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Preface

Bionanotechnology represents an intriguing facet of nanotechnology, as it

strives to harness the molecules and processes of biological systems to design

functional nanoscale devices. It takes advantage of the features acquired by

living organisms in the course of evolution for technological purposes. It finds

illustration and inspiration in biology to advance toward more and more

complex artificial systems, emerging from the biological ones. It also signifies

to nanotechnology in general, that such high complexity can be achieved, as

does exist in biology, thus giving confidence to its practitioners.

It is of much interest to bring together in the present volume important

contributions to the field of bionanotechnology, so as to provide a stepping-

stone for further progress. Exciting perspectives open up, indeed!

Jean-Marie LEHN
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PROTEINS TO NANODEVICES

V. Renugopalakrishnan1, and Randolph V. Lewis2

1Harvard University, Cambridge, MA, USA
2University of Wyoming, Laramie, WY, USA

This edited volume includes a series of lectures delivered at the 47th Biophys-

ical Society annual meeting in San Antonio, TX, USA.

Proteins are naturally occurring nanosytems, optimized by the process of

evolution. Biotechnology of protein-based nanostructures offers vast oppor-

tunities to reengineer and combine them with either themselves by the process

of self-assembly to create supramolecular aggregates or with other nanomater-

ials for technological applications. Bionanotechnology encompasses the study,

creation, and illumination of the connections between structural molecular

biology andmolecular nanotechnology since the development of nanomachinery

might be guided by studying the structure and function of the natural nanoma-

chines found in living cells. Investigating the topology and communication

processes of bionanotechnology is the key integrative technology of the 21st

century and aims to use the knowledge, gathered from the natural construction

of cellular systems, for the advancement of science and engineering cell parts and

can lead to invention of novel biological devices with enormous applications.

Although microscale to nanoscale research offers an excellent space for devel-

opment of futuristic technologies, a number of challenges need to be overcome.

Due to paucity of a dedicated literature on protein-based nanodevices, we bring

you this book that combines collective research of scientists probing into this

fascinating universe of bionanotechnology. The publication is written with an

aim of surveying engineering design principles of biomolecular nanodevices,

prototype nanodevices based on redox proteins, bacteriorhodopsins, and natural

fibers, and also offers a snapshot of the future developments in the field.

Our thanks to Dr Peter Butler and his team at Springer, Dordrecht, The

Netherlands for the fruition of this edited volume and the Army Research

Office for supporting the Biophysical Society workshop. Editors wish
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BIONANOTECHNOLOGY: PROTEINS TO

NANODEVICES

Preface

(By Dr. R. A. Mashelkar, DGSIR and Secretary, DSIR)

Nanobiotechnology is an emerging area of scientific and technological oppor-

tunity.The terms ‘‘Nanobiotechnology’’ and ‘‘Bionanotechnology,’’ used inter-

changeably, apply the tools and processes of nano/microfabrication to build

devices for studying or manipulating biosystems. The field is progressing

incredibly fast worldwide.

Global attention to this emerging field was triggered by an epoch making

talk delivered by the 1965 Physics Nobel laureate, Robert Feynman entitled,

There is plenty of room at the bottom on December 29, 1959 at the annual

meeting of the American Physical Society at the California Institute of Tech-

nology (Caltech), followed by a series of articles and books by K. Eric

Drexler, chiefly the Engines of Creation.

More than a decade ago, I gave the 9th P.V. Danckwerts memorial lecture

in London on 9th June 1994. It was titled as ‘Seamless Chemical Engineering

Science: The Emerging Paradigm’.

I had then said ‘Nanobiotechnology is emerging as an exciting field.

Fabricating organized bimolecular structures is a new challenge that is being

met by brining in diverse disciplines. Genetic engineering will tailor protein’s

makeup and also its function. Organic chemistry will provide new materials

for anchoring and preserving the altered proteins. Electrical engineering

will offer ways to detect signals from the internal working of proteins. We

can finally turn a small assembly of biomolecules into a custom designed

molecular plants.

Another exciting area is where proteins are being turned into nanoscale

chemical processing plants. Proteins can be used as reaction vessels for

controlling the particle size of other materials. They can cage several
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compounds. If the chemical affinity of the protein can be changed, then the

protein can be engineered to fit the mineralization product that one wants

inside it. Such caged particles will pass through the human body in an

unrestricted way. They will be useful in diagnosing and treating diseases. It

is clear that chemical engineering scientists can share the grand challenges of

nanotechnology by joining hands with others working in protein engineering,

organometallic chemistry, semiconductor technology, etc’.

The challenge then posed seems too have been taken up by the scientific

community and rapid strides have been made in this field.

According to industry sources, the estimated market for nanobiotechnol-

ogy in 2003 was INR 42 billion (USD 970 M), however, it is expected to grow

rapidly to reach over INR 135 billion (USD 3120 M) in 2008, reflecting

growth at an annual rate of 28% worldwide. The current estimated worldwide

market breakdown is US at 65% Europe at 20%, Japan at 10% and the rest of

the world at 5%.

Nanomaterials, such as carbon Buckyballs, dendrimers, and metal nano-

particles, are being introduced in the market for pharmaceutical and diagnos-

tic use both in vitro and in vivo. Currently available products fall into

three segments of nanobiotechnology: drug delivery, imaging agents and

biosensors.

Internationally, the role of nanobiotechnology in food, health, ecological

and livelihood security has been well recognized toward meeting the UN

Millennium Development Goals in the area of health and sustainable food

security. In view of this, it has been advocated that a major initiative on

‘‘Nanobiotechnology, Food and Health Security’’ may be designed and

launched. Such a National Challenge Program should bring together all

appropriate R&D institutions in the country (Universities, ICAR, CSIR,

ICMR, DBT and non-governmental institutions). The National Challenge

Program should have well-defined goals and built-in monitoring mechanisms.

It should also provide for public-private partnerships such as envisaged in

New Millennium Indian Technology Leadership Initiative (NMITLI).

xiv Bionanotechnology



Chapter 1

DESIGN PRINCIPLES FOR SELF-ASSEMBLING

DEVICES FROM MACROMOLECULES

F. Raymond Salemme
Imiplex Corp, Yardley PA

Abstract: Proteins are the natural building blocks for functional, self-assembling

nanostructures. This short review cites the application of protein engineering

technology to the formation of engineered functional polymers, as well as

systems that self assemble as organized 2D molecular lattices on surfaces.

Some consideration is given to approaches that could lead to self assembling

structures of great complexity.

Key words: Bionanotechnology, protein structure, protein engineering, molecular lat-

tices, biomaterials, streptavidin, molecular electronics

1. INTRODUCTION

One vision of nanotechnology anticipates the precision assembly of complex,

large-scale systems incorporating individual devices engineered at the molecular

scale. This chapter describes some initial studies and outlines some design

principles that explore the assembly of macroscopic structures composed of

proteins ordered at the molecular level. Biological systems form complex, self-

assembling structures from amino acid polymers (proteins) encoded by deoxy-

ribonucleic acid (DNA). Individual proteins containing thousands of atoms

spontaneously fold to form unique three-dimensional (3D) structures replicated

with atomic precision. Naturally occurring proteins exemplify many practical,

structural, and signal transduction systems, including chemomechanical, elec-

tromechanical, optomechanical, and optoelectronic mechanisms, and frequently

form cooperative hierarchical assemblies of great structural and functional

complexity. The combination of recombinant DNA technology, enabling the

synthesis of virtually any polypeptide sequence or functional domain fusion,

1
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together with lessons learned from sequentially assembled biological structures

like virus particles and regular macromolecular assemblies like protein crystals,

provide the basis for designing novel assemblies from engineered biological

macromolecules. The successful development of these new material applications

requires close integration of computer design, protein synthesis, biophysical

measurements, and structural characterization using both X-ray diffraction

and electron microscopy. Early results are exemplified by studies of engineered

structural fibers based on architectural motifs found in viral spike structures.

Examples of designs and assembly strategies for 2D ‘‘semiconductor-like’’ archi-

tectures based on biological macromolecular motifs are also presented.

2. DEVELOPMENT OF ORDERED POLYMERIC

SYSTEMS BASED ON ADENOVIRUS TAILSPIKE

PROTEIN ARCHITECTURE

During the early 1990s, an effort was launched through cooperation

between the Dupont Central Research and Development Department and

Dupont Polymer Products Department to investigate the use of proteins

to form ordered polymeric systems.1 The anticipated advantages of this

approach included the ability, by using the methods of recombinant DNA

technology, to produce high molecular weight polymers (MW�100,000 Da)

with precisely defined amino acid sequences and composition. By creating

polymers composed of repetitive blocks of amino acid sequences correspond-

ing to known protein structural domains, it was envisioned that it would be

possible to create polymeric structures that would spontaneously fold and

assemble into 3D structures that were ordered at both the molecular and

macroscopic levels. Initial objectives focused on producing materials that

would emulate the unique mechanical properties of natural biological fibers

like elastin and spider silk. At another level, it was believed that the molecular

organization present in biological structures could be exploited to produce

materials with, for example, novel nonlinear optical properties.

Efforts focused on the generation of repetitive consensus polymer

sequences derived from the adenovirus spike protein. The adenovirus spike

is a long stiff structure that emerges from the apex of the virus icosahedral

capsid structure. Electron microscope and X-ray scattering studies of the

adenovirus spike showed that it formed a long stiff shaft organized as a

cross-b sheet structure. Sequence and composition analysis showed that the

spike was composed of three identical polypeptide chains, each of which

incorporated several approximate repeats of a homologous 15-residue

amino acid sequence. At Dupont, constructs were developed that expressed

2 SALEMME



repetitive consensus sequences based on the natural sequence, in the hope that

they would spontaneously assemble into trimeric, microfibrillar shafts whose

intrinsic stiffness would facilitate spinning into macroscopic fibers in which

the individual trimeric shaft axes were all aligned along the direction of the

fiber axis. Three sequences were developed, which differed slightly with regard

to repeating block sequences and extent of block polymerization, to produce

polymer chains ranging from MW �20,000 to �100,000 Da.

The synthetic work was complemented by molecular modeling and energy

minimization studies that envisioned that the shaft structure was organized as

a twisted triangular beam in which each face of the beam was composed of a

twisted antiparallel b-sheet with geometric and twist properties similar to that

observed in many globular protein structures (Fig. 1).

In fact, the ‘‘designed’’ polypeptide chains were experimentally observed

to form long fibrous shafts in electron microscope imaging and light scattering

studies and to produce liquid crystalline mesophases. The liquid crystalline

mesophases could be spun into macroscopic fibers. X-ray diffraction studies

of spun fibers showed features characteristic of cross-b structure, although the

features were not predominant along the fiber axis direction as expected if the

Figure 1. (A) A backbone model of a synthetic cross-b beam structure composed of three

polypeptide chains in which each face of the beam is composed of a continuous, twisted,

antiparallel b-sheet. (B) End views of the backbone and a space-filling model of the energy-

minimized structure, illustrating the solid packing of the interior structure by hydrophobic

amino acid residues of the repeating polypeptide sequence (Asparagine–Alanine–Leucine–

Arginine–Isoleucine–Lysine–Glycine–Serine–Glycine–Leucine—Aspartic Acid–Phenyalanine

—Aspartic Acid–Asparagine)n.
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shafts were closely aligned along the fiber axis. It was believed that additional

experiments to improve spinning solvents and proper conditions could poten-

tially produce more highly aligned polymeric materials, although this object-

ive was not actively pursued at that time owing to changing priorities within

Dupont Central Research.

Subsequently, the X-ray crystal structure of the adenovirus shaft was

reported at near atomic resolution,2 and it turned out to have major differ-

ences, but some similarities, with the structure that had been modeled. The

model structure envisioned that each face of the trimeric shaft was composed

of a single polypeptide chain, organized as repeating b-hairpins to form a

contiguously hydrogen sheet whose H-bonds lay along the axis of the shaft.

The actual virus structure is composed of polypeptide chains that form repetitive

b-bends, which alternate ‘‘herringbone-fashion’’ between two adjacent faces of

the trimeric beam structure. In addition, the hairpin bends in each chain twist so

that the interactions between strands are primarily due to stacking between the

sheetsof theadjacent chains, rather thanto interchainhydrogen-bonding (Fig. 2).

The true structural organization of the synthetic structures is further

clouded by more recent studies3 that investigated the propensity for both

randomized and homopolymer amino-acid sequences to form amyloid struc-

tures. Both the electron microscope images of amyloid fibers and their dif-

Figure 2. (A) View of a backbone model of a section of the adenovirus spike as determined

from X-ray crystallography. (B) An end view.
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fraction patterns appear very similar to the corresponding data derived from

the engineered synthetic adenovirus sequences. Obviously, much remains to

be done to further characterize these structures, both as a means of manipu-

lating them as new structural materials and potentially to suggest a means of

ameliorating amyloid diseases.

3. TWO-DIMENSIONAL LATTICES ON SURFACES

Although many practical sensor applications are already based on the

immobilization of proteins on semiconductor substrates, longer range object-

ives envision the self-assembly of complicated molecular circuitry on semi-

conductor substrates that could potentially emulate the function of present

day metal-oxide-semiconductor field-effect transistor (MOSFET) devices but

at substantially higher device densities. Key issues involved in the realization

of such ideas involve the design and functional optimization of individual

molecular components, followed by their controlled hierarchical organization

into large-scale functional assemblies. The strategies for producing devices with

molecular scale components combine aspects of the ‘‘top–down’’ approach

used for conventional MOSFET device design with a ‘‘bottom-up’’ approach

to self-assembly common to biological systems.

3.1 Two-Dimensional Lattices Based on Streptavidin

Early conceptual ideas4 envisioned the formation of 2D molecular struc-

tures that could self-organize on self-assembling monolayer (SAM) surfaces.

It is desirable in many biotechnology applications to link biomolecules irre-

versibly through a highly specific protein–ligand interaction. The high-affinity

interaction between streptavidin and its small-molecule ligand biotin,5 which

can readily be linked covalently to a variety of other biomolecules, has been

widely used for biotechnology applications. In an early hypothetical example

of a self-assembling 2D lattice, it was envisioned that array structures could be

formed by linking ‘‘strut molecules’’ constructed, for example, from DNA

segments terminated with covalently linked biotin groups to ‘‘nodes’’ formed

by the symmetric, tetrameric streptavidin molecule.4 A remarkable paper by

Ringler and Schulz6 actually realized such 2D lattice structures on SAMs by

linking streptavidin and an engineered fourfold symmetric protein to form

molecular lattices with predetermined dimensions and symmetry. As shown in

Fig. 3, the lattice is composed of two molecular components, streptavidin, a

tetramer with D2 symmetry that incorporates four biotin binding sites, and

RhuA aldolase, a fourfold symmetric tetramer that has been engineered using

recombinant DNA technology to introduce surface cysteine sulfhydryl groups

SELF-ASSEMBLING DEVICES FROM MACROMOLECULES 5



that were subsequently functionalized through the covalent attachment of

biotin molecules.

The work of Ringler and Schulz demonstrates the potential for forming

controlled 2D molecular assemblies of protein molecules on surfaces. High-

density lattices composed of protein molecules with switchable magnetic or

photosensitive prosthetic groups might for example be components of high-

density memory arrays or sensors.

3.2 Self-Assembly of Hierarchical Organized Structures

The work of Ringler and Schulz6 demonstrates the potential for self-

assembly of regular 2D lattices with defined geometrical properties constructed

of protein molecules on surfaces (see Fig. 4). However, substantially more

complicated self-assembling structures can be envisioned that could be con-

structed using a combination of molecular epitaxy and gated molecular assem-

bly principles. There have been great advances in the use of atomic force

microscopy to manipulate individual atoms on silicon or other semiconductor

substrate surfaces.7Although it is probablyunrealistic to imagine thatdevices of

Figure 3. Molecular components of an engineered lattice formed of protein molecules

arrayed on a 2D surface. The two molecular components are streptavidin, a tetramer with

D2 symmetry that incorporates four biotin binding sites, and RhuA aldolase, a fourfold

symmetric tetramer that has been engineered using recombinant DNA technology and then

chemically modified to allow the covalent chemical attachment of biotin molecules. Circles

represent sites of cysteine SH groups introduced into the tetrameric protein aldolase

through site-directed mutagenesis, Arrows represents biotin groups that covalently react

with the cystiene SH groups. Double arrows represent ‘‘di-biotin’’ crosslinking molecules.
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substantial complexity could actually bebuilt using atom-by-atomconstruction

principles, it is certainly feasible to produce a regular 2D lattice of individual

atoms on a silicon surface. A regular lattice of gold atoms, for example, can be

used as chemical immobilization sites for a 2D lattice of protein molecules

linked through surface cysteine sulfhydryl groups. Additional different proteins

can be added to immobilized proteins to eventually produce organized struc-

tures of potentially arbitrary complexity. In contrast to the 2D lattices that self

assemble on SAM surfaces, whose formation is facilitated by the free diffusion

of the assembling molecules on the SAM surface, the latter strategy would

introduce fixed sites on the silicon surface to provide nucleation points for a

sequence of hierarchical molecular assembly steps. The wealth of available

X-ray crystal structures of proteins provides an extensive toolbox of molecular

components that are able to undergo or perform chemomechanical, electro-

mechanical, optomechanical, and optoelectronic processes. In addition, struc-

tural biology provides many examples of structures whose intermolecular

interactions can be precisely controlled both in space and time.

While control of intermolecular interaction geometry is fundamental to

any design process, lessons derived from the assembly of complex biological

assemblies like viruses, suggest that it will be equally important to achieve

temporal control over successive stages in the assembly of more complicated

molecular devices. Again, structural biology provides numerous examples of

how structural assembly processes can be ‘‘gated,’’ usually as a consequence

of either a precise biochemical modification of one of the molecular compon-

ents or through the introduction of a small-molecule ligand that induces a

Figure 4. A schematic of the engineered 2D lattice formed by coordination of streptavidin and

the engineered and modified form of RhuA aldolase, as described by Ringler and Schultz.

SELF-ASSEMBLING DEVICES FROM MACROMOLECULES 7



conformational change in one of the molecular components so that it can

interact stably with another.

The approach outlined in the preceding paragragh envisions a process in

which the interactions of discrete molecular components are precisely con-

trolled at every level and stage of device assembly. However, for many device

applications, large-scale assemblies could potentially be spontaneously organ-

ized by other means. One interesting possibility involves systems based on

finite automata.4,8 For example, studies of interactions important for the

habit development in protein crystals9 and simulations of extended lattice

structures formed by finite automata nucleated at a single point,4,8 suggest

that molecular systems incorporating components whose interactions

are governed by simple interaction and symmetry rules, can spontaneously

assemble to form highly complex, yet finite structures.

4. CONCLUSION

Although many outstanding issues will require resolution if useful func-

tional devices are ultimately built from macromolecules, many of the required

tools for simulation, modeling, protein engineering, structure determination,

biophysics, and semiconductor technology are available to begin investigating

the potential of such devices.
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Chapter 2

METALLOPROTEIN-BASED ELECTRONIC

NANODEVICES

Ross Rinaldi, Giuseppe Maruccio, Adriana Biasco, Pier Paolo Pompa,

Alessandro Bramanti, Valentina Arima, Paolo Visconti,

Stefano D’amico, *Eliana D’Amonne, and Roberto Cingolani
*National Nanotechnology Laboratory of CNR-INFM, Strada per Arnesano Km 5,

73100 Lecce (Italy)

Abstract: A key challenge of the current research in nanoelectronics is the realization

of biomolecular devices. The use of electron-transfer proteins, such as the

blue copper protein, azurin (Az), is particularly attractive because of its

natural redox properties and self-assembly capability. This chapter dis-

cusses results of fabrication, characterization, and modeling of devices

based on this redox protein. The prototype of biomolecular devices operate

in the solid state and in air. The charge transfer process in protein devices

can be engineered by using proteins with different redox centers (metal

atoms) and by controlling their orientation in the solid state through

different immobilization methods. A biomolecular electron rectifier has

been demonstrated by interconnecting two gold nanoelectrodes with an

Az monolayer immobilized on SiO2. The device exhibits a clear rectifying

behavior with discrete current steps in the positive wing of the current—

voltage (I–V) curve, which is ascribed to resonant tunneling through the

redox active center. On the basis of these results, an Az-based three-

terminal device has been designed. The three-terminal device exhibits an

ambipolar behavior as a function of the gate bias, thus opening the way to

the implementation of a new generation of logic architectures. This peculiar

characteristic allows the implementation of a fully integrated nanoscopic

logic gate.

Key words: biomolecular devices, nanotechnology, three terminal electronic devices,

proteins
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1. INTRODUCTION

In the last decade there have been dramatic advances toward the realiza-

tion of molecular scale devices and integrated computers at the molecular

scale.1. First pioneering experiments were performed demonstrating that

individual molecules can serve as nanorectifiers2 and switches,3,4 1000 times

smaller than those on conventional microchips. The assembly of tiny

computer logic circuits built from such molecular scale devices has been

demonstrated.5

Researchers are working to join biology and nanotechnology, fusing

useful biomolecules to chemically synthesized nanoclusters in arrangements,

which do everything from emitting light to storing tiny bits of magnetic data.

The result is a merger that attempts to blend biology’s ability to assemble

complex structures with nanoscientists’ capacity to build useful devices. One

of the biggest drivers behind nanotechnology’s enthusiasm for biological

systems revolves around the organism’s impressive ability to manufacture

complex molecules such as DNA and proteins with atomic precision.

One of the fundamental goals of bioelectronics is the realization of

nanoscale devices in which a few or a single biomolecule can be used to

transfer and process an electronic signal. The biomolecules have particular

functionality that can be exploited for the implementation of electronic de-

vices. In order to design and realize such devices, several steps are required:

(i) choice and characterization of the suitable biomolecular system, (ii) immo-

bilization of the molecule onto an electronic substrate, (iii) interconnection to

contacts, (iv) device fabrication processing, (v) read-out, recognition of

molecular information, and (vi) processing of the information. The nanobio-

technology community has started a big effort along these lines to realize

biomolecular devices for information technology.6 Among biomolecules, pro-

teins have a fundamental role in biological processes. The combination of

molecular biology (for engineering proteins with the desired, either functional

and/or yield or self-assembling, properties/capabilities) and nanotechnology

(for device fabrication), thus becomes the tool to realize a new class of

nanoelectronic elements.7 Different nanotechnological strategies have been

selected to implement the biomolecular devices, following a bottom-up or a

top–down approach depending on the biomolecule and its functionality.

Thanks to their functional characteristics, metalloproteins appear to be

good candidates for biomolecular nanoelectronics. Among them, blue copper

proteins8 and, in particular Az, appear to be the best candidates of choice due

to some specific structural properties and intrinsic functionality in biological

environments. They can bind gold via a disulfide site present on the protein

surface, and their natural electron transfer activity can be exploited for
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the realization of molecular switches, whose conduction state can be con-

trolled by tuning their redox state through an external voltage source (gate).

In order to realize a real biomolecular device in the solid state operating in air,

a comprehensive study of the redox, electronic, and electrical properties

of the metalloproteins linked to an inorganic substrate under nonphysiologi-

cal environments has been conducted.9 Besides all those devices based on

proteins and enzymes, which belong to the family of biosensors, having

typical size of hundreds of microns or more, a novel example of protein-

based active electronic device has been demonstrated by the group of Rinaldi

and coworkers.9,10 This chapter describes the implementation techniques

and the basic principle of operations of such class of novel protein-based

nanodevices.

2. DEVICE FABRICATION

2.1 Protein Monolayers

In the field of biomolecular electronics, the function of proteins adsorbed

at solid interfaces is of fundamental importance. Moreover, since electronic

devices fabrication aims at producing a device working in air, another critical

treatment is the drying procedure that can influence the protein activity.

Therefore, the optimization of the chemisorption process of a protein at a

surface has to be carefully developed, and the protein functionality has to be

checked after each step.

For the implementation of protein monolayers, surface functionalization

by means of silanes, which enables the adsorption process, has been developed.

Azurin8 from Pseudomonas aeruginosa is a small (molecular mass

14.6 kDa, Fig. 1) and soluble metalloprotein involved in the respiratory

phosphorylation of its hosting bacterium. The protein folds into an eight-

stranded Greek key-barrel motif with only a helix present (Fig. 1).

Given to this secondary structure and also to the presence of the disulfide

bond, it can be considered as a very stable protein. Structural and electronic

studies have shown that the Az capability to function as a one-electron carrier

in the biological environment is due to the equilibrium between the two stable

oxidation states of the Cu ion, Cuþ (reduced) and Cu2þ (oxidized), and the

structural stability of the active site. The redox active center of Az contains a

copper ion liganded to 5 amino acid (aa) atoms in a peculiar ligand-field

symmetry, which endows the protein with unusual spectroscopic and electro-

chemical properties, such as an intense electron absorption band at 628 nm, a

small hyperfine splitting in the electron paramagnetic spectrum, and an
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unusually large equilibrium potential (þ116 mV vs SCE) in comparison to the

Cu (II/I) aqua couple (�89 mV vs SCE).

Commercial natural Az from Pseudomonas aeruginosa (Sigma) was used

without further purification after having checked that the ratio OD628=OD280

(OD ¼ optical density measured at nm) was in accordance with the literature

values (0.53–0.58).

Two different immobilization procedures were developed for Az on

Si=SiO2, exploiting different structural features of the protein and resulting

in: (1) random orientation (three-step procedure) and/or (2) oriented immo-

bilization (two-step procedure) in the protein monolayers. Following the

three-step procedure (1), the immobilization of the proteins is achieved

Figure 1. Schematic structure of Azurin representing eight b-barrel strands (yellow) and just

one a-helix (pink).
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through the formation of imido bonds between the exposed amino groups on

the Az surface and the carbonyl heads exposed on the functionalized SiO2

substrate. This procedure is based on a three-step chemical reaction per-

formed first, by incubating the Si=SiO2 substrates with gold electrodes in

3-aminopropyltriethoxysilane (3-APTS) [diluted to 6.6% (V/V) in CHCl3
immediately prior to use] for 2 min and then by rinsing in CHCl3, in order

to remove 3-APTS molecules not linked to the surface. The second step

consisted in exposing the sample already reacted with silanes that was exposed

to glutharic dialdheyde (GD) (diluted in H2O to a final concentration of

4� 10�4 M) for 10 min and successively followed by a thorough washing in

ultrapure H2O. Finally, the precoated substrates were exposed to Az solution

for 10 min and rinsed in NH4Ac to get rid of physisorbed molecules. For this

step a working solution of 10�4 M Az in 50 mM NH4Ac (Sigma) buffer, pH

4.6, was prepared. The buffer was degased with N2 flow prior to use. Milli-Q

grade water (resistivity 18.2 MS/m) was used throughout all the experiments.

In the three-step supramolecular reaction, the immobilization involves the

chemical bonding of the exposed amino groups. Since the Az molecule

contains 13 surface-exposed amino groups (found in the Lys residues and in

the N-terminus), random orientation of the proteins is obtained in the solid

state by this immobilization method.

In contrast, a highly ordered phase is achieved following procedure (2),

which exploits a different two-step immobilization protocol acting on the

unique disulfide bond found in the protein between Cys3 and Cys26. Such a

procedure not only provides a special orientation of the protein molecules, but

also facilitates the chemisorption process by avoiding the GD exposure. In

this case, the SiO2 substrates were cleaved and washed with organic solvents

and then incubated with H2SO4 and bidistilled deionized water for 1 h. After

washing with abundant water, the substrates were incubated for 2 min with a

2% ethanol solution of mercaptopropyltrimethoxysilane (3-MPTS) and then

washed in absolute ethanol. After this step, the sample was dried under

nitrogen (N2) stream. A drop of the protein solution (0.6 g/ml) was deposited

onto the silane layer, and the substrate is incubated for 5 min at room

temperature and continuously shaken in order to avoid stagnant conditions.

Then it was rinsed for 5 min with the buffer and finally with deionized water.

The samples were dried under N2 stream for noncontact atomic force micro-

scopy (NC-AFM) imaging. A typical AFM image of Az monolayer is

reported in Fig. 2.

Protein immobilization took place via the reaction of the free thiol groups

of 3-MPTS with the surface disulfide bridge of Az, giving rise to substrate/

overlayer disulfide bonds. By using the two-step method for the immobiliza-

tion, the orientation of the molecule is expected to be well defined, as confirmed

by electrochemical (cyclic voltammetry) and scanning force microscopy
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(SFM) measurements.11 Samples covered just by the first molecular layers

(namely 3-MPTS, 3-APTS, and 3-APTSþGD) were also produced for

reference.

The last procedure is specific for all those proteins with S atom that can

covalently bind the substrate. In the specific case of Az, it exploits the presence

of the disulfide bond Cys-3–Cys-26, present on the protein external surface.

Synthetic wild-type Az and Az with zinc as a metal ion and without the

metal (APO form) have been obtained using the recombinant DNA tech-

nique. The gene coding for the protein of interest has been introduced in a

plasmid employed to transform E. coli cells. The two-step immobilization

procedure was used to produce monolayers with synthetic proteins having

the same orientation with respect to the substrate surface.

Intrinsic fluorescence experiments performed on the immobilized proteins

showed no protein denaturation after the chemisorption and draying proced-

ures.

Other blue copper metalloproteins, for example the Plastocyanin, can be

used to implement the electronic devices described in the next section. In this

case, however, mutants (e.g., PCSS and PCSH) have to be produced to

achieve a stable and oriented immobilization of plastocyanin onto gold sub-

strate. In the first mutant (PCSS), a disulphide bridge can be inserted within

the protein. The residues Ile-21 and Glu-25 can be mutated to Cys by struc-

turally conservative mutagenesis. In the second mutant (PCSH), usually a

0 0.25 0.50 0.75 1.00

0.25
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0.50

0.75

1.00 3.0 nm
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Figure 2. Non contact atomic force microscopy image of a self assembled azurin monolayer,

realized by means of the two step immobilization procedure.
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residue tail (threonine, cysteine, and glycine) at the C-terminal position is

inserted. The single exposed thiol group should provide a further possibility

for plastocyanin immobilization.

2.2 Implementation of the Two- and Three-Terminal

Protein-Based Nanodevices

Nanoelectrodes were fabricated by electron beam lithography and lift-off

on a Si=SiO2 substrate. The geometry of the device comprises two planar Au/

Cr contacts separated by a gap in the range 50–100 nm. An Az monolayer was

then immobilized by means of surface functionalization and chemisorption in

the gap between the electrodes of the planar circuit. Both commercial natural

Az and synthetic purified Az were used to implement the devices, following

the methods described in Section 2.1. In the case of three-terminal devices the

contact separation defined the gate width and a silver electrode was added on

the back of the Si substrate as the gate to control the source–drain conduc-

tion. A schematic diagram of the device geometry and implementation is

reported in Fig. 3. All the fabricated devices were tested at room temperature

and ambient pressure. Prior to protein deposition, a negative control on the

empty devices was performed to check the effective insulation between the

source (S), drain (D), and gate (G) terminals along the different current

pathways. All these tests revealed drain–source (IDS) and source–gate (ISG)

currents lower than 20 pA and typical open circuit resistance larger than

100 G.

3. NANOELECTRONICS WITH PROTEIN

3.1 Two-Terminal Protein Devices

The achievement of oriented immobilization is extremely crucial for elec-

tronic applications in which the charge transport benefits the long-range order

of the transporting material. Orientation can in principle affect conduction in

two ways: (i) it allows increased protein coverage, thus favoring electron

transfer among neighboring molecules and (ii) it enhances, for a given cover-

age, the intermolecular electron transfer (due to the fact that the positions of

the Cu sites are approximately coplanar, thus offering more favorable path-

ways for conduction).

In addition, the molecular electrostatic potential (MEP) of the protein

in solution is known to be important in protein interaction properties at
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medium- and long-range distances in solution and plays a fundamental role in

the recognition processes of biomolecules. It is therefore expected that elec-

trostatics will influence both the deposition kinetics of the proteins in solution

and their self-assembly. The charge distribution on the Az surface gives origin

to a strong intrinsic dipole (150 Debye), suggesting that two-terminal circuits,

interconnecting solid state films of immobilized Az molecules, should have an

intrinsic polarity which depends on the value and the orientation of the

molecular dipoles. Both oriented and nonoriented Az films should exhibit a

macroscopic polarization. However, the total dipole is enhanced by deposit-

ing oriented self-assembled films with parallel dipoles. If the dipole distribu-

tion is preserved in the device after drying, it is expected to induce a

macroscopic electric field favoring conduction.

The comparison between the I–V curves measured in the oriented and

randomly oriented Az layers is reported in Fig. 4. The continuous and dotted

lines represent the downward and upward sweeps, respectively. Three import-

ant effects can be deduced from this comparison. Both curves are asymmetric,

with a strong rectifying behavior. The value of the current measured under

150n

Sourcedrain
Cr/Au
nanotips

Ag / back gate

SiO2

Si

Figure 3. A schematic diagram of the device geometry and implementation procedure.
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forward bias between the nanoelectrodes suggests that the electron transfer

mechanisms in the protein, between the Cu site and the edges, are quite

effective in determining the conduction processes. The difference between

the positive and negative wings of the current curve of both samples may be

attributed to the presence of the dipole in the Az molecules, which sets the

polarization of the planar devices.9

The current flowing through the device with the oriented layer is about ten

times larger than that flowing through the device with the nonoriented layer.

In fact, the regular orientation of the Az molecules, determined by the unique

sticking site on the protein (the Cys3–Cys26 bridge) exploited for the layer

formation, drives the self-assembly on the substrate, resulting in a distribution

of parallel dipoles. This induces a macroscopic electric field favoring conduc-

tion. In the sample with random orientation of the proteins, although the

electrostatic long-range interaction may favor some dipole alignment on the

surface, a complete parallel orientation of the molecular dipoles cannot be

achieved as a consequence of the many possible sticking sites on the protein

surface used in the immobilization procedure.
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Figure 4. Current voltage curves of two terminal devices interconnecting proteins films with

the same orientation and with random orientation. The gap between the gold electrodes was

70 nm.
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In the oriented protein layer under forward bias, the current is step-like

with a smooth exponential rise in the region between 1.9 and 2.3 V and a steep

rise around 4.9 V (Fig.4). The step centered around 2.1 V corresponds to the

energy required by the protein molecule to reduce the Cu atom by means of

the electronic transition involving the S(Cys)Cu charge transfer. The step

around 4.9 V corresponds to the energy required to perform resonant tunnel-

ing via the redox levels of Az. Such a process occurs through a coherent two-

step tunneling in which the electrons go from the negative to the positive

electrode via the molecular redox level. This is consistent with the electro-

chemical STM measurements and in situ cyclic voltammetry curves, showing a

maximum at �4.96 eV (measured with respect to the vacuum level). This step

is also observable in the I–V curve of the sample with randomly oriented

proteins, though less pronounced and with a small hysteresis.

In order to further elucidate the role of the metal ion and the effects of

purity of the protein sample on the device performances, three different types

of high purity of engineered Azs were used for implementing oriented layer

devices as shown in Fig. 5.10

(i) A highly purified synthetic Az, referred to as ‘‘recombinant Az,’’

in sample (A) of Fig.5. These proteins are identical to the natural

proteins (Fig. 13a), though with a higher degree of purity
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Figure 5. Current voltage curves of (A) recombinant Az (black), (B) Zn-Az (red), and (C)

APO-Az (blue). The gap between the gold electrodes was 70nm.
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(ii) A modified synthetic Az with the Cu atom replaced by a Zn atom

(Zn–Az), in sample (B) of Fig. 5

(iii) A modified Az without metal atom (called APO-Az), in sample

(C) of Fig. 5.

Sample (A) shows the same rectification and step-like character observed

in the devices fabricated with oriented commercial (nonpurified) Az layers,

reported in Fig. 4. However, the current flowing through device (A) with

recombinant proteins is two orders of magnitude larger. This suggests that

highly purified proteins are best-suited for molecular electronic applications.

Reasonably, a high degree of purification favors a closer packing of the

proteins onto the device substrate and avoids passivation phenomena of

the substrate. Sample (B) shows a less-pronounced rectifying behavior, with-

out the redox-induced steps characteristic of the Cu atom, and a current

intensity about one order of magnitude lower than sample A. This is ascribed

to the electronic properties of Zn that are different from those of Cu. Zn has

in fact only one stable redox state, Zn2þ, which is redox inert, thus preventing

Zn–Az molecules from being efficient redox species–mediated electron car-

riers. The importance of a metal atom in the protein structure is demonstrated

by a device (C) that was built using APO-proteins obtained from recombinant

Az. In the absence of metal redox center in the protein structure, the biodevice

does not show any measurable conduction. This indicates that the metal in the

protein is responsible for the electron transfer as reflected in the transport

characteristics of Az biomolecular diodes.

3.2 Three-Terminal Protein Devices

The natural electron transfer activity of the Az can be exploited for the

realization of molecular switches, whose conduction state can be controlled by

tuning their redox state through an external voltage source (gate).

Fig. 6a shows the I–V characteristics of a protein device for VDS > 0 as a

function of VG in the range between 0 and 4 V (first active region). As a

general feature, the IDS remains low (<20 pA) up to a VDS bias voltage of

about 2.3 V and then starts to increase reaching 100 pA intensity at 6 V.

A clear modulation effect is visible as a function of VG. The dependence of

the IDS current as a function of the VG intensity is reported in Fig. 7a for a

fixed value of VDS(VDS ¼ 4:5V). The current increases up to a maximum

value of 200 pA at VG ¼ 1:1 V, then it decreases to the 100 pA level at

VG ¼ 2V, and finally falls down to the open circuit value at the higher applied

gate voltages.

Similar set of measurements were performed under positive and negative

VDS bias with positive (Figs. 6a and 6c, respectively) and negative (Figs. 6b
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and 6d, respectively) gate bias. Four different active regions resulted:

VDS > 0, VG > 0 (16a); VDS > 0, VG < 0 (16b); VDS < 0, VG > 0 (6c);

VDS < 0, VG < 0 (6d). In Fig. 6b, by decreasing the gate potential the current

increases up to 160 pA at VDS ¼ 6V. The corresponding dependence of the

IDS current as a function of VG is reported in Fig. 7b for a VDS value of 5 V. In

this case, we did not observe a peaked dependence, like in the case of Fig. 7a,

but a smooth increase and a saturation at 11 5pA in the range between �2.5

and �4 V. In the last two situations, i.e., VDS < 0, VG > 0, (Fig. 7c) and

VDS < 0, VG < 0 (Fig. 7d), we observed a decrease and an increase (in abso-

lute values) of the IDS negative currents in the two cases, respectively, with

increasing the gate voltage. As a general trend, the current increases linearly

for VDS voltages higher than 3 V and then saturates in the range between 4.5

and 6 V. In this voltage range the operation of the protein transistor resem-

bles that of an inorganic MOS-FET in the saturation region, with constant

IDS current value for each curve. In the case of the Az monolayer deposited in

the channel of our FET, both superexchange charge transfer inside the single

Az units and sequential hopping between adjacent proteins are involved in the
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conduction process. The existence of a strong internal dipole due to the

surface charge distribution on the protein can affect the planar conduction

in the gate channel depending on whether the dipoles of the proteins in the

layer are aligned or not along the source–drain axis. In the case of the

characteristics of the device fabricated with commercial Az, a similar effect

is observed for positive gate voltages values (Figs. 6a and c). In the case of the

I–V measurements in Fig. 6c, current intensities are higher than the corre-

sponding values in Fig. 6a, at least by a factor 10. For negative gate voltages,

the measured current intensities in the 6b and d diagrams are similar.

The change of the gate voltage acts in different ways depending on the

cross correlation of the signs of the bias and the internal dipole. As a general

trend, the IDS current decreases with the increase in the absolute value of the

applied VG. However, a different trend is usually observed in the case of

VDS > 0, VG > 0 (Fig. 6a) in which a peaked dependence is observed in most

of the realized devices. The maximum of the current is always found around

VG ¼ 1V. This is a peculiar behavior of the protein device that is not found in

any inorganic counterpart and could be of interest for the realization of

electronic devices with novel functionalities. In the case of three-terminal

devices realized with synthetic and purified Az, the current increases by a

factor 10 to 100 and the VG resonance becomes sharper. The physical origin of

this trend can be found in the effect of the gate voltage on the molecular levels

of the protein, and in turn on the conduction pathways inside the molecule.

The protein is chemisorbed onto the SiO2 surface by the formation of a

thiolate onto the silanized surface. In this way the protein sits on the surface

with the axis connecting the thiolate with the Cu ion almost perpendicular to

the surface. The vertical field that propagates along this direction (gate field)

modifies the electronic properties of the molecule and the oxidation state of

the Cu ion, since it is strongly coupled to the thiolate by the electron transfer

pathway inside the protein.12 This resonance effect has been already observed

in electrochemical STM experiments13 and standard STM experiments per-

formed on Az molecules chemisorbed on Au(111) substrates at room tem-

perature and ambient pressure. It has been demonstrated that the STM

dsetection of the protein at the surface strongly depends on the applied bias

between the tip and the gold substrate.

4. CONCLUSION

We have demonstrated the first implementation of protein-based elec-

tronic nanoscale devices working in air and at room temperature by using

Az metalloproteins. Both rectifying (diode-like) and amplifying (transistor-
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like) devices have been implemented. We have demonstrated the first protein

transistor working in air and at room temperature by using Az metallopro-

teins. Though this field is rather young and very open, the results obtained so

far are promising and deserve further studies to determine the actual poten-

tiality of these biodevices and elucidate a number of important issues such as

the reproducibility and ageing of the nanodevices.
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Chapter 3

MECHANICAL CONSEQUENCES OF

BIOMOLECULAR GRADIENTS IN BYSSAL

THREADS

J. Herbert Waite, James C. Weaver, and Eleonora Vaccaro
Marine Science Institute, University of California, Santa Barbara, CA 93106 USA

Abstract: The hard tissues of living organisms pose serious challenges to architectural

integrity. In particular, when hard tissues directly abut softer ones, there is

high potential for contact deformation. Mussel byssal threads are an ideal

model system for studying how molecules are assembled to mediate the

joining of two mechanically divergent tissues at their common interface.

The challenge is overcome by the exquisite use of gradients in the block

copolymers that comprise the thread.

Key words: Mussel, Mytilus, byssal threads, molecular gradient, stiffness gradient

1. INTRODUCTION

Nature has invented fibers with an infinite diversity of structures, prop-

erties, and chemistries. Because of their economic importance, the most

familiar animal fibers are undoubtedly the protein-based fibers of vertebrate

wool/hair and the silks of arthropods, such as the silkworm and spiders, but

there are numerous other less known examples. Like wool and silk, the

anchoring fibers of marine mussels, for example, once supported a thriving

textile industry in the Mediterranean region.1 Byssal fibers or threads are

quite unique in that, unlike other fibers, they are fabricated to be mechanically

and chemically distinct at their termini. In the Mytilus species, for example,

the proximal end is one tenth as stiff and twice as extensible as the distal

portion.2 This material difference is not the result of a sharply imposed

transition along the length of the fiber, but rather, appears in a gradual,

graded fashion from one end to the other.3 The following article is devoted
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to describe this gradient and, more specifically, to attempt to model the effect

of this chemical gradient on the mechanical properties of byssal threads.

2. PROPERTIES OF BYSSAL THREADS

2.1 Ultrastructure

The first hint of compositional gradients in byssal threads was revealed by

light and later electron microscopy on the byssal threads of Mytilus edulis and

M. galloprovincialis, two closely related species. In these species, thread length

ranges from 2 to 6 cm, whereas diameter ranges from 50 to 100 mm.

Examination of the proximal portions both by light and scanning electron

microscopy reveal a distinct corrugated or wrinkled morphology, whereas

distal surfaces are deeply grooved in the direction of the thread axis4 (Fig. 1).

Figure 1. SEM of the transitional region (top) of a byssal thread (50 mm diameter) of

M. galloprovincialis with enlargements of the distal (right) and proximal (left) portions.
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The proximal and distal regions of a mytilid byssal thread, but not the

transitional area joining them, have been scrutinized more than any other

byssal structure by transmission electron microscopy.4–6 The distal portion

consists of densely fused fibrils (diameter 7–9 nm), all oriented parallel to the

thread axis and interspersed with a fractional void volume of about 0.3. The

voids have an average diameter of 0:1 mm and a length of 1 mm. In transverse

sections, the fibrils appear to be organized into hexagonal and pentagonal

arrays with 20 nm center-to-center distances.7 The proximal portion, in con-

trast, contains densely packed fibrils near the outer cuticle. Solitary undulat-

ing fibrils (diameter 7–9 nm) or small clusters, thereof dominate the

remainder of the core. The solitary fibers or fiber clusters are separated by

substantial matrix that consists of granular or microfibrillar material. The

undulations of solitary fibers have an average pitch and amplitude of about 70

and 100 nm, respectively and linearize as the thread is stretched.6,7 The large

spaces or voids that are distinct in the distal portion are completely absent in

the thread’s proximal region.

2.2 Mechanics

The gross and microscopic morphological differences between the prox-

imal and distal ends of each byssal thread (Fig. 1) were the first suggestion

that there may in fact be unique mechanical properties associated with these

two distinct regions. These differences have now been established by several

investigations.8–10 The distal moiety is stronger, stiffer, and superior at damp-

ing (70% hysteresis), while the proximal portion is softer and weaker, with a

lower but still significant hysteresis at 40% (Fig. 2). This hysteresis is evidence

of energy dissipated in cyclic stress–strain tests. Toughness and energy dissi-

pation, both are crucial properties for shock adsorbing materials such as

byssal holdfasts. Other protein structures range in hysteresis from 10% in
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Figure 2. Cyclic extension of the distal (left) and proximal (right) portions of M. gallopro-

vincialis byssal threads. Strain rate was 0.1 mm/s.
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elastin and tendon2 to a high of >80% for titin-derived passive tension in

skeletal muscle.11 Major ampullate (MA) and viscid spider silks both have a

hysteresis of 65%, which is appropriate given their role in prey capture.2 High

hysteresis of byssal threads is especially important to resist drag and lift forces

experienced by mussels during repetitive wave shock experienced in their

natural habitat.

The mechanical behavior of byssal threads, in reality, is considerably more

complex than presented earlier. Vaccaro et al.12 and Carrington and Gosline13

demonstrated that when strained beyond its yield point, the distal portion

exhibits a dramatic stress softening, i.e., the initial modulus of the second

cycle was reduced to about 20% of the modulus in the first cycle. Hysteresis

was reduced as well; complete recovery to the modulus of the first cycle was

slow (e.g., >24 h), but significant partial recovery occurred within an hour.

Ironically, stress softening in individual threads may enhance the toughness in

the entire byssus because it distributes recurring loads to all threads. As

illustrated in Fig. 3, a mussel has a roughly radial distribution of threads,

which when subjected to uniaxial loading can result in stress concentration in

the leading thread (#I). When thread #I was extended beyond its yield point

by an applied force, such as a wave, and this was followed by a second force

from the same direction, thread #I offered significantly resistance to displace-

ment due to prior stress softening (500–80 MPa). Consequently, thread #I can

be extended with little resistance to loading, and thread #II, which still has

high initial stiffness, will be recruited into action.
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Figure 3. Two consecutive stress–strain cycles of distal byssal threads (I and II) of

M.galloprovincialisbeyond the yield point.Note thatwhen I stress softens II picks up the load.
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Presumably, the process of stress softening followed by new recruitment to

loading continues until as many threads as possible contribute to load shar-

ing. Notably, the proximal portion also exhibits stress-dependent changes in

stiffness with cyclic loading but in the opposite direction! In this case,14 there

is strain stiffening from an initial modulus of 35 MPa to an asymptotic

leveling off at about 60 MPa (Fig. 4), an increase of about 40%. Maximal

increase in stress at 0.5 strain is even higher at 150%.

2.3 Biochemistry

Mascolo15 was the first to report biochemical differences along the length

of Mytilus byssal threads. After serially cutting these threads into 2-mm

segments, the sections were hydrolyzed and amino acid compositions deter-

mined. Glycine showed the greatest change from a high of 330 res/1000 at the

far-distal end to 240 res/1000 at the far-proximal end; 4-hydroxyproline

showed a similar trend, although the magnitude of change was not as great.

This approach was recently coupled to a molecular comparison of byssal

threads from M. edulis and M. galloprovincialis, two closely related mussel

congeners with similar protein compositions but rather distinct gradient

profiles.16 Taken together, the Gly and Hyp gradients suggest collagens. Qin

and Waite17 identified gradient-specific collagens by isolating two pepsin-

resistant collagen fragments; Col-P (from the proximal region) and Col-D

(from the distal region), from serial byssal thread sections and demonstrating

that the distribution of these along the thread axis was graded. Graded
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Figure 4. Three consecutive stress–strain cycles (1, 2, and 3) of a proximal byssal thread

from M. galloprovincialis. Stress maximum occurs at about 15 MPa and is reversible. Data

adapted from Sun et al. (2001).
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distributions of two preCols (D and P) were also evident from Western blots

of protein extracted from successive serial sections of byssal threads and

mussel feet using specific polyclonal antibodies for the pepsin-resistant col-

lagenous domains of preCol-D and preCol-P17 as well as in situ hybridization

with preCol gene-specific probes.18,19 Because of the routine use of four to six

tissue sections for discontinuous analysis, these results do not specify

the precise shape but rather the general trend of the gradients. The distribu-

tion of preCol-D tapers off in a distal to proximal direction (Fig. 5), whereas

preCol-P decreases in a proximal to distal direction, reaching extinction

before mid-thread in Mytilus edulis. preCol-NG (‘‘no gradient’’), in contrast,

is uniformly distributed. Evidently, these gradients are produced prior to

secretion because they are already detectable in expression libraries prepared

from serial foot sections screened with gene-specific probes.20 In foot tissue,

the relative abundance of each preCol mRNA can be precisely titrated using

the rRNA EukA as an internal reference.18,19

Another gradient involving two variants of preCol-P has been reported to

be present in which the proximal region fuses with the stem.21 Moreover,

gradient distributions in some of the matrix proteins of the proximal and distal

portions are also suggested by an investigation of ptmp-1, a von Willebrand

A domain-type protein that binds collagen with subnanomolar affinity.22

3. STRUCTURAL MODELS

As stated previously, byssal threads are unique from most other animal

fibers in that they have an order of magnitude differential in mechanical

moduli at each end. Thus, at least in terms of stiffness, each byssal thread

resembles the fusion of a nylon string with a rubber band. While the combin-

ation of two such materials may offer some significant adaptive advantages to

distal - proximal distribution
NG

D P

distal proximal

%

Figure 5. Gradient distribution of preCols-D and preCol-P relative to position along the

length of a M. edulis byssal thread. There are equally likely additional, yet undiscovered,

gradients in the thread matrix proteins. Nominal thread length is 3–6 cm.

30 WAITE, WEAVER, AND VACCARO



byssal threads, the interface between the nylon and rubber is predicted to

exhibit high-residual stresses due to the resulting modulus mismatch. The fact

that failure does not occur at this interface with any more frequency than in

any other thread portion suggests that the molecular gradient described

previously may moderate and/or dissipate the stresses experienced.

The major challenge in modeling the mechanical consequences of the

molecular D to P gradient, as well as the uniform distribution of NG in

byssal threads is the lack of specific information regarding assembly. High-

resolution structural imaging by transmission electron microscopy reveals

some general properties of preCol packing in the thread, but important

details, such as molecular stagger, head-to-tail orientation, and disposition

of disulfide bonds, are not yet known. These have, however, not prevented

attempts at modeling, and the ostensible success of some of these at predicting

mechanical modulus are noteworthy.

Given their conceptual and experimental simplicity, the Reuss and Voigt

models require only two parameters: Young’s modulus (E) and volume frac-

tion (V) as given by the Reuss and Voigt equations for serial or parallel arrays,

respectively.

Ec ¼ E1V1 þ E2V2 þ . . .þ EnVn, (1)

1=Ec ¼ V1=E1 þ V2=E2 þ . . .þ Vn=En, (2)

where each E denotes a viscoelastic modulus, i.e., in this case, spring

plus dashpot, and is adopted from the bulk modulus of a biomaterial homolo-

gous to the various component domains in preCol-D, preCol-P, and preCol-

NG23 as detailed later. To begin with, an individual preCol consists of a serial

array of domains, i.e., the histidine-rich termini, the flanking domains, the

central collagen domain, and the acidic patch. The present treatment ignores

the contributionof the acidic patch to themodulus (it is small and common toall

transcripts). Similarly, the modulus of the histidine-rich domains is ignored

because these cross-linking nodes are also common to all transcripts. Young’s

moduli for the collagen and flanking domains (silk, elastin, and glycine-rich

regions)wereobtained fromthe literatureor estimatedexperimentally (Table1).

