adjusted as needed, however, the optimal

angle to achieve maximum efficiency can be found by using the Bragg condition:

0 - sin”! {lr sin@, }
A (1.24)

where 6, is the angle of the write beam relative to the film normal and Aw is the wavelength of

the write beam. The a and » terms in Equations 1.21 to 1.23 are related to the modulation
amplitudes of the absorptive and refractive terms, respectively. The D term in the above
equations is a measure of the amplitude of the spatial modulation and is included to restrict the
maximum value of the absorptive component of the calculated total diffraction efficiency. This
term requires that there is no spatial modulation of the refractive index, only modulation of the
absorption constant. An upper limit for the amplitude of the sinusoidal modulation must be
present, whereas the absorption modulation at the read wavelength is less than or equal to the
average absorption. Thus, the highest diffraction efficiency for an absorption grating is of Maps =
3.7%, which represents the case in which a;(Ar) is equal to aavg(kk).lo5 The Nphase term is entirely

determined by the change of refractive index and can have diffraction efficiencies that approach
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100%. Therefore, devices that require diffraction efficiencies of 3.7% or higher must use phase

holograms or mixed absorption and phase holograms.

1.5. Three-Dimensional Optical Memories
Many scientists and computer engineers interested in nanotechnology believe that the
most likely architecture that will be used for molecular electronics and computer hardware will

involve volumetric memory. Several optical architectures based on BR have been proposed in

40,106-108 109-111

the literature, including those involving holography, simultaneous two-photon, and

sequential two-photon'>*>!!?

applications. Despite the variety of ways in which this architecture
can be imagined, holographic media based on BR have not yet been successful due to the lack of
a truly bistable bR/M system. Furthermore, simultaneous two-photon volumetric memories have
shown to be problematic because of unwanted photochemistry induced by intense lasers and the
subsequent need for cleanup operations.''> The orthogonal sequential two-photon system has
shown the greatest potential in recent years because the branched photocycle of BR and the
presence of the long-lived Q state completely circumvent the major issues described above.

The sequential two-photon architecture minimizes unwanted photochemistry outside of
the irradiated volume and provides a particularly straightforward parallel architecture. As
discussed above, the discovery of the P and Q states add a considerable advantage to all BR-
based devices with a possibility of a long-lived photoproduct other than the bR resting state.
These devices rely on the potential for binary assignments of the two stable photoproducts, bR
and Q, as bit 0 and bit 1, respectively. Because the P and Q states can only be accessed via a

temporally separated dual pulse sequence, the protein operates like an optical AND gate in which

data is written if and only if two conditions are satisfied. Under these terms, the two conditions
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refer to the activation by a green paging laser, followed by a delay and a red data laser initiation
during the O state of the protein (see Figure 1.2). The orthogonal laser excitation ensures that
unwanted conversion to the Q state can be avoided in any given volume of the protein matrix.
The exploitation of the photochemistry involved in driving BR to these desired photostates is
based on the sequence shown in Figure 1.2, where the K, L, M, N, and O states are all transient
intermediates within the main photocycle of the protein, and the P and Q states are intermediates
in the branched photocycle. It is important to note that the Q state is the only photoproduct that is
defined by hydrolyzed 9-cis retinal (i.e., retinal unbound to the protein). Figure 1.11 provides
schematic representations of the write, read, and erase operations required for implementing the
branched photocycle architecture, and the components of the devices are described in greater
detail below.
1.5.1. Write, Read, and Erase Operations

The writing and the reading processes both start by “paging” a very thin region (~15
microns) inside the memory cuvette, initiating the photocycle in a select volume. Paging lasers
must have a wavelength between 550 and 640 nm to efficiently induce photoexcitation of native
BR and most BR mutants. The photocycle of native BR is over after approximately 10 ms, and it
is within this window of time that the second red data laser (680 nm) must be activated
orthogonally to the page to successfully write or read data within the medium. This process is
ideally accomplished once the O state reaches a maximum concentration, at about 2-3 ms after
initiation of the photocycle for native BR. If stimulation from the secondary laser is not present,
the protein simply returns to the resting state in a nondestructive manner. To write data,
information is spatially encoded in the incident red beam by a spatial light modulator (SLM),

only orthogonally accessing your selection and completing the conversion from bit 0 to bit 1. As
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a result, volumetric pixels, or voxels, are encoded within the immobilized BR medium and
remain until the erase operation is initiated.