Table 1. The Young’s moduli of protein fibers related to various preCol domain motifs.

These moduli were applied to the calculation of composite preCol moduli

PreCol domain Related fiber Young’s modulus (MPa) Reference

Collagen Tendon 1500 24

P flanks Elastin 2 24

D flanks Dragline silk 10,000 24

NG flanks Periostracum 150 3
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It should be noted that equating the modulus of any given preCol domain

with a homologous bulk material is an unproven assumption in that molecules

in isolation can behave differently than those packed in bulk.

It is not known whether the blocks or domains in preCol interact in a

manner similar to their interaction in the comparable bulk material. Also, the

contribution of matrix is unclear. In view of the considerable sequence hom-

ology, it seems to be a reasonable assumption at this stage. Taking preCol-D

for an example (Fig. 6), there are three relevant block domains with corre-

sponding moduli: the two silk-like flanking blocks together represent about

half of the preCol with the remainder consisting of collagen. The composite

Reuss equivalent is shown below it. Similar application of the Reuss equation

to preCol-P and preCol-NG enables estimation of the composite moduli.

A slightly more complex problem is encountered in modeling how the

preCols are related to one another in a three-dimensional assembly. The only

available information on this subject is based on ultrastructural studies7,25 by

transmission electron microscopy or deduced from the known dimensions of

tropocollagen.26 What emerges from these data is that preCols are associated

as six packs (8–9 nm in diameter when sectioned at the collagen domain), each

with a narrow and a flared end, the latter occurring on the N-terminal side

and induced by the collagen ‘‘kink.’’ It is tempting to further deduce that

flared ends are joined to other flared ends, but there are as of now, no data

available to substantiate this claim. In fact, the absence of any further infor-

mation about higher structure compels us to propose two assembly models

that are inspired primarily by the demonstration of stochastic gradients in

preCol distribution. In model A, the uniformly distributed preCol NG alter-

nates axially with D or P, whereas in model B, it remains segregated from

preCol-D and preCol-P (Fig. 7). The mechanical modeling assumes that the

bundles self-assemble to form continuous anisotropic fibers in the thread and

that there are no covalent cross-links between the fiber bundles. Matrix

proteins also appear to be graded along the thread length to the extent that

Domain:   His Flank

Composite PreCol stiffness:

Collagen Flank His

2 MPa 2 MPa1,500 MPa

ED = 2610 MPa
EP = 4 MPa
ENG= 4 MPa

Figure 6. A series spring analog for preCol-P (top). Calculated series (Reuss) composite

moduli for all three preCols (below).
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at the proximal end they represent more than 30% of the composition. These,

however, require additional examination.

Clearly, both models reflect molecular gradients that resemble the graded

decrease in stiffness in the transitional region between the distal and proximal

portions of the thread. Model A has a calculated distal modulus of about

500 MPa; this is very close to the observed distal modulus, namely 500–

600 MPa. Model B, on the other hand, has a 10-fold differential in modulus

between the proximal and distal ends, which also fits the observed 10-fold

decrease in the modulus of Mytilus byssal threads quite well. In contrast, the

differential in model A is 60-fold. In each of these calculations, the volume

fraction is assumed to be filled with preCols. According to Eqs. (1) and (2),

however, the volume fraction must reflect the actual fraction of each domain

or preCol type in the composite. An estimation of filled volume fraction was

attempted by image analysis of scanned electron micrographs of transverse

and longitudinal sections of distal and proximal byssal thread regions.2,7 In

the distal portion, preCol density is moderated by apparent voids, whereas in

proximal portions, there is an increase in the proportion of matrix. Estimated

volume fraction actually filled by preCol fibers is ca. 40%.3 With this adjust-

ment, model A’s gradient becomes too low when compared to observed

stiffnesses, whereas model B is quite similar.

It is in byssal stress softening/hardening and recovery, however, that

model B best fits the observed mechanical behavior. The reason may be the

following: in a composite fiber subjected to tension, the stiffer elements break

first, thus allowing load transfer to the softer elements. Model A only has one

kind of microfiber paradigm, that is, one consisting of alternating NG and D

or P preCols. When yield occurs in the distal portion, there is nothing to

transfer the load to; the break is clean. In contrast, model B has stiffer preCol-

D containing microfibrils; when these yield, the load is transferred to the

(A)

(B)

EA = 494 320  225 150 8  MPa

EB = 1443 1117 792 466 140  MPa

Figure 7. Possible relationship between preCols in the transitional region according to two

assembly models A and B. PreCol-D (black), preCol-NG (dark gray), and preCol-P (light

gray). Elastic modulus calculated according to the Voigt equation appears below each

increment.
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softer intact preCol-NG and further extension occurs. Upon load removal,

the material may recover to the extent that it returns to initial length and any

broken bonds are repaired.

Self-healing or repair is another respect in which the distal and proximal

portions of the thread differ. The distal region softens before recovering,

whereas the proximal hardens. Both recover at a rate that is dependent on

the degree of extension beyond yield. Using threads from M. californianus,

Carrington12 has shown that a strain of 0.35 requires about 6 min for 50%

recovery in modulus or strain energy, whereas an extension to 0.70 takes

about an hour for the same recovery. Apparently, recovery is significantly

slower in M. edulis threads. Recovery of the distal portion can be perturbed

following treatment with chelators and at various pH. Incubating threads in

100 mM ethylenediamine tetraacetic acid (EDTA) for 24 h, for example,

removes roughly half the transition metal content of the threads and reduces

the initial modulus by about 50%.22 Return of EDTA treated threads to

natural seawater leads to complete recovery within minutes. In addition,

byssal threads incubated in 0.1 M citrate–phosphate solutions at pH of 3, 4,

5, 6, 7, and 8 for 1 h prior to testing for Young’s modulus. The results showed

a roughly sigmoidal increase in modulus between pH 6 and 7 with a midpoint

at about 6.5 (Fig. 8).
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This is also the midpoint for the ionization of the d1 imidazolate nitrogen

of histidine.27 We propose that preCols assemble end-to-end, forming linear

polymers in a manner mediated by complexed transition metals such as

copper, zinc, and even iron. Histidine, which is concentrated in the N- and

C-terminal HIS domains of the preCols, may be the major ligand. In the

charged, protonated form, histidine is unable to bind the metal; unprotonated

histidine, however, is a strong ligand for several transition metals, including

copper (II) and zinc (II). It is by multiple-ligand formation that metals could

potentially cross-link the preCols.

There have been some significant technological advances for investigating

the specific macromolecular changes that accompany yield and subsequent

recovery in tendon collagen.28 These advances couple synchrotron fiber X-ray

diffraction or solid-state nuclear magnetic resonance with mechanical exten-

sion. Attempts to apply this technology to byssal threads have failed because

these biofibers have insufficient structural order to allow analysis of macro-

molecular changes at this time.

4. CONCLUSION

A manufactured material with divergent mechanical properties at its ends is

referred to as a ‘‘functional gradient material.’’ According to this definition,

byssal threads definitely belong to this class of materials. Although the fabri-

cation of ceramics with functional gradients has become quite widespread, the

design of gradients in organic polymers is still largely a matter exploratory.

Byssal threads thus represent a bioinspired paradigm to this end. Mussels have

evolved several innovative strategies to construct these gradients: locally con-

trolled synthesis and secretion of preCol mixtures, self-assembling polymer

liquid crystals with alternating hard and soft blocks (preCols), a cross-linking

strategy that relies on pH, and the addition of transition metals.
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Abstract: As semiconductor devices hit their physical limits, molecular electronics

offers the potential for alternative technologies and architectures for the

computer industry. Bacteriorhodopsin (BR), a photoactive protein, has

long found applications as the active element of optical and photovoltaic

devices. The protein is characterized by a unique photocyclic response to

light, remarkable stability, cyclicity on the order of 106, and ease of produc-

tion and processing. By taking advantage of a branch off the main photo-

cycle, BR can be used as the active medium in optical three-dimensional (3D)

memories. A sequential two-photon process is employed to drive the protein

into a long-lived branched photoproduct (the Q-state). Parallel read and

write processes can be realized without disturbing the data outside of the

irradiated volume, making the memory largely nondestructive. In this review

we will discuss the architecture of the branched-photocycle memory, our

current progress in prototype development, and the challenges the technol-

ogy currently faces. In addition, we will examines methods by which the

protein can be optimized for wider application in biomolecular electronics.

1. INTRODUCTION

With the unprecedented development of the computer industry over the

past 30 years, silicon-based technologies will probably reach their practical

limit within the next few decades, i.e., improvements in feature size and device

speed will no longer be possible. According to Moore’s law, semiconductor

device size will probably approach the molecular domain around 2030.1 Thus,
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new technologies become increasingly important for both practical and eco-

nomic considerations, and researchers are faced with the challenge of devising

new technologies to circumvent conventional architectures. Molecular

electronics, and specifically biomolecular electronics, has the potential to

offer unique solutions to problems in an array of areas, including memory

storage, artificial intelligence, optical processing, micro-electronics, and other

applications where size and functionality require parallel optimization, i.e.,

reduction in size coupled with increased functionality.2–5

Molecular electronics can be loosely defined as the utilization of small

molecules or nanoparticles as active components of electronic, optoelectronic,

and sensing devices, including the encoding, manipulation, and retrieval of data

at the molecular scale. The science of molecular electronics is the exploration of

molecular assemblies for electronic and optoelectronic applications. These

systems must be both scaleable and capable of integration into larger devices

in an efficient and practical manner. An input to the system, either in the form

of an applied current/voltage or photon absorption, must result in a defined

and predictable response. At the level of small individual molecules, complex

functionalities can only be obtained by the combinations of individual com-

ponent molecules, i.e., nano-circuitry, logic gates, etc. However, interrogation

becomes an issue at this scale; how can the state of an individual molecule

be uniquely determined? Without extraordinarily complex experiments

designed to examine a single, isolated molecule, this task becomes problematic

at best. It is far easier to interrogate populations, but at the expense of device

sophistication or signal complexity. Herein lies but one of the challenges

of molecular electronics. This is not to say that applications involving popula-

tions of molecules cannot be effective, only that there is a limit in device

complexity and signal inputs and outputs. Liquid crystal displays (LCD)

provide an excellent example of a technology based on molecular electronics

that has proven to be an extremely successful commercial application.

Biomolecular electronics, a sub-discipline of molecular electronics, has the

potential to offer solutions to problems that conventional semiconductor

technologies cannot address. In short, molecules of biological origin comprise

a set of properties not easily achieved through semiconductors. These advan-

tages derive in a large part from the natural selection process (nature has

solved problems similar to those encountered in carrying out computer logic,

switching, and data manipulative functions) and the ability of self-assembly.6

Biologically based materials can conduct current, produce photovoltaic sig-

nals, behave as molecular machines, and exhibit photochromism, just to name

a few. In fact, proteins and other biomolecules pose a unique solution to the

problem of size versus function, in that they represent a class of extremely

sophisticated molecules that perform specific functions under what can be a

fairly broad range of conditions. And it is the goal of biomolecular electronics

40 XI, WISE, STUART, AND BIRGE



to harness these biologically derived functions for non-biological applica-

tions. As such, biomolecular electronics represents a largely unexplored route

toward new architectures for electronic switching, information storage, com-

munications, optoelectronics, and a multitude of other device applications.

Photochromic proteins are better suited than most proteins for device

architectures from a number of standpoints. The presence of an internal

chromophore provides a constant probe of protein structure and function;

in addition, the chromophore facilitates light to chemical energy transduction,

thereby providing a convenient means of interrogation. A common property

among many photochromic proteins is the presence of multiple states that are

accessed upon exposure to light—examples include photosynthetic reaction

centers, photoactive yellow protein, phytochrome, and bacteriorhodopsin.

These states often form the basis for the protein’s potential in biomolecular

electronic architectures. Many photoactive proteins are also capable of exhi-

biting photovoltaic effects, thereby allowing multiple modes of state interro-

gation. Of the proteins listed above, BR has historically been the most actively

investigated as the functional element in a wide variety of applications,

including spatial light modulators, optical random access memories, holo-

graphic interferometers, artificial retinas, holographic associative processors,

and 3D optical memories. Here, we will focus on the architecture of the BR-

based 3D optical memory currently being developed at the W. M. Keck Center

for Molecular Electronics at Syracuse University. Progress will be discussed

with respect to prototype development, as well as the challenges that must be

overcome before the technology is commercially viable.

2. BACTERIORHODOPSIN

Bacteriorhodopsin (Fig. 1) is a 26 kDaphotosynthetic protein isolated from

the archae-bacterium Halobacterium salinarum.7 The biophysical and biochem-

ical properties ofBRhave been studied intensively in recent years,making it one

of themost thoroughly describedproteins in the literature (for recent reviews see

Refs. [8–15]). Upon the absorption of light, BR undergoes a complex photo-

cycle, which is coupled to proton translocation across the cell membrane,

thereby acidifying the extracellular medium. The all-trans retinal chromophore

responsible for the absorption of light is bound through a protonated Schiff

base to Lys-216. The photocycle (Figs. 1b and 2) can be represented by bR

$ K$ L$M$ N$ O! bR, where bR represents the resting state of

the protein (i.e., prior to light absorption), K represents the primary photopro-

duct, and the remaining states represent thermally driven intermediates that are

involved in proton translocation.16–19 The photocycle is initiated with a light-

driven all-trans to 13-cis isomerization of the chromophore during the bR! K
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transition. Proton release occurs during the L!M conversion, which includes

the deprotonation of the Schiff base mediated by ASP85 and the release of the

proton into the medium. During the M! N transition, the Schiff base is

reprotonated by the internal proton donor ASP96, followed by reprotonation

of ASP96 from the medium during the N! O transition. The final step

(O! bR) involves the transfer of proton from ASP85 to an acceptor group.

Those intermediates and the bR resting state make up the main photocycle. In

the primary photochemical event, the chromophore is excited to produce a

Franck–Condon excited state. This process produces a large shift in electron

density, which is equivalent to moving an electron �2.5 Å down the polyene

chain toward the nitrogen atom, and leads to a repulsive electrostatic inter-

actionbetween the chromophore and twonearby negative aspartic acid residues

(ASP85 and ASP212). This interaction is the driving force for the photoisome-

rization about the 13-cis double bond to generate the primary photochemis-

try,3,20 which is a subpicosecond phenomenon with a very small barrier for

isomerization.21 The energy stored in the primary event is around 48 kJ/

mol.22,23 The photoisomerization also generates a photovoltaic signal due to
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the motion of the protonated Schiff base away from the negative counterions.

This signal is sufficient to activate charge-sensitive semiconductor detectors.

There are several properties that make bacteriorhodopsin an appealing

candidate as an active element in device applications. However, two charac-

teristics are of primary importance: the unique manner in which BR responds

to light and the protein’s remarkable stability. H. salinarum evolved to survive

in environments characterized by extreme conditions in temperature, light

flux, and ionic strength—this organism is nearly ubiquitous in salt marshes

world-wide and other environments where the concentration of NaCl can

exceed 4 M. The temperatures in these environments routinely rise to 608C or

better, resulting in nearly unsurpassed thermal stability as compared to most

proteins. Furthermore, the organism is often found at or near the surface

where the actinic light flux is the greatest—the organism’s ability to cope

physiologically under continuous heavy illumination may be due in part to

BR and its arrangement in the cell membrane. BR occurs in the membrane as

a 2D hexagonal array of trimers and is often described as semi-crystalline in

nature. Areas of the cell membrane where this arrangement is found are

referred to as the purple membrane (PM) and consist of roughly 75% protein

and 25% lipid. Purple membrane patches are isolated from the organism

most easily by osmotic lysis, digestion with DNAse I, and differential centri-

fugation. The resulting membrane preparation is stable, and for most appli-

cations further purification is not needed (i.e., the solublized protein is seldom

isolated).

Other properties that make this protein an optimal candidate for biomolecu-

lar electronics include high cyclicity (the number of times it can be photochemi-

cally cycledprior to statisticaldegradation,measuredat>106), easeofproduction

and isolation in large quantities, and the ability to easily modify the protein

and process it into different forms. Furthermore, manipulation of the various

photocycle states can be done completely with light. Bacteriorhodopsin has

proven to be an exception to the common sense notion that biological materials

are too fragile for use in computer architecture and other devices applications.4

2.1 The Bacteriorhodopsin Branched Photocycle

The photocycle illustrated in Fig. 2 includes a side-cycle off of the O-state,

referred to as the branched photocycle. First described by Popp and coworkers

in 1993,24 and later by Gillespie et al.,25 the branched-photocycle consists

of at least two states, denoted as P and Q. Upon exposure of the O-state to red

light, a small percentage of the excited protein population will be driven into P-

state, the first intermediate of the branched photocycle.24 The P-state is char-

acterized by a 9-cis chromophore, which appears not to be stable in the binding

site due to steric interactions between the C9 and C13 methyl groups of
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the chromophore and nearby amino acid residues. Driven by these steric

constraints (i.e., to relieve the strain within the binding site), the Schiff base

bond that connects the chromophore to Lys 216 hydrolyzes, resulting in

a further blue shifted thermally stable product denoted as the Q-state. The

Q-state has an unbound 9-cis chromophore trapped within the binding site.

The result of this unique combination is a very stable state with an exceptional

lifetime, on the order of several years. Exposure to blue light drives it directly

back to the bR resting state. To date, a stable long-lived photochromic state in

BR has remained elusive, thereby limiting its viability for device applications.

The Q-state, however, has become a particularly valuable candidate for both

memory storage and holography.

3. THE BRANCHED-PHOTOCYCLE 3D OPTICAL

MEMORY ARCHITECTURE

One of the conceivable future directions for memory storage is to make the

transition from two to three dimensions. Conventional semiconductor-based

technologies face several imposing challenges upon attempting to bridge that

gap, including three-dimensional access of data and heat dissipation. There are
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Figure 2. A simplified model of the light-adapted BR photocycle (A) and the electronic

absorption spectra of selected intermediates in the photocycle (B). The height of the symbols

in (A) is representative of the relative free energy of the intermediates, and the key

photochemical transformations relevant to device applications are shown. Note that not

all of the intermediates are shown, and that there are two species of M (M1 and M2), but

only one is shown for convenience. (M1 and M2 have virtually identical absorption spectra.)

The branching reactions involving P and Q that are utilized for storing data in the branched-

photocycle volumetric memory are shown in the lower right-hand corner of diagram (A).
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pseudo-three-dimensional architectures available, but they largely consist of

parallel versions of current technologies (i.e., stacked disk architectures

with multiple heads that allow parallel access to multiple discs). The only truly

three-dimensional designs are optical, which have the advantage of optically

accessing data in a volumetric homogeneous medium. Making the transition to

three dimensions has several conceivable advantages, including a substantial

increase in the potential storage density and the ability to operate in parallel,

thereby introducing a large gain in data throughput. The various active optical

elements of these media that have been explored include organics, such as

spiropyrans26 and fulgides,27 inorganic materials, such as lithium niobate,28–30

and finally, the photoactive protein bacteriorhodopsin.2,3,31–35 Several criteria

must be satisfied when considering volumetric (non-holographic) optical

memory operation: (1) the active component of the optical memory medium

must be capable of reversible photoconversion between two stable, long-lasting

states, (2) previously stored datamust not be disturbed in anyway, i.e., the long-

term storage state should not respond in a permanent manner to wavelengths of

light used in the writing or reading process, (3) the active component must be

capable of undergoing a large number of routine write–read–erase operations

(high cyclicity), (4) the matrix material that encapsulates the active component

must be optically transparent with low light-scattering potential, and (5) the

matrix material must be stable over a long time.34

The architecture of the BR-based three-dimensional memory is derived

from the branched photocycle of bacteriorhodopsin, first described by Popp

et al.,24 and more recently by Gillespie et al.25 In the branched-photocycle

architecture, the resting state (bR) is assigned as a binary 0, and both the P- and

Q-states are collectively assigned to a binary 1. The architecture is outlined

schematically in Fig. 3. A key to the architecture is that writing and reading

require two separate photon absorption events: the first for exciting the pro-

tein, in effect priming it for binary conversion, and the second for actual binary

conversion (after the appropriate temporal separation). Only this combination

will result in forcing the protein into the branched photocycle—in this way, the

protein acts as a latched AND gate. Figure 4 illustrates implementation of the

architecture in three dimensions. To initiate the writing process, the paging

laser is fired to activate the BR photocycle, and after 2 ms, the writing laser is

used to drive the protein into the branched photocycle.

The writing operation is initiated in the memory by a process referred to as

paging. A thin slice of the cube is selected optically by a 630 nm laser (paging

laser) beam to create the page. Around 2 ms later (depending on tempera-

ture), when protein in the paged region has reached the O-state, another laser

(690 nm data laser) is fired perpendicularly to the paging laser. Using a spatial

light modulator, data is encoded into the beam before it reaches the memory

medium and intersects with the previously selected page. Upon intersecting the
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The Branched-Photocycle Architecture
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selected page, only the protein in the doubly irradiated regions defined by the

spatial light modulator will be driven into the branched photocycle, thereby

driving the protein from a binary 0 to a binary 1. All BR outside both the

doubly irradiated areas and the paged region will remain unchanged. The

reading process is very similar to writing, in that it is also initiated by a paging

laser, and after the bulk of the protein reaches the O-state, the data laser is

fired. This time, however, no spatial information is encoded in the beam by

the SLM, which is used instead to reduce beam intensity. The result is that in

the reading process, the data laser will ‘‘illuminate’’ the page by introducing

contrast between the binary zeros and ones. Because the absorbance maxima

of the P and Q-states are blue shifted with respect to the wavelength of the

data laser, previously written data will be, in effect, transparent to the data

beam. The resulting image is then recorded by a charge-coupled device

(CCD)—a differential read is done by comparing to a data image recorded

prior to firing the data laser. An erasing operation can be accomplished by

driving the 9-cis O-state back to the all-trans resting state with a blue laser

(380–480 nm). Lasers in this spectral region are at this point prohibitively

expensive, so only global erasures are possible at this time; until such lasers

are within reach, the memory system is operated as a write once read many

(WORM) device.

The advantages to the bacteriorhodopsin-based three-dimensional optical

memory are several fold and include storage density (data resolution is limited

by the resolution of the SLM, the diffraction limit, and the light scattering

potential of the polymer matrix), parallel operation, and resistance to the

damaging effects of radiation. The latter is of strong interest to space and

satellite applications, where lead is needed to shield semiconductor-based

storage media. Storage density in volumetric matrices has the potential to

achieve improvements on the order of three orders of magnitude over con-

ventional two disc-based architectures,35 although the limitations detailed

previously lower the expectations to about a 300-fold improvement. The

ability to act in parallel is a tremendous advantage for optical data through-

put; although the simplistic example in Fig. 4 shows three binary ones simul-

taneously written, the 5� 5 SLM in the illustration also enables, in effect, the

simultaneously creation of 22 binary zeros, to total 25 pieces of data written in

one routine operation. And as mentioned above, data resolution is limited at

least in part by the resolution of the spatial light modulator; typical resolu-

tions on the order of 1048� 1048 are available, which would make possible

parallel data throughput on the order of a megabit per routine operation.

3.1 Prototype Development

The basic optical layout for a BR-branched-photocycle prototype is

shown in Fig. 5. Several prototypes have been developed with the goal of
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demonstrating proof-of-principle and as in-house tools for materials develop-

ment. A pair of prototypes was constructed purely for evaluation of genetically

and chemically modified proteins; as will be discussed below, limitations in

the wild-type protein’s branched-photocycle efficiency preclude its use in a

commercially viable device, necessitating efforts to produce genetic and chemical

bacteriorhodopsin variants better suited to memory storage. Because of the

aforementioned limitations, the current series of prototypes is incapable of

parallel operation and writes or reads only one bit at a time. The latest prototype

was developed in collaborationwithCritical Link Inc., of SyracuseNY, a custom

electronics engineering and prototyping firm. The unit is capable of storing 3000

bits in the BR-based media, with lasers that are coupled with fiber optics to the

media (see Fig. 6). Our efforts in protein optimization are outlined below.

4. OPTIMIZING THE BRANCHED PHOTOCYCLE

Perhaps the largest remaining challenge facing the branched-photocycle

memory is the efficiency with which the branched-photocycle can be accessed.

The quantum efficiency of the O to P transition is estimated to be as low as

10�3 to 10�4, although in-house observations have yielded values on the order
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Figure 6. Two views of the current branched-photocycle 3D optical memory based on BR.

Top: Overall system view, measuring � 31 cm� 38 cm� 23 cm. The memory media is

inserted through an opening in the unit’s top. Bottom: Close-up view of the optical

platform, with a memory gel in the foreground. The gel is inserted into a central holder,

mounted on an x–y–z translation stage. The lasers are fiber optically coupled to the holder.
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of a few percent. The larger issue is one of unwanted photochemistry, where

photoconversion is achieved along the axes of irradiation during paging and

writing operations, i.e., from single photon rather than sequential dual photon

processes. The source of this single photon route into the P and Q-states is

thought to be due to a well-described direct path from the deionized form of

BR, the blue membrane.36 Illumination of the blue membrane with red light

results in the formation of the purported pink membrane, which is considered

to be synonymous with the P-state.37–42 Because the blue membrane is always

present in some equilibrium concentration, the direct route to the branched

photocycle can never be completely suppressed in the wild-type protein

(see Fig. 7).

Bacteriorhodopsin has long been touted as a strong candidate for biomo-

lecular electronic applications, formemory storage asdescribedabove, forholo-

graphic applications, artificial retinas, and spatial light modulators, as well as

other applications. A particularly exciting and new set of applications currently

being developed involves the use of BR as a photochromic ink for use in

security and verification (see the contribution by Markus Wolperdinger

in these proceedings). Yet to date, only one commercial device has resulted,

the holographic interferometer developed by Hampp and colleagues of Munich

Innovative Biomaterials.43 No devices have been marketed based on the

wild-type protein—modification, either by chemical or genetic means, seems
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to be necessary to produce commercially viable technologies. Although a

powerful technique, chemical modification has limitations and will probably

not be successful alone (see Refs. [3,33,44,45] for a review of some of these

techniques). Genetic engineering, however, is an exceptionally powerful tech-

nique enabling control at the level of individual amino acid residues.

As applied to the branched-photocycle memory, two genetic approaches

toward optimization are conceivable: optimization of the O-state magnitude

and optimization of the O to P/Q transition quantum efficiency—both routes

toward greater efficiency are essential for a faster and more efficient BR-based

optical memory. The former approach, optimizing the magnitude of the

O-state, is based on a simple mass-transfer premise—the more O-state that

is produced, the more that can be driven into the branched photocycle. The

latter approach, optimizing the efficiency of the O to P transition, poses a

more difficult challenge, as the transition is not well understood on a mech-

anistic basis. The first attempt to optimize the production of the O-state was

made through site-directed mutagenesis, by targeting specific amino acids that

are known to affect its rise and decay. And enough is known about the

photocycle and the O-state that specific site-directed mutants were possible.

Several such mutants were constructed and evaluated. Although the results

were promising, it became clear that this approach alone would not ultimately

be successful; despite considerable understanding of protein structure and

function (especially in the case of BR), science still does not have an adequate

ability to predict de novo the effects of most individual amino acid substitu-

tions, especially when they are far removed from the protein’s active site.

Therefore, site-directed mutagenesis is not a viable route toward a specific

goal in situations that lack sufficient mechanistic understanding. Fortunately,

an alternative approach exists that bypasses these limitations; random muta-

genesis and directed evolution provide techniques by which a targeted goal

can be achieved without specific knowledge of the changes being made to the

protein.

Random mutagenesis and directed evolution are, in fact, based on the

premise that we cannot predict the nature of many genetic mutations—in

essence, through the addition of some sort of random mutagenic factor,

mutations are introduced to the genetic code with unpredictable conse-

quences, resulting in a library of genetically altered bacterial strains. The

mutant proteins ultimately isolated from those strains are screened and evalu-

ated with respect to the properties of interest (the targeted goals); the strain

producing the most efficient mutant protein can then be selected to act as

parent to the next generation of random genetic progeny. This process can

be repeated as many times as necessary, thereby building upon successive

improvements in an incremental fashion, until the desired goal is met. A

strength of this approach is that the researcher is not biased by a perceived
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understanding of protein structure–function relationships, i.e., mutations are

allowed that would undoubtedly be overlooked in a more systematic

approach. This procedure is conceptually illustrated in Fig. 8 and more

specifically in Fig. 9, which includes the results of our first round of random

mutagenesis. An effective screening protocol is key to the success of both

random mutagenesis and directed evolution; the ideal screening protocol can

identify potential candidate proteins in vivo, thereby eliminating the need for

time consuming and tedious cell culture and protein isolation procedures. As

illustrated in Fig. 10, screening for both absorption maxima and O-state

kinetics can be done with little difficulty in vivo. To date, all of the studies

are focused on O-state optimization—the alternative approach of targeting

the O to P quantum efficiency is far more complicated and poses problems

with respect to an efficient screening process.

A technique that essentially combines site-directed and random mutagen-

esis techniques is called semi-random mutagenesis. Semi-random mutagenesis

involves mutation of a local region of approximately 15 amino acids. This

method is less specific than site-directed mutagenesis but provides the oppor-

tunity to partition the gene into 17 manageable segments. Details on how
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Figure 8. Schematic illustration of directed evolution of a bacterial protein toward a

pre-defined goal. The bold green line indicates the route selected by the researcher, where,

based on screening, the strain containing the most efficient mutant protein of each gener-

ation was chosen to parent the next. However, as shown by the question marks, other

synergistic routes may be possible but never discovered.
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these mutants are created can be found in Ref. [46]. This medium-throughput

method is used to generate and screen small amounts of protein in 96-well

plate format.

There are two approaches to directed evolution, denoted as Type I and

Type II. Both are based on the concept illustrated in Fig. 8, the difference lying

in the chosen screening method. Type I focuses on evaluating small amounts of

purified protein with respect to enzymatic activity, kinetics, and other stand-

ard benchmarks. Mutant strains must be cultured in sufficient quantity to

isolate the protein of interest. Type II has the potential to be much more

efficient, by evaluating the protein in vivo—however, not all proteins are

amenable to this approach, which depends on the in vivo protein concentration

and the sensitivity of the screening method. As such, photoactive proteins are

better candidates for Type II directed evolution because the protein can be

interrogated and monitored with light, making possible a much faster

and more efficient screening process. Both Type I and Type II rely on iterative

Generate random mutants

Select the best mutants (high Q) for the next round of directed evolution

Analyze each mutation for
desired properties
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Figure 9. Another illustration of directed evolution as applied to selection of the O-state

lifetime from the experimental point-of-view. Natural evolution occurs as a function of

selective pressures placed on a species by its environment. In this case, selective pressure is

applied by the researcher, in the form of the Q factor, a quality factor that assigns

significance to mutant proteins with an O-state characterized by a fast rise time, high

yield, and a fast decay. The mutant that has the best Q factor is selected to be the parent

for the next round of random genetic progeny. Individual strains are brought up and

screened in 96-well plates, prior to selection for large-scale fermenter culture. O-state

mutant kinetics derived from a number of mutant strains are shown on the right along

with their associated Q values.
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screening/selection to identify proteins with optimized properties, the best of

which are used as a template for the next round of mutation. Type II

methodologies could be implemented using a modified flow cytometer to

screen and select individual cells. These techniques are currently being devel-

oped and are discussed at greater length in Ref. [46]. Just as for the semi-

random techniques discussed above, the most serious limitation thus far is the

selection and screening process, which can be both time-consuming and chal-

lenging depending upon the nature of the enhanced property. Progress along

these lines is being made by researchers at the W. M. Keck Center for

Molecular Electronics at Syracuse University, where the ability to detect

various photocycle intermediates in vivo has already been demonstrated

(M, O, see Fig. 10). After just one round of directed evolution, a number of

new variants are exhibiting improved properties (Fig. 11). These new mutants

are currently being analyzed with respect to O-state production and branched-

photocycle efficiency.

5. FUTURE DIRECTIONS

The library of proteins available for biomolecular electronics is currently

limited to just a few, including bacteriorhodopsin, photosynthetic reaction

centers, photoactive yellow protein, and a few other, predominantly photo-

active, proteins. Industrial scale utilization of proteins is largely limited to

enzymes employed for their catalytic activity in diverse applications ranging

from chemical processing and synthesis to stain degradation agents in laundry

detergents. The field of biomolecular electronics is small by comparison, and

has not as of yet demonstrated its full potential. However, at the time of this

writing, there are at least four companies dedicated to photoactive protein-

based devices, with several larger companies diversifying along similar lines. It

is clear that the next 5 to 10 years will be pivotal for this field.

The bacterial rhodopsins have garnered a great deal of interest as active

elements in device applications because of their unique response to photoacti-

vation and the potential for multiple methods of state interrogation, including

optical and photovoltaic. Of this group, bacteriorhodopsin has proven to be

the most successful because of an extremely well-defined response to light

(resulting in both optical and voltaic signals), remarkable stability, and ease

of isolation, modification, and materials processing. As mentioned above, a

number of devices have been devised that employ BR, and several have

been successfully built. Included are holographic interferometer systems,43

artificial retinas,47,48 and optical memory systems (2D and 3D holographic,

binary photonic).3,6,32,34,49–51 The application described above represents the
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Figure 10. (A) Existing screening apparatus, which determines the absorbance change

versus time at 690 nm in live colonies of H. salinarum. (B) O-state screening data are

shown for 18 consecutive pump-probe cycles, each separated by 5 min. The sample is then

subjected to a constant illumination at 635 nm for 2 h. The lower curve, shown in red, is a

final pump-probe cycle after illumination. The reduced amount of O-state photoproduct is

due to the formation of P-state and Q-state. (C) Reflectance data measured in wild-type

(green) and bop- (red) colonies of H. salinarum. Bop- cells do not produce BR and appear

white, while wild-type cells appear purple. A difference spectrum shows a peak at 568 nm,

corresponding to the chromophore peak of BR. This method will be used to detect

differences in emission spectra between the BR mutants. Measurements were taken with

an Ocean Optics fiber optic emission spectrometer Model SD-2000.

BACTERIORHODOPSIN-BASED 3D OPTICAL MEMORY 55



I119T, A126S

I108T, I117N

I117N

I108R

I78F
P77Q, I78F

λmax (nm)580

575

570

565

560

555

550

545

540

120

100

80

60

40

20

0

0.12

0.10

0.08

0.06

0.04

0.02

0.00

WT

A11 0P, G113

state decay time (ms)

state formation time (ms)

P77Q, 178F

I119T,
T121S,
A126T

I119T, T121S, A126T

I108L, L111F

P77R,Y79F,L87M

0 20 40 60 80 100

Q1

Well number

WT

t=∞

t=0

Q = t 0 [o]dt−1

Figure 11. Spectrokinetic screening of semi-random mutants for branched-photocycle mem-

ory applications. Semi-random mutant proteins were constructed and analyzed in 96-well

plates. Wild-type protein and 7 site-directed mutants (labeled 1–7 and positioned to the right

of wild-type) are shown for comparison. 1 ¼ E194Q; 2 ¼ E204Q; 3 ¼ F208N, 4 ¼ E194C,

5¼E204C, 6¼E194C/E204C; 7¼E194Q/E204Q. Some of the semi-random mutant extrema

are labeled. The top panel shows the�max ofmutant proteins andWT.Themiddle panel shows

the O-state intermediate (as measured at 650 nm) decay and formation times for the mutant

proteins and WT. Formation times are shown in green, decay times in red. The bottom panel

shows the Q value for each mutant (see Fig. 10). Note that some of the semi-random mutants

show higher values in some categories than do the site-directed mutants designed from a priori

knowledge of the protein.
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current state-of-the-art in bacteriorhodopsin-based memory storage. The largest

remaining hurdles still concern materials development and involve optimizing

bacteriorhodopsin for use in specific applications. However, never before have

techniques suchas randomand semi-randommutagenesis anddirected evolution

been available to researchers in this field—the landscape of potential new mater-

ials based on bacteriorhodopsin is nearly unlimited. Limitations in the wild-type

protein no longer pose serious problems—indeed the potential now exists to

custom engineer a wide variety of proteins for a diverse range of applications.

ACKNOWLEDGEMENTS

This work was supported by the Air Force Research Laboratories in

Rome, NY, the National Science Foundation, and by the W. M. Keck

Foundation.

REFERENCES

1. Birge, R. R., 1994, Introduction to molecular and biomolecular electronics, Adv. Chem.

240:1–14.

2. Birge, R. R., 1995, Protein-based computers, Sci. Am. 272:90–95.

3. Birge, R. R., Gillespie, N. B., Izaguirre, E. W., Kusnetzow, A., Lawrence, A. F., Singh,

D., Song, Q. W., Schmidt, E., Stuart, J. A., Seetharaman, S., and Wise, K. J., 1999,

Biomolecular electronics: Protein-based associative processors and volumetric memor-

ies, J. Phys. Chem. B. 103:10746–10766.

4. Birge, R. R., Parsons, B., Song, Q. W., and Tallent, J. R., 1997, Protein-based three-

dimensional memories and associative processors, in Molecular Electronics (M.A.

Ratner and J. Jortner, eds.), Blackweel Science Ltd., Oxford, pp. 439–471.

5. Vought, B. W., and Birge, R. R., eds., 1999, Molecular electronics and hybrid com-

puters, in Wiley Encyclopedia of Electrical and Electronics Engineering. (J. G. Webster,

ed.), vol. 13, Wiley-Interscience, New York, pp. 477–490.

6. Birge, R., 1992, Protein-based optical computing and memories, Computer 56–67.

7. Oesterhelt, D., and Stoeckenius, W., 1971, Rhodopsin-like protein from the purple

membrane of Halobacterium halobium, Nat. New Biol. (Lond.) 233:149–152.

8. Birge, R. R., 1981, Photophysics of light transduction in rhodopsin and bacteriorho-

dopsin, Ann. Rev. Biophys. Bioeng. 10:315–354.

9. Birge, R. R., 1990, Nature of the primary photochemical events in rhodopsin and

bacteriorhodopsin, Biochim. Biophys. Acta 1016:293–327.

10. Ebrey, T. G., 1993, Light energy transduction in bacteriorhodopsin, in Thermodynamics

of Membrane Receptors and Channels (M. B. Jackson, ed.), CRC Press, Boca Raton,

pp. 353–387.

11. El-Sayed, M. A., 1992, On the molecular mechanisms of the solar to electric energy

conversion by the other photosynthetic system in nature, bacteriorhodopsin, Accts.

Chem. Res. 25(7):279–286.

BACTERIORHODOPSIN-BASED 3D OPTICAL MEMORY 57



12. Lanyi, J., and Luecke, H., 2001, Bacteriorhodopsin, Curr. Opin. Struc. Biol. 11:415–419.

13. Lanyi, J. K., 1992, Proton transfer and energy coupling in the bacteriorhodopsin

photocycle, J. Bioenerg. Biomembr. 24:169.

14. Lanyi, J. K., 1999, Bacteriorhodopsin, Int. Rev. Cytol. 187:161–202.

15. Stuart, J. A., and Birge, R. R., 1996, Characterization of the primary photochemical

events in bacteriorhodopsin and rhodopsin, in Biomembranes (A. G. Lee, ed.), JAI

Press, London, pp. 33–140.

16. Lanyi, J., 1993, Proton translocation mechanism and energetics in the light-driven

pump bacteriorhodopsin, Biochim. Biophys. Acta 1183(2):241–261.

17. Lanyi, J., and Varo, G., 1995, The photocycles of bacteriorhodopsin, Isr. J. Chem.

35:365–385.

18. Lozier, R. H., Bogomolni, R. A., and Stoeckenius, W. 1975, Bacteriorhodopsin: A light-

driven proton pump in Halobacterium halobium, Biophys. J. 15:955–962.

19. Mathies, R., Lin, S., Ames, J., and Pollard, T., 1991, From femtoseconds to biology:

Mechanism of bacteriorhodopsin’s light-driven proton pump, Annu. Rev. Biophys.

Biophys. Chem. 20:491–518.

20. Birge, R. R., 1990, Photophysics and molecular electronic applications of the rhodop-

sins, Annu. Rev. Phys. Chem. 41:683–733.

21. Hasson, K. C., Gai, F., and Anfinrud, P. A., 1996, The photoisomerization of retinal in

bacteriorhodopsin: Experimental evidence for a three-state model, Proc. Natl. Acad.

Sci. 93:15124–15129.

22. Birge, R. R., and Cooper, T. M., 1983, Energy storage in the primary step of the

photocycle of bacteriorhodopsin, Biophys. J. 42:61–69.

23. Birge, R. R., Cooper, T. M., Lawrence, A. F., Masthay, M. B., Zhang, C. F., and

Zidovetzki, R., 1991, Revised assignment of energy storage in the primary photochem-

ical event in bacteriorhodopsin, J. Am. Chem. Soc. 113:4327–4328.

24. Popp, A., Wolperdinger, M., Hampp, N., Bräuchle, C., and Oesterhelt, D., 1993,
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Chapter 5

SPIDER SILK PRODUCTION

Randolph V. Lewis
Dept. of Molecular Biology, Univ. of Wyoming 1000E. University, Dept. 3944,

Laramie, WY 82071-3944

Abstract: Spider silks have been noted for their extraordinary mechanical properties

for centuries. Recent research has provided information that helps explain

these properties on a molecular basis. This article describes the biological

and mechanical properties of spider silks. Three different spider silks are

discussed with particular emphasis on the protein sequences and how they

compare. The structures of key amino acid sequences are used to indicate

how they generate the mechanical properties.

Key words: Spider silk, fiber, major ampullate, minor ampullate, flagelliform, biophys-

ical, protein structure

1. INTRODUCTION

Human thinking in material and design frequently draws on nature for

inspiration. Applications from architecture to ceramics frequently seek to

utilize the ideas that natural evolution has developed and tested for millions

of years. This is particularly true of spider silk. This material has held human

fascination for many years. There are stories regarding spiders and their

ability to spin silks in Greek mythology as well as the Koran. To scientists,

spider silk is remarkable not only for its exceptional material properties but

also for its production, processing, and evolution. The ability to produce a

synthetic spider silk remains something of a holy grail of material science. Yet,

an understanding of the composition and design of spider silk suggests that it

may be possible not only to mimic spider silk but also to alter its composition

and thus its material properties. Scientific studies have revealed the compos-

ition of spider silk to be almost exclusively protein.1 This has raised questions
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and revealed surprising findings regarding the development and evolution of

many different types of spider silk.

2. BIOLOGICAL ASPECTS OF SPIDER SILK

PRODUCTION

Various species of spiders have developed many different applications for

silk. These include constructing egg cases, lining burrows, ensnaring or swath-

ing prey, and creating custom habitats. Most species are capable of producing

multiple types of silk, each suited to a particular purpose. A distinct gland

contained within the abdomen of the spider produces each type of silk.

Normally each type of gland occurs in pairs with bilateral symmetry.

Each type of silk gland has a unique morphology, but the overall organ-

ization of these glands is very similar between species. Most of what is known

about spider silks was learned from the study of silk produced by the major

ampullate gland of large, orb-web weaving species such as members of genus

Nephila. This particular gland produces dragline silk that is a component of

an orb web, as well as the lifeline of the spider when falling from high places.

More basal taxa of spiders do not produce orb webs but have other uses for

the silks that they produce. Frequently, these silks are considered to be

orthologous but only by the morphology of the gland. Clearly, they are not

related by application or gene sequence.

Transmission electron micrograph analysis has shown that silk proteins

are produced in specialized columnar epithelial cells in a portion of the gland

commonly referred to as the ‘‘tail.’’2 In the major ampullate glands, there

appears to be two different types of these cells3 that may correlate with the

production of two distinct types of silk proteins in this gland. According to

Bell and Peakall, there was no evidence for Golgi in these cells; instead,

protein molecules are seen to aggregate in granules in the cytoplasm of the

cell, which are then secreted into the lumen of the gland.

After synthesis and secretion into the lumen of the gland, the silk is stored in

the body of the gland in an aqueous solution. In this part of the gland, the silk is

in a liquid crystalline state, which may inhibit polymerization.4 A duct leads

from the distal end of the silk gland to the spinnerets at the posterior end of the

spider. These ducts are at least five times longer than the distance from the body

of the gland to the spinneret.2 This excess length strongly indicates that import-

ant processing is taking place as the silk material travels down the duct. As silk

is drawn down the duct leading to the spinnerets, it becomes increasingly

dehydrated, slightly acidified, and increasingly birefringent.5 This indicates

that as the silk exits the spider, it has already been modified in a manner that

alters the shape and orientation of the molecules. Other than the influx of
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protons, there is a little evidence for substances being introduced to, or removed

from, the spinning dope as the material passes through the duct and out of the

spider. Unlike many artificial materials, spider silk emerges from the spinneret

in a finished state and requires no further processing such as postspin drawing.

3. MECHANICAL PROPERTIES OF SPIDER SILKS

Insect-produced silks have long been of use, most frequently for the

textiles. Spider silks have received a great deal of attention for their excep-

tional mechanical properties, although for reasons discussed later, these silks

have not been as amenable to human utilization. Spiders that spin aerial webs

have long been subjected to strong evolutionary pressures to create a panel of

materials that are ideally suited to this demanding application. A web must be

made out of a minimal amount of material on order to be both economical to

produce and as undetectable as possible to the prey. A web must also be able

to absorb and dissipate a great deal of kinetic energy from the impact of a

flying insect. Due to the effects of these various evolutionary pressures, some

silks, such as dragline, have evolved to have very high-tensile strengths, while

others, like flagelliform, have evolved to exhibit extreme elasticity. For an

excellent review of the elastic properties of spider silks and other biological

materials, see Ref. 6, Table 1.

Many early studies have shown that dragline silk, in particular, exhibited

very high tensile strength, as well as some degree of elasticity.7–9 However,

these studies were based on an implied mean diameter, which was calculated

based on the known length, mass, and density of a particular silk sample.

Later microscopic analysis demonstrated high variability in this diameter. In

Table 1. Mechanical properties of high-performance materials

Material

Tensile

strength

(GPa)

Tensile elasticity

(%)

Young’s modulus

(GPa)

Density

(kg/L)

S-Glass 2.53 2.9 87 2.5

Kevlar 29 2.27 2.8 83-100 1.44

Kevlar 49 2.27 1.8 124 1.44

High-strength

carbon fiber

1.1 1.1 230 1.8

Major ampullate silk 4.6 35 22-34 1.36

Minor ampulate 0.96 5 1.19

Flagelliform 1 200

Silkworm silk 1.3 12 16
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some silk fibers, the minimum diameter could be as little as 50% of the average

diameter. If minimum diameters are used for these calculations, the calculated

tensile strength of the silk can be as much as four times greater. These

variations in fiber diameter have also been supported by observations using

scanning electron microscopy.10

4. PROTEIN SEQUENCES AND EVOLUTIONARY

IMPLICATIONS

Among the earliest studies of the chemical makeup of spider silks showed

that these were made almost exclusively of protein.1 Even recent studies have

shown that all of the silks that are used to make an orb web are composed of

protein and very little else. One study has shown the presence of some unusual

branched lipids in one type of silk.11 However, silks are, for the most part,

protein-based materials. In major ampullate silks from a variety of different

species, alanine, glycine, proline, and glutamine make up over 80% of the

constituent amino acids (see Fig. 1).12 Levels of proline vary widely between

different species, but amounts of other amino acids remain relatively constant.

Genomic and cDNA work have shed a great deal of light on the evolution

of the silk genes, as well as the structure/function relationships that make

spider silk such a remarkable material. For araneoid species that spin aerial

webs, genes have been sequenced encoding the proteins that form major

ampullate, minor ampullate, and flagelliform silks. Many silk genes have

also been sequenced from more basal taxa, features of which will be discussed

later.
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Figure 1. Amino acid composition of three types of silk (from Andersen, 1970).
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4.1 Major Ampullate

Major ampullate or dragline silk has been the most extensively studied of

the spider silks. In 1990, this silk became the first to have a silk protein gene

sequenced.13 A cDNA clone was isolated utilizing a degenerate nucleotide

probe based on a short peptide isolated from acid hydrolyzed dragline silk

from Nephila clavipes. This gene encoded a series of similar but nonidentical

repeats. Each of these repeat units is approximately 30 amino acids (aa) in

length and composed of a number of identifiable motifs. These motifs include

a series of up to seven consecutive alanine residues alternating with a tandem

repeats of Gly-Gly-X. The X amino acid is limited to Tyrosine (Y), Leucine

(L), or Glutamine (Q). In a series of these GGX motifs, the X residues

frequently follow the above order, resulting in a larger repeat of

GGYGGLGGQ. Between repeat units, there are wide variations in the num-

ber of GGX repeats, but virtually no other substitutions for the X residue.

This gene sequence bears no significant homology to other known genes,

indicating that it is a truly unique structure.

The amino acid composition of the protein encoded by this cDNA nearly

matched that already known for the dragline silk fiber, with one glaring

exception. It was known that dragline silk contained nearly 13% proline;

however, no proline was encoded by this known gene. The cDNA library

was therefore reprobed and a second cDNA, named MaSp2 was identified.14

Like MaSp1, this gene encoded a repetitive protein, where each repeat unit

was of a different length but also composed of similar short amino acid motifs

(see Table 2). The motifs of MaSp2 include polyalanine (like MaSp1). The

other motif that composed MaSp2 was a proline-containing motif of

GPGQQGPGGY. Furthermore, like MaSp1, each repeat unit varies in the

number of motifs, but truncated motifs as well as amino acid substitutions are

not found.

Table 2. MaSp1 consensus repeats

Nep.c. GGAGQGGYGGLGSQGAGRGGLGGQGAGAAAAAA

Nep.m. GGAGQGGYGGLGSQGAGRGGYGGQGAGAAAAAA

Nep.s. GGAGQGGYGGLGGQGAGAAAAAA

Tet.k. GGLGGGQGAGQGGQQGAGQGGYGSGLGGAGQGASAAAAAAAA

Tet.v. GGLGGGQGGYGSGLGGAGQGGQQGAGQGAAAAAASAAA

Lat.g. GGAGQGGYGQGGQGGAGAAAAAAAAA

Arg.a. GGQGGXGGYGGLGSQGAGQGYGSGLGGQGGAGQGGAAAAAAAAAA

Arg.t. GGQGGQGGYGGLGXQGAGQGYGAGSGGQGGXGQGGAAAAAAAA

Ara. d. GQGGQGGQGGLGSQGAGGAGQGGYGAGQGGAAAAAAAA
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As will be discussed in more detail in Section 4.2, both MaSp1 and MaSp2

encode a 100 aa carboxy-terminal sequence, which is very distinct from the

repetitive region that comprises the majority of the gene. However, although

MaSp1 and MaSp2 only share polyalanine as the common motif, the C-term

regions are very highly conserved.

Northern blotting has shown that both genes encode large transcripts of

12.5 kb for MaSp1 and 10.5 kb for MaSp2. Genomic analysis for these genes

indicates a lack of any large introns throughout most of the gene.

4.2 Minor Ampullate Silk Proteins

Genes encoding minor ampullate silk were the next spider silk genes to be

sequenced.15,16 Minor ampullate silk also appears to be composed of two

distinct proteins, named MiSp1 and MiSp2, both of which have similar archi-

tecture to MaSp1 and MaSp2 (see Table 4). The main portion of both genes

encode many repeats composed of certain amino acid motifs, which is followed

by a 100 aa, nonrepetitive C-term region very similar to the carboxy terminus of

MaSp1 and MaSp2. There were also some critical differences between MiSp

and MaSp genes. The first is interruption of the repetitive regions by a con-

served 130 aa nonrepetitive ‘‘spacer,’’ which is composed of larger, hydrophilic

Table 3. MaSp2 consensus repeats

Nep.c. GPGQQGPGGYGPGQQGPGGYGPGQQGPSGPGSAAAAAAAA

Nep.m. GPGQQGPGGYGPGQQGPGGYGPGQQGPSGPGSAAAAAAA

Nep.s. GPGQQGPGXYGPSGPGSAAAAA

Lat. g. GPGGYGPGPGXQQGYGPGGSGAAAAAAAA

Arg.a. GGYGPGAGQQGPGSQGPGSGGQQGPGGXGPYGPSAAAAAAAA

Arg.t. GGYGPGAGQQGPGSQGPGSGGQQGPGGQGPYGPSAAAAAAAA

Gas.m. GGYGPGSGQQGPGQQGPGSGGQQGPGGQGPYGPGAAAAAAAA

Ara.b. GGYGPGSGQQGPGQQGPGQQGPYGPGASAAAAAA

Ara.d. GGYGPGSGQQGPGQQGPGGQGPYGPGASAAAAAA

Nep.m. GRGPGGYGPGQQGPGGPGAAAAAA

Arg.t. GPGGQGPGQQGPGGYGPSGPGGASAAAAAAAA

Ara.d. GPGGYGPGSQGPSGPGAYGPGGPGSSAAAAAAAAS

Table 4. Minor ampullate silk consensus repeats

Nephila clavipes MiSp1

GAGGAGGYGRGAGAGAGAAAGAGAGAGGYGGQGGYGAGAGA-

GAAAAAGA

Nephila clavipes MiSp2

GGYGRGVGAGAGAGAAAGXGAGAGGYGGQGGYGAGXGAAAAGAG
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amino acids and shows no similarity to any part of any other characterized

gene. The function of this spacer is currently unknown, but it is hypothesized to

play a role in fiber formation, possibly as a site of protein–protein interaction to

aid protein accretion for formation of a solid fiber.

The amino acid motifs that compose MiSps were also of interest. MiSp

contains GGX motifs and short polyalanine segments similar to MaSp1. But,

MiSp also contains larger blocks of alternating glycine and alanine. The

significance of this poly-GA motif will be discussed in greater detail later.

Northern blotting revealed the MiSp1 and MiSp2 genes to also be respon-

sible for relatively large transcripts of 9.5 and 7.5 kb, respectively. Restriction

analysis, followed by Southern blotting, suggests that the gene is nearly the

same size as its transcript, suggesting a lack of large introns throughout the

coding region.

4.3 Flagelliform Silk Proteins

The most recent silk gene to be sequenced was that from the flagelliform

gland.17 This gland produces the silk that composes the highly elastic silk of

the capture spiral of a silk web. Separate cDNA clones identified for portions

of this large gene contain the 50 end of this gene, including the 50 UTR,

initiation codon, and signal peptide, C-terminus and numerous iterations of

a pentapeptide motif. This information reveals a similar, yet distinct architec-

ture from the other types of silk. Flagelliform silk contains only a single

repeated motif, GPGGX, which is very similar to the proline-containing

repeat from MaSp2. A unique and highly conserved 34 aa spacer interrupts

repetitive regions of this silk. Although flagelliform silk does contain a

nonrepetitive C-term region, there is no sequence similarity to the C-term

regions of either of the ampullate type silks.

Genomic sequence data has also been obtained for this type of silk and

demonstrates some unusual findings.18 This data indicates a pattern of repeat-

ing introns and exons, with the introns being more highly conserved than the

exons (see Table 5). Furthermore, when flagelliform orthologs are aligned,

sequential introns within a single gene are more similar than are corresponding

introns between orthologous genes. This suggests that there must be significant

homogenizing forces acting on introns.

Table 5. Flagelliform consensus repeat sequences

Nep. c [GPGGX]41[GGX]7TIIEDLDITIDGADGPITISEELTISGAGGS[GPGGXn]26

Nep.m [GPGGX]36[GGX]7TVIEDLDITIDGADGPITISEELTIGGAGAGGS[GPGGXn]19

Arg.t [GPGGXn]6GPVTVDVDVSVGGAPGG[GPGGXn]5[GGX]6[GPGGXn]7
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4.4 Silk Evolution, Convergence, and Divergence

Silk genes for major and minor ampullate and flagelliform silks have been

sequenced from a variety of spider species.19 Orb-weaving species demonstrate

a great deal of gene sequence conservation, having maintained the same motifs

and gene architecture over more than 125 million years of separation. One

interesting aspect of these other similar silks is that differences in motifs are

propagated throughout the gene, suggesting that powerful and likely novel

mechanisms are acting to maintain silk gene sequences.

When silks from more distantly related, nonorb web-weaving species are

compared, the results are very different. These silk genes show very few of the

recognizable motifs that are so highly conserved among orb-weaving species.

Some elements of the architecture are conserved, however. Poly-alanine or

poly gly–ala occur occasionally, but other similar patterns also appear, such

as poly glutamine–alanine. Even these more basic silks still show a repetitive

nature, but the consensus repeat is frequently much longer. This strongly

indicates that silks from more basal nonorb-weaving species are subject to

the same homogenizing evolutionary forces as are silks from more highly

evolved species but that the sequence requirements are very different. This

may be reflective of the selection for spiders producing silks with optimal

material properties when their lifestyle is dependant upon an effective web for

prey capture. Species that do not produce orb webs are less dependent upon

the mechanical properties of their silk for their continued survival. These

species frequently take a more active role in pursuing and capturing prey.

Some species of spider produce silks that appear to be more similar to silks

produced by silkworm species than other spiders. Two examples include the

silk gene of the jumping spider Phiddipus which is clearly very similar to the

silk of the silkworm Bombyx. The second is the spider Zorocrates which is

clearly very similar to the silk of the oak silkworm, Antheria. Two hypotheses

may explain this interesting phenomenon: (1) convergent evolution or (2)

horizontal gene transfer. Horizontal gene transfer seems unlikely because

such a hypothesis must explain both the transfer and utilization of the genetic

material. Convergent evolution would imply that these organisms have inde-

pendently arrived at a nearly identical solution for creating a high perform-

ance silk. This theory would imply that there are a very limited number of

protein sequences that can result in the necessary conformations to confer the

properties that a silk fiber must have to be an evolutionary benefit to the

organism.

Convergent evolution is also bolstered by the fact that the motifs

that comprise spider silk are found in many other protein applications.

Poly-alanine, the role of which will be discussed later, is also found in mollusk
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shell proteins,20 and mussel byssus threads,21 both of these are structural

proteins which are very strong and are extracellular in application. GGX, a

component of MaSp1, is also found in mussel byssus threads. The proline

containing motif, GPGXX, is believed to be responsible for the elasticity

observed in some types of spider silk, as will be discussed later. This motif

also occurs in other elastic proteins, such as wheat glutin and elastin,22 and

mussel bysus threads.21 These organisms are unrelated through all but the

most ancient ties. This demonstrates that multiple organisms have independ-

ently arrived at a small set of motifs for creating structures with certain

mechanical properties.

5. BIOPHYSICAL STUDIES

Almost all biophysical studies to date have been performed on major

ampullate fibers from N. clavipes. This type of silk fiber has a relatively

large diameter and is easily obtained in larger quantities than any other type

of silk.

The earliest biophysical studies performed on spider silk were X-ray

diffraction. The only apparent spacing corresponded with that of antiparallel

beta sheets. However, this technique demonstrated that much of the protein in

the fiber was actually unordered.

Wide angle X-ray diffraction (WAXD) indicates that the gross morph-

ology of silk fibers is small, rigid crystals embedded in a far less rigid amorph-

ous matrix.23 This is known as a two-phase model of the structure of spider

silk. This methodology suggests that there may actually be a third phase of

structured but unorganized regions.

The next technique to be applied to spider silk fibers was Fourier-trans-

form infrared (FTIR) spectroscopy. Data from this type of analysis supported

the existence of beta sheet structure within the fiber, which was not altered

when the fiber was stretched or supercontracted. However, there was also

emergence of a signal indicating additional helical structure when the fiber

was stretched. This signal disappeared when tension was released from the

fiber. These helical regions appeared to arise from regions that were unor-

dered when the fiber was in a relaxed state. Parallel polarized spectra indi-

cated that the proteins forming the recognizable structures were oriented

parallel to the long axis of the fiber.24

Techniques of solid-state nuclear magnetic resonance (NMR) spectros-

copy are more recently being applied to analyzing the molecular structures of

spider silk fibers. These studies confirm the beta sheet structure present in silk

fibers.25,26 Studies have demonstrated that the chemical shifts of a, b, and
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carbonyl carbons of amino acids are sensitive to the confirmation of

the peptide backbone. Therefore, these chemical shifts are indicative of the

secondary structure of the peptide. Studies using silk from spiders fed 13C

alanine indicate that the beta sheet regions are composed strictly of alanine.

These studies detected no change in the structure of the alanine residues upon

stretching or supercontraction.

This leads to a model of silk that entails a largely amorphous matrix of

protein molecules which are oriented parallel to the long axis of the

fiber. These fibers are bound together through interspersed rigid crystals of

poly-alanine motifs. This type of structure is supported by computer modeling

of such a network that accurately reproduces the shape of stress–strain curves

that silk fibers demonstrate.27

6. PROTEIN STRUCTURE FUNCTION

RELATIONSHIPS

The occurrence of alanine in apparently rigid beta sheet structures

corresponds very well with the utilization of alanine almost exclusively in

poly-alanine blocks in the protein sequence. It is widely believed that these

beta-structured regions are composed almost exclusively of poly-alanine

regions, which aggregate to form the rigid crystals within the otherwise

amorphous silk. Furthermore, these poly-alanine crystals are believed to

be a site of cross linking between multiple, parallel protein molecules. Since

poly-alanine stretches occur many times per molecule (at least 100 times), this

allows tight interaction with many different molecules. This tight binding

between protein molecules is believed to be responsible for the tensile strength

of silk fibers. Alanine residues in a beta sheet form have an ability to form

very tightly packed aggregates through interactions very similar to a zipper,

with protruding methyl groups occupying the void near the alpha carbon of

a residue on a neighboring chain. Such an aggregate would be very rigid,

have no void space, and be impenetrable to water, since it is stabilized by

hydrogen bonds in one dimension and hydrophobic interactions in the other.

Molecular dynamics simulations support such a model through analysis of

similar peptides that occur in prion proteins and seem to be responsible for

the fibril formation seen in the pathologies associated with prion proteins.

This type of analysis suggests that in free solution, poly-alanine adopts an

extended helical conformation, but when enough peptide molecules are

brought together, they adopt a beta sheet confirmation and aggregate into a

rigid structure identical to that described above. This aggregate can also

nucleate condensation of other peptides, which build on the rigid crystalline

seed.28
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The presence of the crystalline beta sheet regions is also supported by the

properties of the corresponding structure found in minor ampullate silk (see

Fig. 2). Instead of poly-alanine, minor ampullate silk has stretches of

alternating glycine–alanine residues which are likely to form corresponding

structures. The major difference in this case would be an absence of methyl

side chains on one side of the protein strand. This results in introduction of

small void spaces into the crystals, as well as weaker interactions due to

reduced hydrophobic interactions and steric interactions due to the ‘‘zippe-

ring’’ of adjacent molecules. Correspondingly, minor ampullate silk exhibits

substantially less-tensile strength than does major ampullate silk. Elasticity

was originally attributed to the GGX regions that were first seen in MaSp1.

These regions were thought to be able to form an extended helical form upon

extension, but otherwise unordered in relaxed silk.26 This agrees to the

predictions that as much as 85% of the energy absorbed by the fiber upon

impact is utilized to reduce molecular entropy.29 This is also in agreement with

the appearance of an alpha helical region upon stretching as is detected by

FTIR spectroscopy.24 The NMR studies of this motif also support an

extended 31 helix.30

When flagelliform silk was first sequenced, the above assumptions were

challenged. This type of silk is highly elastic and the protein sequence is

composed almost exclusively of repeats of GPGXX that is very similar to

one of the motifs found in MaSp2 (see Table 3). This motif draws attention

when protein sequences for multiple silks are compared with the mechanical

Figure 2. Three poly-alanine beta sheets.
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properties of the silks they encode. Minor ampullate silk genes encode none of

these motifs and the resultant fiber demonstrates no elasticity. On a percent-

age basis, flagelliform silk genes encode seven times more of this motif than do

major ampullate silk genes, and the resultant flagelliform fiber exhibits seven

times more elasticity than does major ampullate silk. Very similar motifs are

also found in other elastic structural proteins such as wheat gluten, mussel

byssus threads, and elastin. In silk, as well as other occurrences of this motif, it

is hypothesized to form a series of linked type II beta turns, which would

result in a type of flattened molecular coil spring.31 Proline is known to form

the core of tight, hairpin type turns because of the ability of this amino acid to

adopt a cis conformation.

There are a number of different hypothesized structures for the proline-

containing silk motifs,32 but the common element of these predictions is the

presence of a stack of beta turns, resulting in a structure resembling a coil

spring (see Fig. 3). The function of this structure is yet to be understood. Some

propose that the turns suspend the intervening sequence in a conformationally

free state. This structure could also be seen to function more akin to a

Figure 3. Hypothesized structure of proline-containing motif.
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macroscopic spring in which energy is stored in strain induced on chemical

bonds. If this motif is truly responsible for silk elasticity, its role is likely to be

a mixture of enthalpic and entropic energy storage. If this forms a rigid

molecular spring, it should be detectable in X-ray diffraction studies, but

the presence of beta sheets may be masking it.

7. EXPRESSION OF SYNTHETIC SPIDER SILK

PROTEINS

Spiders are aggressive and antisocial creatures and are not amenable to

farming or growing at high density. Furthermore, spider silk fibers are very

fine, with diameters often less than 10 microns. This means that even though a

large spider may produce over 100 m of silk, this is actually less than a

milligram of material. Silks reeled forcibly from a spider frequently show

inconsistency in their mechanical properties,33 and some types of silk are

very difficult to reel from a spider at all. Silk collected from a web may exhibit

more consistency for mechanical properties but is limited in quantity and

prone to contamination from other silks and detritus. An alternative ‘‘spider-

free’’ method of producing silks would be ideal for material for study, as well

as future commercial application of this remarkable material. Furthermore,

genetic manipulation of the silk-encoding genes opens up the possibility of

spider silk as a designer material, but there are virtually no tools developed for

genetic manipulation in spiders.

Microbial systems for protein production are standard for laboratory

applications as they produce large amounts of material quickly and inexpen-

sively. However, efforts to express spider cDNAs in E. coli resulted in no

detectable expression. It was hypothesized that unusual secondary structure

and codon bias found within the spider silk cDNA were responsible for the

lack of expression in a microbial host. For this reason, the first synthetic

spider silk genes were created. Design of synthetic spider silk genes is simpli-

fied by the repetitive nature of true spider silk genes. This allows the design of

a single consensus repeat, which can then be concatenated using a number of

different strategies to create large tandem arrays of this consensus repeat.

Careful consideration must be used during the design of the consensus

repeat to avoid formation of hairpins and other unusual secondary structures

that can be found in repetitive genes. Codon preferences of the host must also

be considered in the design of synthetic genes.

Strategies for creation of the concatemers of spider silk repeats fall into

two broad categories: condensation or iterative. Condensation strategies

entail ligation of a pool of monomeric DNA molecules. It is necessary to

design these monomers so that they only assemble in a head-to-tail fashion.
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One means to accomplish this is to design the monomers with nonpalindromic

restriction sites at the ends. Such a strategy was employed by Capello and

McGrath,34 as well as Fukushima and Nakajima.35 A variation on this idea

was employed by Prince et al. 36 This group designed silk monomers with

compatible but non-regenerating restriction enzyme sites at each end. A pool

of these monomers were ligated and then digested with both restriction

enzymes. Head-to-head and tail-to-tail ligated products would regenerate a

restriction site, but correctly assembled head-to-tail constructs are not

cleaved. Using this strategy, genes encoding proteins as large as 684 aa long

were created. However, even single isolates demonstrated DNA ‘‘laddering,’’

with each construct separated by the size of a single monomer unit. This

indicates that the construct was unstable and subject to internal deletions.

Iterative strategies generally involve construction of a synthetic silk gene

through controlled addition of silk monomer units or larger constructs to a

core structure. This strategy is employed by Lewis37 using ideas described by

Kempe et al.38 Advantages of this strategy include control over the number of

repeats in a construct, as well as the ability to introduce other monomers into

the construct. This allows for greater control and variability in the construc-

tion of larger synthetic silk genes. This strategy has been utilized to construct

genes encoding silk proteins as large as 110 kDa. Constructs made in this

manner appear to be stable, with no apparent DNA laddering.

Another iterative strategy was utilized by a group at DuPont to produce a

synthetic MaSp2.39 Four different overlapping oligonucleotides encoding four

different native repeat sequences were used to construct a synthetic spider silk

gene. Iterative polymerization was utilized to create constructs of 8 or 16

iterations of the monomer unit. This strategy resulted in a much larger

construct, resulting in proteins up to 1904 aa in size. This same group also

utilized this same strategy to produce a MaSp1 synthetic gene for expression

in yeast.40 In Pichia pastoris, the host organism, a DNA ladder effect was

noted, indicating internal deletion or duplication events. However, the ladder

pattern was stable, even after more than 100 doublings of the host.

MaSp1-based genes have also been used in a similar fashion to explore the

mechanics of beta sheet formation.41 In this study, MaSp1-based genes were

designed to incorporate amino acids that function as trigger sites to either

block or allow beta sheet formation. This strategy utilized digested monomer

cassettes that were ligated into a linearized second plasmid. This strategy was

repeated until constructs of the desired size were constructed. This strategy

resulted in much smaller constructs (156 aa proteins), but stability was

reported to be excellent.

Other organisms have also been explored as hosts for production of

synthetic spider silk protein. These systems include mammalian cell culture,42

as well as plants such as tobacco and potato.43
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After creation of the synthetic spider silk genes and transformation into

the intended host organism, purification and processing of the silk protein are

necessary to produce a true synthetic silk fiber. Frequently, silk protein is

isolated from homogenized cell lysate using an affinity tag, which is encoded

by nucleotide sequences appended to either end of the silk-encoding gene.

Popular tags include glutathione S-transferase (GST) and poly-histidine both

of which have a high affinity for substances that can be immobilized on solid

resins, allowing binding of soluble silk proteins to solid matrices for easy

purification.

The mechanics of spinning silk are reasonably well understood, especially

because of parallels that occur in the process between spiders and silkworms.

For a review of the current view of this process, see Ref. [33]. Duplication of

this process for artificial silk production has proven to be more difficult. One

paper describes successfully spinning a solid fiber out of recombinantly

produced silk proteins.42 For this experiment, a high-concentration spinning

dope was produced by dissolving synthetic MaSp2 in water. Forcing this

solution through a small aperture into a methanol bath produces fibers. The

resulting fibers are not as strong as true dragline silk. This observation may be

accounted for by two limitations of the current design: (1) natural dragline

silk is composed of two proteins, not just one and (2) the synthetic MaSp2

proteins are smaller than the natural MaSp2. Production of strong fibers

using a system with the above limitations is a clear indicator that this type

of system has great promise, especially, once larger synthetic silk proteins

are produced. Once synthetic MaSp1 is added to the mixture, there will also be

interest as to whether the produced fibers show the same molecular structures

as natural silk, namely, whether rigid crystalline regions of poly-alanine beta

sheets can be detected.

8. OUTLOOK AND PERSPECTIVES

In addition to being a remarkable material, spider silk provides a unique

opportunity to examine the relationship between molecular structures and

material properties. There are currently hypothesized structures and roles for

two of the elements found in silk-encoding genes. Verifying that material

properties of silk fibers are conferred by these motifs, as well as establishing

the structures of these regions will open the door for true designer fibers. With

this type of understanding, it becomes possible to design a material to have

specific properties by engineering a gene to include varying proportions of

these motifs. The stiffness of the material is also hypothesized to be conferred

by the sequence of the proline-containing repeat. Further study will be
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necessary to reveal the roles of other silk motifs such as GGX found in MaSp1

and the spacers found in minor ampullate and flagelliform silk.

There is currently no sequence information on the genes that encode other

silks found in araneoid spiders such as tubuliform, aciniform, and piriform

silks. Tubuliform and aciniform silks are used for creating egg sacs, which

may be the most basal application for spider silk. These types of silks may be

more closely related to the most ancestral silks, and, by this same reasoning,

may be more homologous to silks from more basal taxa of spider. The

evolution of the different types of spider silks may yield some surprises,

similar to the cases mentioned earlier.

The unusual architecture, predicted instability, and extreme bias toward a

select set of amino acids suggest that there may be fundamental differences in

the manner in which these genes are handled in a spider. For example,

silk-producing insects have been shown to possess alternate pathways for

producing glycine, a key component of almost all types of silk. Studies have

also shown that tRNA pools vary, with populations of charged tRNAs for

silk constituents rising significantly during silk production. Understanding

how the silk-producing cells in a silk gland handle such a large single open

reading frame, as well as maintaining a supply of charged tRNA will assist in

efforts to produce these silk proteins in other host organisms.

Regardless of our level of understanding, spider silk remains a remarkable

material, both for its material properties, as well as the host of human

applications that it presents.
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Chapter 6

A PROJECTION DISPLAY BASED ON

A BACTERIORHODOPSIN THIN FILM

Lars Lindvold1 and H. Lausen2

1Stensborg Inc, Frederiksborgvej 399/Niels Bohr, DK 4000 Roskilde, Denmark
2Laser Inteface, Fruebjergvej 3, DK 2100 Copenhagen Ø, Denmark

Abstract: A novel laser-projection display utilizing an optically addressed spatial light

modulator (OASLM) is presented. The OASLM is based on the photochro-

mic protein, bacteriorhodopsin (BR), immobilized in a thin gelatin film

(80 mm). The photochromism of this material facilitates the light-induced

switching of the optical absorption properties of the film. In this manner, the

film can dynamically be switched between a purple-colored state and a

yellow-colored state within 50 ms. Furthermore, this material is capable of

more than 108 read–erase cycles without showing any sign of fatigue. This

monochrome system (purple graphics on a yellow background) is very suit-

able for radar displays, due to the high contrast of the projected images.

Other possible applications include public information displays in airports

and railway stations. The advantages of this projection system can be sum-

marized as: (1) flicker-free graphics due to the temporal response of the

OASLM causing no eye fatigue, (2) due to the molecular nature of the

photochromic process, the spatial resolution is only limited by the scanners

(no pixels) and projection lens, (3) as a result of the dynamic process in the

OASLM, the system can be used at different ambient light levels by simply

altering the intensity of the write laser and the read projection lamp simul-

taneously, and (4) highly efficient use of the power from the projection lamp

because it actively pumps the photochromic process.

Key words: bacteriorhodopsin thin film; coherent-to-incoherent converter; optically

addressed spatial light modulator; photochromism; projection display
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1. INTRODUCTION

The proliferation of information technology has increased the demand for

systems that permit graphics from a PC to be projected and enlarged onto a

screen. Such systems are generally referred to as projection display systems.

The majority of these systems utilize an electrically addressed liquid crystal

display (LCD) as the spatial light modulator (SLM). The major drawback of

this device is the use of two polarizers to read out the image, which alone

introduces an absorption loss of at least 75% and imposes a severe limit on the

power density of the projection lamp. Research results, however, have dem-

onstrated a significant improvement in the thermal stability of polarizers

based on dichroic dyes.1

The use of polarization filters in projection displays can be avoided if an

optically addressed spatial light modulator (OASLM) based on the photo-

chromic effect is used. One material that is particularly well-suited for this

purpose is bacteriorhodopsin (BR). This material is a naturally occurring

light-sensitive protein with strong photochromic properties.

2. PHOTOCHROMISM IN BACTERIORHODOPSIN

Optical applications, such as light modulators and optical storage based

on organic photochromic materials have been under investigation since 1970.

One of the major problems of conventional organic photochromic materials

has been unwanted side reactions that have caused fatigue in the read–erase

cycles. A material without such a deficiency is the BR, a naturally occurring

photochromic protein. The BR is found in the cell membrane of bacteria,

known as Halobacterium Salinarium, which live in salterns and salt lakes.

In these organisms, it serves as a light-harvesting system for generating

adenosine triphosphate (ATP)—the fuel of most living organisms, under

anaerobic conditions. Patches of this membrane-bound protein can be

extracted from bacteria without the loss of its photochromic properties.

These patches are often referred to as purple membranes (PM). The PMs

can be suspended in water-soluble polymers like gelatin and polyvinyl alcohol

(PVA) and cast into solid thin films on a glass substrate.

The photochromic cycle (read–erase cycles of more than 108 has been

reported) of the PM is quite unique; the ground state has a broad absorption

band centered at 568 nm and a metastable state centered at 412 nm with a

thermal relaxation time of 10 ms. The metastable state offers two potential

advantages. First, it can be stimulated either by electrical fields or photons to

decay into the ground state in 200 ns. Second, the thermal relaxation time of
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this state may be extended by five orders of magnitude by suitable chemical

treatment of the PM, without compromising the photostimulated decay of

200 ns. Furthermore, this process also increases the actinic sensitivity of the

material by several orders of magnitude.

Although there still seem to be some uncertainties regarding the more

subtle details of the photocycle in the PM, a model that describes the main

events in this process has been suggested.2 The first step is the absorption

of photons by the BR, ranging from 480 to 650 nm with a quantum efficiency

of about 0.64. This excites the BR into an intermediate state with a lifetime of

approximately 0.5 ps. From this state, it decays through a series of intermedi-

ates with different lifetimes and absorption peaks in the visible spectrum. Two

states in this photocycle are pertinent to OASLMs: the ground state B

(sometimes referred to as bR) and the metastable M-state. Due to the complex

nature of the entire photocycle, a simplified model of the photochromic

reaction, like the one in Fig. 1, is often used to illustrate the salient points

of the photocycle. The light-absorbing unit in the BR is the retinal (Fig. 2), the

precursor of vitamin A. This molecule, however, does not absorb in the visible

spectrum; it has a broad absorption band at about 380 nm and should absorb

at about 370 nm in its protein-linked form.

Deprotonisation

Intermediates
τ = 50 µsec

Photoactive intermediate
M-state

λmax = 412 nm cis

Photoactive purple membrane
Ground state bR

λmax = 568 nm trans

Protonisation
Photostimulated

decay
τ = 200 ns

Protonisation

Intermediates
τ = 10 msec

Figure 1. The photocycle of the BR adapted and modified from Ref. [3].
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The major absorption band for the PM, however, peaks around 568 nm.

This strong bathochromic shift is explained by the particular conditions under

which the retinal is complexed to the transmembrane protein opsin through a

so-called protonated Schiff base (Fig. 3).

This compound now has different spectroscopic properties than the all-

trans retinal. Its position inside the lipid bilayer membrane, which constitutes

the cell membrane, provides a hydrophobic pocket that shields the Schiff base

from the aqueous environment of the bacterial suspension, which would

otherwise destroy the Schiff base linkage by hydrolysis.3 This is also the

reason why most detergents and organic solvents tend to bleach the PM

irreversibly.4,5

The formation of the Schiff base does not entirely explain the remarkable

spectroscopic properties of the BR. Another crucial factor that determines

the spectroscopic properties of the BR is the presence of point charges in the

lipid-bilayer membrane. Especially divalent anions like Caþþ and Mgþþ have

been found to influence the proton pumping process facilitated by the photo-

chromic reaction in the BR.6,7 Deionization of the membrane actually shifts

the absorption peak of the BR from 568 to 603 nm. As a result the PM, or

rather blue membrane, loses its ability to act as a light-induced proton pump.

Apart from the conspicuous shift in absorption wavelength between the

B-state and M-state, which is caused by deprotonization of the Schiff base in

O

CH3 CH3

CH3

CH3

CH3

Figure 2. All-trans retinal, the chromophore in the BR.

C H

C O

NH

Segment of  lysine-216 aminoacid

N

CH3 CH3

CH3
CH3

CH3

H

Schiff base 

H

in the bacteriorhodopsin protein

Site of photoisomerisation

+

Figure 3. The protonated Schiff base bond between retinal and the protein opsin that

constitutes the BR. Deprotonization of the Schiff base shifts the absorption maximum

from 568 to 412 nm.
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the B-state, the B to M transition also involves a trans to cis isomerization in

the retinal chromophore as shown in Fig. 4. This type of reaction is commonly

known as a photoisomerization. The main feature of this type of reaction is

the photoinduced excitation of a double bond, in this case, a carbon double

bond, �CC�. The excited double bond loses its stiffness that permits the

molecule to alter its conformation. As a result of this isomerization, an

induced dipole moment is induced in the chromophore of the PM. The

cis-state is, however, transient and follows either of the following decay

pathways: (1) thermal relaxation or (2) photostimulated relaxation.

Usually, the change in dipole moment is accompanied by a change in the

absorption coefficient of the two species, lmax(cis) > lmax (trans). This effect is

not observed in the BR, and it may be concluded that the major contribution

to the photochromic effect in this material is due to the protonization/depro-

tonization of the Schiff base. The photoinduced anisotropy of the material is a

direct result of this photoisomerization process. Furthermore, the charge

translocation, i.e., the proton pumping (hydrogen ions), following the change

from B-state to M-state facilitates conformational changes of the entire bR

molecule. Such a reaction will perturb the induced dipole in the chromophore

and, depending on the pH value; the response may be augmented or inhibited

by this reaction.

3. FABRICATION OF THIN FILMS WITH

BACTERIORHODOPSIN

Bacteriorhodopsin is an ideal material to immobilize in thin polymer

films. Due to its high-absorption coefficient (Table 1) and molecular weight

(MW ¼ 26,000), thin films with a thickness typically ranging from 40to100 mm

will have an optical density, OD, at 568 nm, between 2 and 6.

Several methods and matrix materials are available for fabrication of thin

films containing BR. Thin-film fabrication procedures for BR films differ

somewhat in complexity, depending on whether alignment of the molecules in

R
----->

<-----
λ2 or heat

C = C

R

R

C = C

R

Trans Cis

λ1

Figure 4. The conformation of the two photoactive states of the BR. Only the twist around

the carbon double bond is shown for clarity.
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the film is required. Aligned PMs are mostly of interest in those cases in which

either nonlinear phenomena like frequency doubling8 or photovoltaic proper-

ties9 are to be studied. Another method for immobilization of the BR is the use

of the sol–gel process to form an optically transparent and porous silica matrix

with the BR. The method, however, is rather time consuming (3 weeks) and

elaborate compared to the film fabrication methods discussed here.10

The simplest method for obtaining a BR film is to spread an aqueous PM

suspension on a leveled glass plate and evaporate the water in a desiccator.

A BR film fabricated in this manner is very fragile and exhibits an excessive

light scattering due to the aggregation of the PMs.

The best way to form a BR film, which is robust and with a high-optical

quality, is to embed it in a water-soluble polymer. Fortunately, a couple of

commercially available water-soluble polymers readily form dry polymer

films, viz., PVA and gelatin.

In principle, any coating method for polymer films can be used. The high

cost of the PM suspensions (£400/100 mg), however rules out most of the

familiar coating techniques. Methods, such as spin-coating, dip-coating, and

spray-coating, as well as doctor blading cause excessive waste of material.

Two known methods to produce polymer films of high-optical quality are

gravity settling and gel casting. Most workers in the field prefer the former

method. This method is relatively simple in instrumentation and yields dry

films of high-optical quality. The principle of gravity coating is quite simple;

the substrate is placed on a leveled plate, and a coating solution is applied to

the substrate until it covers the surface. Surface tension holds back the liquid,

and solvent evaporation subsequently causes the formation of a dry thin film.

The polymer content in the coating solution as well as the volume applied to

the substrate controls the thickness of the film.

3.1 Gelatin As a Matrix Material for Bacteriorhodopsin

Gelatin is a well-known matrix material for the ubiquitous holographic

recording materials: silver halide and dichromated gelatin. Gelatin is a

biopolymer that is fabricated by extraction of collagen from animal hides

Table 1. The optical properties of bacteriorhodopsin

B-state M-state

Peak absorption wavelength 568 nm 412 nm

Extinction coefficient « 63,000/mol /cm 34,000/mol/cm

FWHM absorption 100 nm 100 nm

Lifetime Infinite 10–100,000 ms
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and bones, typically of bovine or porcine origin. Collagen is a so-called

structure protein that is the ‘‘glue’’ of bone and skin cells. By treating this

protein with either strong base or acid, a partial hydrolysis of the collagen takes

place and yields gelatin through several intermediate washing and extraction

steps.

The main constituent of gelatin is a polypeptide chain with various

amino acids tied to the chain, predominantly alanine, hydroxyproline, pro-

line, and glycine. This high content of charged molecules makes gelatin

very hydrophilic that also accounts for its excellent solubility and ability

to swell in water. Furthermore, this mixture of different amino acids

facilitates a tremendous buffer capacity in the gelatin. This property is

most fortunate; like most biochemical processes the reaction kinetics of the

BR is dependent on the pH of the matrix. Gelatin, therefore, constitutes an

intrinsic buffer for the BR—a property only shared by other polymer, viz.,

methylcellulose. Gelatin, however, differs due to its ability to form a gel

spontaneously. This property makes it difficult to handle gelatin solutions

with gelatin content above 10% w/v as they tend to gelate almost immediately

at room temperature. This property also limits the thickness of the gelatin film

to about 150 mm.

Details of the method for immobilizing the BR in gelatin films can be

found in Ref. [14]. A brief summary of the most salient steps in this procedure

is presented in this section. The procedure for making a gelatin coating

solution consists of the following steps:

. Gelatin powder is suspended in water; during this process the

gelatin swells like a sponge in water. When the solution looks like

wallpaper glue, the gelatin has been properly conditioned. This

takes 15–20 min depending on the gelatin concentration. It is

important that this procedure is followed. If not, the gelatin will

not dissolve during the next step.
. The suspension is then heated to 40–508C, and the gelatin is

completely dissolved in water within 5–10 min.
. The suspension is filtered through a 0:45-mm filter to remove

particulates (dust etc.).
. The gelatin solution is thoroughly mixed with the PM suspension.11

The coating solution can now readily be coated onto a glass substrate that

has been cleaned12 to improve spreading and adhesion during the coating

process. In order to achieve the best coating quality, the leveled substrate

should be at 10–158C and the coating solution lukewarm at 30–358C. Drying

the gel in a laminar flow bench ensures that no dust contaminates the surface.

It also facilitates an even evaporation of water from the gel. This process takes

about 10 h for completion.

A BACTERIORHODOPSIN THIN FILM 85



3.2 Methods of Extending the M-State Lifetime in

Gelatin Films

The description of the photochemical processes taking place in the PM

presented in Section 2 gives a qualitative explanation of the photochromism in

the BR. This, however, is not adequate to describe how the M-state lifetime

affects the ratio of molecules in the ground state B to the excited metastable

state M. Furthermore, the actinic sensitivity of the BR film cannot be inferred

from such a qualitative description. We, therefore, have to resort to rate

equations to give a more accurate description of the photoinduced reaction

in the BR.

The reaction kinetics of the BR photocycle is generally very complicated

due to its large number of intermediates. It is, however, possible to simplify

the reaction if only the ground state B and the long-lived metastable M-state

are taken into account. In that case, the system constitutes a unimolecular

reaction of the type:

Btrans

k1

!
 
k2

Mcis:

Assuming a unimolecular reaction, a rate equation relating the concentra-

tion of B molecules, [B], which are converted into the M-state, [M], can be

written as:

d[B]

dt
¼ �sBFB!MI1[B]þ ðt�1

M!B þ sMFM!BI2Þ[M], (1)

where sB and sM are the absorption cross sections of the B-state and M-

state at the write and read wavelengths;

FB!M and FM!B are the quantum efficiencies of the photoreactions;

t�1
M!B are the decay time of the thermal relaxation of the M-state to B-

state;

and I1 and I2 are the intensities of the write and read beams.

The solution to Eq. (1) has previously been presented in Ref. [10]. The

ratio of molecules in the ground state [B0] to the number of molecules in the

metastable M-state [M], assuming steady state, is stated in Eq. (2) as:

[M]

[B0]
¼ 1

1þ t�1
M!B

kB!M

, (2)

where kB!M is the photoinduced rate constant for exciting ground state B

into the metastable M-state.

This rate constant is defined by Eq. (3) as follows:

86 LINDVOLD AND LAUSEN



kB!M(l1, I1) ¼
2:3026eBl1FB!MI1

NAhc
, (3)

where «B is the molar extinction coefficient at wavelength l1 of the B-state;

l1 is the wavelength of the write light;

NA is the Avogadro constant, 6:02� 1023=mol;

h is the Planck constant, 6:63� 10�34 Js;

and c is the speed of light 3:00� 108 m=s.

In order to model the effects of extending the lifetime of the M-state, a

plot simulating the steady-state behavior of the M-state is presented in Fig. 5.

The curve shows that the ratio of conversion of M-state to initial B-state

strongly depends on the lifetime of the M-state. It can also be inferred from

the curve that the sensitivity of the bR film increases simultaneously with the

increase of this time constant. The equations can furthermore be used to

estimate the saturation level for given pump intensity, wavelength, or

M-state lifetime.

The results presented in the previous section indicate that the extension of

the M-state lifetime offers a convenient way of increasing the sensitometric

properties of BR films. A number of methods have been developed, primarily

as a means to facilitate spectroscopic studies of the metastable M-state.

A summary of these methods can be found in a couple of studies.13,14 It is

beyond the scope of this chapter to describe these methods in detail, but the

most common methods will briefly be outlined here. These are as follows:

(1) Increase the pH of the polymer film to the range 9–10.

(2) Use genetically modified BR.

(3) Exchange the retinal chromophore in the BR with retinal analogs.

0.01 0.1 1 10 100
0.0

0.2

0.4

0.6

0.8

1.0

[M
]/[

B
] 0

Life time of M-state τm [s]

Figure 5. The diagram shows the ratio of conversion of M to initial B-state as a function of

the lifetime of the M-state. The assumed values for the various parameters were taken to be:

«B ¼ 20,000=cm=mol (at 633 nm), I1 ¼ 25mW=cm2 and 0.64.
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3.2.1 pH control of the film

The effect of increasing the pH of the gelatin film can be seen in Fig. 6.

The intrinsic lifetime of the M-state, 10 ms, has been extended to about 47 s.

The actinic sensitivity of the film has been enhanced from 100 to 10 mW=cm2
.

An increase of the M-state lifetime of 10 min by increasing the pH of a PVA

film containing BR to 10.3 is reported in the literature.15

The extension of the M-state lifetime furthermore permits to control the

‘‘afterglow’’ of the OASLM in projection display applications.

3.2.2 Genetically modified bacteriorhodopsin

One of the promising methods for extending the lifetime of the M-state is

site-directed mutagenisis. Using this method, certain amino acids in the wild

type BR, bRWT can be replaced yielding a variant known as D96N.16 The

M-state of this variant is typically of the order of 1 s at pH ¼ 7. The effect of

increasing the pH value to 9 of a film containing this mutated variant is quite

spectacular. The sensitivity of such a film is typically 1mW=cm2, which makes

it possible to excite a film doped with D96N by an incandescent lamp.

A variant L93T has been created in a joint effort between University of

Oregon, Wayne State University, and Bend Research Inc.17 This material

has metastable intermediate, the O-state,18 absorbing at 610 nm. This makes

it possible to make projection displays with He–Ne lasers or high-power laser

diodes.
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Figure 6. The decay of the M-state, recorded on a Cary 50 spectrophotometer. The sample

was flooded with light from a halogen spotlight, and spectra were then recorded time lapsed

with an interval of 0.5 min. The film had been chemically modified with Tris–buffer at pH

9.3. The BR was the wild type immobilized in a gelatin film with a thickness of 80 mm. The

lifetime of the M-state was determined from this scan to be 47 s.
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3.2.3 Bacteriorhodopsin with retinal analogs

Exchanging the retinal chromophore of the BR with retinal analogs has

been particularly perfected by a group of Russian scientists.19 This method

makes it possible to shift the absorption peak of the B-state significantly in the

visible spectrum, typically from 500 to 630 nm. The absorption of the M-state

is only altered slightly by this procedure, whereas the lifetime can be changed

from a couple of seconds to several minutes. The drawback of the method

however is that the durability of the PM encountered in the two previous

methods is lost.

3.3 Commercial Suppliers of Bacteriorhodopsin Films

Bacteriorhodopsin is available in the following states, viz. (1) aqueous PM

suspensions, (2) lyophilized (freeze-dried), and (3) polymer thin films mounted

with a clear aperture of 0.5–2 in.. Both wild type and genetically modified

versions are available. The optical density of the films ranges from 0.5 to 6 at

568 nm.

Bacteriorhodopsin is commercially available from at least three com-

panies, viz. (1) Fluka (Europe), (2) Sigma-Aldrich Worldwide, and (3) Mun-

ich Innovative Biomaterials <www.mib-biotech.de/> (Germany).20

4. SPATIAL LIGHT MODULATORS BASED ON

BACTERIORHODOPSIN

A cornerstone in most projection-display systems is the availability of

devices capable of controlling light with light. Such devices are also known

as SLMs. Such a device requires an optical material with generic properties

that can be photostimulated, i.e., absorption, refractive index, or polarization.

The permutations of these modulation schemes are legion, and the number of

devices fabricated based on these mechanisms is vast.21 It is, however, fair to

state that the workhorses in optically addressed SLMs are liquid crystal (LC)

devices. The LC–SLM devices are almost ideal for projection displays in terms

of resolution, speed spectral, and actinic sensitivity. The major problem is the

highly complex fabrication of the device. TheLC–SLMs require externalmeans

to change the optical properties of the incident light. This results in devices that

require complicated fabrication technologies, e.g., photoconductive layers,

alignment layers, electric circuitry, etc.
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4.1 Photochromic OASLM Using Bacteriorhodopsin

Due to the photochromic properties of gelatin film doped with the BR, a

simple single layer OASLM can be fabricated. This OASLM permits direct

optical manipulation of absorption, polarization, and phase of the incoming

light. The spatial resolution of a gelatin film has been previously determined

by interferometric means22 and is shown in Fig. 7.

It is evident that the limitations in a projection display system based on an

OASLM, using BR, are the scanning system and the projection lens. In order

to demonstrate the applicability of the BR as an OASLM for projection

displays, a system capable of projecting graphics from a PC onto a screen

has been constructed.

The outline of this system is depicted in Fig. 8. The OASLM is operated in

the dynamic mode i.e., light from the halogen lamp optically pumps the bR

film from the ground B-state into the metastable M-state. The blue light from

the krypton laser photostimulates the M-state back into the ground state.

Using this pumping scheme, the limiting factor in the speed of the OASLM

becomes the 50 ms rise time of the B-state to M-state. This is sufficient to

match a 25 Hz frame rate.

The krypton laser is used due to its match with the peak absorption

wavelength of the M-state viz., 413 nm. Other possible laser lines for this

purpose are listed in Table 2. Using a laser line off the peak absorption of the

M-state, however, inevitably requires a higher power, but experiments have

shown that the deep blue lines of the He–Cd and Argon lasers can be used as

well. The typical output power required for the experiment is 40–60 mW.
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Figure 7. The spatial frequency response of the BR immobilized in a gelatin thin film.
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4.2 OASLM Based on the Photoinduced Anisotropy of

Bacteriorhodopsin

So far, only the photochromic properties of the BR are utilized in the

projection display. It has been previously demonstrated that an OASLM

using the photoinduced anisotropy in the BR can be fabricated23 for incoher-

ent-to-coherent conversion. The photoinduced anisotropy is facilitated by the

Achromat lens 100 mm FL

Dichroic beamsplitter
@ 413 nm

PC with scanner
driver

Projection lens
90 mm f# 2.8

AO modulator 120 MHz

AO driver

X-Y controller
X-Y scanners

Schott
OG515

bR-film

Krypton laser

Halogen
lamp

Figure 8. Outline of the experimental setup for demonstrating the laser projection display

using a BR-thin film (80 mm) as an OASLM. Both wild type bRWT and genetically

modified D96N material are used in the setup. The graphics from the PC are transferred

to the controller that controls the X–Y scanners. These scanners deflect the laser beam

mechanically. A lens focuses the laser beam on the film. The dichroic beam splitter is a color

selective mirror that only reflects the laser light. The Schott OG515 filter was used to block

the blue laser light (413 nm). The read-out light from the halogen lamp is used to project the

laser written image on the BR-film via the lens.

Table 2. Suitable lasers for M-state photostimulation

Wavelength (nm) Laser type

405 Diode laser

410–430 Solid state

441.5 Helium–Cadmium

454 Argon ion

458 Argon ion, solid state
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cis–trans photoisomerization of the retinal chromophore in the BR as

described in Section 2.

Initial experiments in our laboratory indicate that this mode of operation

also can be used for projection displays. The mode makes it possible to

generate white graphics on a black background or vice versa. This mode of

operation would be particularly relevant under low ambient light level

applications like radar displays on a ship at night.

The difficulty of using a bR OASLM as a polarization-sensitive device is

the stringent requirement on the optical quality of the film used for

embedding the BR. Slight stress-induced birefringence and nonuniformities

in the film will decrease the contrast ratio of the OASLM significantly.

Furthermore, it requires the use of polarizing filters that inevitably results

in a loss of optical power.

5. THE DISPLAY SOFTWARE

The active bR OASLM has a high-spatial resolution 2800 /mm. This

makes it possible to generate truly smooth vector graphics, without the

steps and edges that characterize a pixel-based material. The system reso-

lution, therefore, is defined by the laser modulation system and optics, rather

than by the material.

The present demonstrator is controlled by a PC software system, LaserXi,24

which generates vector line graphics by way of an acousto optic (AO) modula-

tor and an XY laser scanner. The system generates animated sequences by

processing digitized frames in real time. A small number of basic frames are

subjected to build-in processes such as morphing, zooming, fading, rotation,

drawing, etc. The resulting stream of coordinates is sent to the scanning system,

constituting ‘‘virtual’’ frames. The update rate is 30–50 frames/s.

The idea is to separate movement information from graphic information,

contrary to the classical concept of a live image as linear stream of frames. The

software structure can be seen as a two-dimensional patch board with vertical

coordinate streams and horizontal process selections. The horizontal layers

constitute the time levels on which the processes operate. Processes and

graphics can be edited independently, and there are tremendous savings in

disk and memory space.

Processes may be time-linear or following a graphic curve, e.g., acceler-

ation, cosine, etc. The system can be expanded by a live interface, modifying

movements and graphics ‘‘on the fly’’ from sensor signals or other systems.

The software can be changed to run in ‘‘Instrument’’ mode: the basic

frames now constitute image elements, each with its own processing attached

to it. Some of the elements may be scales and numbers; others may be

indicators with a follow-scale-path function and a signal interface. This will

make it possible to create a projection instrument display that can be easily
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modified. Since the program and files take up very little space, the software is

ideal for low-cost embedded-PC systems.

Laser-based raster scanning ‘‘TV’’ systems have been invented, using AO

deflectors or combined AO and Galvo deflectors. It should be possible to

integrate such systems in the BR display, if the color/laser modulation

technology is developed.

A third alternative is a different type of hybrid scanning system, combin-

ing random access galvo and AO scanning. This concept works as ‘‘live

etching’’ with overall vector modes and local, individually programmable,

raster modes. It would be suitable for very large, high-intensity graphic

displays with text, drawings, and local high-resolution images.

The internal processing speed per vector is typically 150 ns on a

1000 MHz PC. This means that only the output board and modulation system

will be the limiting factor for this type of image generation.

6. CONCLUSION

The advantages of using BR-thin films for OASLM can be summarized as

follows:

. The photochromic reaction in the BR shows no sign of fatigue even

after 108 write and erase cycles
. High photosensitivity due to large photochemical quantum

efficiency
. Spectral range covering a major portion of the visible region

(400–650 nm)
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Figure 9. Structure of LaserXiTM laser scanning software.
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. Long-term stability to thermal and photochemical degradation

. Commercial availability

. A spatial frequency response up to 5000 lines/mm

The advantages of using an OALSM based on the bR in this projection

system can be summarized as:

. Flicker-free graphics due to the temporal response of the OASLM

causing no eye fatigue
. The spatial resolution is only limited by the scanners (no pixels)

and projection lens due to the molecular nature of the photochro-

mic process
. As a result of the dynamic process in the OASLM, the system can be

used at different ambient light levels by simply altering the intensity

of the write laser and the read projection lamp simultaneously
. Highly efficient use of the power from the projection lamp because

it is actively pumping the photochromic process

Although the projection system presented previously is projecting onto a

screen, there is no problem in using it in a rear-projection configuration.

This monochrome system (purple graphics on a yellow background) is

very suitable for radar displays, due to the high contrast of the projected

images. Other applications include public information displays in airports and

railway stations.

True color displays are under consideration using the OASLM as a phase

modulator with a subsequent phase filtering process in order to convert the

phase image into an amplitude image. Another possible method for this

purpose would be a device based on the surface plasmon-resonance effect.
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Chapter 7

THE ROLE OF COLLAGEN IN ENERGY

STORAGE AND DISSIPATION IN

EXTRACELLULAR MATRIX
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Department of Pathology and Laboratory Medicine, UMDNJ – Robert Wood

Johnson Medical School, 675 Hoes Lane, Piscataway, NJ USA 08854

Abstract: Gravity plays a central role in vertebrate development and evolution. Gravi-

tational forces present on earth increase the muscle forces required to support

locomotion and other bodily movements. Increased muscle forces lead to

increased energy stored in tendons and other extracellular matrices (ECMs)

during movement that is eventually dissipated as heat by muscle cells. The role

of collagen molecular and fibrillar stretching and slippage in energy storage

and dissipation in ECMs has been studied in tendon, articular cartilage, and

blood vessel wall. The results of these studies suggest that collagen is a block

copolymer of alternating flexible and rigid regions with energy storage occur-

ring primarily in the flexible regions devoid of the aromatic amino acids,

proline, and hydroxyproline. Energy storage in collagen involves increase in

steric energy associated with stretching of pairs of charged amino acids that

are present in flexible regions of both the molecule and fibril; these regions

coincide with the positively stained bands seen in the D period when collagen

fibrils are stained with heavy metals and observed in the electron microscope.

Energy storage is also associated with changes in steric energy of backbone

carbonyl oxygen groups and stretching of the triple helical backbone. Energy

stored in collagen fibrils of the ECM is transduced by the attached cells found

in the ECM into changes in cell division and protein synthesis.

The purpose of this chapter is to relate the structure of collagen fibrils in

extracellular matrix (ECM) to the molecular and fibrillar bases of energy

storage and dissipation. Besides this the relationship between energy storage

and mechanochemical transduction by cells found in the ECM is explored and

a model of how energy storage may lead to changes in cell division, gene

expression, and protein synthesis in the ECM is presented.

Key words: collagen, energy storage and dissipation, mechanochemical transduction,

cell-extracellular matrix interactions
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1. EXTRACELLULAR MATRICES

Extracellular matrices are the primary structural materials found in

vertebrates that serve to maintain tissue shape (skin), aid in locomotion

(bone), transmit and absorb mechanical loads (tendon and ligament), prevent

premature mechanical failure (tendon, ligament, skin, and blood vessel

wall), partition cells and tissues into functional units (fascia), act as scaffolds

that define tissue and organ architecture (organ parenchyma), act as storage

and dissipative devices for elastic energy (tendon and blood vessel wall) and as

the substrate for cell adhesion, growth, and differentiation of a variety of cell

types.1–6

Gravity plays a central role in the development and evolution of ECMs.