In the center panel of Figure 1.11, the reading operation is illustrated. The first step is
identical to the writing process via the paging action of the device. The difference here is that
some volume in the page being probed is already written as the Q state, and is therefore
transparent to the orthogonal paging and data beams. The page is exposed to orthogonal red light
during the O state through data timing (DTS) and data read (DRS) shutters; however, this time
the laser is fired at a much lower intensity (roughly 1% of nominal write intensity) and no SLM
is used to encode information. A CCD array then images all light passing through the data
cuvette. Only elements in the paged region that began in the bit 0 state cycle into the O state, and
the CCD detector array observes differential absorptivity and the presence of bit 1. The
selectivity described here allows for a reasonable signal-to-noise ratio, even with thick (1 cm)
memory media containing more than 10’ pages. The absorptivity of the O state within the paged
region is more than 1000 times larger than the absorptivity of the remaining volume of the data
cuvette, which allows for the relatively weak beam to generate a large differential signal. A
protein with a photocycle of 10 ms completes one read cycle in that time, which leads to a rate of
10 megabytes per second. Each read operation must be monitored for each page in the cuvette,
and a refresh operation is necessary after ~1000 reads. In practice, the three most recent pages
are stored in semiconductor cache memory to reduce the number of refresh operations required.

The P and Q states can both be converted back to the bR resting state using blue light
(~410 nm). Data erasure can be accomplished one of two ways. First, bit 1 can be converted to

bit 0 by using a blue laser of coherent light with an output near 410 nm. Second, the cuvette can
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be erased globally by using incoherent light in the 360 to 450 nm range. Both options are
possible now with the availability of blue diode lasers at 405 nm to selectively erase pages;
however, all prototypes thus far have used the global erasure option due to a decrease in
complexity and expense. Figure 1.12 provides two views of a branched photocycle volumetric
memory prototype. Prototype development is in its third stage and currently implements the
orthogonal two-photon architecture using paging and data lasers coupled to fiber optics.
1.5.2. Efficient Algorithms for Data Processing

While the volumetric memories based on proteins offer significant advantages over
traditional memories, a crucial issue remains with volumetric memories, namely, the diffraction
problem. Protein-based memories require that the number of zeros and ones in the data stored be
nearly the same. This issue presents an unreasonable demand for any user. To overcome this
problem, many coding schemes have been proposed. One such option is to replace each zero in
the data with 01 and every one with 10. In this case, the number of zeros and ones stored in the
memory will be perfectly balanced. However, the memory utility (defined as the data size
divided by the memory used) is only 50%. A series of coding techniques that can offer utility
factors close to 100% have been proposed in references 113-118.

A common coding scheme employs novel compression algorithms (see e.g., 1'%,
The crucial insight here is that any data when compressed with the right algorithm tends to have
nearly the same number of zeros and ones. Any efficient coding scheme should not only have a
good memory utility but also the coding and decoding times should be small. Some of the coding
algorithms presented in' " are parallelizable (to run in O(1) time, for example).

Volumetric protein-based memories also possess associative properties that make them

ideal candidates for pattern recognition applications. In particular, we can think of protein-based
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Figure 1.12. A prototype of the branched photocycle three-dimensional optical memory based
on BR. This prototype currently implements the orthogonal two-photon architecture and contains
paging and data lasers that are directed to the BR matrix via fiber optics (A). The data cuvette is
placed into the cuvette holder on an x-y-z translation stage and high-speed linear actuators are
employed to move the data cuvette relative to the fiber optic cables. The overall system measures
31cm x 38 cm x 23 cm. A close-up view of the optical platform is shown (B), with a polymer-
based BR data cuvette in the foreground.
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volumetric memory as a device that is capable of performing convolutions in O(1) time. A
computational model based on this observation has been defined as convolution-based parallel
machine (CONV-PAR) in '">. CONV-PAR is a parallel model where the convolution operation
can be performed in O(1) time. Through this model, it has been shown that various problems can
be solved efficiently, including prefix computation, multiplying two polynomials, matrix
multiplication, matrix inversion, string matching, sorting, motif search, and association rules
mining. In particular, constant time algorithms have been devised for these problems. As an
example, the sorting of # elements can be done in O(1) time using n° processors, two given nxn
matrices can be multiplied in O(1) time using n° processors, and so on. Given that protein-based
memories offer great parallelism, it is imperative that we develop efficient algorithms for various
fundamental problems on the CONV-PAR model. Ideally, constant time algorithms will be
preferred. Even when the run times are O(1), it is essential to decrease the processor bounds as
much as possible. For all the above problems, decreasing the processor bounds (or proving that
these bounds are optimal) is an open problem. Devising better coding schemes to address the
diffraction issue is also an open problem.
1.5.3. Multiplexing and Error Analysis

Polarization and gray-scale multiplexing of data in a three-dimensional memory can
achieve higher storage densities of up to ten bits per voxel (Figure 1.13)."> The importance of
multiplexing for the proposed device lies in the ability to operate at or near the diffraction limit.
The SLM and CCD in the prototypes are designed to provide 8-bit gray-scale capability, which is
augmented to 16 bits into each voxel using polarization doubling. In practice, reliability limits
and ensemble averaging permit that the writing and reading processes contain no more than 10

bits per voxel. Furthermore, the bits along the edges of the data cuvette must be allocated to
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voxels devoted to optical alignment, page number, volume number, gray scale, transformation,
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into the system (B) (adapted from Figure 15 from reference 15).
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alignment and checksum information (Figure 1.13). With all of these features fully implemented,
a standard 1 x 1 x 3 cm’ data storage cuvette can store approximately 10 gigabytes of
information, which translates into 10* to 10° protein molecules per bit for the average protein
concentrations used for experimentation. This value yields a statistically relevant ensemble to
compensate for potential error in the write, read, and erase operations.'>'?

Error analysis can be carried out by measuring read histograms, which measure the
separation between bit 0 and bit 1 and any overlap between the two.">* A detailed discussion of
error sources and error analysis for volumetric memories is beyond the scope of this chapter, and
we direct the reader to Lawrence et al.”® A read operation is carried out using differential
absorption, which is based on a normalized scale where 0 is low intensity reaching the detector
(bit 0, O state absorption) and 1 is high intensity reaching the detector (bit 1, P and Q state
absorption). The differential read process allows the user to normalize the signals across the
detector array so when no gray scaling is done, peaks are only observed at two locations (bit 0
and bit 1). When gray scaling is used, bit density increases and one observes peaks
corresponding to each of the allowed levels."”” Read errors increase the width of these peaks,

which potentially creates a situation in which the peaks overlap. The overall goal is to keep such

error at a level that limits the necessity of error-correcting codes within a device.

1.6.  Genetic Engineering of Bacteriorhodopsin for Device Applications

Protein engineering of BR, or the design and construction of new BR mutants, is an
essential process for the successful implementation of BR in biomolecular electronics. Although
nature has provided a robust photoactive protein, the use of BR in applied technologies requires

further enhancement of the native protein. Because the native protein is inherently stable,
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mutagenesis of BR is often focused on the optimization of the photointermediates, primarily the
M and O states, and the branched photoproduct, the Q state; however, mutagenesis of BR has

119,120

also been employed to generate gold-binding BR mutants, enhance the innate dipole

121 38,59

moment of BR, “" and to alter the photocycle lifetimes of the protein.