Gravitational forces acting on mammalian tissues cause the net muscle forces

required for locomotion to be higher on earth than on a body subjected to a

microgravitational field. Thus, in the presence of a gravitational field, mus-

cular forces required for locomotion or other activities are increased. As the

body mass increases during development, increased muscular forces are

required to propel large vertebrates; this requires that the musculoskeleton

must be able to adapt by increasing the size of its functional units. This also

requires that the increased energy stored in both the musculoskeleton and the

cardiovascular system must be dissipated by the ECM components in order to

prevent disruption of locomotion and other bodily movements. This argu-

ment suggests that inherent to biological systems subjected to gravitational

forces is the need to adapt to the level of external force through anabolic and

catabolic processes. For example, astronauts exposed to microgravity experi-

ence muscle atropy and bone resorption as a result of the decreased force

required for locomotion or other bodily movements; this results in down-

regulation of transduction of mechanical energy and catabolism of muscle

and bone.7,8 The purpose of this chapter is to analyze the role of collagen in

energy storage and dissipation by an ECM at the molecular and fibrillar

levels. Energy storage and dissipation are also important in regulating cellular

behavior in ECMs.9

Mechanochemical transduction is the phrase that is used to describe the

biological processes by which external forces, such as gravity, influence the

biochemical and genetic responses of cells and tissues. Specifically, these

responses include stimulation of cell proliferation or cell apoptosis (death)

and synthesis or catabolism of components of the ECM.10,11 This chapter

briefly explores the literature on mechanochemical transduction processes in

an attempt to identify how the balance between external mechanical forces

acting on vertebrate tissues and internal forces acting at the cellular level

influence energy storage and dissipation by an ECM.
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1.1 Gravity and Cellular Responses

In order for vertebrates to achieve locomotion and move efficiently, they

must be able to develop muscular forces, store elastic energy in tendons, and

transfer this energy to the attached joints. In addition, to support locomotion,

the cardiovascular system must be able to provide the required oxygen per-

fusion to musculoskeletal tissues, which requires auxiliary pumping efficiency

that occurs through energy storage and dissipation by blood vessel walls.12,13

Results of studies on the mechanophysiology of energy storage, transmis-

sion, and dissipation by the ECM suggest that although the muscle generates

force, work is stored as energy in stretching the attached tendon.1–3 Locomotion

and joint movement are the result of the coordinated development of muscular

forces that are transferred to bone by tendon. Although muscle can generate

force, tendon storesmost of the muscular force as work in a spring-like fashion.3

Tendon not only transmits the developed muscular force to the bone but also

acts as an energy storage device.14,15,6 Elastic energy is stored through reversible

stretching of collagen molecules and fibrils in a variety of ECMs.16,6,10

In a similar manner to tendon, elastic energy is stored in articular cartilage

during musculoskeletal movement. Some of the energy transmitted from the

muscle–tendon junction to the attached joint is stored during compression of

articular cartilage, which lines the surface of the long bones.6,10 A recent study

concluded that articular cartilage is stretched over the joint surface and acts like

a drumhead to distribute the stresses across the cartilage surface (see Fig. 1).10

During compressive loading of the joint, some of this energy is stored elastically

in the collagen fibrils.15,10 The collagen fibrils in the surface zone of articular

cartilage act to store this energy during tensile deformation that occurs as the

compressive load is increased on the cartilage surface (see Fig. 1).15,10

In vessel wall, energy storage in collagen fibrils occurs during radial

expansion; during blood flow both elastic and collagen fibers bear the loads

that occur as a result of the pumping action of the heart (see Fig. 2).12,17 Some

of the collagen fibers in vessel wall appear to be in series with smooth muscle

cells, suggesting that energy storage and dissipation in vessel wall are closely

linked with mechanochemical transduction by cells in the wall.10,11 The fol-

lowing section concentrates on describing how collagen is involved in energy

storage and dissipation in the musculoskeletal system during locomotion.

2. ROLE OF COLLAGEN IN ENERGY STORAGE AND

DISSIPATION IN MUSCULOSKELETAL ECM

Elastic energy storage in tendons, and in the legs and feet of many animals

is an important mechanism that saves substantial quantities of muscular
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energy during locomotion.1,2 During normal gait, potential energy is stored as

strain energy in the muscles and tendons that are stretched upon impact with

the ground.1,2 Elastic recoil, primarily by the tendons, converts most of the

stored energy back to kinetic energy. Elastic energy storage in tendons has

been studied in several animal models. In the pig, the digital flexor tendons are

involved in the elastic storage of strain energy4; the amount of elastic energy

stored in the digital flexor tendons decreases with age after the animal reaches

maturity. In the turkey, direct measurement of force and fiber length in the

lateral gastrocnemius muscle reveals that the active muscle produces high

force but little work, while the tendon produces much of the work through

elastic deformation and recovery.3 A recent study in horses suggests that the

Drumhead Under Tension

Compressive Load

Subchondral Bone

Articular cartilage

Compressive Load

Drumhead, No Tension
w/ Applied Load

Drumhead Under Tension
w/ Applied Load

Figure 1. Diagram illustrating the tension present in the superficial zone of articular

cartilage. Normal articular cartilage uncurls when it is removed from the subchondral

bone. This is due to the presence of tension (top diagram) in the superficial zone that exists

to pull the cartilage taught across the surface. The presence of tension in the superficial zone

makes articular cartilage behave like a drumhead, allowing compressive forces applied to

the surface at specific points to be distributed (middle diagram) across the surface to lower

the local stresses. In osteoarthritic cartilage (bottom), loss of the tension leads to concen-

tration of the compressive load, which promotes cartilage degradation.
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muscle–tendon unit not only stores energy during extension, but it also

dissipates the energy after extension is complete.18

In accomplishing either energy storage or force transmission, tendon must

cyclically undergo reversible deformation without undergoing irreversible

structural changes. Structurally, this tissue is made up of dense fibrous con-

nective tissue composed of aligned collagen fibers separated by rows of cells

(see Fig. 3). Tendon contains regions with specialized structures and functions

such as connections to muscle and bone. This chapter considers only the region

that makes up the mid-substance of tendon to simplify the analysis. In the

following section, the composition and structure of tendon are considered.

3. STRUCTURE AND DEVELOPMENT OF DENSE

REGULAR CONNECTIVE TISSUE

Dense regular fibrous connective tissue, also termed ECM, is made up of

cells, aligned collagen and elastic fibers, proteoglycans, and water. Although
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Figure 2. Pressure–time curves for human carotid artery. This waveform shows the loading

(rising slope) and unloading (decaying slope) of the carotid artery during the beginning and

end of systole. The initial loading portion of the curve that represents energy storage,

reflects loading of elastic fibers (initial rapid slope increase) and then loading of collagen

fibers in series with smooth muscle (second less steep slope increase). The unloading portion

of the curve reflects unloading of elastic fibers (sharp slope decline) and then the slow decay

in slope associate with unloading of collagen fibers. Note the time dependence (viscoelas-

ticity) of the unloading of collagen fibers during which energy is dissipated.
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elastic fibers are present in ligament and other tissues, in dense regular

connective tissue that is associated with tendon, elastic fibers are only minor

components. Collagen is the most abundant protein in dense fibrous connect-

ive tissue and forms essential mechanical building blocks in the musculoskel-

etal system. It can be found in both fibril and nonfibril forming forms. The

fibril-forming collagens provide the structural framework of tissues; they

include types I, II, III, V, and XI collagen (see Refs. [5,10,11]). All fibril-

forming collagens self-assemble into cross striated fibrils with a characteristic

67 nm repeat made up of alternating hole and overlap regions (see Fig. 4);

they all share a triple helical region that is roughly a 1000-amino acid (aa)

residues long with a length of about 300 nm.5 These collagens are synthesized

within cells in a precursor form termed procollagen, which has amino and

carboxyl-terminal nonhelical ends that are about 15.0 and 10.0 nm long,

respectively (see Fig. 5). In addition, fibril-associated collagens with inter-

rupted triple helical sequences (FACIT) collagens, such as type XII collagen,

α2

200 nm

20–200 nm1–20 nm100 nm1 nm 500 nm

Epitendinium

Crimp

Endotenon

Nerve and
Blood Vessels

Fibroblast

Ω1
Tendon UnitFascicleCollagen FiberCollagen FibrilCollagen Molecule

Figure 3. Structural hierarchy in tendon. This diagram illustrates the relationship between

collagen molecules, fibrils, fibers, fascicles, and tendon units. Although the diagram does

not show fibril subunits, collagen fibrils appear to be self-assembled from intermediates that

are integrated within the fibril. The structural hierarchy in ligament and joint capsule is

similar to that of tendon although other components, such as elastic tissue, are also present

in the latter types of connective tissue.
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are found on the surface of collagen fibrils and may connect fibrillar collagens

to other components of the ECM.19

Tendon is composed predominantly of type I collagen, although it con-

tains small amounts of types III and V.20,21,22,5 The type III collagen content

has been reported to be 5% for tendon.23 The high content of type I collagen

in tendon not only leads to mechanical stability but also promotes elastic

energy storage.

The mechanical stability of dense fibrous connective tissue and type

I collagen in tendon is related to the rod-like structure of type I collagen

and its inherent flexibility.24,6 The rod-like behavior of type I collagen was

first established based on measurement of the translational diffusion coeffi-

cient;25,26,27 however, later measurements indicated that the type I collagen

molecule had numerous bends and was not completely rigid.28 Types II and

III collagen molecules have slightly higher translational diffusion coefficients

hole region

hole region

overlap region

overlap region

c2 c1 b2 b1 a4 a3 a2 a1 e1 c3de2

D D D

Figure 4. Packing pattern of collagen molecules in collagen fibrils. In the quarter-stagger

packing pattern, collagen molecules, 4.4D long, are staggered with respect to their neigh-

bors. In tendon, the collagen molecules are shifted with respect to each other by a distance D

equal to 67 nm. When the collagen molecules are stained with metal ions and then viewed in

the electron microscope, a series of light and dark bands are observed across the axis of the

fibril and designated b2, b1, a4, a3, a2, a1, e2, e1, d, c2, and c1. The distance D is made up of

a hole region of about 0.6D and an overlap region of about 0.4D. The D period is the

characteristic fingerprint of fibrous collagen. Note the collagen molecules form head-to-tail

cross-links in tendon.
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and slightly shorter end-to-end distances,28 suggesting that the later collagen

molecules are more flexible than type I collagen. Results of recent modeling

studies suggest that the types I, II, and III collagen molecules are made up of

alternating rigid and flexible domains that are conserved within the collagen

fibril; types II and III collagen molecules appear more flexible than type I.6

The flexible domains to a first approximation coincide with the positively

stained bands in the collagen D period observed in the electron microscope

after staining with heavy metals.6,16

The molecular basis for the flexibility of type I collagen comes from

sequences that lack the amino acids proline and hydroxyproline. These se-

quences are the sites where bends can occur in the triple helix. Five sites have

been identified by Hofmann et al.29 based on electron microscopic images;

these sites occur at characteristic distances of 30–45, 90–105, 150–157.5, 210–

217.5, and 270–277.5 nm from the C-terminus of the molecule. However,

results of recent modeling studies suggest that additional flexible sites are

present.6 Results of another modeling study suggest that sequences without

the amino acid residues proline and hydroxyproline are able to form internal

loops30 that give these regions more flexibility than other regions of the triple

helix. Stereochemical maps constructed for dipeptides containing amino and

aromatic imino acid residues suggest that in the absence of proline and

Cleaved via Procollagen
Aminoproteinase

Cleaved via Procollagen
Carboxyproteinase

150A 100A3000A

13 67 121 175 229 283 337 391 445 499 553 607 661 715 769 823 877 931 985 1039

Figure 5. Structure of collagen molecule. This diagram illustrates the structure of procolla-

gen type I, the precursor of collagen molecules found in tendon. The procollagen molecule

shown consists aminopropeptides (large left hand portion of molecule), a triple helical

region (3000 Å long), and a carboxylic propeptide (right hand end of molecule). The

amino (N-) and carboxylic (C-) propeptides are cleaved by specific proteinases during

collagen self-assembly and aid in regulating linear and lateral fibril growth during self-

assembly of collagen fibrils. The circles in the triple helix represent major sequences devoid

of proline and hydroxyproline that are the likely sites of folds where flexibility is introduced

into a normally rigid helix. The striated pattern shown below the helical portion of the

molecule is a diagrammatic representation of the flexible (dark bands) and rigid regions

(light bands) found in the triple helix.
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hydroxyproline the number of available conformations of the molecule and

consequently the flexibility are increased.31,5,6 A flexibility profile as a func-

tion of axial displacement for the type I collagen triple helix is shown in Fig. 5.

This diagram suggests that the collagen triple helix can be considered a

composite of regions with varying degrees of stiffness; regions of the molecule

devoid of proline and hydroxyproline appear to have the highest flexibility,

whereas regions with the sequence Gly–Pro–Hyp or sequences containing

lysine or hydroxylysine are very rigid. This variation in molecular flexibility

affects collagen self-assembly as well as the resulting energy storage and

dissipative properties of collagen.

Energy storage during stretching of collagen is postulated to be associated

with increases in: (a) steric energy of van der Waals and electrostatic inter-

actions that occur when pairs of oppositely charged amino acid side chains on

collagen are stretched, (b) stretching of electrostatic interactions between

amino acid side chains and the carbonyl oxygen found in the backbone, and

(c) stretching of the molecular backbone10,11 (see Fig. 6). Modeling studies on

a five-molecule wide subfibrillar structure composed of quarter-staggered

collagen molecules suggest that the most flexible regions are bands a3, a4,

a2, b1, b2, and d; other regions between bands b1 and b2 and between bands

c1 and c2 are also flexible (see Fig. 4). These areas are consistent with the

flexible sites identified by Hofmann et al.29 and with Ramachandran’s plots

based on peptide sequences observed in collagen.31

Figure 6. Diagrammatic representation of energy storage in collagen fibril. When the

collagen fibril is stretched to tension, part of the energy is stored as potential energy in

the flexible regions contained in the positive staining bands. This diagram illustrates how

external mechanical loading is stored as steric potential energy by stretching the spring

(helix) backbone, which also leads to increased distances between pairs of oppositely

charged atoms.
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4. MECHANICAL PROPERTIES OF ECM

Much of our understanding of the relationship between the structure and

mechanical properties of dense regular connective tissue comes from analysis

of the mechanical properties of developing tendon. The properties of devel-

oping tendons rapidly change just prior to the onset of locomotion. McBride

et al.32,33 reported that the ultimate tensile strength (UTS) of developing chick

extensor tendons increases from about 2 MPa (day 14 embryonic) to 60 MPa

2 days after birth. This rapid increase in UTS is not associated with changes in

fibril diameter but with increases in collagen fibril lengths,33 which is related

to the viscoelastic properties of tendons.14 The viscoelastic properties of ECM

have been studied using incremental stress–strain tests.14,16,15

Application of incremental strains to tendon, followed by measuring the

initial and equilibrium stresses, yields information on the molecular and

fibrillar bases for energy storage and dissipation in dense regular connective

tissue (Fig. 7). From the equilibrium stresses obtained at different strains, one

can plot an elastic stress–strain curve, while from the difference between the

total and elastic stress, one constructs a ‘‘viscous’’ stress–strain curve.14,16,15

The slope of the elastic stress–strain curve is proportional to the elastic

modulus of the collagen molecule and fibril, while the area under the elastic
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Figure 7. Incremental stress–strain curves for rat-tail tendon. This figure is a plot of stress

versus strain obtained from incremental stress–strain testing of rat-tail tendon in tension at

room temperature and at strain rate of 10% per min. The top curve represents the initial

stress at increasing strains obtained at the end of the strain increment prior to relaxation of

the specimen. The middle curve represents the elastic stress as a function of strain obtained

by plotting the stress at equilibrium after relaxation has occurred. The bottom curve is

the viscous stress–strain curve, which is obtained by subtracting the middle curve from

the top curve. The energy stored is equal to the area under the elastic stress–strain curve

(middle curve), while the energy dissipated is proportional to the area under the viscous

stress–strain curve (bottom curve).
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stress–strain curve is related to the elastic energy stored during stretching.

Using hydrodynamic theory, the viscous stress is proportional to the fibril

length and the area under the viscous stress–strain curve is proportional to the

energy dissipated.14,16,15

On a molecular basis, the slope of the elastic stress–strain curve (elastic

modulus) can be related to the stretching of collagen triple-helices within

cross-linked collagen fibrils.14,15 Results of molecular modeling studies sug-

gest that stretching first occurs in the flexible domains of the collagen mol-

ecule (see Figs. 4 and 6). Studies on self-assembled type I collagen fibers show

that in the absence of cross-links, the elastic slope is reduced14 suggesting that

cross-links are important in mechanical coupling between collagen molecules.

Results of modeling studies on self-assembled type I collagen fibers sug-

gest that elastic energy storage measured as the area under the elastic stress–

strain curve is closely related to the changes in steric energy calculated using a

molecular model. This model assumes that energy storage occurs as a result of

stretching pairs of oppositely charged amino acids present in the flexible

regions of the collagen fibril, stretching of the triple-helix backbone, and

stretching of hydrogen bonds involving backbone carbonyl oxygen (Fig. 8).
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Figure 8. Elastic energy storage in collagen fibrils. Energy versus strain calculated using a

SYBYL molecular modeling program for type I collagen fibrils thereon determined from

experimental fiber measurements. Fiber data was obtained by measuring the area under

experimental elastic stress–strain curves of self-assembled type I collagen fibrils. This data

was obtained using an Instron mechanical testing device operating at a strain rate of 10%

per min. Model data was calculated using energy minimization techniques and a SYBYL

molecular modeling program. A five stranded collagen fibril was constructed, and the

energy was minimized in the absence of water molecules. Minimized energy calculations

were then conducted on the microfibril after strains of 1–3%, and the difference in energy of

stretched minus unstretched microfibrils was plotted versus strain after the energy data

corrected for the fiber cross-sectional area. Additional calculations using the SYBYL

indicated that in the presence of structural water molecules the difference between the

experimental and theoretical energy is reduced.
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Elastic energy storage is reported to be impaired in osteoarthritic cartilage

(see Fig. 9) and associated with decreased collagen fibril lengths; the observa-

tion that energy storage and dissipation are both decreased in osteoarthritis

suggests that the mechanisms of energy storage and dissipation are related in

collagen15 (see Fig. 10).
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Figure 9. Impaired elastic energy storage associated with progression of osteoarthritis. Plots

of elastic stress versus strain for quasi-normal group 1 and osteoarthritic articular cartilage

(group 6) as a function of the degree of fibrillation and fissure formation (increased group

number). The area under the elastic stress–strain curve is equal to the elastic energy stored.

Note the rapid loss in the ability of osteoarthritic cartilage to store elastic energy as

indicated by the smaller area under the elastic stress–strain curve.

Relationship between Stored and
Dissipated Energy

0

1

2

3

4

5

6

1 2

E
n

er
g

y

Figure 10. Loss of energy storage and dissipative properties of osteoarthritic cartilage.

Elastic energy stored (1) and dissipated (2) for normal (left bar) and osteoarthritic (right

bar) articular cartilage. Energy stored and dissipated were calculated as the areas under the

elastic (stored) and viscous (dissipated) stress–strain curves. Note the large decrease in

energy stored and dissipated for osteoarthritic cartilage.
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Energy storage in collagen fibrils during tensile stretching of the flexible

domains can be transferred into changes in cell membrane shape and cytos-

keletal structure via conformation and other physical effects as illustrated in

Fig. 11. Key to these structural changes in the cell are changes in conform-

ation of the collagen triple helix and fibril as manifested by changes in the

collagen positively stained banding pattern.

5. EFFECTS OF PHYSICAL FORCES ON CELL –

ECM INTERACTIONS: INTRACELLULAR

SIGNAL TRANSDUCTION MECHANISMS

During evolution, mechanical as well as other stimuli, such as light, pH,

and temperature are, critical environmental parameters that are sensed by cells.

It is postulated that intracellular signal transduction pathways were originally

developed by cells to respond to these basic stimuli; this response is preserved

and thought to develop further during evolution.34 The signaling events initi-

ated by mechanical, as well as other stimuli include generation of secondary

messengers (molecules that are found within the cell cytoplasm, which activate

other messengers that move from the cytoplasm to the cell nucleus), changes in

the phosphorylation status of intracellular proteins (proteins within the sec-

ondary messenger pathways are activated and deactivated by adding or remov-

ing a phosphate group), amplification through enzymatic cascades (the signal is

amplified by going through a series of steps), and transmission via a compli-

cated network of signaling molecules (changes in cell nuclear events occur only

after a series of molecules are activated) (see Fig. 11).34

The phosphorylation and dephosphorylation of molecules, such as

enzymes found within the cell, many of which are attached to the cell mem-

brane or in proximity, is one of the ways in which these signaling pathways are

activated. Protein phosphorylation is also involved in control of cell prolifer-

ation and differentiation35 with phosphorylation being controlled genetically

by the synthesis and regulation of molecules termed protein kinases (PKs).

External physical forces are transduced by the activation of different PKs.

The effect of PK activation is regulated through the activation of secondary

messengers that transmit signals within a cell. An example of a PK is focal

adhesion kinase (FAK), which is phosphorylated after integrin binding to a

substrate (see Fig. 12); phosphorylation of the FAK is integrin mediated and

leads to activation of an intracellular signaling pathway termed mitogen-

activated protein kinase (MAPK).36 The MAPKs constitute a family of

kinases that regulate cellular activities ranging from gene expression, mitosis,

movement, metabolism, and programmed cell death (apoptosis).37 Substrates
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Figure 11. Diagram of energy transfer from collagen fibril to cell cytoskeleton. This diagram

illustrates how a cell binds to a collagen fibril at the b2 and d bands via integrin a and b

chains. The collagen fibril is represented by a series of springs (flexible regions) and solid

cylinders (rigid regions) that transfer tensile loads and elastic energy to the cell cytoskeleton

via stretch induced conformational changes. An expanded view is shown of the d band (see

bottom) illustrating how energy transfer could occur between collagen fibrils and cell

surface integrins.
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that are phosphorylated include other protein kinases, transcription factors,

and cytoskeletal proteins. Down-regulation of the MAPK occurs through the

activity of protein phosphatases that remove the phosphates that were trans-

ferred to the protein substrate by the MAPK.

Protein Synthesis

Activation of Phosphorelay systems (MAP Kinase Pathways)

Cell Cytoskeleton

Collagen Fibril

Gene Expression

Cell Mitosis

Figure 12. Diagram illustrating how tensile energy transfer leads to synthesis of new tissue in

an ECM. This diagram illustrates how tensile stretching of the collagen fibril shown in

Fig. 11 could cause energy transfer through clusters of integrin subunits in a focal adhesion

complex. This energy transfer to the attached integrin subunits may lead to physical changes

occurring in the cell cytoskeleton (actin filaments and other cytoskeletal molecules shown)

that affect activation of the FAK and stimulation of secondary messengers. Secondary

messengers activate several different pathways that are part of the phosphorelay system.

This leads to the activation of MAPK, up-regulation of protein synthesis and cell mitotic

activity, and changes in gene expression.
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At least two mechanisms exist by which external loads and energy storage in

the ECM can affect gene expression of resident cells in the same; these include

cell–ECM interactions and cell–cell interactions.6,10 Integrin adhesion receptors

that connect ECM components and cytoskeletal elements have been implicated

in mediating signal transduction through the cell membrane in both direc-

tions.38 Integrin adhesion receptors are heterodimers of two different subunits

termed a and b.38 They contain a large ECM domain responsible for binding to

substrates, a single transmembrane domain, and a cytoplasmic domain that in

most cases consists of 20–70 aa residues.39 They mediate signal transduction

through the cell membrane in both directions; binding of ligands to integrins

transmits signals into the cell and results in cytoskeletal reorganization, gene

expression, and cellular differentiation (outside-in signaling). On the other

side, signals within the cell can also propagate through integrins and regulate

integrin–ligand binding affinity and cell adhesion (inside-out signaling).39

Mechanochemical transduction is postulated to occur by several other

mechanisms besides direct stretching of protein-cell surface integrin binding

sites that occur on all eukaryotic cells as reviewed recently.6,10 Stress induced

conformational changes in the fibrillar structure of collagen may alter integrin

structure and lead to activation of several secondary messenger pathways

within the cell. Activation of these pathways leads to altered regulation of

genes that synthesize and catabolize ECM proteins as well as to alterations in

cell division. The second mechanism by which mechanochemical transduction

occurs, involves deformation of gap junctions that contain calcium sensitive

stretch receptors that in some tissues form dendritic patterns. Once activated,

these channels trigger secondary messenger activation through pathways

similar to those involved in integrin dependent activation and allow cell-to-

cell communications between cells with similar and different phenotypes.6,10

Another mechanism by which mechanochemical transduction occurs is

through activation of ion channels in the cell membrane. Mechanical forces

have been shown to alter cell membrane ion channel permeability associated

with Ca2þ and other ion fluxes.6,10 In addition, the application of mechanical

forces to cells leads to the activation of tyrosine kinase growth factor recep-

tors even in the absence of growth factor binding. These are some of the

mechanisms that have evolved in vertebrates by which cells respond to

changes in external forces.

6. SUMMARY

Energy storage in dense regular connective tissue occurs by stretching of

flexible regions in collagen molecules and fibrils that are cross-linked into

a three-dimensional network. External forces applied to dense regular
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connective tissue not only cause storage and dissipation of energy within

collagen molecules and fibrils, but also lead to the transduction of energy

into cellular changes including changes in cell division and gene expression

through cell–ECM and cell–cell interactions. Cell–ECM interactions involve

cell surface integrins and focal adhesion complexes that activate secondary

messengers attached to the cell membrane. Focal adhesion complexes once

formed affect several pathways including the MAPK pathway. Cell–cell inter-

actions occur by activating cadherin dependent cell junction stretch receptors

that lead to release of intercellular calcium and activation of secondary

messenger pathways. Mechanical stretching of cells also leads to alterations

in cell membrane ion permeability that affects cell function. All of these

processes affect the balance between external loading, energy storage, and

cell generated contractile forces that ultimately lead to changes in composition

and mechanical properties of the ECM. Thus, energy storage within collagen

fibrils found in ECMs not only has implications in biological control mech-

anisms involved in growth and development of multicellular organisms, but it

also provides a mechanism to study how mechanical energy is converted into

chemical energy within the cell.
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Abstract: Protein thermal stability is still an unsolved problem in protein biochemistry.

Although a large number of investigations were carried out in the past two

decades in order to understand the factors that contribute to the thermal

stability of thermophilic proteins, we do not have a complete understanding

of the stabilization strategies adopted by thermostable proteins. These

investigations have adopted two major approaches. The first approach was

to compare the structures and sequences of homologous proteins from

hyperthermophiles, thermophiles, and mesophiles, which has resulted in

the identification of various differentiated features related to the thermal

stability such as an increased number of salt bridges, better hydrogen bond-

ing, higher internal packing, stronger intersubunit associations, and so on.

The second major approach involved protein engineering methods. There

have also been attempts to combine both of these approaches to study

thermal stability. In this review, we discuss a novel approach to achieve

enhanced thermal stability using rational site-directed mutagenesis to increase

the heat capacity (DCp) by relying on bioinformatics databases and by

developing a thermodynamic force field for proteins. Rubredoxin was used

as a test platform, and mutants with Tm as high as 2008C were developed.
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1. INTRODUCTION

Extensive studies of mesophilic, thermophilic, and hyperthermophilic

proteins have contributed to a deeper and better understanding of the factors

that influence protein thermal stability. This chapter defines hyperthermo-

philes as those organisms that grow optimally at temperatures between 80

and 1108C.1 As of 2001, more than 70 hyperthermophilic species have been

cataloged and described in the literature.2,3 With the accumulated data on

thermophiles and hyperthermophiles, it is possible to derive a number of

factors that contribute to the stability of these organisms and the proteins

contained in them. Some of these factors include: (1) amino acid composition

and their intrinsic propensities, (2) disulfide bridges, (3) hydrophobic inter-

actions, (4) aromatic interactions, (5) hydrogen bonds, and (6) ion pairs.

From the studies of thermophilic and hyperthermophilic proteins, it is

strongly believed that the thermal stability of a protein depends on the

enhancement of the heat capacity of the protein, which in turn is dependent

on its structure.

Proteins are naturally occurring nanosystems endowed with diverse prop-

erties. Advances in molecular biology have made it possible to manipulate

proteins and selectively modify their properties through site-specific muta-

genesis. Random site-specific mutagenesis has been the method of choice

used in the studies reported in the literature. The authors have worked on a

rational site-specific mutagenesis approach that rests on the foundation of

optimizing specific physical properties by relying upon critical information

from bioinformatics databases. The focus is on the thermal properties of

proteins.

2. MECHANISMS OF PROTEIN

THERMOSTABILIZATION

The hydrophobic effect is considered to be the major driving force of

protein folding.4 Hydrophobicity drives the protein to a collapsed structure

from which the native structure is defined by the contribution of all types of

forces (e.g., H bonds, ion pairs, and van der Waals interactions). Dill4

reviewed the evidence supporting this theory as follows: (1) nonpolar solvents

denature proteins, (2) hydrophobic residues are typically sequestered into a

core, where they are largely devoid of contact with water, (3) hydrophobic
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residues in the protein core are more strongly conserved than any other type

of residues (replacements of core hydrophobic residues are generally more

disruptive than other types of substitutions), and (4) protein unfolding

involves a large increase in heat capacity.4 The sequence, structure, and

mutagenesis information accumulated in the last 20 years confirm that hydro-

phobicity is a major force in protein stability. Given the central role of the

hydrophobic effect in protein folding, the assumption that the hydrophobic

effect is also the major force responsible for protein stability seems to be

justified. The following are two critical observations about the thermal sta-

bility imparted by the conserved protein core of mesophilic and their

hyperthermophilic homologs: (1) hydrophobic interactions and residues

involved in secondary structures in the core are better conserved than the

ones on the surface and (2) numerous stabilizing substitutions are found in

solvent-exposed areas. The high level of similarity encountered in the core of

mesophilic and hyperthermophilic protein homologs suggests that even meso-

philic proteins are packed almost as efficiently as possible and there is not

much room left for stabilization inside the protein core. Stabilizing inter-

actions in hyperthermophilic proteins are often found in the less conserved

areas of the protein. As illustrated in the following section, factors, such as

surface ion pairs, decrease in solvent-exposed hydrophobic surface, and

anchoring of ‘‘loose ends’’ (i.e., the N and C termini and loops) to the protein

surface seem to be instrumental in hyperthermophilic protein thermostability.

Sufficient experimental evidence (e.g., sequence, mutagenesis, structure, and

thermodynamics) has been accumulated on hyperthermophilic proteins to

conclude that no single mechanism is responsible for the remarkable stability

of hyperthermophilic proteins. Increased thermostability is caused, instead,

by a small number of highly specific mutations that often do not obey any

obvious rules.

3. ENGINEERING PROTEIN THERMOSTABILITY

A simple rule of thumb suggests that most reaction rates double with each

108C increase in temperature. According to this rule, one would expect

hyperthermophilic enzymes to have specific activities between 50 and 100

times higher than mesophilic enzymes. What is observed instead is that

hyperthermophilic and mesophilic enzymes have approximately the same

activities and catalytic efficiencies in their respective physiological conditions.

The fact that hyperthermophilic enzymes are not as catalytically optimized as

their mesophilic homologs was attributed to the principle that there had to be

a trade-off between thermostability and activity, that is, a protein could not

be both hyperstable and catalytically optimized. This principle came from the
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observation of natural proteins. However, numerous protein engineering

studies performed in the last 10 years suggest that protein stability can be

enhanced without deleterious effects on activity and stability and activity can

be increased simultaneously.5–7 The fact that mesophilic enzymes are not

optimized in terms of stability and hyperthermophilic enzymes are not cata-

lytically optimized is probably only a reflection of the absence of selection

pressure for these characteristics. Organisms need to have proteins that they

are able to degrade in order to rapidly adapt to changes in environmental

stimuli. Hence, mesophilic as well as hyperthermophilic enzymes are only

marginally stable under their respective physiological conditions. Unless

their substrate is highly unstable, there is no selection pressure in nature for

hyperthermophilic enzymes to be highly active. A protein engineer should

thus be able to increase the thermal stability of an enzyme without negatively

affecting its catalytic properties. The limit to this thermostability increase is

defined only by the maximum temperature at which proteins are stable and is

believed to be around �2008C.

4. MECHANISM OF INACTIVATION AND CHOICE

OF THERMOSTABILIZATION STRATEGY

Two types of protein stability, thermodynamic and global, are of interest

from an applied perspective. Increasing the thermodynamic thermostability is

a major challenge especially when an enzyme is used under denaturing con-

ditions. Industrial applications require active enzymes rather than enzymes

that are in a reversibly inactivated state. For other enzymes, such as diagnos-

tics enzymes, it is often the long-term stability that needs to be improved.8

Depending on an enzyme’s first inactivation step (i.e., chemical inactivation

or unfolding), stabilizing the native, active conformation should involve either

substituting temperature-sensitive residues with residues that are chemically

more stable or increasing the enzyme’s resistance to unfolding, respectively.

A number of attempts at stabilizing (or destabilizing) proteins by site-directed

mutagenesis have failed because they did not target protein areas that were

critical for the unfolding process.9–11 On the other hand, mutations in regions

where the unfolding limits the protein denaturation process can provide

extensive stabilization. Good illustrations can be found in the stability studies

of thermolysin-like protease from Bacillus stearothermophilus. This enzyme is

irreversibly inactivated by autolysis that is made possible by partial unfolding

of local surface areas. Stabilizing mutations were all located on the surface,

around one flexible loop located in the b-pleated N-terminal domain.12–14 The

association of eight mutations in the same area resulted in a 340-fold kinetic
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stabilization of B. stearothermophilus thermolysin-like protease at 1008C and

did not affect the catalytic activity at 378C. In this enzyme, since the target for

autolysis is a loop belonging to the N-terminal domain, any attempt to

stabilize the enzyme introducing mutations at the C-terminal domain would

have failed. While improving thermodynamic, thermostability can have a

beneficial effect on the long-term stability; other strategies can also be used

to increase long-term stability. In this case, the focus for stabilization is

decelerating the irreversible inactivation process that usually follows revers-

ible unfolding. The strategies that can be used include: (1) eliminating protein

diffusion to block aggregation and other biomolecular processes (the most

effective approach so far is immobilization), (2) replacing temperature-sensi-

tive residues by residues that are chemically more stable (see Ref. 8 and the

references cited therein), and (3) stabilizing the reversibly unfolded state by

introducing more hydrophilic residues on the enzyme surface or by adding

low-molecular weight compounds to the solute (i.e., inorganic and organic

salts, organic co-solvents, or classical denaturants). Hen egg white lysozyme

slowly deamidates once reversibly unfolded.15 Tomizawa16 replaced Gly res-

idues by Ala in the potentially deamidable Asn–Gly sequences of lysozyme.

These mutations generally increased the rate of reversible unfolding, but they

decreased the rate of irreversible inactivation and, as a result, stabilized the

enzyme against irreversible inactivation. This study is a good illustration of

the fact that resistance against irreversible inactivation is not synonymous

with thermodynamic thermostability.

5. STRATEGIES FOR ENGINEERING PROTEIN

STABILITY

We examine here the principles of random mutagenesis first and then

proceed to outline the rational site-specific mutagenesis approach, as devel-

oped in our laboratory.

5.1 Random Mutagenesis

The ultimate goal of protein engineering is to design proteins to perform

specific functions.17 However, since the exact rules governing protein folding,

molecular recognition, and their precise relationship to functions remain un-

resolved, rational design of proteins continues to be a challenge. Modification

of proteins is carried out either via random site-directed mutagenesis or

by combinatorial methods that combine random mutagenesis with phage

display depending on the desired properties for the candidate proteins. These
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desired properties include: improved bioactivity, photochemical properties,

thermostability, and many more. Factors important for the stability of pro-

teins, such as stabilization of a-helices and reducing the number of conforma-

tions in the unfolded state,18,19 are taken into consideration.

There are three widely used strategies for random mutagenesis outlined in

Fig. 1: (1) the first one is the oligonucleotide-directed mutagenesis. Oligonu-

cleotides can be synthesized to contain mixtures of nucleotides at specific

codons, including all the bases in the first two positions and only two bases in

the third position; with each combination allowing 20 possible amino acids. (2)

The second one is the error-prone polymerase chain reaction (PCR) that uses a

deoxyribonucleic acid (DNA) polymerase to replicate the target gene. (3) The

third method is through DNA shuffling, whereby the gene is first spliced into

pieces and then regenerated using a DNA polymerase.20 Since the pieces of

DNA get mixed, mutations from separate copies of the gene can be combined.

The appropriate method of mutagenesis depends on the choice of physical
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Figure 1. Random mutagenesis.
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properties that are chosen for optimization as mutagenesis techniques differ in

the number and dispersion of mutations introduced into a gene.

Most of the large numbers of random mutants produced using the above

methods do not possess the desired properties. To efficiently screen the

mutants, an in vitro phage display linking the protein library to DNA was

introduced.21 In other words, each member of the protein library is connected

with its gene so that the objective mutants can be identified and readily

amplified. Specific enzyme inhibitors, increased enzymatic activity, identifying

novel peptide ligands, and agonists of receptor molecules are examples of the

successful use of this method. By sorting these libraries produced by random

mutation to select for a predicted function, the small number of active

proteins can be separated from the millions of inactive variants.

5.2 Rational Site-Directed Mutagenesis

Rational site-directed mutagenesis rests on the principle of optimizing a

chosen physical property by analyzing the dependence of that property on

specific candidate amino acids that are to be substituted by selecting known or

putative sites in the protein under investigation.

We will illustrate this by selecting specific thermodynamic properties of a

protein. Proteins in their native state prefer to occur in a state of minimum

free energy, DG 0, by carefully balancing the intramolecular and the intermo-

lecular energies (such as solvation).

6. FREE ENERGY OF PROTEINS

The minimum free energy, DG0, can be described as follows:

DG0 ¼ DG0
intrinsic þ DG0

extrinsic, (1)

where DG0
intrinsic is given by the Gibbs–Helmoltz equation:

DG0
intrinsic ¼ DH0

intrinsic � T � DSintrinsic (2)

and can be partitioned into individual components arising from constituent

amino acid residues as:

DG0
intrinsic ¼

Xn

i¼1

DG0
intrinsic, (3)

where n is number of residues.

One of the fundamental goals in protein engineering is to generate ther-

mally stable protein structures with large free energies of unfolding, DFu, and
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high midpoint melting temperatures, Tm. The temperature dependence, DFu

can be analyzed by examination of the temperature dependence of DH and

DS. Assuming that the heat capacity, DCp, of a protein is independent of

temperature (at least in the range 20–2008C), we have,

DH ¼ DH(Tr)þ DCp(T � Tr), (4)

DS ¼ DS(T
0

r)þ DCp ln
T

T
0
r

� �
, (5)

where Tr and T
0

r are appropriate reference temperatures. Note that:

DH(Tr) ¼ DH of the protein at the temperatureTr, (6)

DS(T
0

r ) ¼ DSof the protein at the temperatureT
0

r : (7)

The convergence temperatures22,23 were chosen here because the reference

DH for different proteins upon derivation converged to the same value DH� at

some temperature T�h . A similar convergence was also observed for the

entropy change per residue, DS�. In physical terms, the convergence temper-

atures are now believed to be the temperatures at which the polar contribution

to DH0 and DS0 reaches zero, respectively.

Therefore,

DH ¼ NrefH
� þ DCp(T � T�h ), (8)

DS ¼ NrefDS� þ DCp ln
T

T�s

� �
, (9)

where Nref is the number of amino acids in the protein. Therefore, the free

energy of unfolding, DFu, can be expressed as23

DFu ¼ Nref (DH� � TDS�)þ DCp (T � T�h)� T � ln T

T�s

� �� �
: (10)

The above equation is quite useful when comparing the DF between a

wild-type protein and its mutants with different values of DCp.

DDFu ¼ DDCp (T � T�h)� T � ln T

T�s

� �� �
: (11)

From the above equations, it is evident that for a protein with Nref

residues, changes in DCp can result in changes in DFu that can be quantified

at all the temperatures. For T�h and T�s of 100:5� 6�C and 112� 1�C,DH�

and DS� are 1:35� 0:11 kcal=(mol:res) and 4:30� 0:1 cal=K=(mol:res),

respectively.

Therefore,
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DFu ¼ Nres(1:35� 0:0043T)þ DCp (T � 373:6)� T � ln T

385:1

� �� �
: (12)

DTm can be directly estimated from the changes in DCp as follows:

DTm ¼ (3:6� 2:5)DDCp: (13)

7. CALCULATION OF DCP OF PROTEINS

For a protein, the quantity DCp can be expressed as a function of the

change of buried apolar and polar surface areas upon unfolding24:

DCp ¼ 0:45DASAapolar � 0:26DASApolar, (14)

where DCp is in cal/mol/K. DASAapolar and DASApolar are the changes in solvent

accessible surface area (unit Å2) upon protein denaturation for apolar andpolar

atoms, respectively. The constants are taken from model-compound studies25

and have been shown to be reasonably accurate in calculating DFu.
26 Equation

(14) shows that increasing buried apolar surface area in the folded state will

increase DCp, while increasing buried polar surface area in the folded state will

decrease DCp. The DCp values of apolar and polar residues are listed in Table 1.

8. EXPERIMENTAL DETERMINATION OF DCP

The quantity DCp can be experimentally obtained from differential scan-

ning calorimetric studies (DSC). The DSC measures the heat capacity of a

protein solution as a continuous function of temperature. In a typical DSC

Table 1. �Cp values for Amino Acid Residues

Amino acid DCp (cal/K/(mol.res))y

Ala 30.15

Ile 63.00

Leu 61.65

Met 41.47

Phe 78.75

Trp 80.73

Tyr 53.62

Tyrz 70.00

Val 52.65

yThe DCp values for totally buried hydrophobic amino acids

were calculated from reported solvent accessible surface area.
zThis value is used in special cases when the hydroxyl group of

Tyr is solvent exposed.
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measurement, the heat capacity of the sample cell containing the protein

solution is measured in relation to that of the reference cell containing only

the solvent or buffer. The measured heat capacity Cp (cal /K) can be written as:

Cp ¼ mpCp,p þmbCp,b þ Cp, ref , (15)

where Cp,p and Cp,b are the heat capacity of the protein and solvent/buffer,

while mb and ms are the masses of protein and solvent/buffer, respectively.

Cp, ref includes the heat capacity of the buffer solution in the reference cell.

Since the volume of the sample cell is constant, the volume of solvent (or

buffer) and consequently its mass depends on the mass of protein present in

the cell, and the above equation can be written as,

Cp ¼ mpCp,p þmp � Cp,brb(V
0 � Vp �mp)þ Cp, ref , (16)

¼ Cp,b � rb � Vo þ (Cp, p � Vp � rb � Cp,b) �mp þ Cp, ref (17)

where rb is the density of the solution, Vo is the volume of the cell, and Vp is

the partial specific volume of the protein. Generally, Vpzrb and Cp, b are

obtained from standard tables. From the above equation, the slope of a plot

of Cp versus the mass of protein in the cell (dCp=dmp) provides all the

information necessary to calculate the heat capacity, Cp.

DCp can be used to calculate Tm:

Tm ¼ T�1 exp
�DS(T1)

DCp

� �
: (18)

9. DEFINITION OF TMS

The temperature of maximal stability of a protein, denoted by Tms, is

defined as the midpoint temperature of transition, Tm, during heat denatur-

ation of a protein. Proteins are characterized by two denaturation temperat-

ures (Td) at which DG0 ¼ 0 and Tw as determined by DSC studies. A plot of

DG0 ¼ f (T) is usually referred to as the stability curve.

The values of Tms and DCp for a number of proteins are listed in Table 2

(adapted with permission from Ganesh et al.26 and shown in Fig. 2).

10. HYPERTHERMOPHILIC PROTEINS

Hyperthermophilic organisms and the proteins found in them serve as an

excellent test bed for the design of thermally stable proteins27. Nature has

optimized these proteins by the process of evolution, thus providing us with a
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Table 2. Experimental and calculated �Cp and Tm for selected proteins

Protein PDB code Ns-s Nres DAap
a DCp

b DCb
p Tmso Tmsc

Ovomucoid III 1cho 3 56 2712 10.5 10.5 268 257

RNase A 9rsa 4 124 7170 10.6 12.6 256d 275

CSPc 1csp 0 67 3736 10.7 11.5 280 266

Protein Gc 1pgb 0 56 2834 11.1 10.5 269 257

CI2c 2ci2 0 65 3409 11.1 11.4 262 265

Parvalbumin 5cpv 0 108 6393 12.0 13.5 277 280

Hen Lysozyme 6lyz 4 129 7701 12.0 12.8 272d 276

HH myoglobinc 1ymb 0 153 9757 12.2 15.3 291 291

Hu lysozyme 1lzl 4 130 8119 12.2 12.8 276 276

Interleukin 1b 5ilb 0 153 10175 12.4 14.4 285 286

Chymotrypsin 4cha 5 241 15383 12.5 14.4 281d 286

Iso-1-cytochrome ce 1ycc 1 108 6220 12.7 14.4 271 286

Barnase 1rnb 0 110 6166 12.8 13.6 255 281

Sac 7d 1sap 0 66 3446 13.0 11.5 296 265

RNase T1 9rnt 2 104 5847 13.0 12.6 259 274

Trypsin 1tkl 6 223 14161 13.8 14.1 281 284

a-Lactalbumin 1alc 4 123 7404 14.6 12.6 291 274

CABc 2cab 0 260 16850 14.6 15.3 290 291

S. nuclease 2sns 0 149 8360 14.8 14.3 289 286

Thioredoxin 2trx 1 108 6701 15.4 13.1 298d 278

Papain 9pap 3 212 13776 15.6 14.5 290 286

T4 Lysozyme 1l63 0 164 10024 15.7 14.5 281 287

Cytochrome ce 2pcb 1 104 5978 16.1 14.3 293 285

Barstar 1bta 0 89 5770 16.4 12.8 299 276

Hprc 2hpr 0 87 5121 16.7 12.7 290 275

MBPc 1omp 0 370 25283 17.6 15.7 306 293

myoglobinc SW 5mbn 0 153 9964 18.1 15.3 305 291

PGKc 3pgk 0 415 26466 18.1 15.8 301 294

The DCp values in column 7 are calculated from the amino acid sequence using Eq. 4. The

observed temperatures of maximal stability (Tmso) are obtained from calorimetric data. The

calculated temperatures of maximum stability (Tmso) are obtained from the calculated values of

DCp in column 7 using Eq. 4 with T1=358 K and �S(T1) ¼ 3:15 cal (mol residue)-1 K-1

a Areas calculated as described in the text using the algorithm of Connolly [8].
b Observed and calculated values of DCp in units of cal (mol residue)-1 K-1. Values for DCp (obs.)

are obtained from the following sources: for PDB codes 1cho, 1pgb, 1lzl, 5ilb, 1ycc, 1rnb, 9rnt,

1163, 2pcb, 5mbn, 1ymb, 6lyz, 4cha, 2trx, 2ci2 from [9]; for PDB codes 2cab, 5cpv, 1tld, 9pap

from [2]; for PDB codes 1alc and 3pgk from [4]; for PDB codes 2sns, 1sap, 1bta, 2hpr, 1csp, 1omp

and 9rsa from [26,27,18,12,13,28,29].
c Protein G:.IgG binding domain of protein G; C12: chymotrypsin inhibitor 2; HH: horse heart;

CSP: cold shock protein; CAB: carbonic anhydrase; SW: sperm whale; PGK: phosphoglycerate

kinase; Hu: human; HPr: histidine-containing phosphocarrier protein; CAB: carbonic anhydrase;

SW: sperm whale; PGK: phosphoglycerate kinase; Hu: human; HPr: histidine-containing phos-

phocarrier protein; MBP: maltose binding protein.
dSee Table 2.
e The indicated S-S linkage for the cytochromes is the thioether linkage between the vinyl groups

in the home prosthetic group to the sulfur atoms in the cysteine side chains in the protein.
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wealth of principles for the design of thermally stable proteins. Table 3 shows

a compendium of hyperthermophilic organisms and selected proteins con-

tained in these organisms.

There are currently three proposed models to explain the higher denatur-

ation temperatures of thermophilic proteins. The free energy profile of a

mesophilic protein and the proposed models for converting it into a thermo-

philic protein are shown in Fig. 3. This model was based on the observation

that the thermophilic protein shows only a modest increase in DGu at room

temperature in comparison to their mesophilic counterparts. However,

increase in DGu at room temperature as high as 20 kcal/mol for thermophilic

proteins have been reported,28 which lend support to the ‘‘raised’’ model.

There is not much experimental support for the ‘‘shifted’’ model because

decreases in DGu at room temperature have not been observed.

According to the theory presented in this chapter, any one of the three

models alone cannot explain the protein thermal stability. First of all, trying

to judge the dependence of free energy on temperature by looking at DGu

values reported (in support of the ‘‘raised’’ model in Fig. 2) by assuming the

same DCp value for both the thermophilic and mesophilic proteins.29 The

above assumption is incorrect as DCp difference is an important factor in

determining protein stability.

A quantitative way to look at thermal stability is by taking the derivative

of Eq. (10) with respect to temperature:
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Figure 2. Tm of proteins (whose X-ray structures are known) as a function of DCp. (Adapted

with permission from Ganesh et al.26)
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d(DG)

dT
¼ �Nres � DS� þ DCp � DCp � ln

T

T�s

� �
: (19)

Since this is the slope of the DGu versus T plot at any temperature T, at

Tmax (where DGu reaches maximum), d(DG)=dT ¼ 0.

Therefore,

Tmax ¼ T�s : exp
�DS� �Nres

DCp

� �
¼ T�s exp

�DS�

residueDCp

� �
: (20)

Because the errors in the values of T�s and DS� are relatively small, Tmax

therefore depends mainly on the value of DCp and the nature and number of

residues. Because of this conclusion, a thermophilic or hyperthermophilic

protein and its mesophilic counterparts differ essentially on DCp and

consequently manifest different values of Tm.

Table 3. Sample list of hyperthermophilic organisms with select proteins present in them

Organism Temperature (8C) Aa Dr Fe Hi Pk Ru RN

Archaea

Acidianus ambivalens

(Desulfurolobus ambivalens)

80 �

Acidianus infernos 90 �
Aeropyrum prernix 90–95 � �
Archaeoglobus fulgidus 83 � � � � �
Methanococcus jannaschii 83 � � � � � �
Methanopyrus kandleriAV19 98 � � � � �
Methanothermus fervidus 83 � � �
Pyrobaculum aerophilum 100 � � �
Pyrobaculum islandicum 100 �
Pyrococcus abyssi 97 � � � � � �
Pyrococcus furiosus 98 � � � � � �
Pyrococcus horikoshiiOT3 9 � � � �
Pyrococcus woesei 100–103 � �
Pyrodictium abyssi 97 �
Sulfolobus tokodaii 80 � �
Thermococcus litoralis 85 �
Thermococcus profundus 80 �

Bacteria

Aquifex aeolicus 95 � � �
Thermotoga maritima 80 � � � � � �

A dot (�) indicates that the particular protein is present in that organism. The absence of a dot

indicates that the presence of that protein in that organism is not known. The proteins selected

and their corresponding abbreviations are as follows: Aspartate Aminotransferase (Aa); Dihy-

drofolate reductase (Dr); Ferredoxin (Fe); Histone (Hi); Phosphoglycerate kinase (Pk); Rubre-

doxin (Ru); and R Nase H (RN).
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11. CONFORMATIONAL ENTROPY, DSCONF

The conformational entropy change, DSconf , arises from the reorganiza-

tion of hydrophobic amino acid side chains inside the protein and can be

calculated by taking the difference of the entropy of the folded and unfolded

states from the Boltzman equation:

DSconf ¼ Sf � Su ¼ �R[ ln W � � ln W ], (21)

where Sf is entropy of the folded state, Su is entropy of the unfolded state, W is

the number of rotamers in unfolded state, and W� is the effective number of

rotamers in the folded state as given by:

W � ¼ exp �
Xn

i

pi: ln pi

 !
, (22)

where pi is the fractional population of each rotamer state, i, in the folded

state and R is the gas constant.

The DSconf change for the hydrophobic core of the entire protein is defined

as the mean of the individual conformational entropies for all core residues.

The quantity DSconf is an important component of protein stability.
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Figure 3. Dependence of DFu on temperature for a hypothetical 100 residue protein at three

different values of DCp (10 and 20 cal/K/mol.res) are usually lower and upper limit of DCp

for most proteins. (Adapted with permission from Ref. 38).
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Figure 4. (A) Plot of van der Waals energy after a 10-iteration energy minimization vs van

der Waals energy before minimization for random myoglobin structures sampled during a

CORE run. (B) van der Waals energy plotted as a function of DCp for these same myoglobin

structures showing no obvious correlation. The shaded region represents the range of DCp

values for predicted myoglobin sequences: black circles represent predicted myoglobin

sequences and open circles represent sequences with zero bumps sampled, but not predicted.

(C) van der Waals energy after the 10-iteration energy minimization vs DCp showing good

correlation between these parameters. (Adapted with permission from Ref. 38).
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Figure 4 shows the dependence of DCp on Evdw for several myoglobin

mutants. It shows a weak correlation between Evdw calculated using discrete

rotamers library and DCp. The correlation improves after 10 iterations of

minimization. Protein sequences with high DCp values and side-chains com-

patible with the backbone of the protein, calculated by using a rotamer library

are stable proteins, are selected.