Mutagenesis of the M and Q states is critical, particularly in holographic processors.
Because the M state is not permanent, holograms made utilizing the bR to M state transition will
only last as long as the M state lifetime, limiting the application of this state to real-time dynamic
holography. Devices based on the Q state remove the time sensitive nature of holography
because the Q state is a photoproduct of BR. Manipulation of these photostates allows for the
generation of more efficient bioelectronic memory systems. In order to improve or lengthen the
lifetime of the M state, mutagenesis usually targets residues involved in proton transfer from the

intracellular milieu to the Schiff base.>>>%"®

Mutagenesis of the Q state is more involved because
the Q state does not exist in nature, and is the result of a sequential two-photon event. Directed
evolution (DE) has been used to improve the formation and reversion efficiencies of the Q state
for BR for device applications.

Directed evolution, or the enhancement of a molecule toward a specific characteristic via
repeated iterations of genetic mutation, screening, and differential selection, provides a cost-
effective and time efficient method for the genetic and chemical manipulation of biological

122-125
molecules.

The use of DE to optimize proteins is most useful when full organism selection
is possible; however, organism selection is difficult to implement when a complex
photochemical reaction needs to be optimized, particularly when variables such as thermal

122,125,126

stability and pH require simultaneous enhancement. Historically, DE has been used to

modify the properties of enzymes for industrial and pharmaceutical applications;'>”">* however,
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we implement DE to optimize the formation and reversion efficiencies of the Q state (Figure
1.14). In each case, a diversified genetic library is generated and screened to identify mutants
with enhanced phenotypes, including efficient formation of the Q state. This molecular
biological technique allows for the deliberate evolution of individual populations of molecules
and proteins toward a specific trait.

The redesign and generation of new BR mutants is accomplished through site-directed,
site-specific saturation, semi-random, and random mutagenesis. Site-directed mutagenesis
(SDM) alters in the protein by strategically replacing or substituting single amino acid residues,
thereby changing the structure or function of the protein. Semi-random mutagenesis (SRM) and
random mutagenesis (RM) produce a large number of indiscriminant mutants through the use of
doped oligonucleotides or error prone polymerase chain reaction (PCR). Lastly, site-specific
saturation mutagenesis (SSSM), is a combination of SDM and SRM, and allows for the
deliberate examination of multiple amino acid substitutions via the saturation of a key residue or
residues at specific loci on the bacterio-opsin (bop) gene.

We use Type I DE to optimize the photochemical properties of BR by implementing
automated screening and microgram protein characterization. In the first round of DE, mutants
are generated via region-specific SRM and are screened and evaluated for altered photophysical
properties, such as M state lifetime or Q state formation, using 96-well plates. Because the
deliberate engineering of BR for devices requires several rounds of mutagenesis to identify a
mutant that outperforms or exhibits enhanced photophysical properties, an in-house automated
screening system was developed. At each stage in the DE process, the most efficient mutants are
selected to serve as the parents to the next generation of genetic progeny, which are then

produced via SDM, SSSM, and SRM. This process is reiterative and builds on successive
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Figure 1.14. Histogram illustrating Type I directed evolution of BR to enhance the formation of
the Q state. The vertical bars of the histogram represent the 1604 unique BR mutants that were
sequenced throughout the six stages of directed evolution. The shade of the vertical bars indicate
the regions of the protein that were targeted for mutagenesis, where the white bars indicate
regions near the N-terminus of the protein and the black bars indicate the last region near the C-
terminus. The vertical lines mark the average value of Qi for each stage. The inset is a two-
dimensional map of the primary sequence of native BR. Mutagenesis of the darkest residues had
the most significant impact towards the enhancement of Qiora1, While the light gray residues were
less important to this enhancement. It should be noted that the shade of gray on the two-
dimensional map does not correspond to the shade of the vertical bars within the histogram.
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improvements to the protein. After six stages of mutagenesis, over ten thousand mutants have

been generated and screened for the ability to serve in protein-based devices (Figure 1.14).