12. THERMODYNAMIC FORCE FIELD FOR

PROTEIN

The design of a thermally stable protein must include the following

criteria:

(a) The side chains of the amino acid substituted to enhance Tm

must be sterically compatible within the backbone structure.

(b) The mutated sequence must have a DCp value that can be

achieved by burying more apolar surface area or exposing

more polar surface area in the folded protein.

(c) The hydrophobic core of the predicted protein must have low

conformational entropy of folding to ensure a unique and rigid

internal architecture.

13. COMPENSATION AND CONVERGENCE

TEMPERATURES

The convergence of thermodynamic quantities at some temperature will

occur when there are two dominant interactions, such as apolar and polar,

which independently contribute to the thermodynamic properties. If only

apolar contributions are modified by mutation of core residues without

significant effect on polar contribution or backbone structure, convergence

should not be expected to occur.

It is expected, therefore, that within a series of proteins in which the

backbone structure is maintained and only hydrophobic core residues are

altered, the values of DH�, DS�, T�H, and T�s will remain constant. Under

these conditions, increases in DCp will result in increases in Tm and DGu

above a fixed temperature.

Let us assume that for a specific protein, the apolar contribution to DHo

and DSo are equal to 0 at temperatures Tþ and Tþs , respectively. Let us also

assume DHþ and DSþ, respectively. Equation (10), described previously, can

be used to calculate DGu for any protein, where DCp is assumed to be
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temperature independent. Let us also assume that this specific protein has a

compensation temperature of Tc. Based on the enthalpy–entropy compensa-

tion relationship, at Tc, we have:

DDH ¼ T � DDS, (23)

and

(Tc � Tþh )� Tc � ln (Tc � Tþs ) ¼ 0: (24)

Tc is shared among a native protein and its mutants with approximately

the same solution structure, as shown empirically. Based on the above analy-

sis, we deduce Tc as the actual crossing point on the DGu versus T plot for a

group of proteins, with Tþh and Tþs as the temperature at which the apolar

contribution to DHo and DSo reaches zero, respectively. The origin of Tc is

believed to be the hydrophobic effect or the hydration of the apolar groups.

Therefore, the convergence temperatures (Tþh and Tþs ) depend on the com-

position, structure, and the environment of each individual protein.

Enthalpy–entropy compensation is a common property of weak intermo-

lecular interactions. Based on the relationship between compensation and

convergence temperatures, it is therefore rational to conclude that Tc is the

temperature at which the apolar and polar hydration effects reach certain

equilibrium. The value of Tc depends on the primary structure of a protein

and hence on its three-dimensional (3D) structure.

Enthalpy–entropy compensation is a general feature of many chemical

reactions and processes in biological systems. The slope of DH0 versus DS0

plot is called the compensation temperature, Tc, and the values for Tc falls in

the range of 260–3158K. DG0 stays around a constant value. To engineer a

protein at a given temperature, Tc, DS will also decrease by an equivalent

amount. The important points we learn in both components, DHconf and

DSconf , must be optimized simultaneously.

14. COMPUTER ALGORITHM FOR DETERMINING

THE CORRECT SUBSTITUTIONS OF THE

SELECTED RESIDUES

We have developed a program named ‘‘rational site-directed mutagenesis

selection algorithm’’ (RSDMSA) (US Patent Disclosures30 and Renugopa-

lakrishnan31), which was improvised from an earlier program (CORE) devel-

oped by Jiang et al.32 The RSDMSA predicts protein hydrophobic core

sequences that can fold into a target backbone structure. Basically, RSDMSA

rejects or eliminates unfavorable mutations starting from an input backbone.
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The sequences are selected via simulated annealing and Monte Carlo runs

to yield proteins with high thermal stability. A typical prediction run in

RSDMSA starts by randomizing the sequence of hydrophobic core of a

selected protein to ensure that no bias is introduced at the start of a run.

After this, a simulated annealing run driven by the Metropolis algorithm is

initiated. Following the last step, a single mutation of a core residue chosen

based on the specific property and nature of the protein is allowed. Residues

are allowed to mutate to Ala, Ile, Met, Phe,Tyr, Trp, or Val. RSDMSA then

initiates a nested simulated annealing run to determine the best rotamer

configuration of all core residues. The simulated annealing run reveals the

number of unfavorable van der Waals interactions by calculating the number

of hard sphere bumps. If the number of bumps for the simulated annealing

run is greater than zero, the sequence is rejected. If the number of bumps is

zero, a second simulated annealing on the same sequence is initiated followed

by a low-temperature Monte Carlo run that yields two parameters as follows:

(i) Mobility of each amino acid in the form of conformational entropy, which

is averaged to obtain global conformational entropy for the whole protein

(DSconf ) as shown below

DS ¼
Xn

1

DS residue
conf : (25)

(ii) Heat capacity (DCP) of the hydrophobic core of the protein calculated

based on Table 1.

These two parameters, plus the number of bumps, are used to calculate the

‘‘scores’’ for this particular sequence. This score then drives the main sequence

simulated annealing run. After 10 sequences sampled at each temperature, the

Metropolis temperature is gradually decreased during the simulated annealing

process. This gradual decrease in the Metropolis temperature ensures that

local minima are avoided by slowly lowering the probability that the

sequences are accepted with scores higher than the previously accepted se-

quence. The simulated annealing run is automatically terminated when the

number of accepted sequences is consistently zero. The temperature at which

this occurs, or an arbitrarily low temperature, T, is used for a final sequence

Monte Carlo run initiated with the sequence determined from the simulated

annealing run. This Monte Carlo run is conducted to sample the sequence

space around the simulated annealing sequence. A large value of T allows the

program to sample from sequences with wider range of scores around the

score for the simulated annealing sequence. Typically, these runs generate a

family of 100–1000 sequences of proteins with good thermal stability depend-

ing on the value of T and the number of core residues mutated.
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15. DESIGN OF HYPERTHERMOPHILIC

RUBREDOXIN

Rubredoxin from the hyperthermophilic archaebacterium, Pyrococcus

furiosus, an organism that grows optimally at 1008C and above, provides a

test platform for thermal stabilization of proteins.33 The thermal denaturation

of rubredoxin has been previously shown to exhibit unusual kinetics charac-

terized by nearly constant rate of change and a reaction time independent of

the starting amount of the protein. Wampler and Bradley34 have described a

kinetic model that explains these data and a variety of other thermal denatur-

ation data for various rubredoxins, as well as other proteins.

Rubredoxins are probably the simplest members of the ubiquitous and

huge family of redox metalloenzymes33 and consist of a relatively short

polypeptide chain (�53 aa) endowed with a prosthetic group in the form of

a ferrous/ferric ion tetrahedrically bound to four cysteine (Cys) residues. Even

though their exact metabolic role in anaerobic cells has not yet been fully

clarified, their structural features are fairly well known from the primary

structures of 19 bacterial rubredoxins reported to date. These rubredoxins

are quite similar with over 20% of the residues strictly conserved. Among the

conserved residues, there are four Cys residues from the active site and five

aromatic residues that constitute the hydrophobic core of the proteins. How-

ever, these rubredoxins are from a variety of mesophiles and thermophiles,

displaying a wide range of thermal stability. In particular, no rationale has

been found on the basis of the sequence and/or structure information, for the

fact that the rubredoxin from Pyrococcus furiosus (RUBR_PYRFU) that lives

normally at 908C has a half-time of thermal denaturation of 400 h at 928C as

compared to 6 h of Clostridium pasteurianum (RUBR_CLOPA) rubredoxin

that is most similar to it in terms of 3D structure.

The RSDMSA program was applied to rubredoxin to select mutants with

high thermal stability. We have carried out extensive optimization of rubre-

doxin thermodynamics by increasing its total DCp, by selectively substituting

key residues shown in Fig. 5 with more hydrophobic residues with large DCp

values and consequently, increasing Tm to 2008C. The underlying rationale for

the selection of residues A9, A13, A31, A42, A43, and A51 for site-directed

mutagenesis rests on the hypothesis that the thermostability is conferred by

interaction between b-sheet segments 1 and 2 (Renugopalakrishnan et al.,

unpublished). Three designed mutants of rubredoxin (A9F, A13W, A43I;

A9G, A13D, A31E, A42G, A51L; A9Y, A31L, A42F, A51I) with Tm in the

vicinity of 2008C are shown in Fig. 6.
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Figure 5. Three-dimensional structure of wild-type rubredoxin from Pyrococcus furiosus.

Figure 6. Three-dimensional structure of three mutants of rubredoxin. Tm in the range of

2008C.
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16. CONCLUSION

Design of robust proteins for bionanotechnological applications is receiv-

ing wide attention.35,36 Protein thermodynamic stability, DG, is determined by

a multitude of intramolecular and intermolecular interactions. The side chain

interactions are important contributors to the thermodynamic stability, and

the exact placement of side chains in the sequence is therefore of great

importance. Once the sequence is determined, all other secondary and tertiary

structural features become spontaneously dependent on the sequence, and

hence it is the sequence that determines DG.37 Therefore in our opinion, based

on accumulated data, protein thermal stability is a direct consequence of the

sequence itself. Berezovsky and Shakhnovich37 concluded that basically

all strategies for thermal stabilization of protein, from which rational guide-

lines for design of thermally stable proteins are derived, consist of two

strategies: (1) general, nonspecific, structure-based, with contribution from

all types of stabilizing interactions and (2) specific, sequence-based, with

use of only dominating factor for adaptation to extreme conditions. The

exponentially increasing number of fully sequenced genomes will be an in-

valuable help in deciphering as to which sequence variations among homolo-

gous proteins are related to stability and which ones are simply a result of

evolution.
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Chapter 9

DECIPHERING ENGINEERING PRINCIPLES

FOR THE DESIGN OF PROTEIN-BASED

NANOMACHINES

Dan W. Urry
BioTechnology Institute, University of Minnesota, Twin Cities Campus, 1479 Gortner Avenue,

Suite 240, St. Paul, MN 55108-6106

Bioelastics, Inc., 2423 Vestavia Drive, Vestavia Hills, AL 35216-1333

Abstract: De novo-designed elastic-contractile model proteins exhibit unique phase

transitions (called inverse temperature transitions) that result in hydrophobic

association on raising the temperature and that are capable of performing the

set of energy conversions that occur in biology. The energy conversions involve

the intensive variables of the free energy of mechanical force, temperature,

pressure, chemical potential, exectrochemical potential and electromagnetic

radiation frequencies ranging from the ultraviolet to the acoustic. Their phy-

sical characterizations and analyses have resulted in an understanding of rever-

sible elastic force development, even by a single dynamic chain, and of the

change in Gibbs free energy for hydrophobic association, DGHA, that results

from virtually every variable of interest to protein structure and function.

A functional component within DGHA is a water-mediated apolar-polar

repulsion, DGap. These physical principles have been applied with success to

gain an understanding of the function of key biological energy converting

proteins, namely Complex III of the mitochondrial electron transport chain,

the F1-motor of ATP synthase of the inner mitochondrial membrane, and the

myosin II motor of muscle contraction.

With the assist of atomic force microscopy (AFM) in the single-chain

force-extension mode and in a dynamic force spectroscopy mode that takes

advantage of the acoustic mechanical resonances exhibited by these elastic

contractile model proteins, these physical processes become engineering

principles for the construction of nanosensors with the potential to detect single

molecular events.
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1. INTRODUCTION

1.1 Renowned Nanomachines of the Biological Cell

Confirm Engineering Principles and Inspire Nanomachine

Design

1.1.1 Definition of a machine

The McGraw-Hill Concise Encyclopedia of Science and Technology, 2nd

Edition, 1989, defines a machine as the following: ‘‘A combination of rigid or

resistant bodies having definite motions and capable of performing useful

work.’’

Proteins and protein-based polymers constitute the ‘‘resistant bodies’’ of

interest here. Proteins are polypeptides, and protein-based polymers are

composed of repeating peptide sequences in which the repeating unit may be

as small as a dipeptide or as large as hundreds of residues. The definite motions

of protein arise from changing hydrophobic associations that result in deform-

ations and relaxations of protein chain segments capable of performing

mechanical work. The changing hydrophobic associations are also capable of

performing a range of other forms of work, most commonly chemical work.

1.1.2 A de novo-design approach using elastic-contractile model proteins

gives rise to engineering principles

The approach to the elucidation of engineering principles required for the

design of protein-based nanomachines, as reviewed in the following section,

began with a relatively simple repeating pentapeptide sequence from an

extracellular matrix protein. Then, without recourse to an already known

protein-based machine, de novo design involving stepwise introduction of

compositional changes in elastic-contractile model proteins resulted in the

demonstration of diverse energy-converting capacities. The approach of

designing and characterizing elastic-contractile model proteins allowed recog-

nition of engineering principles that have now been used, as demonstrated in

the following section, to describe the function of key intracellular protein

machines. By this means, engineering principles for design of protein-based

nanomachines have been developed and substantiated.

1.1.3 Nanomachines of living cell confirm engineering principles

Driving forces for cellular machines differ from those of man-made macro-

scopic machines. The protein machines within the cell are of nanometer
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dimensions and require an aqueous milieu in which to function. These protein

nanomachines are remarkable structures capable of operating at high efficien-

cies. In some cases, they bear astonishing structural analogy to machines of

the macroscopic world, even though composed of very different ‘‘rigid or

resistant’’ materials that operate by means of very different forces. The forces

that dominate in protein-based machines are not so familiar to the mechanical

engineer. The forces of hydrophobic association/dissociation and those con-

cerned with the extent of irreversible deformation of single protein chain

segments replace gravitation and surface frictional loss of the macroscopic

world. The interior of the living cell, therefore, provides the ultimate site for

confirming model protein-derived engineering principles for the design of

protein-based nanomachines.

The difficulty of determining engineering principles from cellular protein

machines. The compositional complexity of the evolutionarily optimized

protein nanomachine of the cell makes difficult a direct attack on elucidating

the engineering principles. Rather a de novo design approach, in which the

energies and forces can be dissected by careful control of composition and

selection of experimental method, provides the opportunity, one variable

at a time, to characterize the energies and forces involved in function.

Elastic-contractile model proteins, capable of a phase transition unique to

aqueous systems, exhibit the properties essential for revealing the sought-after

engineering principles.

Engineering principles from designed elastic-contractile model proteins con-

firmed by crystal structure in two key functional states of three vital cellular

protein machines. Once a set of engineering principles is derived using elastic-

contractile model proteins, these principles can be tested by detailed consid-

eration of cellular protein machines for which crystal structural detail is

available in critical functional states. In the present case, the principles

are remarkably demonstrated in Complex III of the electron transport chain

of mitochondria that produces the proton gradient, in the adenosine triphos-

phate (ATP) synthase of the inner mitochondrial membrane that uses the

proton concentration gradient to produce nearly 90% of the ATP for an

organism, and in the myosin II motor of muscle contraction that uses ATP

to produce motion essential to function of the organism.

1.1.4 Nanomachine designs inspired by intracellular protein constructs

and properties

An elastic extracellular protein provided the starting point that led to the

design of energy-converting elastic-contractile model proteins. On the other

hand, the elastic intracellular protein, titin, composed of a linear array of

repeating small globular units, functions within the muscle cell as a series of
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shock absorbing elements that irreversibly absorb energy of deformation.

When a single globular element is combined with subtending elastic-contractile

model protein, the potential exists for the detection of single molecular events.

As seen by single-chain force–extension studies using the atomic force micro-

scope (AFM), a single chain of titin globular elements gives a sawtooth profile.1

Each sawtooth represents a single unfolding globular protein element irrevers-

ibly absorbing a unique packet of deformation energy. On the other hand, the

elastic-contractile model proteins give a simple monotonic curve in the AFM

single-chain force–extension curve.2 By the design of a single globular sensing

element subtended by elastic–contractile sequences, a single-chain force–exten-

sion curve is obtained with a single sawtooth. As a single interaction with the

globular element can change the characteristic sawtooth for that globular

element, it becomes a sensing element for detection of that interaction.

1.2 De Novo Design of Diverse Elastic-Contractile

Protein Machines

The potential for more effective design of new protein-based nanoma-

chines arises from the previous de novo design of elastic-contractile model

proteins capable of performing the set of energy conversions familiar in living

organisms.3 The set of energy conversions involves the intensive variables of

mechanical force, pressure, chemical potential, temperature, electrochemical

potential, and electromagnetic radiation covering the frequency range from

the ultraviolet to the acoustic. The interconversions of energy involving the 6

intensive variables result in 15 possible pair-wise energy conversions. When

chemo-chemical transduction (the conversion of one chemical energy into

another), electro-electrical transduction (the use of the reduction of one

redox group to change the reduction potential of another redox group), and

energy conversions between different frequencies of the electromagnetic radi-

ation spectra are included, the number of 15 expands to 18 classes of pair-wise

energy conversions.

1.2.1 The initial elastic-contractile model protein

The starting protein-based polymer was found as a repeating pentapeptide

sequence in the mammalian elastic protein, elastin. The repeating pentapep-

tide sequence is glycine–valine–glycine–valine–proline, or Gly–Val–Gly–Val–

Pro, or simply GVGVP which in bovine elastin is found to repeat as many

as 11 times in a single unbroken sequence.4,5 High molecular weight protein-

based polymers of this repeating sequence, (GVGVP)n, were found to be

soluble in water at temperatures below 258C and phase separate on
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raising the temperature above 258C to form a more ordered viscoelastic and

filamentous state. When cross-linked, for example by g-irradiation, the

resulting elastic sheets swell on lowering the temperature and contract on

raising the temperature above 258C and do so when loaded with a weight.

Thus, the cross-linked polymer is capable of thermo-mechanical transduction.3

1.2.2 Changing hydrophobicity to change temperature range for

contraction

Changing the polymer composition by addition of a CH2 group per penta-

mer, achieved by replacing a Val residue by an isoleucine (Ile, I) residue, makes

the polymer more hydrophobic, and the contraction begins at 108C. When

deleting two CH2 groups by replacing a Val residue by an alanine (Ala, A)

residue, the contraction begins on raising the temperature above 458C. Accord-

ingly, the temperature at which contraction occurs, becomes lower as a polymer

becomes more hydrophobic and higher as a polymer becomes less hydrophobic.

1.2.3 Introduction of functional groups with different states of

hydrophobicity

Now, it becomes possible to change the temperature of the phase separ-

ation by substitution of an aliphatic amino acid residue by an amino acid

residue with a functional side chain. For example, the charged carboxylate of

glutamic acid (Glu, E), or of aspartic acid (Asp, D), or the charged amino

function of lysine (Lys, K) are less hydrophobic and more polar than the

uncharged (more hydrophobic) state of the side chain. Accordingly, changing

the pH to form the uncharged side chain lowers the temperature of the

transition. When at an intermediate temperature, therefore, neutralizing the

charged side chain lowers the temperature of the transition and drives con-

traction. Thus, the suitably substituted cross-linked polymer becomes capable of

efficient chemo-mechanical transduction.6 Similarly, a redox function can be

bound to the protein-based polymer. Since the oxidized state can be more

polar and the reduced state can be more hydrophobic, designed polymers

capable of electro-mechanical transduction result.7

1.2.4 Phenomenological control of diverse energy conversions

Thus, de novo designs of diverse energy conversions utilizing elastic-con-

tractile model proteins are achieved, phenomenologically, by exercising design

control of the temperature at which hydrophobic association occurs. These

protein-based motors were not simply derivative of then known biological

machines. Subsequent extensive analysis of these phenomenological designs
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gave rise to new understandings of the factors that control hydrophobic

association/dissociation and the nature of entropic elasticity.8 These new

understandings, referred to as the hydrophobic and elastic consilient mech-

anisms, become the engineering principles for the design of diverse protein-

based nanomachines.

1.2.5 Relevance to biology’s protein-based machines

Coherence of phenomena between designed elastic-contractile model protein

machines and biology’s protein machines. When considering coherence of

phenomena between the behaviors of elastic-contractile model proteins

designed for energy conversion and the natural energy converting proteins

of the cell, the hydrophobically associated state is identified with the

contracted (rigor) state of a muscle protein or the taut, tense, T-state of a

globular protein such as hemoglobin. Formation of this contracted or T-state

occurs with loss of hydration. As concerns muscle contraction, clinically there

are recognized acid rigor (association of protein caused by acids), calcium

rigor (contraction caused by excess calcium ion), heat rigor (heating that

drives hydrophobic association), and rigor mortis (contraction on loss of

ATP, e.g., dephosphorylation). These muscle phenomena have demonstrable

correlation with the elastic-contractile model proteins designed for energy

conversion.

Another well-characterized protein is hemoglobin with its T(taut)-state

and R(relaxed)-state. Increased temperature favors the T-state; binding polar

oxygen favors the R-state that forms with the uptake of water, and ion-

pairing decreases charge to favor the T-state. Thus, there exists a clear

coherence of phenomena.

Remarkable positive cooperativity of designed elastic-contractile model pro-

teins when compared to biology’s renowned protein machines. These elastic-

contractile model proteins of translational symmetry are designed as chemo-

mechanical transductional model proteins that exhibit positive cooperativities

with Hill coefficients as large as 8. This is a greater positive cooperativity

than seen by Monod and others, when concerned with symmetries of associ-

ating globular proteins. This was not expected from the prevailing view of

cooperativity. As stated by Monod,9 ‘‘One may set aside the simple problem

of fibrous proteins. Being used as scaffolding, shrouds, or halyards, they fulfill

these requirements by adopting relatively simple types of translational sym-

metries.’’

In the popular hemoglobin example, the Hill coefficient found for the

oxygen-binding curve is 3.2, which indicates a degree of positive cooperativity

much less than that obtained with the most efficient design of elastic-

contractile model proteins. Thus, protein structure with translational
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symmetry is designed to exhibit positive cooperativity that is central to efficient

function (e.g., energy conversion) of nanomachines and exceeds the positive

cooperativity considered so remarkable in protein machines of biology.

Direct demonstrations of relevance of the hydrophobic and elastic consilient

mechanisms to biology’s protein machines. Even though these demonstrations

of energy conversion by de novo designed elastic-contractile model proteins

proceeded visually and convincingly with the above-noted coherence of phe-

nomena, suggestions that biology’s protein-based machines functioned simi-

larly were not well-received by specialists in their particular protein machine.

These new understandings, nonetheless, have now been demonstrated to be

significant in three key classes of biological energy conversion: the formation

of the proton gradient in the mitochondrion, the use of the proton gradient to

produce ATP by ATP synthase, and the use of ATP to produce motion

essential to life.10 Thus, the important new engineering principles did not

arise from examination of the more complex, site localized, and evolutionarily

optimized energy converting machines of biology. Instead, the new engineering

principles arose from the design, preparation, characterization, and data

analysis of relatively simple model proteins. In doing so, the model proteins

could be designed to perform the energy conversions of biology by simple

changes made in an elastic repeating sequence derived from the mammalian

elastic fiber—afibernot recognizedasanenergy-convertingmachineofbiology.

1.3 Hydrophobic and Elastic Consilient Mechanisms:

Definitions

Definition of consilience. Consilience reflects the presence of a pervasive,

basic law of nature that underlies otherwise seemingly disparate phenomena.

In this case, the phenomena involve a diverse set of energy conversions with

an underlying common mechanism, ‘‘a common groundwork of explanation’’

in the words of E. O. Wilson.11 Accordingly, the common groundwork of

explanation for diverse energy conversions, as discovered using designed

elastic-contractile model proteins, is called a consilient mechanism.

The hydrophobic and elastic consilient mechanisms. Two interlinked con-

silient mechanisms have been identified in studies on the de novo designed

elastic-contractile model protein machines and also observed in the energy

conversion of biology’s protein machines. These are the hydrophobic and

elastic consilient mechanisms. They derive their consilience from a general

applicability, in the former case to all amphiphilic polymers in water and in

the latter case to all polymers, of whatever composition, containing chain

segments with a backbone mobility that can become damped on deformation

whether by extension, compression, or repulsion.
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1.4 Hydrophobic Consilient Mechanism and the Inverse

Temperature Transition

Hydrophobic consilient mechanism epitomized in amphiphilic protein-based

polymers. While the hydrophobic consilient mechanism applies to all amphi-

philic polymers, it is most readily characterized in model proteins. This is

because only in protein-based polymers is it possible to have strict control of a

sequence in which each position may be filled by any one of 20 different

residues of the same absolute configuration. This diversity of composition and

control of sequence allows for determination of maximal interaction energies

and their correlation using different experimental methods.

1.4.1 The inverse temperature transition and the formation of peptide

structure on raising the temperature

Origin of the designation of an inverse temperature transition (ITT). The

ITT is a unique kind of phase transition in which a clear solution of polypep-

tide in water at lower temperature becomes cloudy on raising the temperature

into the transition range. On standing, the cloudy suspension phase separates

to form a denser polypeptide phase and a clear overlying equilibrium solution.

The term, ITT, originates from the observation that these polypeptide

compositions dissolved in water become more ordered on phase separation.

The most unambiguous demonstration of this occurs when cyclic polypeptide

analogs, miscible in all proportions in water below a certain temperature,

crystallize on raising the temperature through the temperature range of a

phase transition and redissolve on lowering the temperature.12 The corre-

sponding linear polymers phase-separate on raising the temperature through

the transition range to form parallel-aligned twisted filaments of about 5 nm

width that redissolve on lowering the temperature.13

Implications of the Second Law of Thermodynamics on the process of the

ITT. The Second Law of Thermodynamics requires that the order of the total

system, polypeptide plus water, decreases on increasing the temperature.

Since the order of the polypeptide part of the system clearly increases on

raising the temperature through the range of the ITT, the Second Law

requires that the water part of the system undergoes a decrease in order that

is greater than the increase in order of the polypeptide. The one recognized

way by which this might occur is when structured water around hydrophobic

groups disappears as hydrophobic association of structure formation occurs.

Evidence for structured water around hydrophobic groups. Several studies

established the presence of structured water around hydrophobic groups. In

1937, Butler14 found dissolution of hydrophobic CH2 groups in water to be
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exothermic, yet solubility became limiting due to an increase in order of water.

Frank and Evans15 based on a marked decrease in vapor pressure on dissol-

ution of hydrophobic groups in water, spoke of ‘‘icebergs’’ surrounding

hydrophobic groups. Stackelberg and Müller16 determined the crystal struc-

ture of water surrounding small hydrophobic molecules to be one of a

pentagonal dodecahedron, that is, water molecules arranged at the apices of

a pentagon. Water surrounding hydrophobic groups is indeed well ordered.

Accordingly, this ordered water, called hydrophobic hydration, would

become less ordered bulk water as the hydrophobic groups associate. This

loss of hydrophobic hydration during an ITT of elastic-contractile model

proteins has been confirmed using microwave dielectric relaxation.17 Further-

more, an ITT of hydrophobic association is expected to be an endothermic

transition, that is, the heat released (as shown by Butler)14 on formation of

hydrophobic hydration is recovered as heat is taken up to return the hydro-

phobic hydration to disordered bulk water as hydrophobic groups associate.

This means that the temperature and heat of an ITT would be central to an

expression for the change in Gibbs free energy of hydrophobic association.

1.4.2 Thermodynamic quantities that control hydrophobic association

Determining the Gibbs free energy of hydrophobic association, DGHA,

by calorimetry. By means of differential scanning calorimetry (DSC), the

endothermic heat of the ITT can be determined.18 It is shown in Section 2.1

that an expression for the change in Gibbs free energy of hydrophobic

association, DGHA, can be derived and used to calculate this important

thermodynamic quantity for any variable that changes the temperature and

heat of an ITT. One fundamental variable is the amino acid composition,

and the approach results in a DGHA-based hydrophobicity scale for amino

acid residues.19 Importantly, the hydrophobicity scale includes both states

of functional amino acids such as the carboxyl and carboxylate states of

glutamic and aspartic acid residues. In your author’s view, virtually every

variable that affects protein function does so by their common effect on and

their responsiveness to DGHA.

Titration data and the apolar–polar repulsive free energy of hydration,

DGap. The formation of carboxylate during an acid-based titration can dis-

rupt hydrophobic association and redissolve a phase-separated state.

A number of different experimental methods, including microwave dielectric

relaxation,17 demonstrate that the formation of charge, as in the formation of

the carboxylate anion, destroys hydrophobic hydration. Furthermore, as the

composition of the model protein becomes more hydrophobic, the pKa of

the carboxyl shifts to higher pH values.20 As the hydrophobicity increases, the

carboxylate finds it more difficult to achieve adequate hydration; the free
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energy of the carboxylate becomes less favorable, and the result is an increase

in pKa. This reflects a competition for hydration between the apolar (hydro-

phobic) and the polar (charged) groups. A formal expression for such com-

petition is an apolar–polar repulsive free energy of hydration, DGap.
3

Physically the competition for hydration expresses as repulsion because each

group uses the flexibility of the intervening polymer chain to reach out and

find water less perturbed by the other.

1.4.3 Hydrophobic hydration determines heat and temperature of inverse

temperature transitions

Correlation of transition heat and temperature with amount of hydrophobic

hydration. As carboxylates form, the number of waters of hydrophobic hy-

dration, Nhh, decrease; the temperature of the transition, Tt, increases in a

concentration dependent mirroring of Tt and Nhh, and the heat of the transi-

tion, DHt, decreases.10 Thus, the amount of hydrophobic hydration deter-

mines the heat and temperature of the ITT. If the value of Tt for the carboxyl

state is below the operating temperature, hydrophobic association prevails,

but, as charge forms, the value of Tt increases above the operating tempera-

ture and hydrophobic dissociation results. Thus, the formation of charged

species disrupt hydrophobic association.

1.4.4 The source of the free energy of hydrolysis of ATP to form

ADP plus Pi

Free energy of hydrolysis due to improved hydration. Several reasons are

routinely given for the free energy of hydrolysis of ATP in the formation of

adenosine diphosphate (ADP) and inorganic phosphate, Pi. These are opposing

resonance, charge–charge repulsion within the triphosphate tail, and limited

free energy of hydration of the triphosphate tail. As reviewed and argued

elsewhere,10 the improved free energy of hydration of ADP and Pi when

compared to that of ATP dominates the change in free energy on hydrolysis.

As the competition for hydration between hydrophobic and charged groups

dominates in DGHA and is specifically expressed as DGap, and as ATP carries

multiple charges and has such a thirst for hydration, the states of ATP are

expected to exhibit the most profound effects on hydrophobic association.

Why is ATP the universal energy currency of Biology? On the basis of the

hydrophobic consilient mechanism, ATP functions as the universal energy

currency of biology due to the capacity of negative charges to disrupt hydro-

phobic association and from the fact that phosphates constitute the most

charged and hydration limited species of biology. At the moment of hydroly-

sis by ATPase, the localized ADP and Pi constitute the most polar state
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routinely formed in biology. At that moment, any transient occurrence

of hydrophobic hydration (as when a hydrophobic association undergoes

a fluctuation toward dissociation) is immediately recruited for phosphate

hydration, thereby removing the driving force for hydrophobic reassociation.

Dephosphorylation, therefore, provides the most dramatic means for driving

hydrophobic reassociation. Herein resides the power, whereby the most

charged groups commonly available to biology control protein function.

1.4.5 The power of ATP hydrolysis to drive protein machines and

perform the work of the cell

Formation of more polar states disrupt hydrophobic association. From

studies on elastic-contractile model proteins, the enzymatic use of ATP to

phosphorylate the serine (S) residue of poly[30(GVGIP)(RGYSLG)] achieves

phosphorylation to about 50% and shifts the transition temperature on a per

pentamer basis, Tt, from 188 to 8608C.21,10 Using the plot of Tt versus DGHA,

developed in Section 2.3.1, the value of DGHA appears to be about

þ8 kcal=mol. Furthermore, the extent of phosphorylation indicated an equi-

librium constant of essentially 1. This means that the g-phosphate of ATP and

the phosphate bound to the serine of the elastic-contractile model protein are

at the same free energy, which would be aboutþ8 kcal=mol. The apolar–polar

repulsive free energy, i.e., the change in Gibbs free energy of hydrophobic

association on phosphorylation, and the free energy of hydrolysis of ATP to

form ADP and Pi are the same quantity. Thus, phosphorylation appears to

achieve function by its disruption of hydrophobic association.

Formation of the most polar state can physically repulse a hydrophobic

domain. As discussed in the following section for the F1-ATPase of ATP

synthase, the hydrolysis of ATP to form the most polar state of localized

ADP plus Pi repulses the most hydrophobic side of the g-rotor to drive

rotation in a counterclockwise direction. On the other hand, when the

g-rotor is driven by the F0-motor in a clockwise direction, the most hydro-

phobic face of the rotor is rotated in the opposite direction to develop a

through-water repulsion with the most polar ADP plus Pi state. In your

author’s view, the resulting repulsion is sufficient to cause the most polar

ADP plus Pi state to become less polar by formation of ATP.10,22

1.5 The Elastic Consilient Mechanism and the Nature of

Near Ideal Elasticity

The perfectly reversible stress–strain curve of an ideal elastomer states that

energy of deformation is completely recovered on relaxation. The area under a
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stress–strain curve, which plots elastic force versus extension, gives the energy

expended during deformation. If the relaxation curve exactly traces the ex-

tension curve, then all of the energy expended on deformation is recovered on

relaxation. Such a perfectly reversible stress–strain curve identifies an ideal

elastomer. When a protein machine develops an elastic force, optimal energy

conversion requires an ideal elastomer.

The consequence of hysteretic stress–strain curves is that much energy of

deformation is not recovered on relaxation. When the stress–strain curve for

relaxation falls below the curve obtained on extension, hysteresis occurs. As

the area under the relaxation curve becomes less than the area under the curve

for extension, energy of deformation is lost to its surroundings as the chain is

stretched. As the hysteresis becomes greater, the efficiency of a machine that

utilizes the elastomer for energy storage during transduction becomes lower.

Thus, the mechanism of elasticity becomes an important issue in the design of

efficient protein-based nanomachines.

Means for overcoming hysteresis with elastic–contractile model proteins. In

the AFM-based single-chain force–extension studies, the elastic-contractile

model proteins,2,23 (GVGVP)nx251 and (GVGIP)nx260, provide informative

examples. Under dilute conditions, (GVGVP)nx251 exhibits reversible force–

extension curves as long as time at lower extensions was insufficient for

association of chain with substrate. If reassociation with substrate was

allowed to occur, a small hysteresis could be observed, that is, on pealing a

chain away from nonspecific adsorption to the substrate, energy required for

extension is irreversibly lost to substrate on forced dissociation.

For the more hydrophobic (GVGIP)nx260 under dilute conditions, very

marked hysteresis was observed. Only under high dilution (where the order of

100 attempts would be required before a chain would be picked up)24 could

reversible, non-hysteretic, force–extension curves be observed. At higher con-

centration, however, if a chain were pulled out of a cluster of chains, or for

that matter from an amorphous globule, hysteresis would occur. In this case,

loss of energy to the associated non-load bearing chains would result in

hysteresis. This is one reason why your author does not believe that reversible

entropic elastic force is possible when the load-bearing chain is pulled from an

amorphous globule of associated chains.25

Even for a single chain, if time were allowed at low extension for self-

association or back folding to occur, hysteresis results, that is, energy of

deformation is lost to non-load bearing chains.2,23 This demonstrates much

about the requirements for a protein-based machine to perform mechanical

work efficiently. Accordingly, a freestanding chain would be optimal for

approaching ideal elasticity and efficient energy conversion. A freestanding

chain is observed at two different extensions in the Rieske Iron Protein (RIP)

of Complex III (the cytochrome bc1 complex) of the electron transport chain.
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Extension of the freestanding chain occurs on hydrophobic association at the

globular end of the single chain. Once the hydrophobic association is lost due

to the formation of two positive charges, on oxidation of ubiquinol at the site

of hydrophobic association, the relaxing chain retracts the FeS-containing

globular domain of the RIP and moves it to the heme c1 site. Thereby elastic

retraction of an extension due to hydrophobic association transports an

electron from ubiquinol to cytochrome c1.

1.5.1 Entropic (ideal) elastic force, the property of a single

dynamic chain

As became evident in the immediately preceding paragraphs, if extension

involves dissociation of the chain from other chains, from a surface, or from

non-load bearing sections of the same chain, at the moment of dissociation,

energy is lost from the chain undergoing load-bearing extension. The exten-

sion will not result in a reversible extension/relaxation, that is, will not provide

for an entropic, near-ideal elastic force. Any protein-based machine that

dissipates some of its input energy into hysteretic deformations of that sort

would be a less efficient machine. By this reasoning, reversible (near-ideal)

elasticity is a key property that is best provided by a single, freestanding

dynamic chain. What then must be the origins of the entropic elastic force?

1.5.2 Damping of internal (backbone) chain dynamics on deformation

Sources of entropy in the extended load-bearing elastic chain. In the AFM-

based single-chain force–extension study, entropic elastic force develops.2,23

Accordingly, entropic elastic force, the surest way to ideal (reversible) elastic

force development is attainable with a single chain. Therefore, entropic

elastic force development does not require a random chain network, as taught

by the classical (random chain network) theory of rubber elasticity.26,27

From statistical mechanics, the entropy of a molecular system can be

expressed by use of the Boltzmann’s relation, S ¼ k ln W , where S is the

entropy, k is the Boltzmann’s constant, and W is the number of a priori

equally probable states accessible to the molecular system.28 W is commonly

obtained as the product of partition functions for the different degrees of

freedom accessible to the molecular system, there being 3N degrees of freedom

where N is the number of atoms in the molecule. There are three translational

degrees of freedom, but in the force–extension experiment the single chain is

gripped at each end giving no translational freedom. There are also three

whole molecule rotational degrees of freedom, but again these cannot occur in

the elasticity experiment. In the stress–strain experiment the only degrees of

freedom are those due to internal chain motions such as vibrational modes

PRINCIPLES FOR PROTEIN-BASED NANOMACHINE DESIGN 153



and torsional oscillation motions about bonds. Therefore, the entropic elastic

force must arise from the damping of internal chain dynamics on extension.

On the basis of the harmonic oscillator partition function; however, higher

frequencies, such as vibrations, contribute very little to the entropy. On the

other hand, torsion angle oscillations that occur at much lower frequencies

contribute much more to the chain entropy.8 Thus, the development of entropic

elastic force, reversible elastic deformation, derives from the decrease in ampli-

tude of torsion angle oscillations on extension.29

At extension forces greater than available from damping of internal chain

dynamics, yet well below the limit of chain rupture, a reversible elastic force

development can occur that would contribute an internal energy component

to the total force. When force development arises from hydrophobic associ-

ation, the energy storage due to the sum of the internal energy and entropy

components of the force would, of course, be substantially less than the free

energy gained on hydrophobic association in the absence of chain extension.

1.5.3 Unique internal chain dynamics of family of elastic-contractile

model proteins

The occurrence of frequency-localized mechanical resonances above the

transition temperature. Repeating dynamic sequences provide the opportunity

for each of these dynamic repeats, once in a regular structure, to contribute to

a common frequency with the result of strong absorptions due to motion over

limited frequency ranges. On raising the temperature through the range of the

ITT, the elastic-contractile model proteins form regular structures in which

the individual repeats fold into a common conformation and undergo mo-

tions of a common localized frequency. The result is the development of an

intense relaxation frequency that has been given the name of a mechanical

resonance. In particular, as the temperature of aqueous solutions of

(GVGVP)251 and (GVGIP)320 is raised from below to above the temperature

range of their respective ITTs, dielectric relaxation studies demonstrate

the development of intense mechanical resonances near 5 MHz and 3 kHz.

These resonances represent the coordinated motion of peptide dipoles within

the repeat so that a net oscillating dipole moment results and sums from one

repeat to the next to give an intense relaxation at the noted localized frequen-

cies. For example, the dielectric increment for the 5 MHz relaxation of

(GVGVP)251 is 70.30 On the other hand, the dielectric constant of water at a

similar temperature is less than 80, even though the density of water molecules

is several times that of the peptide moiety.

The importance of mechanical resonances to the stability of folded state.

Using the harmonic oscillator partition function, the contribution to the

entropy, Si, as a function of frequency, ni, is written as
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Si ¼ R ln (1� e�hvi=kT )�1 þ hvi

kT

� �
(ehvi=kT � 1)�1

� �
, (1)

where R is the gas constant, h and k are the Planck and Boltzmann’s con-

stants, and T is the temperature in 8K. When the entropic contribution to the

free energy, TSi, was calculated for a temperature of 2988K (258C), the

contribution to the Gibbs free energy of the 5 MHz mechanical resonance

was found to be 9 kcal/mol and that of the 3 kHz mechanical resonance was

14 kcal/mol.8 The harmonic oscillator partition function was derived for

quantized vibrational motions. The results, nonetheless, remain instructive

and indicate a great stabilization of the structure that results from such low

frequency mechanical resonances. Incidentally, this is thought to explain the

remarkable biocompatibility of this family of model proteins.10

The presence of the 3 kHz mechanical resonance, being in the acoustic

absorption frequency range, presents a number of applications for these

polymers, including sound absorption. In the area of nanomachine type

biosensors, the 3 kHz absorption would allow for the design of a relatively

robust single molecule detection device that could be used in the field for

detection of analytes such as explosives, nerve gasses, toxins, etc. This is

because the cantilever would be fixed in space, that is, the z-direction of the

AFM as well as the x, y dimensions would not be scanned. This would allow

for the device to function without taking such extreme measures for vibration

isolation.

1.6 Coupled Hydrophobic and Elastic Consilient

Mechanisms

Coupling of hydrophobic and elastic consilient mechanisms allows insight

into the élan vital, literally ‘‘the vital force or impulse of life.’’31 In a common

scenario, the impulse can be thought of as initiated by hydrophobic associ-

ations that cause elastic force development within interconnecting chain

segments. The result is a sustained impulse imparted by relaxation of the

stretched chain. Dephosphorylation or formation of another favorable hydro-

phobic domain with which to associate can initiate hydrophobic association.

In specific protein-based machines, formation of the most favorable hydro-

phobic associations results in the stretching of interconnecting chain

segments.

1.6.1 Insights developed from elastic-contractile model proteins

Entropic elastic force development during isometric contractions due to

hydrophobic association. Properly designed elastic-contractile model proteins
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demonstrate thermally and chemically driven contractions at fixed extension,

that is, under isometric conditions. Under the former experiment, the elastic

band is held at fixed extension, and the temperature is raised from below to

above the temperature range of the ITT. On passing through the transition,

hydrophobic associations increase within the elastic band, but since the elas-

tic-contractile band is of fixed length, the result is the development of an

elastic force, that is a thermally-driven isometric contraction.8

Alternatively, the elastic-contractile model protein may contain one glu-

tamic acid (Glu, E) residue per 30 residues. The elastic-contractile band is

again mounted at fixed length at physiological pH, and the pH is lowered

causing neutralization by protonation of the charged carboxylate residue.

This lowers the temperature of the transition from above to below the oper-

ating temperature of 378C and drives hydrophobic association. But since the

band is held at fixed length, the result is an increase in elastic force, that is,

there is a chemically driven isometric contraction.32 Thus, hydrophobic asso-

ciations stretch interconnecting chain segments!

Under isometric conditions, hydrophobic association can occur only

with the loss of hydrophobic hydration, that is, with an increase in entropy

of the water. The resulting stretched interconnecting chain segments represent

entropic elastic force due to a decrease in entropy, that is, due to a decrease in

chain entropy as the result of a decrease in amplitude of torsion angle

oscillations. Thus, the development of entropic elastic force under isometric

conditions cannot be due to proposed solvent entropy changes.25

1.6.2 The role of hydrophobic and elastic consilient mechanisms in

design of nanomachines

It is your authors’ thesis that the hydrophobic and elastic consilient

mechanisms constitute the two most dominant engineering principles in

the design of protein-based nanomachines. During function of biology’s

protein-based nanomachines, changes in hydrophobic association often

effect changes in the elastic forces sustained by specific peptide sequences.

In particular, as argued in Section 3, the coupling of the hydrophobic and

elastic consilient mechanisms is central to the electron transfer function of

the RIP subunit of Complex III and to the development of elastic force

during an isometric contraction in the myosin II motor. Most to the point

of this review, nanomachines designed using protein-based constructs utilize

the capacity of changes in hydrophobic association to effect changes in

elastic force.
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2. PRINCIPAL THERMODYNAMIC QUANTITIES

CONTROLLING DIVERSE ENERGY

CONVERSIONS IN MODEL PROTEINS

2.1 The Change in Gibbs Free Energy for Solubility,

DG(solubility) ¼ DH---TDS

The source of hydrophobic insolubility and the equivalence of phase separ-

ation by hydrophobic association. The statement of the Gibbs free energy for

solubility is DG(solubility) ¼ DH---TDS, and, of course, solubility occurs as

DG(solubility) becomes negative. As noted earlier, the original insights into

the insolubility of hydrophobic groups come from the alcohol data of Butler14

in which the addition of each CH2 gives a favorable average heat release of

�1:3 kcal=mol-CH2 for the series of normal alcohols from methanol to pen-

tanol.

One then asks why is n-octanol insoluble in water? The answer is that

the (�TDS) term for n-octanol dominates such that DG(solubility) is posi-

tive. In fact, as noted by Butler for the alcohol series, the (�TDS) term

changes by þ1:7 kcal=mol-CH2. Accordingly, for methanol DG(solubility) is

a sufficiently negative value that the addition of four CH2 groups, i.e.,

4 CH2 groups� 1:7 kcal=mol-CH2 ¼ þ6:8 kcal=mol for the (�TDS) term

still leaves a negative value for DG(solubility) for n-pentanol. By the time

three more CH2 groups are added, as for n-octanol, DG(solubility) becomes

substantially positive and solubility is lost.

For the insolubility of a phase separation brought about by raising the

temperature, the (�TDS) term simply increases with increase in the value of T

and overcomes the inherently negative DH term to result in the insolubility of

phase separation. For a chemically driven phase separation, the temperature

may decrease by 10% in degree kelvin, but the negative change in entropy for

the transition can increase in magnitude by several 100% until the positive

(�TDS) term dominates and solubility is lost.

Components of an endothermic ITT. Again as shown by Butler in 1937 for

the methanol to n-pentanol series,14 dissolution of the hydrophobic CH2

moiety in water is an exothermic reaction with a mean value for the series

of four CH2 additions of �1:3 kcal=mol-CH2. This means that the reverse

process of a phase separation by hydrophobic association in which CH2 goes

from soluble (dissolved, i.e., surrounded by water in solution) to insoluble

(phase separated where water no longer surrounds CH2 groups) is necessarily

an endothermic process, as observed for the ITT.
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In the polymer association process of the ITT, there is also an exothermic

component due to van der Waal’s contacts between associating chains. This

exothermic element of the ITT has been resolved by temperature modulated

differential scanning calorimetry (TMDSC)33 and found to be less than one-

third the magnitude of the total endothermic reaction of the ITT for

(GVGVP)n and (GVGIP)n. As long as there is a measurable net endothermic

transition, the endothermic component, which defines the ITT, will be larger

than the exothermic component, and the transition will be dominated by the

effect of disruption of hydrophobic hydration.

One calculates the change in Gibbs free energy of hydrophobic association

(DGHA) using the temperature and net endothermic heat of the transition,

which contains the exothermic aspect of van der Waal’s interactions (the

association of protein chains) as part of the hydrophobic association.

DGHA, therefore, represents a water-dominated endothermic process, but it

also contains the smaller oppositely signed, exothermic effect of polymer

association involving van der Waal’s contacts.

2.2 The Change in Gibbs Free Energy for a Phase

Transition

The change in Gibbs free energy during a narrow phase transition is zero. At

the temperature of a phase transition, the Gibbs free energy per mole (also

called the chemical potential, m) of the molecules undergoing transition is

the same in the soluble state as it is in the phase separated state, i.e.,

m(soluble) ¼ m(insoluble). For an infinitely narrow transition, all of the heat

going into the system serves to shift the molecules from soluble to insoluble

and not to raise the temperature. Accordingly, for a sufficiently narrow

transition the change in Gibbs free energy for the transition, DGt, is zero,

i.e., DGt(solubility) ¼ 0, and therefore,

DHt ¼ TtDSt: (2)

The change in Gibbs free energy for a phase transition. If we write

the transition for two different experimental conditions denoted by a change,

x, in the system, and consider x as a change from a reference state, ref,

we can write, in general, for the change in Gibbs free energy for a phase

transition,19

dDGt(x) ¼ dDHt(x)� Tt(x)dDSt(x), (3)

where the definitions are dDHt(x) � [DHt(x)� DHt(ref)] and dDSt(x) �
[DSt(x)� DSt(ref)].
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2.3 The Change in Gibbs Free Energy for an Inverse

Temperature Transition

The width of the ITT involving high-molecular-weight polymers that

fold and associate to form regular structures on raising the temperature, at

the rate of 18C/min, is quite broad with a half-width of 108C or more. At

any given temperature within the transition, the chemical potential of the

soluble, hydrophobically dissociated polymer, mHD, and that of the hydro-

phobically associated polymer, mHA, are the same, i.e., mHD(Tt1) ¼ mHA(Tt1),

where (Tt1) is a specified temperature within the transition temperature

range. When the heat of the transition is determined over the entire transition

width, however, DGt is only approximated as zero, because over the width of

the transition, heat has also gone into raising the temperature of the

system. Therefore, the equivalent of Eq. (2) is only approximate, i.e.,

DHt � TtDSt. Specifically, for the endothermic ITT of a high-molecular

weight protein-based polymer, the change in Gibbs free energy for hydropho-

bic association, DGHA(x) is given as approximating dDGt(x), such that,

�DGHA(x) � dDHt(x)� Tt(x)dDSt(x).

2.3.1 The change in Gibbs free energy for hydrophobic

association, DGHA

Definition of the reference state, fX¼1. When the change in thermodynamic

quantity is written with regard to a specific reference state, the quantity is bold-

faced. For example, x may represent a change in amino acid composition

within a pentamer, such as GVGVP replaced by GXGVP, where X is any

amino acid residue or a chemical modification thereof. The experimental ther-

modynamic quantity, written for the pentamer, (GXGVP) in poly(GXGVP),

may not be experimentally measurable because it may lie outside the experi-

mentally accessible range. In practice, one considers the general composition,

poly[ fX(GXGVP), fV(GVGVP)], where fX and fV represent the mole fraction

of pentamer in the polymer such that fX þ fV ¼ 1. When X stands for the

phenylalanine (Phe, F) residue, the value of Tt(GFGVP) for poly(GFGVP)

would be below �30�C and not directly measurable. It is possible, however, to

measure Tt for poly[ fF(GFGVP), fV(GVGVP)] for several values of fF,

say 0.1, 0.2, and 0.3, and then linearly extrapolate to fF¼ 1. This example of

fX¼ 1 is called the reference state, and thermodynamic quantities obtained for

the state of fX ¼ 1 are bold-faced, e.g., Tt(GXGVP) and DHt(GXGVP) and

the derived quantities, DSt(GXGVP) and DGHA(GXGVP).
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2.3.2 DG8
HA-based hydrophobicity scale for amino acid residues,

using the heat and temperature of the inverse temperature

transition

Choice of an amino acid residue as the reference state for a hydrophobicity

scale. More than 40 hydrophobicity scales have been proposed for amino acid

residues, but none of these has been based on the fundamentally relevant

quantity, DGHA. Many of these have taken the value of the glycine (Gly, G)

residue as the zero reference state, as it is perceived to be neither polar

nor apolar. The following scale follows this convention. Accordingly,

DG8
HA(GGGVP) ¼ 0, where the superscript is added to indicate that a choice

of reference state has been made. This gives19

DG8
HA(GXGVP) � [DHt(GGGVP)� DHt(GXGVP)]: (4)

Equation (4), evaluated at Tt(GXGVP), has been used in Table 1 to

calculate the value of DG8
HA. For several X groups with only the value of

Tt(GXGVP) known, the sigmoid curve of Tt versus DG8
HA from Ref. [19] has

been used to obtain DG8
HA. These values are indicated in Table 1 below by the

notation (from graph).