1.7.  Future Directions

Bacteriorhodopsin has captured the attention of bioelectronic engineers for nearly four
decades and has served as the quintessential medium for both general biophysical investigations
and biomolecular device applications. In this chapter, two types of optical computing systems
have been presented based on the photonic properties of BR. These architectures have been
successfully implemented into numerous prototypes and address the issues central to interfacing
biological molecules with inorganic materials. We envision that the first step in the evolutionary
development of these technologies will be the design of hybrid computers that incorporate the
best features of semiconductors and optical and molecular architectures. Limitations of the native
protein have notably discouraged the development of commercially viable systems in recent
years; however, advancements in random mutagenesis and directed evolution have reignited
interest in implementing BR into optical memories and processors. Upon the discovery of BR
mutants with enhanced photonic properties, the remaining issues lie in the development of
materials capable of harnessing these proteins into electronic devices. We are currently in a third
generation of prototyping and continue to improve upon the designs presented in this chapter.
The prototypes will combine the past successes of architectural engineering with recent progress
made using genetically engineered mutants, polarization and multiplexing schemes, and efficient
algorithms to optimize these bioelectronic technologies. Molecular and semiconductor engineers
have made dramatic advances in their respective fields using a wide variety of information

processing media. BR and other biomolecules, however, offer a unique platform to investigate
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microelectronics, holography, memory storage, artificial intelligence, and sensing while
exploiting elegant natural processes like natural selection and evolution. The potential
advantages of using biological materials in devices will continue to drive the development and

optimization of these systems as the limitations of bulk material manipulation are approached
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Chapter 2
Enhancing the Sequential Two-Photon Branching Reaction in
Bacteriorhodopsin by Using the V49A Mutation: Characterization

and Application in a Protein-Based Retinal Implant
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2.0. Abstract

Retinal degenerative diseases are characterized by the loss of photoreceptor cells within
the retina and affect 30-50 million people worldwide. Despite the availability of treatments that
slow the progression of degeneration, affected patients will go blind. Thus, there is a significant
need for a prosthetic that is capable of restoring functional vision for these patients. The protein-
based retinal implant offers a high-resolution option for replacing the function of diseased
photoreceptor cells by interfacing with the underlying retinal tissue, stimulating the remaining
neural network, and transmitting this signal to the brain. The retinal implant uses the photoactive
protein, bacteriorhodopsin, to generate an ion gradient in the subretinal space that is capable of
activating the remaining bipolar and ganglion cells within the retina. Bacteriorhodopsin can also
be photochemically driven to an active (bR) or inactive (Q) state, and we aim to exploit this
photochemistry to mediate the activity of pixels within the retinal implant. Formation of the Q
state is achieved by using a sequential two-photon process. These bR and Q states are shown to
operate as a binary medium for data storage and manipulation when designated as bit 0 and bit 1,
respectively, and we now aim to implement this photochemistry into the retinal prosthetic.
However, the native protein only allows minimal access to the branched photocycle, which
precludes the successful implementation of the protein in such technologies. In a recent study,
directed evolution is used to optimize the formation and reversion efficiencies of the Q state by
using an automated screening procedure. As a result, over 10,000 mutants are analyzed after six
generations of optimization, and more than ten new protein mutants are discovered with superior
Q state photochemistry, including the best mutant, V49A/I119T/T121S/A126T. The single
mutation, V49A, is also revealed as a comparable Q state mutant, and in this investigation, we