2.3.3 DG8
HA-based hydrophobicity scale for chemical

modifications of amino acid residues and prosthetic

groups of proteins

Table 2 demonstrates large effects in DG8
HA attending the change in oxida-

tive state of several biological prosthetic groups. For example, reduction

of nicotinamide adenine dinucleotide (NAD), NADþ ! NADH, changes the

Gibbs free energy for hydrophobic association by �7:5 kcal=mol, whereas the

reduction of flavin adenine dinucleotide (FAD), FAD! FADH2, changes

DG8
HA by �4:5 kcal=mol, about two-thirds that of NAD. This is in keeping

with their respective roles in the electron transport chain of the inner mitochon-

drial membrane. The additional data of Table 2 show a number of useful

modifications of amino acid side chains that may be employed in the design

of nanomachines. The example of the large effect of serine phosphorylation

is utilized inSection4 in thedesignof ananosensor for singlemoleculedetection.

2.4 Apolar–Polar Repulsive Gibbs Free Energy of Hydration,

DGap

2.4.1 Change in DGHA on change of state of functional amino acid residues

For (GVGVP GVGVP GEGVP GVGVP GVGVP GVGVP)36, the carb-

oxyl (COOH) and carboxylate (COO�) states of the glutamic acid (Glu, E)
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Table 1. Hydrophobicity scale in terms of DG8
HA, the change in Gibbs free energy of

hydrophobic association for amino acid residues

Residue X To
t C DG8

HA (GXGVP) kcal/mol-pent

W: Trp �105 �7.00

F: Phe �45 �6.15

Y: Tyr �75 �5.85

H8: His8 �10(Tt) �4.80 (from graph)

L: Leu 5 �4.05

I: Ile 10 �3.65

V: Val 26 �2.50

M: Met 15 �1.50

Hþ: His
þ

30(Tt) �1.90 (from graph)

C: Cys 30(Tt) �1.90 (from graph)

E8: Glu(COOH) 20 (2) �1.30 (�1.50)

P: Pro 40 �1.10

A: Ala 50 �0.75

T: Thr 60 �0.60

D8: Asp(COOH) 40 �0.40

K8: Lys(NH2) 40 (38) �0.05 (�0.60)

N: Asn 50 �0.05

G: Gly 55 0.00

S: Ser 60 þ0.55

R: Arg 60(Tt) þ0.80 (from graph)

Q: Gln 70 þ0.75

Y�: Tyr(f-O�) 140 þ1.95

D�: Asp(COO�) 170(Tt) � þ3:4 (from graph)

Kþ: Lys(NH
þ
3 ) (104) (þ2.94)

E�: Glu(COO�) (218) (þ3.72)

Ser (PO2�
4 ) 860 (Tt) � þ8:0 (from graph)

Data within parentheses utilized microbial preparations of poly(30)mers, e.g., (GVGVP GVGVP

GXGVP GVGVP GVGVP GVGVPn, with n � 40. The notation (from graph) indicates that the

value of Tt was used to obtain DG8
HA(GXGVP) from the experimental sigmoid curve of Tt vs

DG8
HA of Ref. [19]. Tt-values adapted from Ref. [3].

residue are represented as E8/0F and E�=0F, respectively, in Table 1. Thus,

using the values given in Table 1, i.e.,�1:5 kcal=mol-(GE8GVP) for E8/0F and

þ3:72 kcal=mol-(GE�GVP) for E�=0F, one can write DGHA[(GE8GVP)�
(GE�GVP)] ¼ �5:22 kcal=mol-(GEGVP). Protonation markedly decreases

DGap, which relaxes the apolar–polar repulsion.

2.4.2 Hydrophobicity-induced changes in pKa values and

Hill coefficients

An instructive set of glutamic acid (Glu, E) containing elastic-contractile

model proteins, I through V, is listed below. These repeats contain one E
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residue per 30 residues, constituted as six pentamers, and more hydrophobic

phenylalanine (Phe, F) residues stepwise replace valine (Val, V) residues. In

particular, model protein I contains one E residue and no F residues and is

designated E/0F. In model proteins II, III, IV, and V, modestly hydrophobic

V residues have been stepwise replaced by 2, 3, 4, and 5 very hydrophobic F

residues, respectively. Obviously, increasing hydrophobicity systematically

causes pKa shifts and increases the Hill coefficient, n.3

n pKa

I:(GVGVP GVGVP GEGVP GVGVP GVGVP GVGVP)36:E/0F,1.5; 4.5

II:(GVGVP GVGFP GEGFP GVGVP GVGVP GVGVP)40:E/2F;1.6; 4.8

III:(GVGVP GVGVP GEGVP GVGVP GVGFP GFGFP)39:E/3F;1.9; 5.2

IV:(GVGVP GVGFP GEGFP GVGVP GVGFP GVGFP)15:E/4F;2.7; 5.6

V:(GVGVP GVGFP GEGFP GVGVP GVGFP GFGFP)42:E/5F;8,0; 6.4

Table 2. DG8
HA-based hydrophobicity scale (preliminary Tt and DG8

HA values) to include

chemical modifications and prosthetic groups of proteinsa

Residue X DG8
HA(kcal=mol)g Tt at fX ¼ 1

Lys{dihydro NMeN}b,d �7.0 �130

Glu{NADH}c �5.5 �308C
Lys{6-OH tetrahydro NMeN}b,d �3.0 158C
Glu{FADH2} �2.5 258C
Glu{AMP} þ1.0 708C
Ser{-O-SO3H} þ1.5 808C
Thr{-O-SO3H} þ2.0 1008C
Glu{NAD}c þ2.0 1208C
Lys{NMeN, oxidized}b,d þ2.0 1208C
Glu{FAD} þ2.0 1208C
Tyr{-O-SO3H}e þ2.5 1408C
Tyr{-O-NO�2 }f þ3.5 2208C
Ser{PO2�

4 }g þ8.0 8608C

aUsual conditions are for 40 mg/ml polymer, 0.15 N NaCl and 0.01 M phosphate at pH 7.4.
bNMeN is for N-methyl-nicotinamide pendant on a lysyl side chain, i.e., N-methyl-nicotinate

attached by amide linkage to the -NH2 of Lys and the most hydrophobic reduced state is N-

methyl-1,6-dihydronicotinamide (dihydro NMeN), and the second reduced state is N-methyl-6-

OH 1,4,5,6-tetrahydronicotinamide or (6-OH tetrahydro-NMeN).
cFor the oxidized and reduced nicotinamide adenine dinucleotides, the conditions were 2.5 mg/ml

polymer, 0.2 M sodium bicarbonate buffer at pH 9.2.
dFor the oxidized and reduced N-methyl-nicotinamide, the conditions were 5.0 mg/ml polymer,

0.1 M potassium bicarbonate buffer at pH 9.5, 0.1 M potassium chloride.
eThe pKa of polymer bound -O-SO3H is 8.2.
fThe pKa of Tyr{-O-NO�2 } is 7.2.
gGross estimates of DG8

HA using the Tt-values in the right column in combination with the Tt

versus DG8
HA values from sigmoid curve of Tt versus DG8

HA. Adapted from reference [10].
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The values of the pKa and n, the Hill coefficient, increase as the compe-

tition for hydration between the carboxylate and the more hydrophobic F

residues increases. Even in model protein I, the pKa is shifted from the value

generally considered for an unperturbed glutamic acid residue of 3.8–4.0 due

to the presence of the moderately hydrophobic Val residues.

Derivation of DGap in terms of the DpKa. Starting with the definition of

chemical potential for proton, mH ¼ RT ln aH, where R and T have their usual

meaning of the gas constant (1.987 cal/mol-deg) and the absolute temperature

in degree Kelvin, and aH is the activity of proton. At the usual proton

concentrations, proton activity can be replaced by proton concentration,

[Hþ], and the natural logarithm can be replaced by log to the base ten, to

give ln aH ¼ 2:3 log [Hþ]. As pH ¼ � log [Hþ], mH becomes in general

�2:3RT pH, and at the pH of the pKa, mH ¼ �2:3RT pKa. The change in

chemical potential of proton, DmH, represented by a shift in pKa can be

written as DmH ¼ �2:3 RT DpKa. Now, since DmH is the change in Gibbs

free energy per mole, DG per mole, and as the shift derives from apolar–polar

repulsion, we have,

DGap ¼ 2:3RTDpKa: (5)

Assuming an unperturbed pKa of 3.9 for Glu (E) and a T of 3108K in Eq.

(5), for the above listed model proteins, I, II, III, IV, and V, the values for the

apolar–polar repulsive free energy of hydration, DGap, is calculated to be 0.85,

1.28, 1.84, 2.41, and 3.54 kcal/mol-Glu residue, respectively.

2.4.3 Extent of positive cooperativity correlates with magnitude of

hydrophobic-induced pKa shifts.

The relationship between the change in Gibbs free energy due to a

change in cooperativity, DDG0, has been approximated by Wyman as,

DDG0 ¼ RT(1� 1=n)=a(1� a), where a is the degree of ionization and n is

the Hill coefficient. At an a of 0.5, the value at the pKa, the Wyman equation

becomes DDG0 ¼ 4 RT(1� 1=n), and taking RT to be 0.6 kcal/mol, the

maximal DDG0 would be 2.4 kcal/mol. For model proteins, I, II, III, IV,

and V with a Hill coefficient, n, of 1.5, 1.6, 1.9, 2.7, and 8.0, the values

of DDG0 are calculated to be 0.82, 0.92, 1.16, 1.55, and 2.16 kcal/mol Glu

residue.

These values are to be compared to those obtained from Eq. (5) above. The

values, of DGap for model protein I with a small pKa shift (0.6) and of DDG0

with a small Hill coefficient (1.5), are essentially the same, 0.8 kcal/mol. On the

other hand for model protein V with a pKa shift of 2.5, and a Hill coefficient of

8.0, the former gives 3.5 kcal/mol whereas the latter gives only 2.2 kcal. Thus,

as pKa shifts become higher, the approximations of the Wyman equation cause
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DDG0 to become highly unsatisfactory, that is, to fall increasingly below DGap

with the maximum value calculated by DDG0 being 2.4 kcal/mol.

Phenomenologically, the source of positive cooperativity and pKa shift

may be described similarly. The first ionization of the carboxyl is less probable

because of the energy required to disrupt hydrophobic hydration in the

process of achieving its own hydration. This delays the onset of ionization

as the pH is raised for a carboxylate titration. As the pH is raised further,

occasionally a second ionization will occur and assist the first such that both

ionizations hold, but the presence of two facilitate the third in gaining its

hydration and so on. Thus, there is a delayed onset followed by a rapid

proliferation of ionizations, giving rise to the related phenomena of pKa shifts

and positive cooperativity.

2.4.4 Correlation of independently derived values of DGHA and DGap

Both DDG0 and DGap values were calculated for model protein

I:(GVGVP GVGVP GEGVP GVGVP GVGVP GVGVP)36(GVGVP), which

is abbreviated as E/0F. In this structure, one Glu (E) residue repeats every 30

residues, that is, one GEGVP repeats after every six pentamers. Taking 0.6 as

the hydrophobic-induced pKa shift for Glu, both DDG0 and DGap gave values

of 0.85 kcal/mol-Glu (see Sections 2.4.2 and 2.4.3). For comparison with

the calculation of DGHA[(GE8GVP)� (GE�GVP)] in Section 2.4.1, which

used the values in the DpKa-derived values and the n-derived values need

to be multiplied by a factor of 6, i.e., 6� 0:85 ¼ 5:1 kcal=mol. The value

calculated using the change in Gibbs free energy for hydrophobic association

using Eq. (4) in Section 2.3.2 gave �5:22 kcal=mol-(GEGVP). While the

approximation for DDG0 is inadequate to describe the energetics for a higher

degree of competition for hydration, the thermodynamic quantities of DGHA

and DGap appear to be quite adequate for consideration in the design of

protein-based nanomachines.

Thus, two entirely different experimental approaches (differential scanning

calorimetry to determine the temperature and heat of the transition and acid–

base titrations to determine pKa) for the calculation of the apolar–polar

repulsive Gibbs free energy of hydration result in the same statement of

repulsive interaction between hydrophobic and carboxylate groups.

2.5 Calculations of the Entropic Elastic Force and Energy

An understanding of energy conversion by elastic-contractile model pro-

teins, and equivalently by biology’s protein-based nanomachines, requires

insight into the relationship of energy input and output and temporary
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storage of energy in the stretching of associated chain segments. Earlier, the

importance of reversible or entropic elastic force development to efficient

energy conversion was noted. The intention here is to make that relationship

more tangible. The route is to calculate the change in entropy on extension, to

use that entropy change in the calculation of entropic elastic force and to

utilize force, acting through distance, to obtain energy involved in the per-

formance of mechanical work.

2.5.1 Relation of elastic force and the energy in the performance of

mechanical work

As noted earlier, the area under a force–extension curve measures the

energy expended in achieving extension. During the function of natural

protein nanomachines, energy derived from a favorable hydrophobic associ-

ation or from an apolar–polar repulsion becomes stored in elastic deform-

ation. It is, therefore, useful to gain insight into (1) the relationship between

the elastic mechanism of the damping of internal chain dynamics on chain

extension or the apolar–polar repulsion of the chain, (2) the development of

elastic force, and (3) the energy stored on deformation.

2.5.2 Calculation of entropy change due to decreased amplitude of

backbone torsional oscillations on extension

Calculation of the entropy change resulting from the decrease in ampli-

tude of backbone torsion angles can utilize molecular dynamics calculations

to obtain the root-mean-square (rms) amplitudes of the protein and backbone

torsion angles, Df and Dc, respectively, for two states of extension, e.g.,

relaxed (r) and extended (e). Using the Boltzmann’s relation of Section

1.5.2, S ¼ R ln W , where S is per mole because R is in units of kN, and the

product of the rms values provides a measure of W to give entropy. Further-

more, the ratio of the products for the extended state divided by those of the

relaxed state gives the change in entropy, DS, i.e.,

DS ¼ R ln
PiDfe

i Dce
i

PiDfr
i Dcr

i

� �
(6)

Calculating for (GVGVP)n, the product, Pi, signifies multiplication of all

DfiDci for the 5n residues of the repeating pentapeptide segment under con-

sideration, that is i runs from 1 to 5n. With two angles for each residue this gives

a 10n-dimensional volume (space) per pentamer. Since the rms amplitudes of

the torsion angle oscillations decrease on extension, the product, PiDfe
i Dce

i ,

represents a smaller 10n-dimensional volume than represented by PiDfr
i Dcr

i .

This gives a decrease in entropy on extension. Using the CHARMM molecular
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dynamics program of Karplus, the change in entropy per residue for a 130%

extension, i.e., for a pentamer extension from 0.35 to 0.8 nm, is calculated to be

�5:5 cal=mol-deg-pentamer.29 Identical values result using the molecular

mechanics approach (the ECEPP/2 program) of Scheraga.8

2.5.3 Use of entropy change in calculating entropic elastic force2,23

The conversion of a change in entropy, DS or @S, to an entropic elastic

force, fS, can occur by the following simple statement,

fS ¼ �T
@S

@L

� �
VT

: (7)

As DS is inherently negative, i.e.,�5:5 cal=mol-deg-pentamer, the entropic

elastic force is positive. Avogadro’s number for model protein chains per mole

is 6:023� 1023; 4:184 J ¼ 1 cal; the change in length, @L, for a single pentamer

was from 0.35 to 0.80 nm, and the physiological temperature T is taken to be

3108K. As the force in Newtons has units of Joules/meter, J/m, these numbers

translate into a force of 26 pN per model protein chain.

2.5.4 The area under a force–extension curve gives energy

Calculation of energy arising from an extension causing an entropic

elastic force. For the simple case of a linear force–extension curve, the energy

stored in a single model protein chain for the extension of 11 pentamers

(55 residues) by 130% would be a change of length, DL, of about 5� 10�9 m

(i.e., 11 pentamers � 0.45 nm) to give a product of 13� 10�20 J=chain.

This represents the f DL rectangular area, but for a linear force–extension

curve, the work performed is given by the area under the curve, which would

be one-half of the rectangular area, i.e., 6:5� 10�20 J for a 55-residue chain.

For a mole of such chains the stored energy of extension would be

3:9� 104 J=mol or 9.4 kcal/mol of 55-residue chains. This would be about

0.2 kcal/mol-residue, and it represents an estimate of the energy stored per

residue for a purely entropic deformation on extension of 55 residues of the

(GVGVP)11 model protein, which represents a soft chain structure.

By the coupled hydrophobic and elastic consilient mechanisms, part of

the energy obtained on hydrophobic association is stored in the elastic

extension of chains connecting sites of hydrophobic association. One may

also assume that there would be an internal energy component to the force

of about the same magnitude. Of course, the energy stored due to deformation

would need to be less than the Gibbs free energy available from hydrophobic

association. Therefore, the deformation energy of a single chain segment is

expected to be not more than a few kcal/mol of extended chain segment.
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Relevance to entropic elastic force developed in single chains by hydrophobic

associations in Complex III and the myosin II motor. These considerations are

applied later to the extensions attending chains in the Complex III and myosin

II protein nanomachines. In the case of Complex III, hydrophobic association

at the QO-site of the hydrophobic tip of the RIP globular domain extends a

single chain of 11 residues, A66 to K77. This single chain continues on to be

hydrophobically anchored in the cell membrane. In the example of the myosin

II motor, it is a chain that becomes stretched as two hydrophobic associations

occur, one at the actin binding site and the other at the head of the lever arm

and the N-terminal domain of the cross-bridge. The myosin hydrophobic

associations occur on going from an analog of the ATP bound state to a

representation of the rigor state.

3. BIOLOGY’S PROTEIN-BASED NANOMACHINES

CONFIRM THE HYDROPHOBIC AND ELASTIC

CONSILIENT MECHANISMS

3.1 The Three Classes of Energy Conversion Within the Cell

Energy conversions that occur within the cell may be considered in terms of

three primary classes: (1) the formation of a proton concentration gradient, (2)

the use of the proton concentration gradient to produce ATP, and (3) the use of

ATP to perform the essential work of the cell. Two of these occur within the

mitochondria, known as the energy factory of the cell. Energy conversions of

the first class occur in the crucial electron transport chain that resides in the

inner mitochondrial membrane. These energy conversions may be classified as

electro-chemical transduction as the energy obtained from the electron transfers

of oxidation–reduction reactions is used to develop a proton concentration

gradient across the inner mitochondrial membrane. The energy conversion of

the second class within the mitochondrion may be classified as chemo-chemical

transduction. It is in this class where the chemical energy of the proton concen-

tration gradient is used to produce ATP from ADP and Pi. The third class of

energy conversions involves the many uses of ATP in performing the work

required to sustain the organism. A prominent use of ATP is in producing

motion as in the myosin II motor of muscle contraction. This represents

perhaps the most classical example of chemo-mechanical transduction.

A more complete treatment of these three natural nanomachines is in

press as part of a book on the hydrophobic and elastic consilient mechanisms

in protein-based machines and materials,10 and a separate publication on

the F1-motor (F1-ATPase) of ATP synthase has recently appeared.22 Some

of the analyses, however, have been extended in this report.
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Even though the input energy and the output work of a natural nanoma-

chine may not include motion, many energy conversions within their mech-

anism do utilize motion; intermediate steps do involve the performance of

mechanical work. In the process of achieving electro-chemical transduction,

Complex III of the electron transport chain utilizes movement of a key

domain to achieve electron transfer, that is, there is an element of electro-

mechanical transduction within the mechanism of Complex III function. Also

ATP synthase, which makes nearly 90% of the cell’s ATP and where the

overall process is one of chemo-chemical transduction, the mechanism breaks

down into two clearly physically separable energy conversions, chemo-

mechanical transduction and mechano-chemical transduction. Thus, motion

is a common component of many nanomachines of the cell, and commonly the

capacity to achieve motion involves an elastic deformation.

3.2 Complex III of the Electron Transport Chain Within the

Inner Mitochondrial Membrane

3.2.1 Electro-chemical transduction

The coupling of electron transfer to proton translocation across the inner

mitochondrial membrane. Four complexes function to transfer electrons from

reduced nicotinamide to oxygen. Complexes I, III, and IV each pump four

protons across the membrane during the oxidation of each reduced nicotina-

mide, i.e., for every two electrons passed through each complex. Complex II

supplies additional reduced ubiquinone, i.e., ubiquinol, to the lipid bilayer

pool of the inner mitochondrial membrane to be used by Complex III. Crystal

structure data is available for both complexes III and IV. The crystal struc-

tures available for Complex III (cytochrome bc1), however, allow substanti-

ation of the consilient mechanisms in this natural nanomachine in which the

coupling of hydrophobic and elastic consilient mechanisms achieves coupling

of electron flow to proton transport.

3.2.2 Structure of complex III

A homodimer with each monomer composed of three redox-containing

protein subunits. As shown in stereo view in Fig. 1A, the crystal structure

of Complex III, due to Lange and Hunte,34 exhibits twofold symmetry

with an interesting cross-over of the membrane anchor of the Rieske Iron

Protein (RIP). While the anchor of RIP occurs in one monomer, the globular

domain, containing the FeS center, functions in electron transfer in the other

monomer. This is shown in Fig. 1B as a crisscrossing of freestanding tether
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segments of RIP, apparent in stereo view, one in space filling and the other in

ribbon representation.

While the monomer of yeast Complex III contains 11 protein subunits,

only three subunits contain redox centers. The redox-containing protein

subunits are cytochrome b with two hemes, bL and bH, cytochrome c1 with

a single heme c1, and the RIP with the FeS, iron sulfide, redox center that

transfers one electron from ubiquinol at the QO-site of cytochrome b on the

cytosolic or cytoplasmic (intermembrane) side of the inner mitochondrial

FeS

Lipid layer of
inner
mitochondrial
membrane

Cytosol

Matrix

Heme c

Heme c1

Extended
tethers

Heme bH

QO

Qi

Cytochrome
(A)

(B)

Figure 1. (A) Stereo view of homo-dimeric structure (gray) of yeast Complex III, plus one

molecule of cytochrome c (darkgrayatupper right), butwith symmetry related single chainsof

the white RIP domain in space-filling representation (rising left to right) and in a ribbon

representation (rising right to left).34 The result is a crossing of the globular component by

means of the single chains into the opposite monomers where they elastically move electrons

from theQO-site to the heme c1 site. (B) Stereo viewofRIP and redox centers showing electron

transfer with the QO-site for the ubiquinol oxidation site and Qi-site for the ubiquinone

reduction, showing extended tethers that subsequently contract to move the FeS center to

the heme c1 on positively charging QO-site to disrupt hydrophobic association by DGap.

Crystal structure due to Lange and Hunte.34 Protein Data Bank, Structure File, 1KYO.

Adapted from reference 10.
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membrane to the heme of cytochrome c1, also on the cytoplasmic (cytosolic)

side. Figure 1B shows a cross-eye stereo view of the electron flow. It should

also be noted that some of the protein of Complex III on the matrix side of the

membrane has been cut off in Fig. 1A.

3.2.3 The RIP as a key protein subunit of electron transfer

The globular domain of the RIP undergoes movement.35 The RIP is a single

protein chain with a globular FeS-containing domain and a single chain

extending from the globular component by means of a flexible tether to a

hydrophobic a-helical segment that anchors RIP to the inner mitochondrial

membrane within the opposite monomer from which RIP transfers its

electron. The globular domain of RIP is shaped like a stylus with a very

hydrophobic tip containing the FeS center that forms its most favorable

hydrophobic association at the cup-shaped ubiquinol-occupied QO-site. In

order to form this energetically most favorable hydrophobic association,

however, the single chain tether becomes extended.

3.2.4 Mechanism as deduced from crystal structures of two key states

Two crystal states available, one with the FeS center of the RIP component

of Complex III at the QO-site and a second with FeS at the heme c1 site. From

the crystal structure data of Zhang et al.35 using Complex III from chicken in

the presence and absence of the inhibitors, stigmatellin and antimycin, the FeS

tip of the globular domain of RIP is found at the QO-site in the presence of

inhibitor and at the heme c1-site in the absence of inhibitor. These two states

of the RIP subunit of Complex III are shown in Fig. 2.

Extension of the tether of RIP when the FeS center is at the QO-site. When

the FeS tip of the globular domain of RIP is found at the QO-site, the tether

connecting the globular domain to its membrane anchor is extended, whereas

when the FeS tip of the globular domain is at the heme c1-site, the tether

connecting the globular domain to its membrane anchor is relaxed. As de-

scribed in detail elsewhere using eight developed structural perspectives,10

crystal structure data of the two states,34,35 presented in part in Figs. 1 and 2,

demonstrate the basis for the relevance of the hydrophobic and elastic con-

silient mechanisms. These are briefly noted in the following.

The hydrophobic consilient mechanism provides for release of the FeS tip

from the QO-site. As depicted in Fig. 1B, hydrophobic ubiquinol, which

underlies the QO-site, gives up one electron to the FeS center, and immediately

following ubiquinolþ1 gives up a second electron to heme bL. This results in a

single ubiquinol bearing two positive charges at the QO-site. By the apolar–

polar repulsive Gibbs free energy of hydration, DGap, of the hydrophobic
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consilient mechanism, the two positive charges cause DGHA to become less

negative, i.e., less favorable, and, therefore, susceptible to hydrophobic dis-

sociation, especially with the elastic retraction pulling toward dissociation.

But can we estimate what energy would be stored on extension of the tether?

The elastic consilient mechanism explains the FeS tip relocation to the

heme c1-site. With the formation of two positive charges at the ubiquinol

bound QO-site, the change in Gibbs free energy for hydrophobic association,

DGHA, is no longer sufficient to sustain the stretched tether, and the result is

Extended tether
to FeS Center

Rieske
FeS Center

Heme c1

stigmatellin
at Qo site

Heme bH

Qi site

Heme c1

Heme bL

Heme bH

Matrix end of Rieske Iron
Protein membrane anchor

Relaxed tether
to FeS Center

Rieske
FeS Centre

(A)

(B)

Figure 2. Stereo view of Complex III RIP of monomers for chicken35 with the amino acid

residues gray-coded to denote hydrophobicity: charged residues, white; neutrals, light gray;

aliphatics, gray; and the most hydrophobic aromatics, black. The globular domain is very

hydrophobic at its tip, the location of the FeS center. Shown also are the ligands. (A) With

the stigmatellin and antimycin inhibitors, the FeS center of RIP is directed downward in

position at the QO-site to be reduced by second monomer. Protein Data Bank, Structure

File 3BCC. (B) Without inhibitors, the FeS center is directed out of the plane in position to

reduce cytochrome c1 of second monomer. Protein Data Bank, Structure File 1BCC.

Reproduced with permission from reference 10.
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hydrophobic dissociation. On retraction the stretched single chain tether lifts

the reduced FeS-containing globular domain of RIP and brings it to rest in a

secondary hydrophobic association at the heme c1 site where it is oxidized.

Thus, RIP domain movement transfers an electron from the ubiquinol at the

QO-site to heme c1.
35 This is mechano-electrical transduction.

A ballpark estimate of the deformation energy stored in the extended tether

can be obtained using the analysis of Section 2.5.4. In particular, the extension of

the A66 to K77 sequence of the tether appears to be about half of the 130%

extension used in the calculation of (GVGVP)11. The extension of 11 residues

with the same degree of damping of the 11 pairs of fi and ci backbone

torsion angles as occurred with the elastic-contractile model protein would give

an energy of deformation for 11 residues of 11� 0:2 kcal=mol-residue ¼
2:2 kcal=mol-tether. The percentage of the extension, however, is about one-

half of that used in the (GVGVP)11 calculation.Accordingly, the energy stored in

the extended tether would be approximately 1 kcal/mol of tethers. This amount

of entropic deformation energy and an equivalent amount due to elastic force

arising out of a change in internal energy result in an energy of a reasonable

magnitude of about 2 kcal/mol-tether. The change in Gibbs free energy for

hydrophobic association, DGHA, on association of the hydrophobic tip of the

FeS-containing globular component of RIP with the hydrophobicQO-site would

be several times that amount. Therefore, the energies involved in the coupling of

hydrophobic and elastic consilient mechanisms are appropriate. With a less

favorable DGHA after oxidation of the ubiquinol, the energy of retraction

would be of a magnitude sufficient to effect relocation of the FeS center.

As the RIP domain leaves the QO-site, the oxidized ubiquinol, bearing

two positive charges, releases two protons to the inner membrane space to

become ubiquinone. Once the globular domain of RIP vacates the QO-site

on the cytoplasmic side of the inner mitochondrial membrane with replace-

ment by water that is not hydrophobic hydration, the oxidized ubiquinol

releases its two positive charges in the form of two protons to the mitochon-

drial intermembrane space. Thus, proton translocation couples to electron

transport because hydrophobic association/dissociation couples to extension/

relaxation.

The second electron from the first ubiquinol and from the second ubiquinol

pass from heme bL to heme bH and on to ubiquinone at the Qi-site. On receipt of

two electrons, one from each of two ubiquinols at the QO-site, ubiquinone at

the Qi-site bears two negative charges. Again by the apolar–polar repulsive

Gibbs free energy of hydration, DGap, of the hydrophobic consilient mechan-

ism, the two negative charges of the reduced ubiquinone open incipient

aqueous channels on the matrix side of the inner mitochondrial membrane

and the ubiquinone with two negative charges picks up two protons from the

matrix side to become ubiquinol. With a ubiquinol from Complex II, this
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completes coupling of transfer of two electrons from ubiquinol to two cyto-

chrome c1 molecules to the transport of four protons across the membrane.

3.3 ATP Synthase of the Inner Mitochondrial Membrane

This discussion of ATP synthase will be short. Instead of the 17 figures and

many references in the more extended treatment,10 only a single figure and two

crystal structure references are considered here.36,37 A communication in Cell

Biology International provides the initial disclosure.22 The principal reason for

inclusion here is to argue for the central role of apolar–polar repulsive free

energy of hydration, DGap, in the synthesis of ATP from ADP plus inorganic

phosphate, Pi, which is relevant to the design of a nanomachine. By clockwise

rotation of a rotor, the most hydrophobic face of the rotor is forced into

opposition with the most polar ADP plus Pi state, and the high level of

repulsion is lowered by formation of the less polar ATP state. In the ATPase

function, ATP hydrolysis does exactly the reverse; formation of the most polar

ADP plus Pi state repulses the most hydrophobic side of the rotor in such a way

as to drive rotation of the g-rotor in the counterclockwise direction.

3.3.1 Structure of ATP synthase

The structure of ATP synthase can be described as having the following

four main protein components:36 (1) An intramembrane component with 10

hairpin a-helical subunits arranged perpendicular to the membrane, like the

tread of a wheel that functions as a rotary motor (the F0-motor) with its

rotation driven by proton return from cytosol to the matrix side of the inner

mitochondrial membrane, (2) an axle (called the g-rotor) that extends from

the F0-motor in an orientation perpendicular to the plane of the membrane

and directed outward from the matrix side of the inner mitochondrial

membrane, (3) an orange-shaped structure with six sections arranged

as three ab sections that form a housing with threefold symmetry and

into which the g-rotor inserts to form the F1-motor, and (4) a stator com-

ponent that spans from the base of the housing of the F1-motor to the side of

the F0-motor where it contains the channels for proton influx and efflux and

keeps the housing of the F1-motor from rotating as the g-rotor rotates.

3.3.2 Function of the F0-motor of ATP synthase

The 10 hairpin a-helical subunits of the F0-motor have hydrophobic

sequences that span the lipid layer of the inner mitochondrial membrane

with the exception of a single carboxyl-containing amino acid residue, e.g.,

an aspartic acid (Asp, D) residue approximately half way across the lipid
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layer, but which when ionized can be separated from it by a channel-containing

component of the stator. A proton from the cytoplasmic side of the membrane

enters the channel, protonates the carboxylate, and thereby, lowers DGHA for

rotating the now carboxyl-containing helical subunit into the lipid layer. As this

occurs, a carboxyl rotated from the lipid layer releases its proton by means of a

channel to the matrix side of the inner mitochondrial membrane. Thus, proto-

nation of the carboxylate lowers the Gibbs free energy for hydrophobic asso-

ciation and favors rotation into the lipid layer, and the carboxyl-containing

helical segment that rotates into the efflux channel position gives up its proton.

The side of the membrane with the highest chemical potential of proton dictates

the direction of rotation. Accordingly, the return of 10 protons across the lipid

layer from the cytoplasmic to the matrix side of the mitochondrial membrane

drives one complete clockwise rotation of the g-rotor within the F0-motor.

3.3.3 The F1-motor (F1-ATPase) of ATP synthase

The hydrophobic sidedness of the g-rotor within the (ab) housing of the F1-

motor.10,22,36 If the hydrophobic consilient mechanism is to be relevant to the

function of ATP synthase, the g-rotor would need to be asymmetrically

hydrophobic. The expectation, based on the apolar–polar repulsive free

energy of hydration, is that the most hydrophobic side of the rotor would

be forced by F0-motor rotation to face-off through water with the most

polar state, ADP plus Pi. The mechanically forced state of high elastic repul-

sion would be relieved by formation of ATP. The state of high elastic

repulsion between rotor and housing for the b-subunit containing the ADP

plus sulfate (SO4
�2) analog of the ADP plus Pi state is indeed observed in the

crystal structure data as a physical distancing of the g-rotor from the housing

for the b-subunit containing the ADP plus sulfate analog for phosphate.22,36

Shown in stereo view in Fig. 3 below is a vertical cross-section of the F1-

motor with the b-ADP-SO
�2

4 subunit in space-filling representation directly

opposed to the most hydrophobic side of the g-rotor in ribbon representation.

The very polar, doubly charged SO
�2

4 faces-off through a water-filled cavern

against the hydrophobic side of the g-rotor. The arc of repulsion, indicated by

the heavy lines, is directed against the a-helical segment of the g-rotor that

ends at the base of the central aqueous cavern. Looking at the structure in

Fig. 3 in cross-eye stereo view allows recognition of the steric directing effects

of the repulsion. The finer lines are due to charged amino acid side chains, a

number of which became unpaired in a positively cooperative manner with the

appearance of sulfate to achieve their own hydration and increase the repul-

sion. With the primary repulsion directed at the short helix, the repulsion

drives the rotation of the g-rotor in a counterclockwise direction, as observed

when functioning as an ATPase.38 As elaborated in detail elsewhere,10,22 the
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hydrophobic and elastic consilient mechanisms, given the general structure of

ATP synthase, allow some eight predictions that appear to be borne out by

analysis of the details of the crystal structure data.37

3.4 The Myosin II Motor of Muscle Contraction

More detailed analysis of the function of the myosin II motor of muscle

contraction is given elsewhere,10 where the approach is as for Complex III

above. Hydrophobic associations develop due to decreased polar state of

the protein nanomachine and provide the impulse for motion by developing

elastic force in single protein chain segments. Hydrophobic associations

develop (on ATP hydrolysis and loss of phosphate) between cross-bridge

and the actin filament binding site and between the head of the lever arm

and the underside of the N-terminal domain within the cross-bridge. These

hydrophobic associations stretch interconnecting chain segments.

a-ADP
chain C

SO4
-2

g-rotor

b-ADP-SO4
-2

chain E

Figure 3. Cross-eye stereo view of a cross-section of the F1-motor of ATP synthase with the g-

rotor in ribbonrepresentationand chainE (thebE-subunit) and chainC (an a-subunit) in space-

filling representation and with neutral residues in light gray, aliphatic residues in gray, aromatic

residues inblackandchargedresidues inwhite.The lines indicatea repulsive interactionbetween

thehydrophobic sideof theg-rotorandSO4
�2 (as theanalogforhydrolyzedg-phosphate) that is

augmentedbynewly emerged charged groupsoccurring in the bE chain.The DGap due toSO4
�2

and due to the charged groups that emerge on the appearance of sulfate applies a torque to the

short a-helical portion of the double-stranded g-rotor. The result of the repulsion would be a

counterclockwise rotation when functioning as an ATPase. Developed from crystal structure

data of Menz et al.37 Protein Data Bank, Structure File 1H8E. Adapted from reference 22.
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3.4.1 Narrow Clefts that Direct Apolar–Polar Repulsion from Nucleotide

Binding Site to Disrupt Hydrophobic Associations

Figure 4 demonstrates narrow clefts in the crystal structure of the scallop

muscle cross-bridge in near rigor and ATP analog states.39 The clefts emanate

in different directions from the location of the g-phosphate. In your author’s

view, one cleft directs apolar–polar repulsion due to ATP, to disrupt associ-

ation of cross-bridge with the actin filament. The second cleft, partially

obscured from the view in Fig. 4 but more exposed by the perspective in

Fig. 5, is directed toward the head of the lever arm. One possibility is that on

Tip of triangular scale
which overhangs cleft
to site of hydrophobic
association for the
powerstroke

N-terminal domain with 
lever arm tucked
under it by means of 
hydrophobic association 

(A)

(B)

Hydrophobic head 
of lever arm used in 
power stroke

Figure 4. Stereo (cross-eye) view of the scallop muscle cross-bridge (S1) taken from the actin

filament toward the actin binding site on the myosin cross-bridge. (A) The near rigor state,

Protein Data Bank, Structure File 1KK7. (B) The ATP analog state, Protein Data Bank,

Structure File 1KK8.39 Two narrow clefts are indicated, approximated by the two lines

meeting at the location of the g-phosphate. The first cleft directs the apolar–polar repulsive

force of the ATP to disrupt hydrophobic association of cross-bridge to actin. ATP hydroly-

sis to form ADP plus Pi, with a slight shift of the phosphate location, causes the phosphate

to lose its line of sight by means of the first cleft to the actin-binding site and allows

reattachment to the actin filament. In this slightly shifted position, the phosphate now

directs its repulsion to the head of the lever arm and disrupts hydrophobic association of

the head of the lever arm with the underside of the N-terminal domain. Release of the

phosphate would result in the powerstroke due to hydrophobic reassociation of head of

the lever arm with the N-terminal domain. From reference 10.
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ATP hydrolysis to form the ADP plus Pi state, phosphate shifts its location

slightly, loses site by the first cleft to the actin binding site, and allows

hydrophobic reassociation of the cross-bridge with the actin filament. With

the shift, the phosphate now directs its apolar–polar repulsion to disrupt

hydrophobic association of the head of the lever arm with the underside of

the N-terminal domain.

Rayment and colleagues recognized very early the importance of clefts.

A decade ago in a most insightful study, Rayment and coworkers40 noted the

presence of a narrow cleft and its structural relationship to the ATP binding

site in the S1-fragment, by the following statement:

(A)

(B)

Narrow
cleft to
actin

Head of
lever arm

Lever arm

Location of γ-phosphate in active site at turn of narrow cleft

γ-phosphate site

Additional
flexible
chains
for
stretching?

Relaxed
flexible
chain of
Figure 6B

Narrow
cleft to
actin

Narrow cleft to site of
hydrophobic association
for the power stroke

N-terminal domain
separated from the
lever arm due to
hydrophobic
dissociation

N-terminal domain
separated from head
of the lever arm

Figure 5. Stereo view (cross-eye) of scallop muscle cross-bridge (S1) for the ATP analog

state to show the ATP binding site with phosphate at the junction of two clefts. One cleft

runs toward the actin–cross-bridge binding site and the other toward the hydrophobic

dissociation between head of lever arm and N-terminal domain. (A) Space-filling represen-

tation and (B) ribbon representation, Protein Data Bank, Structure File 1KK8 due to

Himmel et al.39 Adapted from reference 10.
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The current structural results emphasize the importance of the narrow cleft that splits the

50-kDa segment in the molecular origin of myosin based motility. These suggest further

that it functions not only in sensing the presence of the g-phosphate of ATP but is also

responsible for transducing the conformational change that results in the power stroke.40

The apolar–polar repulsive free energy of hydration, DGap, developed in

Sections 1 and 2 and demonstrated with Complex III and ATP synthase,

provides in this Section 3, the added insight that could readily have brought

Rayment and coworkers to the mechanism proposed here.

3.4.2 Extension of dynamic single chains on forming near rigor state

Another structural feature noted by the Rayment group was the presence

of a number of flexible loops.41 One such flexible loop is the focus of Fig. 6.

D511

D511

I505

I505

F472

F472

Y500

Y500

Stretched
chain

Relaxed
chain

(A)

(B)

Figure 6. Expanded stereo (cross-eye) views of scallop muscle cross-bridge (S1)39 in ribbon

representation for the purpose of showing the length change in a portion of the relay loop.

The ratio of the length of I505-D511 loop segment to that of the Y500-F474 segment of the

relay helix indicates as much as a 40% extension on loss of phosphate. (A) Near rigor state.

Protein Data Bank, Structure File 1KK7. (B) ATP state using ATP analog. Protein Data

Bank, Structure File 1KK8. Adapted from reference 10.
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The indicated protein chain segment, L505-D511, is relaxed in the polar

state with disrupted hydrophobic association, but is extended in the near

rigor state with the reformation of the above pair of noted hydrophobic

associations. Using the relay helix as a measuring stick, there is about a

40% extension in the near rigor state of the L505-D511 sequence as compared

to the ATP analog state. It is to be expected that a number of such

flexible loops would be stretched on isometric contraction to achieve the

experimental forces. Additional flexible loops are seen on the right-

hand side of Fig. 5B. These loops and many more features require further

examination.

3.5 Confirmation of the Hydrophobic and Elastic

Consilient Mechanisms

The two fundamental hydrophobic and elastic consilient mechanisms

overlay the usual molecular mechanics and dynamics treatments of structure/

function to provide the primary energetic foundations that give rise to

protein function. These mechanisms derive from designed elastic-contractile

model proteins capable of ITTs of hydrophobic association leading to elastic

contractions on raising the temperature or on lowering the temperature of the

transition, for example, by decreasing charge. Importantly, they have been

reasonably confirmed to be operative in the above-considered natural nano-

machines. In particular, with the Complex III and myosin II motor examples,

favored hydrophobic associations cause chain extension with elastic force

development, and it is your author’s view that the combination of these

hydrophobic and elastic mechanisms results in function.

To recap, the mechanisms are the change in Gibbs free energy for

hydrophobic association, DGHA, and elastic force development resulting

from the damping of backbone dynamics on extension of even a single

chain. In analogy to the old adage ‘‘oil and vinegar do not mix,’’ a change in

DGHA arises from a change in competition for hydration between oil-like

(hydrophobic) and vinegar-like (e.g., charged) groups constrained by primary,

secondary, tertiary, and quaternary structure to coexist and thereby forced to

interact in a protein chain. The result is termed an apolar–polar repulsive

free energy hydration, DGap. Formation of charge, on recruiting its own

hydration, disrupts hydrophobic association by destroying hydrophobic hy-

dration that forms during a transient hydrophobic dissociation. The potential

for formation of too much hydrophobic hydration as occurs on loss of a

competing polar (e.g., charged) species results in hydrophobic association

(insolubility).
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4. DESIGNING PROTEIN-BASED NANOMACHINES

USING THE HYDROPHOBIC AND ELASTIC

CONSILIENT MECHANISMS

Design of a nanomachine as a biosensor for chemical detection.

A nanomachine that gives a mechanical output to a chemical energy input

could be called a chemo-mechanical transducer. In the examples under devel-

opment below, the chemical input is phosphorylation and the mechanical

output will be either the change in force or the change in the acoustic

absorption intensity of a mechanical resonance. The change in force, meas-

ured by AFM in the single-chain force–extension mode, is to occur on

phosphorylation-induced hydrophobic unfolding of a single globular domain.

Plans are to measure the change in acoustic absorption intensity by employing

a vibrating cantilever in a loss shear modulus type of determination as a

function of frequency. A device for measuring changes in intensity of mech-

anical resonances has been designed by Vlado Hlady.42,43

4.1 Design of an AFM-Based Stress–Strain Nanomachine for

the Detection of a Single Molecular Event

4.1.1 Single-chain force–extension curve for a near ideal elastic element

The smooth monotonic stress–strain curve for elastic model proteins. The

single-chain force–extension curve for the family of elastic-contractile

model proteins based on (GVGVP)n is a reversible smooth curve that

exhibits a monotonic increase in force with an increase in extension.23 This

provides the appropriate background curve on which to superimpose a

sensing element.

4.1.2 Single-chain force–extension curve for a series of globular elements

Series of repeating globular subunits yields a series of sawtooths superim-

posed on the smooth monotonic curve of an elastic chain. The intracellular

megaprotein, titin, and the extracellular protein, fibronectin, contain long

sequences that are protein-based polymers composed of repeating 90–100

residue globular protein domains. When a single strand of such sequences is

examined by AFM, the force–extension curve is found to be a series of

sawtooths, one for every (hydrophobically folded) globular domain. Each

globular domain yields a characteristic sawtooth that can be analyzed as to

the peak force reached and the number of residues in the globular domain. On

relaxation only a smooth underlying elastic retraction is observed. Thus, a
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series of sawtooths are observed that superimpose on a smooth monotonic

curve of an elastic chain.

The hysteretic elastic elements of titin. It would seem that a function of

titin in the sarcomere of the muscle cell would be to absorb energy in a series

of packets so that the total force on chain extension never rises to the level of

chain rupture. Thus, titin would appear to be a molecular shock absorber in

which energy is consumed in the forced unfolding and chain extension of a

single globular element. Titin dissipates the extending force into a set of

energy packets too small to affect chain rupture. The particular interest here

is that the characteristics of the sawtooth representation of globular protein

unfolding report the energetics of the dominantly hydrophobic folding/un-

folding process. To the extent that an interaction with the globular element

alters the energetics of the process, it should be detectable as a change in the

characteristics of the sawtooth such as a change in the peak force, or a change

in the complexity of the sawtooth, or its obliteration.

4.1.3 Combining near ideal elastic element with hysteretic (sensing)

elements

Design of the phosphate-sensing element. The design of the sensing globular

element begins with the tenth Type III domain of fibronectin, Fn3. This 99-

residue domain gives a characteristic sawtooth in the single-chain force–

extension curve. The Fn3 domain contains the cell attachment sequence,

GRGDSP, which will be changed to the cyclic AMP dependent protein kinase

site, RGYSLG. This construct is indicated as Fn30(GRGDSP! RGYSLG)

wherein the serine (Ser, S) of RGYSLG becomes the site of phosphorylation.

As Fn3 is a hydrophobically folded b-barrel, by the apolar–polar repulsive

free energy of hydration of the hydrophobic consilient mechanism, the effect

of phosphorylation would be to disrupt part or all of the hydrophobically

folded domain.

Insertion of the globular sensing element into an elastic model protein chain.

In order to have a single sawtooth on a long monotonically rising force–

extension curve, the design becomes [(GVGIP)10]n1 � Fn30(GRGDSP!
RGYSLG)� [(GVGIP)10]n2. A successful gene construction, verified by

base sequence analysis and agarose gels, was achieved and the resulting

protein-based polymer, also verified by the NMR analysis, was expressed

with n1 ¼ 16 and n2 ¼ 6.

Stress–strain curve for [(GVGIP)10]n1-Fn30(GRGDSP! RGYSLG)-

[(GVGIP)10]n2, obtained as E. coli expressed protein. The experimental

force–extension curve, due to E. coli expressed [(GVGIP)10]16�
Fn30(GRGDSP! RGYSLG)� [(GVGIP)10]6 in Fig. 7A, exhibits a single

sawtooth with the length expected for the 99-residue domain (Hugel, Seitz,

PRINCIPLES FOR PROTEIN-BASED NANOMACHINE DESIGN 181



Gaub, and Urry, unpublished data). The sawtooth has some structure

that could be the result of a two-stage unfolding process. The complete

disruption of the hydrophobically folded barrel, as indicated by the dashed

line, represents the most dramatic possible result of phosphorylation. Add-

ition of SH-containing cysteinyl residues at the ends of the protein chain will

provide stable attachment of the construct to the cantilever tip and the

substrate. This will allow repeated force–extension curves with and without

phosphorylation and determination of the stochastic nature of the sawtooth.

Once the nature and extension at which the force change occurs are known,

the chemical event can be monitored at a single extension without having to

change length.

Experimental data showing phosphorylation to shift the temperature of the

ITT. The effect of phosphorylation of [(GVGIP)10]16 � Fn30(GRGDSP!
RGYSLG)� [(GVGIP)10]6 on the temperature profiles for determining the

onset of the inverse temperature is significant and interesting (Pattanaik,

Hayes, Parker, and Urry, unpublished data). Either enzymatic phosphoryl-

ation goes to 50% or there is an initial micellization using one end (perhaps the

n ¼ 16 end) followed by complete aggregation and phase separation at a
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Figure 7. Proposed means whereby elastic protein-based polymers can be designed as nano-

machines in combination with special adaptations of the atomic force microscope with

the ultimate capacity to detect a single molecular interaction. (A) Single-molecule force–

extension curve of a designed single globular protein detection element subtended by elastic

contractile model protein chains. The experimental curve is without the molecular interaction

of phosphorylation (Hugel, Seitz, Gaub, and Urry, unpublished data). The dashed curve

would result when an interaction, such as phosphorylation, completely unfolded the hydro-

phobically folded globular protein domain. (B) Acoustic absorption of cross-linked (GVGIP)

largely unfolded (lower curve) and hydrophobically folded (upper curve).2,23 Such curveswith

the noted relationship is expected on phosphorylation when using AFM/DFS, an atomic

force microscope modified for dynamic force spectroscopic measurements on a single twisted

filament designed to contain one or more sites for enzymatic phosphorylation. A suitable

AFM/DFS device is designed and constructed by Vladimir Hlady.

182 URRY



higher temperature. The aggregation profile itself reports the occurrence of

the singular molecular event of phosphorylation. In any event, the effect of

the single bound phosphate is profound, and there is a good reason to expect

that the sawtooth of the force–extension curve will be markedly altered by

phosphorylation.

4.2 Use of the 3 kHz Mechanical Resonances in the

Design of an AFM-Based Nanomachine for

Detection of Interactions at Fixed Length

4.2.1 Formation of a triple-stranded filament

The 3 kHz mechanical resonance, measurable as acoustic absorption and

a low frequency dielectric relaxation, builds as the temperature progresses into

the range of the ITT. As the ITT progresses the elastic-contractile model

protein hydrophobically folds and assembles. The fundamental repeating

structural unit is thought to be a triple-stranded twisted filament, as schemat-

ically represented in Fig. 8C. Accordingly, in order to utilize the 3 kHz

mechanical resonance in a nanomachine-based biosensor, the formation of

the fundamental structural unit is required in the context of the AFM device

of cantilever and substrate. Figure 8 outlines the approach, as described in the

figure legend.

4.2.2 Anticipated change in the acoustic absorption profile

With the fundamental filament assembled as in Fig. 8 and with the device

designed by Vladimir Hlady,42,43 the absorption profile in the acoustic

range is expected to resemble that of the acoustic absorption profile obtained

for the bulk sample as previously reported.2,23 As proposed in Fig. 7B, the

binding of a polar analyte, such as phosphate, would raise the temperature

for the onset of the ITT and thereby lower the intensity of the acoustic

absorption.

The site for analyte binding can be positioned along the twisted filament,

for example as the RGYSLG sequence, where the result of Fig. 7B would be

most directly relevant, or the analyte binding site can be part of a globular

element. Interestingly, the globular sensing element, Fn30(GRGDSP!
RGYSLG), is of a size and shape, based on the crystal structure of the 10th

Type III domain of fibronectin,44 that it would fit into the twisted filament in

such a way as to be almost indistinguishable from native filament, as shown

in Chapter 9 of Ref. [10].
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4.3 An Additional Opportunity in the Deciphering of

Engineering Principles for the Design of Protein-Based

Nanomachines

Prediction of an elastic force due to apolar–polar repulsion within a single

chain. At a temperature below the onset temperature for hydrophobic associ-

ation, a substantially hydrophobic protein-based polymer, constrained by

apolar–polar repulsive free energy of hydration, could be expected to exhibit

characteristics of a higher single chain elastic modulus for the ionized state than

for the uncharged state. On the other hand, at a temperature above the onset

temperature for hydrophobic association, the situation would be reversed.
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Figure 8. Twisted filament formation for AFM dynamic force spectroscopy. (A) Represen-

tation, below onset of the ITT, of the hydrodynamic sphere of three 100 kDa strands of an

elastic-contractile model protein bound together at one terminus with sulfhydryls and

attached by amino functions at the other terminus. (B) The gold-coated cantilever tip

picks up the SH-containing termini. (C) Cyclic extension/relaxations form a twisted fila-

ment. At fixed partial extension, the twisted filament is expected to exhibit the depho-

sphorylated curve of Fig. 7B. On phosphorylation, the intensity of the peak is expected to

drop due to hydrophobic dissociation.
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Chapter 10

BIOPROCESSING OF SILK PROTEINS-

CONTROLLING ASSEMBLY

Hyoung-Joon Jin, Jaehyung Park, Regina

Valluzi, Ung-Jin Kim, Peggy Cebe, and David L. Kaplan
Departments of Chemical & Biological Engineering; Biomedical Engineering; Physics;

Tufts University; 4 Colby Street; Medford, Massachusetts 02155 USA

Abstract: A model for silk processing in silkworms and spiders is proposed and based

on the unique domain structure in the sequences of silk proteins.

A hypothesis for the silk-spinning process begins with chain folding at

lower concentrations of protein, proceeds through formation of micelles

and then micellar aggregates (globules) through water loss and increasing

protein concentration, and finally leads to fiber formation due to the phys-

ical shear process during fiber spinning. Many aspects of this process can be

mimicked in vitro, and the all-aqueous environment used is instructive as a

model for polymer processing in general.

Key words: Silk, self-assembly, fibers, bioprocessing

1. INTRODUCTION TO FIBROUS PROTEINS

A number of groups have been studying various aspects and length scales

of fibrous protein structure with the common goal of a mechanistic basis for

fibrous protein structure and the associated processes, allowing us to direct

these processes and the materials structures generated, as well as to generalize

them to the more general class of complex blocky polymers. This general

grouping of proteins is characterized by the presence of highly repetitive

primary sequences,1–12 which lead to long stretches of regular secondary

structures (unlike highly mixed secondary structures seen in globular pro-

teins). Thus, direct helix–helix interactions lead to the formation of complex

long-range ordered materials, such as fibers,13–22 basement membranes,23,24
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and related structures, ‘‘encoded’’ into the protein structure at the primary

sequence and secondary structural levels.2,16,18,23,25–42 Fibrous proteins form

mechanically robust structures,1,4,15,43–50 while also providing recognition sites

in regular patterns for cell binding, for mineralization (e.g., in bone51,52) and

interactions with other extracellular matrix components such as glycosamino-

glycans and other matrix-associated proteins. The multiscale order achieved

with this group of proteins provides a remarkably versatile and useful template

for the exploration of a wide range of questions in materials science and

engineering. The highly repetitive primary sequence allows salient features of

the sequences of these large proteins to be abbreviated as short synthetic genetic

variants2,28–30,34,53–58—a technique useful in simplifying the complex behavior

of these proteins to an intelligible level while retaining biological relevance.

These shorter genetic variants can be polymerized (multimerized) into longer

genes to explore sequence and size relationships in systematic ways.2,59–61

The route from polymer biosynthesis to complex material structure is of

fundamental and applied interest in the fields of materials science and engineer-

ing, biology, and biophysics. This process is influenced both by the content of

the polymer (e.g., protein primary sequence and chain length) and the surround-

ing environment.3,4,15,37,47,53,55,62–65 These processes are instructive and essential

in living systems as they form the basis for the development of tissue structure

and architecture, cell responses, metabolic compartmentalization, and many

related aspects of anatomy and physiology. Furthermore, an understanding of

the process of tissue development has direct implications with respect to muta-

tions and disease states, as well as possible interventions in this process.

Fibrous proteins provide the ‘‘materials’’ of nature, whether as fibers (orb

webs of spiders), tissue structures (collagens in tissues), hair (keratin), or ceram-

ics (sea shell organic–inorganic composites) and so on. These proteins provide

readily available templates for evolutionary tailoring of structure and function.

Multigene families exist for the silks and collagens and have been partially

characterized. A great deal of insight into protein structure and function is

anticipated as an understanding is developed of the structure–function relation-

ships of these fibrous proteins, pattern recognition, relationships between

hydrophobicity and structure formation, and many related structural issues.

Fibrous proteins can also be considered nature’s equivalent of block

copolymers. While the majority of synthetic block copolymer studies have

focused on microphase separated patterns in amorphous block copolymers,

recent advances in synthesis have allowed incorporation of chiral, liquid

crystal forming, or crystallizable blocks into synthetic polymers: molecular

structures that are far more analogous to fibrous proteins. Using the fibrous

proteins as experimentally accessible model systems, we can begin to emulate

the complex polymer systems that will be synthetically possible with simpler

and well-controlled (template-based protein synthesis) strategies permitting

190 JIN, PARK, VALLUZI, KIM, CEBE, AND KAPLAN



reasonable questions to be answered. Within this context we can either use

native proteins (e.g., silkworm silk, spider dragline silk), model peptides

representing conserved regions of the repetitive sequence, or genetically

engineered variants of the sequence by using synthetic gene technology to

modify in selective ways the chemistry in the sequence. These powerful tools

available through molecular biology and protein engineering facilitate direct

insight in the role of sequence chemistry, block sizes and distributions, and

chain length on materials structure and function.

2. CURRENT STATE OF KNOWLEDGE

The majority of studies on the ‘‘polymer physics’’ of fibrous proteins, their

physical chemistry, and their processability orprocess engineering (biological or

in vitro) have focused on insect silks. An additional substantial literature exists

on long-range ordered materials formed by collagen. These protein types have

several features in common that are also shared by many fibrous proteins,

making them good examples for the ordering processes and process consider-

ations common to fibrous proteins. These common features include a ‘‘blocky’’

sequence structure,with long subsequences of amino acids defining large hydro-

phobic and hydrophilic ‘‘blocks.’’1–12 The tendency to form long stretches of

homogeneous secondary structure is an outgrowth of the patterns built into the

sequence.3,4,9,29,30,34,47,66–82 The sequence blocks in these proteins are often

significantly hydrophobic or hydrophilic.83 Thus, in the flexible solution state

form,wewouldexpectmanyof the featuresassociatedwith flexible amphiphiles,

including surfactancy, micelle formation, and possible micelle-based lyotropic

liquid crystalline phase behavior.22,28,30,46,47,49,62,84–91 In their final state and at

the last biological ‘‘processing’’ stages leading to the final protein material,

there is significant evidence that silks, collagens, and possibly other fibrous

proteins exist in ‘‘helicoidal’’ structures26,27,30,31,35,44,47,91–100 resembling liquid

crystals.16,26,27,30,31,35,47,53,91–95,99–101 The term ‘‘pseudomorph’’ has been

coined to describe this state.92,93 There is also evidence for true liquid state

chiral liquid crystals as helicoids precursors in both silks and collagens. In both

these proteins, liquid crystalline textures are observed in solutions of mol-

ecules—before fibrils (collagen) or crystalline domains (silks) have

formed.19,27,29,35,47,53,91,94,96,102–104 Thus a role for precursive chiral liquid crys-

talline order is suggested as a way to promote long-range order as aggregated

structures (fibrils, crystalline domains, etc.) grow in these helicoidal multiscale

ordered biological materials. When the amphiphilic nature of many of these

molecules is considered along with the final helicoidal or multiscale ordered

structure observed in many materials formed by the molecules, it is evident that

there is a predisposition toward long-range ordered structures driven by the
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‘‘hydrophobic effect’’ (or through amphiphilic interactions forming micelles or

similar structures) that can either enhance or compete with the liquid crystalline

ordering from chiral and other steric intermolecular interactions.

Little is known about collagen self-assembly prior to fibril formation in

the context of liquid crystallinity and long-range material or fluid state

order.16,27,29,53,93,103 The prevailing view holds that the triple helix is formed

early, perhaps prior to leaving the cell, resulting in a rigid amphiphilic

molecular unit and little possibility for flexible micelle formation. Amphiphilic

interactions may still play a role in materials order. In helicoids of collagen

fibers, the helicoid structure at micron length scales suggests a chiral liquid

crystal,16,26,92,93 but the internal structure of the collagen fibers implies smectic

ordering typical of both amphiphile-based structures (lamellar phases) and

‘‘rodlike’’ liquid crystals (smectic phases).16,53 Thus the two types of liquid

crystallinity may act in concert to enhance the formation of structure, but too

little is known about collagen self-assembly mechanisms and processes at these

length scales to say much more at this point. A number of intriguing studies are

progressing in this area. These include studies of sequence–secondary struc-

ture–liquid crystallinity relationships in model collagens,29,53,54,105 descriptions

of the liquid crystalline behavior of native collagen and tropocollagen

molecules and collagen-like features in materials prepared ex-vivo,27,103,106

and molecular structure studies at high resolution using single crystals of

collagen-like triple helical peptides that elucidate sequence-secondary structure

relationships in greater detail.107,108

In our ongoing studies, we see stabilization of chiral smectic phases in

studies using collagen-like model molecules with enhanced amphiphilicity—

an instance of an amphiphilic interaction enhancing the smectic phase forma-

tion expected for low polydispersity rigid rods such as the model triple helices

used.29,53,105,109 In these studies, simple cholesteric or nematic liquid crystal-

linity is rarely observed. Lyotropic liquid crystalline phases based on amphi-

philic interactions between unfolded (non-triple-helical), flexible (not rigid

rods) collagen molecules are observed, and the formation of well-ordered

amphiphile phases greatly inhibits chiral liquid crystallinity.

In contrast, the processing and self-assembly pathways of silks are far

better elucidated at all stages of the process. Development of a tentative model

for the early stages of structural organization in silk processing can thus

provide a useful intellectual roadmap to organize data on different aspects

of silk structure occurring at different length scales and stages in the spinning

process. Such a model, while tentative and by no means exhaustive, provides a

basis for comparisons between fibrous proteins, by defining stages in the

multiscale self-assembly process in which different molecular/materials fea-

ture interactions are dominant. As this model is revised by additional data, we

will be better able to ‘‘connect the dots’’ and knit together the variety of
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studies on silks and other fibrous proteins into a framework for portable

knowledge and understanding.

In the literature on silks, there are several crystal structures reported: Silk

I, a ‘‘precursor’’ structure observed when silk solutions or silk glands are dried

unperturbed;70,110–113 Silk II, the antiparallel b-sheet structure observed in

spun fibers;69–71,73,74,112,114,115 and Silk III, a structure stabilized at inter-

faces that optimizes the surfactancy of the silk repetitive motif.33,34,69–

71,73,74,87,88,112,114–117 A number of studies exists connecting secondary struc-

ture and crystalline polymorph to process environment. Studies of silk films

prepared on different surfaces indicate that secondary structure, crystal struc-

ture, and morphology are surface sensitive and can be templated by surfaces

with differing chemistries. Hydrophobic solid surfaces favor silk I-like struc-

tures whereas hydrophilic surfaces favor silk II-like structures.118,119 These

results are confirmed with liquid–liquid interface experiments, where silk III, a

structure with crystal diffraction pattern more similar to silk I than silk II, is

observed at hydrophobic fluid/aqueous silk solution interfaces.31,32,34 At these

interfaces, swollen, highly concentrated surface excess layers of silks form

with a helicoid structure resembling a cholesteric or chiral smectic liquid

crystal.31 Synthetic moderate weight (4000–8000 Da) oligopeptides with silk-

like repetitive sequences and enhanced amphiphilicity (from charged or

strongly hydrophilic end-blocks) reproduce the same general types of results

observed for silk proteins prepared at surfaces with different chemistries,28

and a surface-induced transition from a soluble b-strand to silk I and silk III

upon adsorption to a hydrophobic surface has been demonstrated.34 The silk

I structure is also observed in dried air-blown foams of silk solution.42 All

of these results and observations indicate a high degree of surfactancy for the

silk molecule and point to amphiphilic interactions as a major determinant of

structure at even the smallest length scales. Other model proteins vary in the

size and distribution of silk-like and hydrophilic blocks. Preliminary

data suggest that different folded supersecondary structures, driven by hydro-

philic and hydrophobic interactions with the aqueous environment, are

favored by different patterns of blocks. Supersecondary structure, as well as

secondary structure, may be important in silk spinning, because the ‘‘loosely’’

folded versions of these structures can provide well-segregated regions of

hydrophilic and hydrophobic chemistry to aid micelle formation. A more

tightly folded, hydrogen bonded supersecondary structure can act as a rigid

asymmetric structure, allowing chiral liquid crystalline textures and helicoid

materials to form.

In view of the observed surfactancy of silks, it is not at all unreasonable

to expect other types of amphiphile behavior in silk solutions at different

concentrations. Several studies in the recent literature report results suggest-

ive of micelles or other types of amphiphilic structures in silk from silk
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glands. ‘‘Globules’’ have been observed in silks with dimensions too large to

be single molecule phenomena, suggesting an aggregated structure such as a

micelle.120–122 On smaller length scales disk-shaped structures have been ob-

served and correlated to liquid crystalline phases in spider silks, suggesting

organized micelles of a single molecule or a small number of molecules.46

These observations suggest true lyotropic liquid crystallinity in which micelles

of flexible molecules grow and alter their curvature and shape in response to

changes in concentration and solubility. Typically, an amphiphilic flexible

surfactant can form small spherical micelles, larger cylinders, aligned cylinders,

and lamellar layered structures as the surfactant concentration is increased.

Bilayered and multiwalled structures are also a possibility. Given the observed

surfactancy of silk proteins and the presence of micelle-like structures in solu-

tion, lyotropic liquid crystalline phase behavior suggests itself as a mechanism

for organizing silk into high concentration domains, biasing the orientation at

the molecular level through orientation of micelles, and for possibly enhancing

water removal in the gland by providing clear channels for fluid to flow.

New biosynthetic variants of spider silks may be useful in probing amphi-

philic interactions and phase behavior in vitro.55,57,62,123 Surface and interface

induced long-range ordering has been observed for amphiphilic tri-block silk-

like peptides, with material patterns very reminiscent of textures observed in

the silk gland, developed when peptides are prepared at an air–water inter-

face.28,34 The detailed structure of the pattern is controlled by solubility of the

peptides—in this case screening of charges on the hydrophilic end-blocks, and

by secondary structure stabilization and orientation at the interface, both of

which are designed into the molecules at the sequence level. Promising model

proteins have been developed incorporating redox (methionine oxidation)

and phosphorylation (enzymatic phosphorylation of serine) triggers that

allow their global solubility and local amphiphilicity to be chemically

altered.55,57,62,123 Studies of these synthetic silk analogues indicate that trig-

gering changes secondary structure, solubility, and crystallinity.55 Additional

changes in long-range pattern are observed with solubility changes induced by

triggering of these silks, suggesting that a solubility dependent mechanism

from liquid crystalline organization may be present and sensitive to triggering.

These biosynthetic variants also feature different hydrophobic/hydrophilic

blocky structures and may eventually help elucidate relationships, inter-

actions, and possible transitions from lyotropic micelle driven fluid order to

the chiral rigid rod interactions needed to produce helicoid materials and

materials aligned at the molecular level.

There is a clear need for both studies on the early stages of the silk-

spinning process, in which micellar structures are expected and for an intel-

lectual framework to help us understand and connect silk secondary structure,

supersecondary structure, micellar and surfactancy driven structures, chiral

‘‘rigid rod’’ liquid crystalline materials morphologies, and the multiscale
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ordered structure of silk fibers. We have decided to focus on surfactancy in

silks and micelle formation and development as a first step in building a

hypothetical framework for the silk-spinning process.

3. A MODEL FOR SILK PROCESSING

We have been studying reconstituted silkworm fibroin using various

strategies to modify and process the solutions to fabricate materials and

understand solution properties relevant to silk spinning. Among these strat-

egies, there have been blending of silk fibroin and poly(ethylene oxide) (PEO)

to obtain a solution viscosity suitable for electrospinning nanoscale diameter

fibers and studies on film formation and structure in which predictable nano-

and microscale surface and bulk morphologies (unpublished data) have been

obtained. A hypothesis for the process of silk spinning by insects and spiders

is based on insight gained from these approaches (Jin et al., 2003d). We can

break down the overall process (natural or mimicked) of silk processing the

glands of silkworm and spider in the following sections.

3.1 Silk Biosynthesis and Formation of Aqueous Solutions

Fibroin proteins are synthesized in epithelial cells lining the gland and

then secreted into the lumen of the gland.

3.2 Biopolymer Folding (Hypothetical)

Portions of the silk fibroin molecule adopt a silk I conformation as the

concentration of protein in the lumen of the gland increases. We have observed

features suggesting transient chain folding with hydrophobic hydration

thermodynamics driving the process. It is also apparent that the rate at which

water is removed from the silk solution has a direct impact on the formation of

micelles versus the formation of a gel in which slower rates of concentrating the

fibroin facilitate micelle formation, consistent with the slow dynamics expected

as large molecules order into larger structures (micelles) in dynamic equilibrium

with the surroundings. We suspect that micelles represent a soft organized

precursive state that ‘‘sorts out’’ the regions of the molecule that will become

b-sheets in the fiber, while preventing interactions thatwill inhibit an ordered b-

sheet fiber. These relationships remain to be clarified with experimental studies.

3.3 Micelle Coalescence or Curing

As chain folding of fibroin progresses to a metastable folded structure (the

asymmetric rigid object needed for chiral liquid crystalline phases such as the
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cholesteric textures observed in silk glands), intermicellar interactions lead to

the formation of ‘‘globules’’ and alignable micellar structures such as cylin-

drical micelles. These larger globules may be either aggregates of smaller

micelles or multilayered structures. The end result is the separation of locally

planar domains of concentrated fibroin that is segregated from much of the

surrounding water but still swollen and mobile.

3.4 Final Curing with Polymers

At the final stage of processing, water-absorbing polymers (sericin in the

natural process, PEO in our mimicked process) draw additional water out of

the globules to facilitate the curing process. This stage occurs just before

spinning.

There is clearly a transition from a complex micellar solution to a solution

state structure more like a rigid rod liquid crystal with intercalated water at

high concentrations and late stages in the spinning process, and polycrystalli-

nity and molecular alignment are notable features of the final fibers. Studies

on shearing of micelles may provide insight into the features of silk solutions

as this transition is approached.

There remains little detail in the literature on silk biosynthesis and the

initial stages in silk processing. It is unknown if the silk, when secreted into the

gland from the cells lining the gland is in a dimer (disulfide liked) or monomer

state. It is also unclear what content of calcium or other ions are present.

Regenerated silk solutions can be prepared to reproduce the chemical makeup

of silk solutions at various stages in the silk-spinning process. These regener-

ated solutions are prepared by cleaning and degumming the cocoon fibroin

and then dissolving the clean fibroin in LiBr or LiSCN salts. These solutions

can be dialyzed against pure water or other salt solutions to produce a silk

solution with the desired properties.

From the data available, it is uncertain whether the silk fibroin biopoly-

mers ‘‘fold’’ to adopt a supersecondary structure early in the spinning process,

especially considering the absence of knowledge regarding the components of

the initial solution and their concentrations. Figure 1 illustrates the biopoly-

mer folding step. It is possible that folding into supersecondary structures

occurs after micelles have begun to form, but this is unlikely. A conforma-

tional bias toward a supersecondary structure can occur when the protein

amphiphiles are in the monomeric form, whereas micelle structures require a

critical concentration of protein amphiphile (the critical micelle concentra-

tion) to be stable. Regenerated silkworm silk fibroin can be used to mimic

this process in vitro, and these studies suggest that surfactancy dominates

the initial ordering interactions as hydrophobic and hydrophilic sequence
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domains separate into different localized regions in solution, resulting in

loosely ‘‘folded’’ chains with some defined secondary and supersecondary

structure. A hydrophobic plot of the sequence illustrates the nature of the

hydrophobic and hydrophilic segments in this repetitive protein, suggesting

types of likely supersecondary transient folded structures present prior to

micelle formation. Formation of secondary (silk I conformation) and super-

secondary structures results in spatially separate solution regions that are rich

in hydrophilic or hydrophobic monomers—local patterning of the solution

state hydrophilicity occurs through folding of the chain into a loose structure

rather like a ‘‘self-micelle.’’ As water is extracted from the solution, a critical

concentration is reached where micelles form until at concentrations greater

than 20% fibroin, in the storage region of the gland, micellar structures are

prevalent and water content reaches a steady state. Here the protein is likely

to have a local secondary structure (and stretches of secondary structure)

similar to the silk I crystalline form, which is believed to represent a minimum

in torsional energy for proteins with small side chains. It is instructive to keep

in mind that this is not a process that can occur easily unless the protein

concentration increases gradually; otherwise premature gelation due to

hydrophobic physical cross-links occurs, precluding micellar structures

to form a gel. Significant water is buried internally in the micelles that may

in fact be bilayered and multiwalled structures with hydrophilic interior

regions. From interaction strength alone, it is likely that most of the large

hydrophilic N- and C-termini of the fibroin interact with the external aqueous

environment. These chain ‘‘ends’’ are significantly larger than the internal

blocks in the protein. At this stage, we presume that some level of intermi-

cellar interactions may occur due to transient hydrophobic interactions in the

dynamic micellar structures. Because the silk can still be collected in liquid

form at this stage, it is unlikely that strong long-lived interactions, such as

cysteine bonds or b-sheet nucleation, occur at this point—interactions of this

type would freeze the micellar structures into gelatinous insoluble globules.

Once micelles form and incorporate most of the fibroin in solution, a

number of different processes can come into play. Continued ‘‘curing’’ or

‘‘coalescence’’ of the fibroin micelles, as further hydrophobic interactions take

place as water is actively transported out of the lumen of the gland, may

occur. Due to the dynamic nature of these solution state structures, evolution

of micellar structures into tubes and lamellar layers is possible, as is the

formation of large globules by adding more layers onto a multiwalled

‘‘onion’’ structured micelle. The evolution of the micellar structures may

also result in lyotropic liquid crystallinity, as soft micellar structures with an

asymmetric shape align in solution. While there is only weak evidence for this

idea, it is somewhat appealing intellectually because it provides a mechanism

for spontaneous alignment of the oriented molecules in the walls of the micelle
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by aligning the large dynamic micellar superstructure. This would allow

significant ordering in the silk solutions and regions of high-fibroin concen-

tration that remain plasticized and mobile due to the surrounding water.

The addition of sericin at the end of the gland extracts water from the

fibroin micelles into the sericin phase due to the hydrophilic nature of this

polymer (with up to 30% serine content).124–128 Sericin coats the fibroin while

also lubricating the passage of the fibroin through the later stages of the gland

during spinning. The end result is a core fibroin structure surrounded by a

skin coating of sericin (Fig. 2).36,129–132 Despite the fact that the two proteins

appear miscible in solution, sericin occurs in silk fibers as a separate phase on

the outside of the fiber, possibly due to the high-molecular weight and slow

diffusion of the sericin protein. One should note that there is a miscibility gap

between fibroin and sericin, where the two proteins are miscible in dilute

solution in water and immiscible in solids (and by extrapolation, in concen-

trated solution),127,130,131 making mixing unlikely at the late stage in spinning

in which sericin is added.

At these high concentrations, there must be a point at which the micellar

organization of the solutions is replaced by homogeneous solutions of fibroin

containing a structure that can act as a liquid crystalline rigid rod or plate

with intercalated water plasticizing the liquid crystalline phase to promote

fluidity. ‘‘Cholesteric’’ helicoids have been observed in sectioned silk glands

using transmission electron microscopy (TEM),35 but the associated electron

diffraction patterns suggest significantly more order than is developed in a

cholesteric phase. Silk fibers have chiral features reminiscent of hexatic struc-

tures. Micellar structures neither are observed associated with late stages of

the spinning process, nor are they expected from comparison with other

lytotropic liquid crystals in which very low concentrations of solvent result

in a homogeneous phase of solvent dissolved in amphiphile. Thus while

amphiphilic interactions may contribute to ordering at this stage in spinning,

it is more likely that the supersecondary structures, developed in dilute

solution and oriented and helped to order in a dimensionally constrained

micelle wall, have developed into pseudo-rigid hydrogen-bonded (but meta-

stable) folded rods or plates, generating the chiral liquid crystalline features

observed. There is very little knowledge about the middle stages of the silk-

spinning process, and this possibility is advanced as a sensible hypothesis

tenuously supported by the limited available data.

During the final spinning step, physical shear plays an important role in

many aspects of the process. Our current view is that shear aligns the helicoi-

dal liquid in the late stage concentrated solution and ‘‘pulls out’’ some of the

supersecondary structures in the aligned liquid crystal. For a secondary

structural change to occur at low shear, the secondary structure must be

among the ‘‘softest’’ or most easily sheared objects in the multiscale ordered
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fluid. Thus micelles, if present, would be expected to shear first, leaving the

sturdier component, supersecondary and secondary structures, intact. Thus a

long-range ordered fluid phase that can resist shear is proposed such as a

cholesteric or smectic liquid crystalline phase. The latter is more likely in view

of the order observed in electron diffraction from silk gland sections, the

amphiphilic nature of the silk molecule, and the proposed structural evolution

pathway that would promote segregation of fibroin into layers. Similarly the

supersecondary structure formed must be far less stable than a globular protein

fold, perhaps existing as a ‘‘bias’’ toward folding at a particular set of locations

or a weakly stabilized loop or turn. The secondary structures present—the silk

I conformation—must also be poorly stabilized suggesting a conformation

involving incomplete or highly strained interchain hydrogen bonds.

When the ‘‘micellar’’ liquid is subjected to shear, fibrils form. The shear

processing induces significant interglobule interactions. We can recapitulate

this process in vitro by shearing the globules between a cover slip and a glass

slide (unpublished data). When the micellar or globular liquids are sheared,

only very weak orientation is observed on the molecular level at shear rates

similar to those occurring in natural silk spinning. Furthermore, the weakly

oriented structure is a variant of the silk I crystalline polymorph and not the

silk II polymorph observed in spun fibers. Both of these observations support

the idea that it is the micelles that orient and not the molecules and crystalline

domains and that most of the shear stress is dissipated in the destruction and

alignment of micelles, leaving the secondary structure of the fibroin molecule

intact. The fact that weak molecular orientation (and the silk I precursor

conformation) is observed in WAXD studies suggests that alignment of

micelles during the spinning process may help provide some degree of mo-

lecular orientation without nucleating the b-sheet structures leading to insolu-

bility and intractability in silks.

In our biomimetic approach, PEO is used to extract water from concen-

trated silk solutions instead of sericin and also serves as a processing aid. In

these biomimetic approaches, there is no requirement for exogenous divalent

cations or other small-molecular weight species. Other than control of the

water and chain folding, the process seems to be functional in the absence of

cofactors. The change in pH from the beginning to end of the process likely

plays some role in the nature of the interglobule interactions, mediated

through changes in amino acid side chain ionization; however, experimenta-

tion is needed to validate this possibility. Cations, other small-molecular

weight species, posttranslational modifications in the form of glycosylation,

or phosphorylation are also feasible, and changes in disulfide bond formation

may all play a role in the natural process. These options will provide rich area

of study to understand how these factors may modulate the fundamental

processing paradigm described here.
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4. ANALOGIES BETWEEN SILKWORM SILK

PROCESSING AND SPIDER SILK PROCESSING

A similar process can be hypothesized for spider silks, but the detailed

features of the silk and solution structure are expected to be different due to the

different size, blocky pattern, and repetitive motifs present in spider silks, as

well as due to the absence of a sericin helper protein. One should note that

silkworm silk fibers also have a much larger diameter than spider

silks providing a possible rationale for the role of sericin as a water-extracting

agent in silkworms but not in spiders. Spider dragline silks have a large number

of short-hydrophobic and hydrophilic blocks in their main repetitive sequence

in which the contrast in hydrophobicity is also stronger than in silkworm silk.

There is also no clear motif that would promote secondary structure poly-

morphism through surfactancy, but the size, definition, and arrangement of

blocks suggest that supersecondary folded structures, such as cross b-sheets

and greek key motifs, may form more readily in solution. It is difficult to predict

how these changes in local structure would translate into micelle curvature, but

a large number of folds might enhance the ability of spider silk molecules to

form single walled (very small) micellar structures containing one or a small

number of molecules by providing a large number of hydrophilic fold points

per molecule. Dragline silks are spun at higher shear rates than silkworm silks,

suggesting that more stable supersecondary and secondary structures can exist

in the gland and still be processed by shear.

In the absence of sericin (the case for the spider), the ‘‘curing’’ process

would be slightly different. Either less curing is required to begin with since

the water content would be lower to begin with, and this can be controlled to a

large extent based on the rate of silk concentration increase, or other mol-

ecules replacing the role of the sericin. There are a number of reports indicat-

ing significant coatings of spider silk fibers by hydrophilic sugars,

neurotransmitters, and other small molecules, thus contributing in a way

similar to sericin. These molecules may be playing a dual role in drawing

water out of the globules during the later stages of processing, while also

providing biological functionality related to prey capture.

An interesting unanswered question within the context of these insights

into silk processing is the role of fibroin molecular weight. Within limits, it is

not clear that chain end defects due to lower-molecular weight protein chains

would have a major negative impact on fiber properties. It is problematic that

the N-terminus of the major ampulate protein in N. clavipes dragline silk is

not known. However, based on extrapolation from other spider silk sequence

data (e.g., flagelliform silk), combined with the data from the silkworm,

extrapolation of our observations from the silkworm to the spider seems
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reasonable. By analogy, we would expect a large hydrophilic domain to be

present at the N-terminus of the ampullate gland silk protein from the spider

dragline silk. The presence of the cysteine in the larger hydrophilic domain at

the C-terminus of silkworm and spider silks may not be a requirement for the

process. Since intermicelle interactions can be driven by physical shear, the

cysteines may facilitate the process, enhance overall stability of these inter-

actions, and may also be important in the environmental stability of the

proteins when incorporated into orb webs or as cocoons. However, sufficient

stabilization of the structures can occur in the absence of such disulfide bonds

based on the apparent absence of cysteines in some terminal domains of

spider silks (R. Lewis, personal communication), yet stable structures are

still formed.

5. SILK PROCESSING AS A MODEL FOR

SYNTHETIC POLYMER PROCESSING

The proposed mechanistic model for silk protein processing into fibers

suggests some intriguing options and opportunities in the field of synthetic

polymer science and engineering, particularly with respect to utilizing aqueous

processing environments and the design of polymer blocks to optimize specific

interactions at specific stages in the process. A key feature of the process

appears to be an amphiphilic sequence design with a hierarchy of amphiphilic

patterns in the sequence allowing multiple scales of interaction to be ad-

dressed in differing environments. Many of these proteins can be approxi-

mated as tri-block polymer designs with large hydrophilic end blocks and a

series of internal hydrophilic and hydrophobic blocks. Molecular complexity

appears to be a key to self-assembly of complex materials.

In fibroin, initial steps in chain folding lead to hydrogen bonding and van

der Waals interactions that are responsible for the formation of key structural

transitions in silks: the metastable silk I and the very stable (almost irrevers-

ible) silk II b-sheet crystalline state. The chemistry and pattern of the amino

acids is clearly important in the overall process, and patterned synthetic

polymers may be induced to form useful transient folded structures as well

as to aid in processing.

6. CONCLUSION

By analogy to the role of genetics and environment on protein function in

human biology, we can equate silk processing described herein. Clearly

sequence in the form of amino acid chemistry is essential to silk processing,
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defining the sizes and distributions of the hydrophilic and hydrophobic do-

mains, as well as their potential interactions with water and among themselves

(intra- and inter-). It is also apparent that the rate and extent of buildup in

protein concentration, as well as the spinning process itself provide the

environmental inputs to the process. With the processing model as presented,

the synergy between these two features (genetics vs environment) relative to

their contributions to structure, morphology, and ultimately function (e.g.,

mechanical properties, biological interactions) can be more explicitly ex-

plored. This opportunity will help clarify evolutionary considerations with

respect to hydrophobic domain size in different silks, selection and sequence,

sizes of the fibroin chain, and extent to which conservation in chain length is

important, and relationships between sequence and function.
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Chapter 11

NANOBIOTECHNOLOGY ENABLES NEW

OPPORTUNITIES IN MATERIAL SCIENCES:

BACTERIORHODOPSIN AS A FIRST EXAMPLE

Norbert Hampp
University of Marburg, Faculty of Chemistry & Material Science Center D-35032

Marburg, Germany

Abstract: InNanobiotechnology the combination of rationaldesign of biomolecular func-

tionsandbiotechnological synthesesmay leadtoanewclassofmaterialsnotonly

mimicing biomolecules but going beyond all design and synthetic capabilities

existing today.Naturesupplies theblueprintsandfunctionalmoduleswhichmay

be used as building blocks for the design of new functions leading to new

applications, even far out from the established fields for biomolecules like diag-

nostics,medicine and food industry.Anexample is describedhere.Using bacter-

iorhodopsin as a test bed the development from a biomolecule into a functional

biomolecular material for technical uses, here security applications, is reviewed.

Key words: Bacteriorhodopsin, security features, photochromism, data storage

1. STATE-OF-THE-ART IN MATERIAL SCIENCES IS

THE DESIGN OF MATERIAL PROPERTIES

The design of material functions is the challenge of this century. Nano-

scaled structures, which react upon excitation in a very specific way, charac-

terize this ultimate goal in material science. Some examples from nature are

molecular motors, like the F1-ATPase, which rotates as soon as the proper

energy form is available, or the photoreaction center that captures and trans-

forms light energy. Semiconductor technology and supramolecular chemistry

are both heading to generate artificial functional nanoscaled structures. The

borders between disciplines like biochemistry, macromolecular chemistry, and

semiconductor research disappear on the nanoscale.
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2. NATURE’S BLUEPRINTS—RESOURCES FOR

THE FUTURE

Today, functional nanostructures are the domain of biology. Every little cell

is stuffed with a huge variety of fascinating efficient molecular systems. Methods

like X-ray diffraction and nuclear magnetic resonance (NMR) have taught us

much about the structures of these molecules and supported by molecular

dynamics modeling, we are beginning to understand how they function. May

be the relation to material science is not immediately obvious. Of course, medical

uses of these insights in new and more powerful therapies potentially helping to

gain victory over cancer and other diseases are the first associations that come

into mind. But from a materials perspective, we recognize that, e.g., the smallest

motor, the strongest material, the most selective sensor, the best solar energy

converter, all were discovered in the biosphere. These efficient ‘‘nanomachines’’

are made of amino acids as biological building blocks, which commonly are not

expected to be that powerful as far as their physical properties are considered. All

these ‘‘nanoscaled treasures’’ have been there for millions of years; however, our

scientific tools were not developed far enough to recognize their performance

until recently. This has changed now. Headlines come into mind: molecular

motors,1 DNA-computing,2 self-reproducing molecules,3 neuron-semicon-

ductor junctions,4 single molecule sensors,5 not to mention the analysis of the

photoreaction center,6 and the ribosomal protein synthesis machine.7 The dra-

matically increased knowledge about the function of biomolecules led to the

birth of a new research direction named nanobiotechnology.

What is the philosophy behind? The only way for the design and realiza-

tion of functions on the nanoscale is the use of biological systems so far. The

production of such materials is accomplished indirectly. An organism is

genetically altered in order to produce the compound of interest and then

amplified by conventional biotechnology. The desired product is isolated and

may be further modified for final use or integration into technical products.

As this seems to be an efficient and powerful method, a dramatic increase of

the economic importance of nanobiotechnology is expected. Because it is

impossible to give an overview on the whole research area in such a short

article, one example is selected—the molecule bacteriorhodopsin (BR).

3. BACTERIORHODOPSIN—A LIGHT ENERGY

CONVERTER

Since several years we develop technical applications of the BR (Fig. 1). The

natural function of the BR is that of a light-energy converter. It is the key
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molecule in the halobacterial photosynthetic apparatus that is extremely simple

as it comprises only two molecules: a BR and a membrane-bound ATPase.8 In

the halobacterial cell, the BR molecule acts as a light-driven proton pump,

which upon capture of a photon, transports a proton from the inner of the cell

to the outer medium. Thereby, it converts light energy into chemical energy by a

complex molecular process that is well understood. The transport of the proton

in the wildtype takes about 10 ms. A transient photovoltage of about 250 mV

per molecular layer creates a photochromic color change. Each of these fea-

tures may be used in different technical applications. And there is something

that makes the BR somewhat different—it occurs in the halobacterial cell

membrane in the form of a two-dimensional (2D) crystalline lattice, the so-

called purple membrane. In this form the BR is astonishingly stable, which

makes its technical use much easier and thus a first choice for such an attempt.9

4. MUTATED BACTERIORHODOPSINS FOR

SECURITY APPLICATIONS AND DATA

STORAGE

Technical applications of the BR are investigated by several groups in the

world. We focus on the photochromic properties of the material. Constantly,

Figure 1. Salt lakes on the Canary Islands. The purple color is caused by halobacteria, in

particular by the BR produced in their cell membrane. A model of its 3D structure and the

proton transport pathway is shown.
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new applications have been developed. The first was a holographic correlator,

an optical system for the comparison of images.9 For that purpose only a few

milligrams of the material embedded into tiny polymeric films was required.

Years later, much larger BR-films with a significantly improved light sensitivity

led to the development of a holographic system for nondestructive testing.9

New biotechnological procedures have been developed, which allow to produce

the BR in large quantities at reasonable costs, and this paved the way to new

applications. The BR-based inks have been developed, which can be applied to

almost every material (e.g., paper and plastics) by conventional printing tech-

nologies. The resulting structures combine three different functions on the

molecular level. First, it is a photochromic element. On exposure to light it

changes its color (Fig. 2). This property can be visually inspected without any

technical equipment. In addition, the material may be used as an optical data

storage, which enables to record considerable amounts of digital data (Fig. 3).

Of course, a terminal is needed towrite and read data, but the application is very

flexible. The data written into the BR-material are non-erasable, which further

prevents counterfeiting attempts. Finally, each of the BR-molecules carries a

molecular tag that identifies a certain production lot. In case there is some

misuse detected, the material can be traced back to its origin. This combination

of properties makes the BR a unique material for security applications. For

decorative purposes, the material can be modified to have other initial colors,

e.g., blue, red, or green. The 1000-fold increased light-sensitivity, the data

storage capabilities, and the molecular traceability tags are all designed into

the material by genetic engineering of the wildtype form (Fig. 4).

How far has this developed? The fundamental problems have been solved,

and most of the lab work has been done. MIB, a start-up company focusing

on the BR-based products, has been established. They implemented in a first

step a production in the range of 1–2 kg/year. In parallel field-tests with ID

cards using this new technology have been started with industrial partners.

For each ID card, about 1–5 mg is required depending on the size and data

capacity of the BR-feature. The current production capacity is sufficient for a

few million samples a year but has to be further scaled up in the near future in

order to reach technically relevant quantities.

5. BACTERIORHODOPSIN—THE FIRST EXAMPLE

OF A NANOBIOTECHNOLOGY PRODUCT

The example given shortly summarizes the identification and generation of

a bionanotechnology product. The first step is to identify a biomaterial that has

a technically interesting property. Then the analysis of the structure–function
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relation is a must before any modifications can be designed. This process is

currently the bottleneck. Tuning of the physical properties/functions of a

biomolecule cannot be done by conventional methods, e.g., statistical muta-

genesis and selection procedures. The reason why this approach fails is that

there is no possibility to establish a selection system for physical properties. The

only way, at least today, is rational design of molecular modifications. The

genetic alteration of organisms is well established. For the biotechnological

production, the transfer of the desired gene into one of the standard organisms

like E. coli is desired. However, this is not possible in the case of the BR.

Because the 2D crystalline lattice of the purple membrane, which stabilizes

Figure 2. ID card sample in which the symbol ‘‘D’’ is printed with a BR-based ink. Top—

initial color after storage; bottom—color after flashing with light.

NANOBIOTECHNOLOGY ENABLES NEW OPPORTUNITIES 213



Figure 3. Optical data storage in an ID card sample made from BR-inks. In the microscope

and on the screen, the stored seal of the University of Marburg is seen.
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the BR to a great extent, is only formed by halobacteria that have to be used

also for the production. This means cultivation in concentrated salt solutions.

Everybody can imagine that several technical problems had to be solved before

such a production could be set up reliably. The isolated material is then

integrated into specially developed inks, which also require a special processing

in order to preserve the properties of the embedded protein.

6. SUMMARY

Is the example given unique or representative for a wide variety of new

materials to appear? We should be optimistic because the same approach

Figure 4. From the clone to the product. Clones of H. salinarium on the petri dish and

isolated BR in the Erlenmeyer flask. Lyophilized BR and variants with different colors are

shown in the sample vials. An ID card, as shown in Fig. 2, made using BR-based inks is

positioned in the middle.
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nature uses during evolution. Humans carry three different rhodopsins in

their eyes, which show sensitivities to blue, green, and red wavelengths.

They are different in their physical properties. Each of the rhodopsins com-

prises a light-antenna pigment and an amino acid cage in which the antenna

pigment is located inside. All three rhodopsins have an identical light-antenna

pigment, retinal. The differences in the physical properties of the rhodopsins

are caused by changes in the amino acids interacting with the retinal molecule.

The tuning of the physical properties in this way is very effective. Not three

different antenna pigments need to be synthesized but just one. To generate

three different amino acid cages for the same pigment is a more flexible

approach—a so-called platform technology. Using a reduced set of chemical

structures, the 20 amino acids, in principle every molecular function may be

designed. Until mathematical models have been developed, which allow a

rational design of a molecular function from scratch, we have to use func-

tional biomolecules as blueprints and adapt their physical functions to the

needs of technical applications—thereby taking benefit from millions of years

of evolution distilled into each of the biomolecular system—the most devel-

oped nanomachines we have on earth today.
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Abstract: Encoding, manipulation and retrieval of optical information in series or in

parallel is of pivotal importance in optical computing and photonics.

Strong and fast interaction of light with matter is therefore highly desir-

able for producing reversible holographic media for information storage

and/or processing. Widespread, well developed inorganic materials may

loose their leading position to organics whose rising potential for photonic

devices is envisioned e.g. liquid crystals for display applications. In this

chapter we describe the main features of photorefractivity and photochro-

mism in polymers, liquid crystals and bacteriorhodopsin (bR) and its

mutants designed by rational site-directed mutagenesis. Our goal was to

provide a glimpse of complexity of phenomena occuring in optical media

leading to conversion of spatial light intensity or polarization patterns into

respective chemical and/or physical changes.

We have discussed details of classic photorefractive effect which is the

main effect allowing for volumetric optical storage in inorganic crystals.

By chemical synthesis and sophisticated material engineering a whole class

of efficient polymeric photorefractive materials have been reported in the
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literature. Despite extensive research on photorefractive polymers it is

increasingly felt that they fall short of ideal properties of bR and its

mutants which are promising candidates as ideal material for information

storage. Next we describe the emerging field of dynamic holographic

materials basing on low-molecular mass liquid crystals. The photorefrac-

tive effect observed in this class of materials differs from the classic one,

nevertheless gives new options for spatial light modulation and parallel

optical processing. We have discussed details of the physics underlying

such interesting real-time holographic properties of liquid crystals and

their limitations.

Further we briefly describe photochromic effect and organic photochro-

mic materials currently studied with emphasis to azo-functionalized

polymers in which photoisomerization of chromophores is responsible

for the light-induced anisotropy. Again this group of materials brings

some novel features i.e. relief grating formation as well as exhibit draw-

backs. Following that we move toward photochromic properties and

branched photocycle of bR. Later in the chapter we have focused attention

on optimization of bR properties by rational site-directed mutagenesis.

A combination of theoretical analysis of the energy level diagram of

wild-type bacteriorhodopsin and genetic engineering methods lead to

the design of thermally stable bR mutants with perfect holographic prop-

erties.

The goal of the chapter is also to explore the application of photore-

fractive polymers, liquid crystals and bR mutants for real-time holography

and high-density holographic memories. These demanding applications

need optimization of physical properties of materials, stability, processa-

bility and low cost which are discussed at the end of this chapter. Com-

parison of bR with other synthetic organic materials is not straightforward

due to fact that each group of materials is optimized toward precisely

defined application. However, superior capabilities of bR family over

synthetic materials seems to be unsurpassable. Biological macromolecules

yield themselves to extensive modification of their properties by biotech-

nology and the future developments in the design of biological macromol-

ecules with tailored properties will require a multi-disciplinary approach

utilizing the arsenal of methods from the rapidly developing field of

bionanotechnology.

1. INTRODUCTION

The growing demands of generation, accumulation, access and archiving

of electronic data require novel concepts for processing and storage of infor-

mation. Conventional electronic and magnetic surface-storage techniques

have reached their physical limitations. Progress in nonlinear optics and

material science hold much promise in ushering in materials and methods

for storing vastly enhanced data storage and processing. For instance, it seems
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that volumetric approaches such as optical holography which offers the

storage density of 1 Tbit/cm3 on a single CD-sized disk would be the choice

of next generation memory devices. Photonic applications like optical signal

processing and optical storage require optical materials with fast and strong

response to incident light. Many materials e.g. among them photorefractive

crystals, polymers, photopolymers and biomaterials, manifest interesting lin-

ear optical and non-linear optical properties can be exploited for processing,

transport or storing information with the help of photons—the fastest carriers.

Classic photorefractive properties1 (e.g. mapping of light intensity pattern into

refractive index pattern of the material) can now be achieved in specially

designed and treated polymeric systems.2 However, other approaches are

equally interesting namely those exploiting molecular optical bistability –

photochromism3 (e.g. photochromic proteins4) or the emerging branch of

photonic band gap materials5,6 which offer numerous novel phenomena that

can be used for light processing.

Organic polymeric systems supplemented or doped either by photochro-

mic moieties or combined with liquid crystalline systems are emerging as

promising materials for advanced information and communication technol-

ogy. Polymers—because of their structural flexibility, easy chemical modifi-

cation and low-cost fabrication, liquid crystals—because they combine

optical anisotropic properties (birefringence) with the property of being soft,

which means that the anisotropy can easily be influenced by external fields

and finally photochromic systems which by nature reversibly change their

absorptive and refractive properties upon photon absorption. We will briefly

discuss chosen mechanisms and materials used for optical signal processing

and storage and compare them with bacteriorhodopsin (bR), a protein pro-

duced by halobacteria.7 bR crafted by nature shows astonishing stability

toward chemical and thermal degradation and its photosensitivity and cycli-

city to illumination is far beyond that of synthetic materials. Moreover bR can

be genetically modified to a large extent forming a platform for the whole

class of materials.8–10 Several different types of utilisation of bR have

been demonstrated, most basing on its transient or dynamic holographic

properties.9 These include: reversible holographic media, spatial light

modulators, holographic optical correlators and pattern recognition systems,

nonlinear optical filters, associative memories, dynamic time-average interfer-

ometers, neural type logic gates, multilevel logic gates, thin film memories,

volumetric memories, optical computing, photon counters and photovoltaic

converters.10

In the second part of this chapter the emphasis will be placed on the

technical applications of bR, liquid crystalline systems and photorefractive

and/or photochromic polymers as transient holographic materials.
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2. EFFECTS EXPLOITED FOR OPTICAL

INFORMATION PROCESSING IN ORGANIC

MATERIALS

In order to optically record a bit of information in a material a physical

and/or chemical change of this material influencing the complex refractive

index should occur. Therefore a suitable description of such a process can be

done with the use of formalism of nonlinear optics for dielectric nonmagnetic

materials. Magnetic materials must be treated separately. Within the dipolar

approximation formalism one can describe the light–matter interaction using

expansion of a polarization vector ~PP of a medium into series of electric field ~EE

of interacting light waves:11

Pi ¼ e0(x
(1)
ij Ej þ x

(2)
ijkEjEk þ x

(3)
ijklEjEkEl þ � � � ) (1)

where tensors x
(1)
ij , x

(2)
ijk , x

(3)
ijkl known as optical susceptibilities of first, second

and third order describe the macroscopic material properties. The complex

x
(1)
ij linear susceptibility which is related to the dielectric constant and refract-

ive index by

n2 ¼ e=e0 ¼ 1þ xij (2)

describes both changes of material real refractive index n as well as its

absorption coefficient a. Any permanent or temporary light induced changes

influence the susceptibility tensors x
(1)
ij , x

(2)
ijk , x

(3)
ijkl of a material and determine

the light - matter interactions. Generally organic materials (molecular crystals

and polymers) are composed of weakly interacting molecules described by

their local field ~FF dependent dipolar moments:

mi ¼ m0i þ aijFj þ bijkFjFk þ gijklFjFkFl þ � � � (3)

where m0 stands for permanent molecular dipole and aij, bijk, gijkl are tensor

elements of polarizability, first and second hyperpolarizability, respectively.

All known optical effects used for information storage or processing such as

linear absorption, two-photon absorption, linear electro-optic effect, dc Kerr

effect, optical Kerr effect, light intensity I induced refractive index change

n(I) ¼ nþ n2I , optical phase conjugation, photorefraction, photochromism,

etc. could be described within this formalism.

Two major categories of organic materials suitable for reversible optical

write-read processes can be distinguished: photorefractive and photochromic

ones (cf. Table 1).

Photorefraction refers to spatialmodulationof the indexof refraction nunder

non-uniform illumination via space-charge field formation and electro-optic
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nonlinearity. Photochromism is defined as a reversible change induced by

light irradiation, between two states of molecule having different absorption

spectra a(l).

We describe below more precisely the physics underlying the two above

mentioned effects in order to discuss the differences in material performance

with respect to optical information processing. We will limit ourselves to

chosen materials only representing these phenomena with the emphasis to

those studied by us.

2.1. Photorefractive effect

Classic photorefractive effect refers to a spatial modulation of refractive

index in a material due to the light-induced redistribution of charges.1 Since

its first discovery, in inorganic non-centrosymmetric crystal of LiNbO3 in

1966,12 photorefractive effect has been recognized to be promising for various

holographic applications due to the large and reversible modulation of re-

fractive index. At present the photorefractivity term is used widely to the light

induced change of refractive index, therefore we will recall below the funda-

mentals of the classic photorefractive effect.

Let us consider a photorefractive material illuminated with spatially

modulated light intensity due to plane waves interference I(x):13

I(x) ¼ I0 1þm cos
2px

L

� �
(4)

where I0 ¼ I1 þ I2 is the mean intensity, fringe contrast is m ¼ 2(I1I2)
1=2

I1þI2
and L is

the grating period. The four main physical processes (charge photogeneration,

carrier diffusion, space charge formation and refractive index modulation n(x)

via Pockels effect are involved in the classic photorefractive phenomenon. It is

Table 1. Organic photorefractive and photochromic systems

Photorefractive materialsa Photochromic materialsb

Polymer composites Bacteriorhodopsin mutants

Organic amorphous glasses Chromophore doped polymers

Fully functionalised materials Chromophore functionalised polymers

Polymer dispersed liquid crystals PDLC Liquid crystalline photochromic systems

Hybrid LC-photoconducting polymer Surface command LC systems

Doped liquid crystals Chirooptical molecular switches

aO. Ostroverkhova, W.E. Moerner, ‘‘Organic photorefractives: Mechanisms, Materials, and

Application’’, Chemical Reviews, vol. 104, 3267–3314 (2004)
bChemical Reviews, vol. 100(5), 2000 ‘‘Photochromism: Memories and Switches’’
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necessary to briefly describe them for understanding the complexity of other

nonclassic photorefractive effects.

(i) Photogeneration of mobile charge

Absorption of a photon of a suitable energy at x leads in a photoconduct-

ive material to creation of a hole-electron pair. The photogeneration rate G(x)

is proportional to the light intensity as well as to the density of photosensitive

centers. Photogeneration quantum efficiency in organic materials is strongly

electric field-dependent and well described by the Marcus model.14 Usually a

constant electric field ~EEa is applied along the x-direction. Photoinduced

charge is often provided by a molecule that absorbs light and injecting hole

into the material, which generally is more mobile than electron. Most widely

used generators are donor-acceptor charge transfer complexes, for example

carbazole and trinitrofluoreneone (TNF) or fullerene C60.

(ii) Diffusion and transport

Spatial distribution of electron and hole densities undergoes diffusion.

Charge carrier transport in organics mainly occurs via hopping between

neighboring molecules. The transport process in polymers is well described

within the Baessler model15 taking into account statistical distribution of

hoping sites. For efficient photorefractive effect it is advantageous that mobi-

lities m of charge carriers of opposite sign differ significantly and charge

carrier trapping is effective. In amorphous polymers the effective carrier

mobility meff (E) is electric field dependent and given by:15

meff (E) / exp [� (EA(E)� bTE1=2=kBT ] (5)

where EA is an activation energy and bT is a constant positive below glass

transition temperature Tg (bT might be negative above Tg), kB is a Boltzmann

constant and T is temperature. The other physical process giving rise to

charge transport is a drift in an external electric field and photovoltaic effect.

Usually the drift of charges is a dominant mechanism in photorefractive

polymers.