employ a photochemical and photophysical analysis to elucidate the key properties that enhance
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the ability to form and revert the branched photocycle. V49A is capable of complete conversion
to the Q state at alkaline pH, while also maintaining equivalent thermal and photochemical
stability to native BR. The pH environment of V49A plays significant role in the efficiency of
the desired photochemistry. Absolute and time-resolved absorption spectroscopy are used to
describe the pH dependence, which results from the alteration of the pK,s of three amino acids
that are important to the proton translocation pathway. Furthermore, the chromophore binding
site is analyzed using chromophore extractions and Fourier transform infrared spectroscopy, and
the role of V49A in the quadruple mutant is discussed. In this study, we also use a novel
retinomorphic foveated image sensor to characterize the formation of active and inactive pixels
within a protein-based retinal implant, and measure a significant difference between the output

frequencies associated with the bR and Q states.
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2.1 Introduction
2.1.1. Protein-Based Retinal Implants

Retinal degenerative diseases, including retinitis pigmentosa (RP) and age-related
macular degeneration (AMD), involve the irreversible degeneration of the retinal photoreceptor
cells."” These diseases cause the layer of light sensing cells in the eye to degenerate over time,
however, a significant portion of the underlying retinal tissue that transmits visual information to
the brain remains largely intact.>* The resulting loss of vision causes a significant decline in the
quality of life for those affected. Retinitis pigmentosa, the most common of the inherited retinal
degenerative disorders, affects approximately 1.5 million people worldwide and can affect
people of all ages.”® Age-related macular degeneration is the leading cause of irreversible
blindness among the elderly and is estimated to affect approximately 30 million people
globally.”® There are currently no cures for patients with RP or AMD, and all available
treatments only slow progression, are limited in effectiveness, and ultimately fail to prevent
permanent loss of vision. Thus, there is a significant need for a therapy or prosthetic capable of
restoring functional vision to RP and AMD patients.

Many new biotechnologies and treatments for blindness resulting from retinal degeneration
have been developed during the past decade. While these treatments are still in their infancy and
are limited by inherent drawbacks, a number of diverse approaches are currently under
investigation in order to achieve a cure for diseases like RP and AMD. Novel and emerging

approaches to treat retinal degeneration include stem cell tissue transplants,”'* gene therapies, ™
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7 and optogenetic technologies. Despite the promise of these treatments in design and
preliminary efficacy, these biotechnologies are still under development and are now undergoing

early animal trials. Currently, intraocular and periocular injections and nutritional drug
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supplements are treatment that show success in slowing the progression of degeneration,
however, limited efficacy is observed and the treated patient will eventually go blind.***°
Electrode-based retinal prostheses, which currently represents the most common type of
replacement of lost photoreceptor cells, are being designed, developed, and commercialized in an
effort to replace the function of the damaged photoreceptor cell layer within the retina. These
retinal implants generally utilize an external apparatus to capture an image, convert that image
into electrical signals, and stimulate the remaining neural circuitry within the degenerated retina.
It has long been demonstrated that electrical stimuli can initiate the visual cascade when
delivered in the extracellular domain of a retinal neuron.”” Retinal implant architectures that
exploit this electrical stimulation have seen some promise, and a number of companies and
academic groups have demonstrated efficacy in the clinical setting, including efforts by Second
Sight,™ Retinal Implant AG,”'” and the Epi-Ret 3 team.**>*

Of particular significance is the prosthetic developed by Second Sight, which continues to be
at the forefront of retinal prosthetic development and commercialization. The Argus II,
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developed by Second Sight, is the first approved retinal prosthetic for clinical trials in both
the US and Europe, and is currently the only approved implant on the market. The design of the
electrode-based implant consists of a 60-electrode array placed in an epiretinal position. The
Argus II has been implanted into ~80 patients with RP, and the patients are capable of detecting
some motion and performing simple mobility tasks.”” However, these retinal prosthetics have
intrinsic shortcomings.” First, replicating the spatiotemporal patterns of the neurosensory
network with electrode arrays is a challenge.* This problem is exacerbated by the low resolution
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