(iii) Space charge

Charge carriers created by light are retrapped in another place thus

leading to appearance of distribution of space charge rSC(x). The presence

of trapping sites is important for preventing carriers participation in transport

for some period of time. The lifetime of the carrier in the trap is determined by
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the trap depth as compared to thermal energies. Non-uniform distribution of

charge results in appearance of space charge field ESC(x), which can be

determined from the equality of drift and diffusion currents (in one charge

carrier (hole) approximation):

J(x) ¼ emhnh(x)ESC(x)� kBTmh

dnh

dx
¼ 0 (6)

where mh is a hole mobility, nh(x) is the density of mobile holes. Within this

approximation Poisson’s equation of electrostatics describes the space charge

field:

ESC(x) ¼ kBT

e

1

nh(x)

dnh

dx
: (7)

(iv) Refractive index modulation via Pockels effect (the effect is nonzero

only for noncentrosymmetric materials)

For material showing linear electro-optic properties (the Pockels effect is

described by a third rank tensor rijk, linked directly with x
(2)
ijk cf. Eq. 1) the

internal electric filed modifies the material’s refractive index n:1

Dn(x) ¼ � 1

2
n3reff ESC(x) (8)

where reff is an effective Pockels coefficient (projection of respective tensor

elements on given direction). A field-dependent refractive index can also occur

by a quadratic or Kerr orientational effect. An electric field dependent re-

fractive index in organics is usually provided by exploiting molecular func-

tionalities such as high ground-state dipole moment and large linear

polarizability anisotropy (molecular birefringence). Molecules called NLO

chromophores are added to polymer matrix at high concentration.

The scheme of light induced refractive index modulation is shown in

Fig. 1a) together with typical two-beam coupling (2BC) experiment Fig. 1b)

facilitating the study of photorefractive properties of polymers.

In the small intensity modulation limit:

Dn(x) ¼ Dnmax sin (2px=L) (9)

where Dnmax ¼ 1
2
n3reff

2pmkBT
eL

with L being a period of the interference fringes

and m - fringe contrast. Sinusoidally varying index modulation is a diffraction

grating or hologram that can diffract light. If the sample is much thicker than

the grating period a volume hologram13 is formed. Readout of the grating

occurs only when the Bragg condition is satisfied for the readout beam angle

and wavelength. If material thickness d is smaller than L the Raman-Nath
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scattering regime13 occurs and there is almost no limitation for hologram

readout. Calculating a Klein parameter Q ¼ 2pdl=(L2n) one can distinguish

between Raman–Nath (surface or thin) hologram for Q # 1 and Bragg

(volume or thick) hologram for Q > 10. Amplitude of the grating Dn can be

measured observing light diffraction efficiency defined as h ¼ Idiff =Iin i.e. the

ratio of light intensity diffracted into first order of diffraction to incident light

intensity. In the case of thick and thin holograms the simple relations hold

between diffraction efficiency and grating amplitude Dn:13

hB ¼ exp (� a0d) sin2 (
pDnd

l
) and hR�N ¼ exp (� a0d)J

2
1 (

pDnd

l
) (10)

where d is the sample thickness, a0 its average absorption coefficient and

J1(Df) is the first order Bessel function of phase difference Df seen by light

beam.

In classic photorefractive crystals (eg. LiNbO3) for L ¼ 1 mm, m ¼ 1

and T ¼ 300 K the space charge electric field reaches Emax ¼ 1:6� 105 V=m.

Typically Dnmax( �1� 10�4) is proportional to contrast factor m and reff and

to 1=L. The resulting photorefractive grating Dn(x) is spatially phase-shifted

with respect to the intensity interference pattern, which indicates the non-local

nature of the process (when wp 6¼ 0). The nonzero phase shift wp enables

transfer of energy from beam to beam in a two-beam coupling (2BC) process

Space charge

Space charge field along grating vector

x

x

xextraordinary index of refraction

ρsc

Phase shift
between I(x) and
n(x) is π /2

Light intensity pattern

I

ESC

n

x I1

K

E < 0
x

2 θ

z

I2

DIRECTION OF ENERGY
TRANSFER

Figure 1. Model of classic (charge carrier diffusion controlled) photorefractive effect in

inorganic NLO materials (left). Refractive index modulation maps the light intensity

distribution irradiating the material except of phase shift wp ¼ p=2 between them. Two-

beam coupling experiment (right).
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providing optical amplification1 (cf. Fig. 1b). This is a unique process, one of

the most important of photorefractive materials, which leads to many fascin-

ating applications. Usually a weaker power beam gains some power from

stronger one and optical amplification effect is observed.16 The optical gain g

experienced by I1 beam in the presence of the another beam I12 is character-

ized by an exponential gain coefficient G which, for a nearly co-directional

two-beam coupling, is given by:16,17

G ¼ 4p

l

Dn

m
sin wp and g ¼ I12

I1

¼ 1þm

1þme�Gd
e�a0d (11)

where wp is a phase mismatch between the refractive index n(x) grating and the

intensity pattern I(x). It is clear that a phase shift of wp ¼ p=2 leads to

optimum energy transfer. If, by some reason, the refractive index grating is

local with respect to the fringe pattern, i.e. wp ¼ 0 then G ¼ 0 and no energy

transfer is possible.

Linear electro-optic effect is one of the second order nonlinear optical

effects related with the susceptibility x(2)(-v;v,-0) which is non-zero only in

noncentrosymmetric materials. Only few polymers are noncentrosymmetric

by nature. However, the invention of electric field poling techniques,18 enfor-

cing molecular dipoles embedded in polymer matrix to show polar ordering

and also electro-optic effect, enabled the discovery and widespread utilisation

of photorefractive effect in polymers.

In polymeric photorefractive materials the non- centrosymmetricity is

induced by an external electric field Ez due to chromophore (dipole) align-

ment at elevated temperatures and freezing of this order at room temperature.

The ordering is never permanent and its retention depends mainly on polymer

glass transition temperature Tg. The effective Pockels coefficient at T < Tg

decreases in time due to relaxation of dipole arrangements. In polymers with

low Tg ffi Ta (Ta is an ambient temperature) the dominant effect of refractive

index modulation is connected with light induced birefringence. This effect

results from molecular dipole reorientation due to mutual action of externally

applied electric field and space charge field (~EE ¼ ~EEsc þ ~EEa).
19 The induced

birefringence DnBR and electrooptic DnEO contributions to the grating ampli-

tude are given by:2,19

DnBR /
1

2n
Dx(1) / 1

2n

2Nf1Da

45

mg

kBT

� �2

E2

DnEO /
1

2n
Dx(2)E / 1

2n

2Nf0f
2
1

5

mgb

kBT
E2

(12)

where N is the density of guest molecules (dipoles) in polymer matrix, f0, f1
are the local field factors at zero and optical frequencies, mg a ground state
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dipole moment, b first hyperpolarizability and Da is a molecular polarizabil-

ity anisotropy. Externally applied electric field is therefore vital for obtaining

high index modulation via molecular orientation effect. The best photorefrac-

tive polymers are obtained when NLO chromophores meet the so called

chromophore figure-of-merit (FOM) defined as:2

FOM ¼ 1

M
9mgbþ

2m2
gDa

kBT

" #
(13)

where M is the molar mass. Chromophores can be designed by quantum

chemical calculations and subsequent synthesis to maximise FOM, however

many other parameters of chromophore-matrix system must be considered

(like viscosity, the chromophore size, the presence of plasticizing agents,

temperature relative to Tg and other factors) to obtain high optical quality

and well performing material.

2.2. Photorefractive materials

Photorefractive polymers are obtained by mixture of different type func-

tional molecules in polymer matrix (i.e. host-guest approach) or via synthesis

of fully functionalised complicated polymeric structures. In the latter ap-

proach functional groups can be attached to the main chain as side groups,

can be mounted in the main chain or make a 3D structures. Generally

materials of host-guest type are characterized by lower Tg temperature than

fully functionalised structures. Nature of phenomena occurring in polymers

with low and high Tg is different. In 1991, Ducharme et al.20 reported the first

polymeric photorefractive material based on the nonlinear optical polymer,

bisphenol A diglycidyl diether 4-nitro-1,2-phenyl-enediamine (bisA-NPDA)

doped with a hole transporting diethylamino-benzaldehyde diphenylhydra-

zone. The diffraction efficiency h of the first polymeric photorefractive ma-

terial was as poor as 5� 10�5% and no net gain has been observed. However,

during the last decade, the performance of photorefractive polymers has

rapidly improved. Through gradual improvements of the charge transport

and electro-optic characteristics of the polymers (reff � 50 pm=V), the photo-

refractive gain of these materials now exceed those of the inorganic crystals

currently available. Recently, polymeric materials with high exponential gain

coefficient G of over 200 cm�1 and the response time of several ms have been

reported.21–23 One of the drawbacks of polymeric materials, which seriously

limits their practical applications, is the necessity of usage of high external

electric field in the range of 50---100 V=mm (i.e. a bulk sample of 1 mm

thickness will require the impracticably high voltage up to ca. 100 kV). Such

a high electric field limits the active layer thickness to several tens of microns,
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and as a consequence, the Bragg selectivity of polymeric material is reduced.

The most common composition of the best photorefractive polymer is �40–

60 wt% of a photoconductive polymer (poly(N-vinylcarbazole, PVK) to pro-

vide sufficient density of transport sites, �25–35 wt% of NLO chromophore

(e.g. dyes, LCs, etc.) to ensure a sufficient electro-optic response, �15–30 wt%

of a plasticizer (e.g. ethyl carbazole, ECZ) to facilitate chromophore orienta-

tion by lowering Tg of the composite, and finally, a small amount (usually

below 1 wt%) of sensitizer (e.g trinitrofluorenone, TNF) to assist in charge

photogeneration.2 Good results were also observed in polysiloxane type poly-

mers with carbazole side groups and DMNPAA as a dopant. Polysiloxane has

lower Tg than PVK and there is no need of a plasticizer. The best performing

photorefractive materials reach gain coefficients �400 cm�1, internal diffrac-

tion efficiency �100% (PSX/stilbene A/TNF) and photorefractive response

time �30 ms (PSX/DB-IP-DC/TNF).2 Examples of many optimised photo-

refractive polymers are given in the excellent review of Ostroverkhova and

Moerner.2 However, one must realize that there are trade-offs between high

gain coefficients and/or diffraction efficiencies and response speed, so mater-

ials are usually optimised for a certain precisely defined application.

Temporal dynamics of refractive index grating recording depends on light

intensity used for recording and exposure time, grating erasure can be per-

formedusing spatially uniform illumination. Because chromophore orientation

is usually a slow process the dynamics is either limited by charge carrier mobi-

lities or by reorientation times of chromophores. For volumetric storage appli-

cations the two-photon grating recording techniques are elaborated in order to

avoid partial erasure of earlier written holograms during readout process.

The new emerging organic photorefractive materials are various liquid

crystalline systems.24–26 The photorefractivity of nematic liquid crystals is

derived from the reorientation of the birefringent rod-like molecules in the

photoinduced space charge field. In fact, it has been reported that 80% of the

observed photorefractivity in the best photorefractive polymers was due to

the orientational (or quadratic) electro-optical effect.19 Since liquid crystals

are composed entirely of the birefringent chromophores, as opposed to a

fraction within polymer composites, liquid crystals represent an excellent

opportunity to improve the photorefractive gain performance of organic

materials. The electric fields of the order of 1V=mm are sufficient for molecu-

lar reorientation in LC’s.27 Low-molecular-weight liquid crystals are particu-

larly advantageous in the dynamic holography because the mobility of

mesogenes is high compared to that of other LC materials.28–31 However, it

is difficult to form the holographic grating with narrow fringe spacing (up to

200 lines/m) and permanent stability within this group of materials. In photo-

refractive polymer-dispersed liquid crystals (PDLCs),32–36 the mobility of

mesogenes is suppressed with polymers as binder. Droplets of LC are confined
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in polymer cavities. Best performing PDLCs exhibit photorefractive internal

diffraction efficiency of 100% in 105 mm films at electric fields of only 8V=mm

and net gain coefficients of 37 cm�1.37 The weak points of PDLC’s include

high losses due to scattering and slow, of the order of minutes, photorefractive

dynamics.

Photorefractive effect in calamitic liquid crystals deserves slightly modi-

fied theoretical description as the material is usually centrosymmetric and

there in no electro-optic contribution due to Pockels effect. The space charge

field resulting from sinusoidal light intensity modulation in the dye-doped LC

(dye is serving as a sensitizer) was found by Rudenko and Sukhov25 to depend

on local difference in liquid crystal conductivity:

ESC ¼
mkBT

e
Kn

s� sd

s
sin (qx) (14)

and n ¼ Dþ �D�

Dþ þD�
(15)

where Dþ, D� are the diffusion constants of cation and anion, K ¼ 2p=L is

the grating wavevector and s and sd are the total and dark conductivity,

respectively. Alternative mechanisms for space charge creation in LC’s have

been formulated since that time. The so called Carr-Helfrich effect is due to

conductivity anisotropy:38

EDs
SC ¼ �

Ds sin u cos u

sk sin
2 uþ s? cos2 u

 !
Ea (16)

where sk and s? are conductivities along and perpendicular to the LC

director (a preferred local orientation of long molecular axes) with Ds deter-

mining the conductivity anisotropy, u—director reorientation angle and Ea—

the applied electric field. Similar effect arises from the substantial dielectric

anisotropy of LC’s De ¼ ek � e?:39

EDe
SC ¼ �

De sin u cos u

ek sin
2 uþ e? cos2 u

 !
Ea: (17)

Ferroelectric liquid crystals (FLCs), known from fast switching times of the

order of ms, seldom appear in the literature of photorefractive effect. It is well

known that aligned FLCs have a net polarization (Ps) in the smectic C*

phase due to surface stabilization. Having C2 symmetry these materials

allow for observation of electronic electro-optic effect. In FLC’s due to

presence of coupling of Ps and the space-charge field a strong orientational

effect is expected. The first observation of orientational photorefractive

effect in FLCs was reported by Wiederrecht et al.40 in a smectic C* mixture
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characterized by birefringence Dn ¼ 0:14, spontaneous polarization

Ps ¼ �6:6 nC=cm2
and doped with suitable molecules to produce mobile ions

upon light illumination.

Photorefractive-like properties of nematics are well-recognized and it is

widely accepted that light could impose molecular reorientation through

different mechanisms: like thermal, dye-induced or surface induced reorien-

tations.41–45 Here we present a designed and fabricated by us LC cell able to

perform tasks of photorefractive medium.46,47 The pure nematic liquid crystal

mixture is confined in a planar cell (10 mm in thickness) with transparent ITO

electrodes and orienting coatings. One of the coatings was made of a 100 nm

thick layer of photoconductive poly(N-vinyl carbazole) PVK doped with

2,4,7-trinitrofluorenone (TNF)or2,4,7-trinitro-9- fluorenilidene-malononitrile

(TNFDM) to induce its sensitivity in the visible. A schematic structure of the

hybrid photoconducting polymer—liquid crystal system developed by us is

shown in Fig. 2.

LIQUID CRYSTAL

GLASS  ITO 
PHOTOCONDUCTING
POLYMER

(a)

(b)

(c)

(d)

N
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O

O2N

O2N

NO2

NO2

NO2

NO2

C

C

NC CN

Figure 2. A schematic structure of the photorefractive liquid crystal panel. The external dc

voltage is applied to the panel via the ITO conducting layers (a). Chemical formulae of PVK

(b), TNF (c) and TNFDM (d).
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The cell contains a multicomponent nematic liquid crystal mixture

E7 (Merck KGaA, Darmstadt, Germany) characterized by D« ¼ þ13:8,

Dn ¼ 0:2253 at 589 nm (ne ¼ 1:7464, no ¼ 1:5211) and viscosity

g ¼ 39 mm2s�1. The dc voltage (0�20 V) is sufficient to change the director

orientation from planar to nearly homeotropic. Spatially modulated light

(l ¼ 514 nm or 632.8 nm) I (x,y) incident on the biased LC cell induces charge

carrier photogeneration process with photoconductive sensitivity depending

on light intensity and a biasing electric field within a polymeric layer

Ep: s=I ¼ eam(Ep)tF(Ep)=hv, where e is the electron charge, a the absorption

coefficient, hv the photon energy, t the life-time of the photocarrier and m(Ep)

the carrier mobility. The efficiency of photogeneration F(Ep) according to the

Onsager/Marcus theory14 is a function of local electric field Ep. Under con-

stant light illumination the charge density distribution is established which is

converted into respective changes of surface potential Esc(x). In the process

also ionic transport through the LC layer is important, as it tends to compen-

sate an excess charge. The electric field distribution within LC layer changes

extraordinary effective index of refraction Dne(x,y,z) in its bulk:27

neff
e ¼

1

d

ðd

0

nenodzffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

e sin2 w(z)þ n2
o cos2 w(z)

q (18)

where d is the thickness of the LC layer, ne and no are extraordinary and

ordinary indexes of refraction and w(z) is the angle between the nematic

director n̂n ¼ ( cos w(z), 0, sin w(z) ) and the x-axis. When intensity

grating I(x) ¼ I0(1þm cos (qx) ) is projected onto LC panel refractive index

grating will set-up and the extraordinary polarized laser light will be diffracted

on it. Sinusoidal grating of the form ne(x) ¼ n0,e þ Dne cos (qx� fP) consti-

tutes the phase hologram. In such hybrid photoconducting polymer - liquid

crystal system we measured nearly 30% diffraction efficiency at 2 V=mm, net

exponential gain �3700 cm�1 and response speed of the order of 30 ms.48

Spatial resolution was up to 200 line pairs/mm.

2.3. Photochromic effect

Photochromism is defined as a light-induced reversible transformation of

a single chemical species between two states having distinguishably different

absorption spectra.49,50

A(l1) ,
hv1

hv2,D
B(l2)

Usually, B has at least one absorption band appearing at longer wavelength

than the absorption bands of A. The activating photon energies (hv1 and hv2)
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induce the forward and backward molecular transformations and the absorp-

tion spectra changes are accompanied usually by thermally (D) induced

change in one direction (cf. Fig. 3). The single chemical species A may be a

molecule or an ion whereas the product B may in some cases represent more

than one species.

For holographic applications, the spectral dependence of the light induced

absorption coefficient changes Da and refractive index changes Dn are im-

portant. The molar refraction and the molar absorption coefficients are the

real and imaginary parts of a single complex value. The spectral (v and s

denote frequency in eq. 19) dependence between both values is described by

the Kramers–Krönig relations for the case of an undisturbed chromophore:

x0(v) ¼ 2

p

ð1
0

sx00(s)

s2 � v2
ds

x00(v) ¼ 2

p

ð1
0

vx00(s)

v2 � s2
ds

(19)

where linear susceptibility is given by x(1) ¼ x0 þ jx00 corresponding to a

complex permittivity e ¼ e0(1þ x(1)). Equation relating the refractive index

n and the absorption coefficient a to the real and imaginary parts of the

susceptibility x0 and x00 is the following:

n� j
ac0

2v
¼ (1þ x0 þ jx00)1=2 (20)

where c0 is a speed of light in vacuum and v ¼ 2pv. In solid-state materials,

due to matrix effects the Kramers–Krönig relations might not hold.

E
ne

rg
y

Configurational coordinate

excited state

ground state

trans cis

Figure 3. Schematic view of simplified energetic diagram of photochromic molecule and

light induced conformational transitions of trans–cis type.
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The most prevalent photochromic systems are based on unimolecular

reactions though bimolecular reactions, such as reversible photocycloaddi-

tions of electron transfer processes of the type (Aþ B! P) are equally

possible. Reversibility is the main criterion for photochromism. The photo-

chromic transformation and the observed spectral changes or changes in

physical or chemical behaviour are related to the modification of geometry

of the system and electronic density. The medium in which the photochromic

compound is incorporated (e.g. polymeric matrices) strongly influence and/or

control the kinetics of the thermal back reaction and sometimes the forward

photochemical reaction, too. The major photochromic processes are trans–cis

photoisomerisation, proton transfer (tautomersim), ring formation and cleav-

age, cycloadditon reactions, electrocyclic reactions, dissociation processes,

zwitter-ion formation, etc . . . (cf. Fig. 4 for examples).49,50 Classes of photo-

chromes may be differentiated according to the chemical transformation that

they undergo:50 -E-Z isomerisation of double bonds (e.g., stilbenes, azo

compounds, polymethines, indigoids, etc.), electron transfer (e.g. Fe(II) thia-

zines, chlorophyll cell), proton transfer (tautomerism) (e.g. metal dithizo-

nates, N-salicylidene-anilines), photodissociation (e.g. triarylmethanes),

pericyclic reactions: intramolecular electrocyclic reaction (e.g. spiropyrans,51

spirooxazines,51 fulgides, etc.)

The most intensively studied photochromic systems are spiropyrans and

related compounds51, azobenzenes52, viologens and fulgides53. For volumetric

optical memories the most actively studied are spiropyrans and the photo-

chromic bR.

Particularly widely studied are azo-functionalized polymers.54–59 In this

group of materials the azobenzene derivatives are covalently attached to the

backbone as pending groups. Azobenzenes when attached as side groups to

main polymer chains pertain their photochromic properties. The presence of

N N

N N

hν1

X

O
O

O

O

X

O

Ohν1

hν2

hν2

X = O - fulgides
X = NR - fulgimides

∆

Figure 4. Photochromic reactions of trans-cis photoisomerisation in azobenzenes and tau-

tomerism in fulgides and fulgimides.52,53
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N¼N bonds ensures the existence of two photoisomers trans and cis. These

isomers differ in shape (trans- is elongated rod-like molecule whereas cis is

bend and can be treated as being isotropic). Switching between two isomers is

possible via absorption of photon of suitable energy. Absorption crosssection

for trans-isomer fulfils relation sk > s?. Dipole moment m1 and molecular

hyperpolarisability b111 (cf. Fig. 5) are much higher for trans-isomer than for

cis-isomer. Molecules after prolonged irradiation tend to stay with their long

molecular axes of trans form perpendicularly to the E-vector of light. Multiple

trans-cis photoisomerisation processes which lead to molecular alignment can

be understood in terms of sequential molecular reorientations.

Examples of azo-functionalised polymers in which photoinduced birefrin-

gence anisotropy Dn ¼ nk � n? and dichroism Da ¼ ak � a? is observed are

given in Fig. 6.

Molecular reorientation is in fact a result of complex process consisting of

angular hole burning (AHB)59–61 in which those molecules which are nearly

parallel to the light polarization direction are excited to cis* and next they

relax either to ground trans or cis state. Next the angular diffusion process

takes place both for trans and cis, populations. Molecular alignment state can

z

y

x φ

θ

1
2

3

a) b) c)

Figure 5. Scheme of photochromic trans molecule in coordination systems (a). Random

distribution f (�) of chromophores in a polymer matrix before illumination by light (b) and

after illumination by a linearly polarized E k y light (c).
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Figure 6. Examples of azo-functionalised photochromic polymers: polyesterimide and

polyester.
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be frozen in those polymer matrices that are sufficiently rigid to not allow for

fast molecular reorientation after removal of irradiation. Slow angular redis-

tribution having place in polymers having high glass transition temperature

Tg results in appearance of axial molecular alignment (cf. Fig. 5). This

mechanism has been detailed by Fischer et al.59 and is schematically depicted

in Fig. 7. In the case of azo-compounds attached to polymer chains frequently

the mass transport occurs resulting in formation of amplitude and phase

gratings in those materials including surface relief gratings (SRG)—a novel

mechanism of nanostructuring, photonic device fabrication and information

storage.62,63

However, several factors such as molecular relaxation and electrostatic

interactions reduce the photoanisotropy. Depending on matrix properties and

pending azogroups various angular distribution functions for trans-molecules

might be obtained in relation to light illumination conditions, including axial,

polar and chiral molecular arrangements. This allows for polarization sensi-

tive holographic recording.58

When, after grating recording with the use of two interfering laser beams,

as shown in Fig. 8, sample will be moved along grating wavevector K in the

presence of optical field the correlated oscillations of diffraction power will be

observed. As follows form the theory of moving gratings64 the sum

S ¼ IL þ IR and difference D ¼ IL � IR of intensities of two zero order dif-

fraction beams allow to separate contributions to diffraction efficiency

Trans

Cis

σtrans

σcis

θ=−π/2 θ=π/2

ΦCT

ΦTC

τcis

0

1

1

0
0

CIS

TRANS

AR AR

DIF DIF

AHB

a) b)

Figure 7. Scheme of energy levels for photoisomerization process of trans-cis-trans (a)

mechanism of axial ordering of trans molecules after irradiation with linearly polarized

light (b). AHB—angular hole burning, AR—angular redistribution of cis-molecules, DIF—

diffusion, thermal relaxation.
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coming from refractive index Dn (phase) grating and absorption coefficient

Da (amplitude) grating:

IL ¼ I0 exp [�a0d= cos (u=2)] � (1� 2A cos fa � 2P sin fn),

IR ¼ I0 exp [�a0d= cos (u=2)] � (1� 2A cos fa þ 2P sin fn),
(21)

where A ¼ Dad=[4 cos (u=2)], and P ¼ pDn=[l cos (u=2)].

Typically diffraction efficiencies h in azo-funcionalized polymers are

�0:1�4%, recording times are of the order 100 ms to hours and light sensi-

tivity is relatively poor. An advantage is that no biasing voltage is needed for

hologram recording and both transient and permanent but reversible record-

ing is possible. The ability of azo-functionalised polymers to form surface

relief gratings utilized in nanotechnologies and other applications65 is advan-

tageous with respect to photorefractive materials.

2.4. Transient holographic properties of bacteriorhodopsin

bR is a transmembrane protein containing seven transmembrane a-helices

with a retinal co-factor (Fig. 9) attached to Lys216. It forms a two-dimensional

crystalline lattice in purple membrane of Halobacterium salinarium.4,9,10

On light exposure, bR transports protons from halobacterial cell to the

outer medium, and thereby converts light energy into chemical energy. The

molecular processes occurring in bR after photon absorption are complex and

involves not only the reversible photochromic and conformational changes

but also reversible protonation and deprotonation of Asp residues. The

photocycle of bR (quantum yield of 0.67) is initiated by the absorption of a

photon by the retinal which is linked to the protein by a protonated Schiff
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Figure 8. Scheme of two-wave mixing set-up for study of dynamics of polarization (s-p)

grating recording in azo-functionalised polymers (a) and temporal evolution of subsequent

recording and erasure of the diffraction grating supplemented (inset) with results of moving

grating technique experiment (b).
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base at Lys216. This causes rapid rearrangement of the electronic structure of

the extended conjugated retinal p-electron system which ultimately results in

trans, cis isomerization at the C13¼C14 double bond (K intermediate).

This isomerization in turn reduces the proton affinity of the charged Schiff

base nitrogen which loses its proton to the initial acceptor group, Asp85,

probably via a water molecule (M intermediate). The major steps of the bR

photocycle are shown in Table 2.66

bR has been optimized by evolution, the shelf-life is very long in compari-

son to synthetic photochromes. Isolated purple membranes are stable for

many years when exposed to air and sunlight which makes it attractive for

applications. In the dark, bR contains a mixture of 13-cis and all-trans retinal

(D- and B-state). They are converted by light to a pure all-trans population of

light-adapted bR (B-state). The photochromic shift observed in bR between B

Figure 9. Structure of bR. A proton Hþ is pumped through membrane after initiation by a

photon of a suitable energy.

Table 2. Photocycle of bacteriorhodopsin with characteristic life times, t, of various

electronic states

t 500fs 10ps 2 ms 40 ms 7ms 4ms

BR570 J625 K600 L550 M412 N520 O640 BR570

T twC C C C twT T

NHþ NHþ NHþ N NHþ NHþ NHþ

T ¼ all-trans; C ¼ 13¼14 cis; twC ¼ twisted 13¼14 cis; NHþ ¼ protonated Schiff base; N ¼
deprotonated Schiff base. (H. Luecke, H-T. Richter & J. K. Lanyi (1998) Science 280, 1934–1937).
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and M state is substantial (570 nm$ 412 nm). The lifetime of the photoin-

termediate M is only 7 ms in wild-type bR. By changing pH-value of envir-

onment, using less protic solvents such as glycerol, and rational site-directed

mutations in bR, the M-lifetime can be enhanced and modulated.

Optimization of bR by rational site-directed mutagenesis

Wild type bR possesses ideal characteristics required for an ideal optical

storage medium. Nevertheless re-optimization of bR by rational site-directed

mutagenesis68–71 has resulted in bR mutants with significantly enhanced

physical and optical properties that make them potentially ideal candidates

for an optical binary storage material. Their naturally evolved properties,

along with their genetically engineered variants, make them superior to any

magnetic material used for binary data storage in hard-drives. Birge et al.7

and Hampp8 have discussed the application of bR in 3D holographic volu-

metric memory. For example, the bR mutants with less than 3 nanometers in

diameter have demonstrated a long-term stability with a shelf life of 10 years

at room temperature. In comparison, magnetic grains used in the best hard-

drives today become highly unstable if the average grain size is reduced below

3 nm due to magnetic domain instabilities72. Among other advantages of bR

medium is its unprecedented recyclability and durability including resistance

to microbial degradation. For example, bR media can be rewritten more than

109 times73. Finally, the bR media have demonstrated a faster time response,

as compared to the magnetic disks, picosecond range versus nanosecond

range, respectively. The faster time response makes the bR media superiors

with respect to the data transfer rate. However, before the protein-based data

storage can be finally implemented, suitable methods for immobilizing bR

mutants on platforms (Tatke et al.74) must be elaborated.

Rational site-directed mutagenesis

Rational site-directed mutagenesis rests on the principle of optimizing a

chosen physical property by analyzing the dependence of that property on

specific candidate amino acids that are to be substituted by selecting known or

putative sites in the protein under investigation. On absorption of light, bR

undergoes a cascade of structural changes during its photochemical cycle. The

cis-trans isomerization, the heart of its photochemistry, triggers an avalanche

of structural changes in the bR secondary structure which consists of at least

three major steps: (a) the release of proton into the extracellular medium (b)

the uptake of a proton from the cytoplasmic medium and (c) the thermal

re-isomerization of retinal to the starting all-trans configuration. These struc-

tural changes are reflected as changes in the visible region of the spectrum as

observed by the sequential formation and decay of the optical intermediates,

K, L, M, N, and O, see Fig. 10 below.75,76
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Extensive mutagenesis studies have established that the presence of a

carboxylate group at Asp residue 96 is important for rapid reprotonation of

the Schiff base77–81. The protein conformational changes in the bacteriorho-

dopsin photocycle have been discussed by Subramaniam et al.82 Reprotona-

tion of the Schiff base by Asp96 is reflected by the spectroscopically detectable

conversion of the M intermediate to the N intermediate. Asp96 is reprotonated

from the cytoplasmic medium, initiating the formation of O-intermediate. The

mutation of Asp96 to Asn96 therefore influences the above process and confers

long resident time or half-life for the M intermediate. Secondary structure of

[D96-N] bR obtained from x-ray crystallography83 is shown in Fig. 11 below.

We have taken a different approach in the design of high melting mutants

of bR. While other laboratories relied on stabilizing the intermediates by

temperature, pH, and chemical optimization, we have taken the view that

the design of mutants manifesting high quantum yield and thermal robust-

ness, can be better accomplished by a combination of theoretical analysis of

the energy level diagram of wild-type bacteriorhodopsin and genetic engin-

eering methods. The band gap between the energy levels, E, and its depend-

ence on amino acid substitution are important determinants in the design of

photostable and photorobust mutants of bR. Detailed QM/MM [Hartree–

Fock (HF) combined with molecular mechanics force field using AMBER

force field] on bR from Halobium salinarium were undertaken to develop an

energy-level diagram for bR to ascertain the detailed energetics of the excited

of bR and then investigated their dependence on amino acid substitutions of

key residues, e.g., Arg82, Asp85, and Asp212

The photochemical cycle of bR consists of several intermediates, which

can be identified by their spectroscopic properties, mainly their absorption
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Figure 10. Diagrammatic representation of bR photocycle.
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maxima. Metastable, blue-shifted M state has been the principal focus in most

holographic applications of bR because it has the longest lifetime. Numerous

attempts have been made by chemical modification techniques to extend this

lifetime. Time-resolved Raman and Fourier transform infrared spectroscopic

studies in our laboratory (Renugopalakrishnan, unpublished) and other

laboratories have demonstrated that the photointermediate O state shows a

branched photocycle in which it converts itself into P and Q states. These two

photointermediates may not be important to the wild-type bR but assume

significance when it comes to the design of bR mutants with long-lived

intermediates, especially in their use as bit-by-bit digital storage media,

which is our principal goal in utilizing bR in the design of high performance

storage devices.

One of the mutants so designed, bR192, that satisfies the criterion of high

quantum efficiency for the branched photochemistry (O! P) and further

satisfying the criterion of thermal robustness involves multiple mutations.

The design of bR192 represents a significant breakthrough resulting from a

combined approach of theoretical energy levels and their dependence on

amino acid substitutions and principles of thermal stabilization. bR192, may

the most advanced and useful bR mutant for commercial application in our

Figure 11. 3D Structure of Bacteriorhodopsin [D96 N].

PHOTOREFRACTIVE AND PHOTOCHROMIC MATERIALS 239



hands because the Q and O states are robust for this mutant and thereby

increasing the shelf life of the bR mutant significantly. The combined ap-

proach of theoretical principles based on a hybrid quantum mechanical

approach to elucidate the energy-level diagram of bR, their dependence on

amino acid substitutions, and the principles developed in our laboratory for

calculation of DTm from the heat capacity DCp (of individual amino acid

residues) and the primary structure of protein are novel methods in protein

engineering that were utilized in bR a test case to re-engineer bR. Detailed

mathematical analysis of the decay kinetics (details are unpublished) and a

detailed comparison with other mutants is in progress in our laboratories

(Renugopalakrishnan et al., to be published). We used a computer-aided

rational design concept and homology of sequences followed by experimental

genetic manipulation of the respective cDNAs of bacteriorhodopsin to

express the mutants initially in Escherichia coli and more recently in

P. pastoris84.

Eight residues in w-bR (D85, W86, L93, D96, D115, W182, W189, D212),

see Fig. 12 below, : derived from numerous studies reported in the literature

Figure 12. Candidate residues where site-directed mutations were induced reproduced with

permission from ref. 68, Wiley & Sons, New York, NY.
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were systematically mutated to enhance Tm and lifetimes, t, of M and O

photointermediates. Arg and Tyr residues were the chosen residues whenever

possible as the choice for the above eight residues in the rational site-directed

mutations because these residues occur much more frequently in thermophilic

proteins. The overall a-helicity of bR was retained in the designed mutants.

With the aid of a computer routine developed in our laboratory we generated

hundreds of possible mutations that can be induced in the selected eight

residues in w-bR and selected some of the mutants to test them for their

information storage capacity. Two criteria were used in the selection of bR

mutants: (1) their thermal stability and (2) slower decay of the photocycle and

extension of half-life of the M and O intermediates. We have calculated the

optical properties of the designed mutants and compared them with reported

values in the literature.85 We estimated the holographic efficiency, the corre-

sponding change in refractive index, Dn, from the change in absorption in

function of frequency, using the Kramers–Krönig relations85. The calcula-

tions were performed for each of the mutants. The results of the calculations

are shown in Table 3.

The holographic measurements were performed on the thin film of the

mutants encapsulated in polymethylmethacrylate Langmuir–Blodgett film.

For reasons of protecting the proprietary rights of bR192, for which provi-

sional patents have been filed at present, the precise mutations induced in

bacteriorhodopsin are not reported here. One of the mutants, bR192, mani-

fests a relative diffraction efficiency of 4.8, a large change in refractive index,

Dn, of 4:0� 10�4 at 645 nm in comparison to other mutants reported in the

literature.85

Table 3. Summary of optical properties for selected bR mutants

Mutant

Ground State

Absorption (nm)

Max. Dn

in 10�4

Relative Diffraction

Efficiency (%)

bR192 4.0@645nm 4.8

bR184 540 3.7@560nm 3.8

bR D85N 610a 2.4@680 nm 1.0

br D85N/A103C 600a 1.9@680nm 0.6

bR D85N/D96N 575a 2.2@660nm 0.8

bR D85N/V49A 610a 4.0@670nm 2.8

aMillerd, J. E., Rohrbacher, A., Brock, N., Chau C-K., Smith, P. and Needleman, R. Opt Lett

1999, 24, 1355.
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3. HOLOGRAPHIC OPTICAL PROCESSING,

STORAGE AND OTHER IMPLEMENTATIONS

Holography is an image-recording process in which both the phase and

the amplitude of the optical field are recorded in a photosensitive medium.

The interference of laser coherent image bearing beam and a reference beam

overlap within a photosensitive medium and form an interference pattern

which is recorded. Complicated diffraction grating-like pattern stored in the

material diffracts reference beam during hologram retrieval and reconstructed

real or imaginary object wave appear. The scheme of a simple holographic

recording set-up is shown in Fig. 13. The attractive feature is that, despite the

hologram is usually recorded on a flat surface, it contains information about

entire three-dimensional wavefield scattered form the object. Holograms can

also be recorded in a volume of a photosensitive material instead of a thin film

(3-D holographic process). The phenomenon called Bragg selectivity is used to

holographically store many different images within the same volume. There-

fore the so called volumetric optical storage technique allows for achieving the

theoretically highest (1014 bit=cm3 � 1=l3) information packing density

among the all known today recording techniques. Higher information pack-

ing densities are only offered within near field optical approach (SNOM)

employing nanometer scale moving optical fibre tip but at the cost of much

slower access time to the data. Any particular image stored in the material can

be independently retrieved using the reference beam with the exact incidence

angle (wavelength or spatial code) that was used during recording. Hologram

multiplexing techniques (angular, wavelength, shift or phase- code) allow to

(a) (b)

LASER

B

S

Interferogram

Reference
wave

Storage
medium

CCD detector

Figure 13. Off-axis holographic recording of a 3-D object in a 2-D photosensitive medium

(a) and an idea of holographic binary data storage system using SLM for data input and

matrix detector for data output (reconstructed hologram).
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store about 20000 holograms in 1 cm3 crystal. System architecture for typical

holographic optical data storage or processing system must comprise: (i) a

coherent source or collection of sources to provide object, reference and

reconstruction waves and erasure; (ii) spatial light modulator for preparing

binary or multilevel data pages; (iii) a storage medium allowing for holograms

writing accompanied with suitable optics for routing and imaging wavefields;

(iv) a detector array and subsequent electronics for data read-out, signal

processing and error correction.

High fidelity reconstruction is achieved already with diffraction efficiency

h � 10�4. Holographic techniques have demonstrated the ability to transfer

1 Gbits/s (60 times faster than DVD’s)86. Therefore, holography is expected to

be the most promising candidate for massive storage of high-density infor-

mation with an extremely high data transmission rate. Recently the optical

holographic storage and holographic light processing become more feasible

due to improvement of transmissive electrically addressed liquid crystalline

spatial light modulators (EA LC SLMs) enabling transfer of pages of data

onto laser beams in the form of phase binary or grey scale encoding of

information. Ferroelectric LC SLM’s can provide as many as 2000 binary

pages per second each containing 1024� 1204 pixels. The optically retrieved

binary pages can be read by matched detector arrays (high density CCD

camera chips) decoded and electrically transmitted to output devices.

High-performance holographic data storage requires high-power, single

spatial-mode lasers. Currently used are red or green diode pumped solid state

lasers (�50 mW). However, the short-wavelength blue lasers are the ultimate

light sources for holographic storage because the theoretical limit on the data

density is 1 bit=l3, where l is the wavelength of the light used in the writing/

readout process. The most important requirements for optical data storage

devices are: high storage capacity, fast access time, low error rate (10�7), long

data stability, compactness and low manufacturing costs. The gridlock for the

wide usage of holographic volumetric optical data storage lies in the lack of

suitable high optical quality and durability materials. One of the best known

material for permanent optical storage is developed at Aprilis photopolymer

using light induced cationic ring opening polymerization (CROP).87 What is

important this polymer epoxy-modified siloxy silane is of excellent optical

quality and undergoes minimal volume changes during recording. Architec-

ture of the future holographic compact disk drive is shown schematically in

Fig. 14. However, there is a tremendous progress in development of photo-

sensitive materials enabling the dynamic recording of holograms. Self- or

light-assisted erasure of just recorded holograms is a basis of the so-called

real-time holography. The real-time holography is by definition any repetitive

dynamic holographic recording/erasure cycle. The holograms are stored tem-

porarily only and can be erased either by light or by spontaneous relaxation
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processes. Future commercial visualization systems as well as many scientific

implementations (e.g. holographic interferometry88 or holographic optical

tweezers89) will require holographic projection i.e. a three-dimensional (3-D)

image exhibiting all the effects of perspective and depth of focus90.

The dynamic (or real-time) holography requires the fully reversible photo-

sensitive material lacking any post-processing.

3.1. Optical retrieval of binary holograms

Computer-generated hologram (CGH) is a vital element in the optical

system and it generally relates to a desired pattern or replay field via a Fourier

transform. We constructed and characterized the holographic projection sys-

tem utilizing the optically addressed liquid crystal spatial light modulator (OA

LC SLM) as a holographic medium.91 For that purpose we used a commer-

cially available computer controlled multimedia projector with Liquid Crystal

Display (LCD) displaying computer generated holograms onto OA LC SLM.

This proof-of-principle demonstration of excellent transient holographic

properties of LCs is based on projection with incoherent white light of digital

binary holograms and their reconstruction with collimated laser beam. The

extraordinary polarized laser light diffracts on the holograms and the first

Fraunhofer diffraction order forms the real reconstructed image. The optical

mirror

motor

lenses

beam
splitter rail for

slider

slider

laser

lens

waveplate

mirror
SLM

disk

detector

ribbon
cable data flow

electronics

Figure 14. Holographic compact memory disk. Spatial light modulator (SLM) provides

binary data pages that are superimposed onto object laser beam. Interferogram is formed in

the overlapping area of the object and reference beams. Matrix detector is used for

hologram retrieval.
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set-up is shown in Fig. 15.92 Spatially modulated light passing through Nikon

camera lens system forms a sharp image of CGH on liquid crystal modulator.

Light from He-Ne laser illuminates the phase pattern and a clear holographic

image is formed at a distance of about 4.7 m. Computed interferogram of the

input image which feeds the multimedia projector can be changed at video

rate.

The physical sizes of the binary holograms illuminated onto the OA LC

SLM through camera lenses were typically less than 1:5� 1:5 cm2. Calculated

from diffraction pattern virtual pixel size on OA LC SLM was Dx ¼ 22:2 mm

and Dy ¼ 30:9 mm. Image was fine-tuned by an adjustment of SLM position

in the optical setup, however performance of the system was dependent on

characteristics of the key-element: the photosensitive OA LC SLM. In Fig. 16

we show a target (4a), its hologram (4b) calculated by DBS method, numer-

ically retrieved image (4c) and the image retrieved optically (4d). Optically

reconstructed image contains the dominant 0-order light spot (undiffracted

reconstruction wave).

Short holographic films can be composed by changing holograms up to

frame rate of 30 Hz. No long-term changes of the performance of the OA LC

SLM under permanent usage (8-hour video-rate experiment corresponding to

0.864 million completed exposure and erasure cycles) were observed.92 The

size of the object seen at screen depends on the total size of hologram

projected on OA LC SLM and can be enlarged by decreasing the size of the

projected hologram. Spatial resolution of tested LC panel reached 250 lp/mm.

Using higher resolution (i.e. 512� 512 pixels) four phase holograms the more

image details could be seen. In Fig. 17 we present optically reconstructed

DLP

V

L

CCD

OA LC SLM

Figure 15. Digital binary hologram projection system with OA LC SLM. DLP—digital light

projector, L—laser, V—dc voltage supply, CCD—digital camera.
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image of a portrait of J.-B. Fourier, kindly supplied to us by HoloEye

Photonics AG, in the form of a four phase hologram.

For the best performance OA LC SLM’s required the dc voltage in the

range (20–30 V). LC panel response and recovery times to the changing light

scenario depend on many factors and for nematics are typically: time-on

� 10� 30 ms and time-off � 50� 200 ms. These limits originate from the

photoconductive properties of PVK:TNF polymer and ion mobilities in LC.

Motion picture holography is a challenge for many research laboratories.93–96

The sequential reconstruction of the holograms creates a holographic video.

The dynamical change of holograms projected on LC panel at rate of 25

images per second was feasible.

a) b) c)

d)

Figure 16. An example of optically reconstructed image (d) from a digital binary hologram

(b) generated on a 50� 50 pixel matrix for a target (a). The hologram was projected on OA

LC SLM via multimedia projector. The symmetry of binary hologram makes that numerical

as well as optical reconstruction gives doubled image.

(a) (b) (c)

Figure 17. Optically reconstructed image (a) of J.-B. Fourier portrait (b) from a 512� 512

pixels four-phase hologram (c).
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4. CRITICAL COMPARISON OF

BACTERIORHODOPSIN PROPERTIES WITH

OTHER PHOTOREFRACTIVE MATERIALS

In this chapter we outlined two groups of phenomena as well as two

groups of synthetic organic materials designed for optical information pro-

cessing: photorefractive polymers and liquid crystals and photochromic poly-

mers. We also described the properties of mutated bacteriorhodopsin family.

Each group of materials can be tailored for various applications in the field of

photonics, optical data storage and processing. Many laboratories and

research group have already shown fascinating applications of bacteriorho-

dopsin and various applications of polymers and liquid crystals. However, it

should not be surprising that bR crafted by evolutionary process and further

re-optimized by biotechnology shows superior transient holographic proper-

ties than any manufactured or synthesized material or group of materials up

to date. This is evident when one compares, the described in this chapter,

simplicity of the mechanisms underlying photochromic properties in azo-

functionalised polymers or photorefractive properties of polymers or liquid

crystals in opposition to complex mechanism of photochromic transitions

in bacteriorhodopsin. What is advantageous in bR and cannot be obtained

in other materials is the structure—a two-dimensional crystalline lattice in

purple membrane. Each photosensitive site is surrounded by adapted seven

peptide helixes that facilitate the light initiated reaction without changing

the surrounding. Therefore bR shows extremely high spatial resolution

�5000 lines/mm. The writing speed of bR can be remarkably high

(40 ms for bR!M) but using other states and different modified BR forms

even shorter switching times were reported (eg. BR! J transition: 500 fs).

However, the main problem with the utilization of bR as a temporary holo-

graphic material is a relatively long recovery time of the M! bR transition

which can take several hundreds of ms to seconds. This can be overcome by

the use of intense blue light that drives M state back to the bR within

50---100 ms. Special structure of bR allows for implementations of polarization

holography and polarization based architectures in optical dynamic memories,

associative memories, Joint Fourier Transform correlators and others.98–99

On the other hand liquid crystals combined with polymers promise the highest

dynamic refractive index changes a key-factor for dynamic optical data process-

ing.

Nonlinear spectroscopic properties of bR, large two-photon absorption

(d ¼ 290� 10�50 cm4s molecules�1 photon�1) that permits the efficient acti-

vation of the primary event using long wavelength lasers100,101, large second-

and third-order hyperpolarizabilities102 arising from large change in dipole
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moment, Dm ¼ 13:5� 0:8 D that accompanies excitation into the lowest-lying

strongly allowed state, make it a promising candidate for all-optical switching

vis-à-vis organic molecules and polymers.

We would like to conclude this chapter with a direct comparison of

important optical and holographic properties of bR and other artificial or-

ganic materials designed for similar purposes. They are summarized in Table 4

and averaged for photorefractive polymers, photorefractive liquid crystals

Table 4. Optical and holographic properties of BR in the visible part of the spectrum versus

best photochromic and photorefractive materials for dynamic holographic optical

information processing

Property Bacteriorhodopsin

Photorefractive

polymers and LCs

Photochromic

Polymers

Resolution (optical) $5000 lines/mm <400 lines/mm <2000 lines/mm

<250 lines/mm

Maximal bleaching

ratio

95% not adequate 90%

Index of refraction 1.47 1.4–1.6 1.4–1.6

1.4–1.8

Refraction index change 0.001–0.01

(depends on OD)

0.01–0.01

0.001–0.2

0.001–0.01

Diffraction efficiency 1–3%, max 7% 100% (int.) 6.7% max

34% (int.)

Light sensitivity 0:1---20 mJ=cm2 1---30 mJ=cm2

Polarization recording possible impossible

impossible

Reversibility $107 cycles 104 cycles 105---106 cycles

108 cycles

Shelf life years months years

years

Film thickness 10---500 mm,

typ:20---40 mm

50---200 mm

2---50 mm

10---1000 mm

Rise and decay times ms – s ms – min ms – hours

10 ms – s

Aperture unlimited unlimited unlimited

�15� 15 cm2

2BC gain coeff. G not reported 10---400 cm�1 not reported

<4000 cm�1

2-photon writing possible possible possible

possible

Bias electric field not required �50---100 V=mm not required

0:1---5V=mm
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and photochromic polymers. Some specific materials can exhibit superior

properties than those reported in the Table 4.

Analysis of the data contained in Table 4 should be done along the

preferred characteristics of the ideal holographic storage medium. One must

consider the following features:

1. Mechanism of optical recording—should result in production of large

dynamic range of refractive index change (e.g., Dnmax � 10�3 � 10�2),

preferably optically erasable. Large absorption coefficient changes are

much less effective though they lead to refractive index change through

Kramers-Kronig relation. The ultimate physical limit on the storage dens-

ity of a medium comes from its finite dynamic range as each of the stored

holograms uses a portion of a Dnmax.

2. Sensitivity—material should be responsive to visible light (laser diodes are

widely available and cheap). Desired holographic writing sensitivity should

be of the order of 10�2 cm3=J.

3. Optical quality—thick slabs with large surface area should be easily fabri-

cated, showing negligible light scattering. Aggregation, crystallization,

material diffusion or shrinkage should be absent. The angular multiplexing

of holograms requires thick media. The attainable storage density is pro-

portional to the medium thickness.

4. Self-processing—storage medium should be directly addressed by light

without need of any kind of developing (e.g., chemical, thermal, magnetic,

UV, IR, etc.) both before and after recording.

5. Stability—material should retain recorded data indefinitely over a wide

range of ambient (temperature, humidity, etc.) conditions. Number of

write-read-erase cycles should exceed 106. Particularly important is lack

of any photochemical side-reactions.

6. Volatility—simple ways of fixing of recorded holograms, disabling their

partial erasure by subsequent recording and read-out.

7. Cost—holographic material for massive optical storage must be available,

easily manufacturable and cheap.

The nature of the physical recording process determines most of the

properties of the storage medium. In bR the recording mechanism is of

photochromic origin therefore a modulation of absorption occurs as the

primary event. This fact makes that the material is optically erasable and

hence suitable for rewritable memory. However, this also lead to volatility. In

order to achieve data persistence the complex methods must be engineered

(e.g. two-photon gated recording, electrical or thermal fixing). The clear

advantage of photorefractive crystals is their optical quality enabling the

achievement of minimum signal-to-noise ratio partially determined by
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medium dynamic range, thickness, diffraction efficiency and light scattering.

Photorefractive and photochromic polymers are characterized by insufficient

dynamic range, typically small thickness and high level of light scattering. The

necessity of the use of high voltage in photorefractive polymers prevents them

from their widespread use. Contrary to that photochromic polymers and bR

can operate without any voltage applied. Photochromes also enable use of

light polarization properties to store information by polarization sensitive

type of data recording. This offers a vast area of novel optical data storage

and processing architectures. On the other side liquid crystals offer the highest

dynamic range but are limited to the smallest thickness and therefore are

useless for applications of high density data storage. However they properties

make them attractive candidates for dynamic holographic applications (e.g.

holographic interferometry for strain, vibration and flow analysis, imaging

through distorting media, holographic optical tweezers, three-dimensional

displays).

5. CONCLUDING REMARKS

Traditional holography based on photographic silver-halide emulsions.

However, they fail to meet many requirements of contemporary holographic

storage and novel more suitable materials have been elaborated. None of the

material for holographic storage considered so far has been able to fulfill all

the demands. Instead an arsenal of possible materials, each with a unique set

of strengths and weaknesses has emerged: photopolymer films, photorefrac-

tive crystals, photochromic films, mutated bacteriorhodopsins. In striking

contrast to bR mutants there is no single material among photorefractive

polymers, liquid crystals, glasses or photochromic polymers that could be

used as broadly as bR and its mutants for many demanding applications. But

there is hope that all mentioned above materials will find their niches in the

field of future optical technologies.

It should be also noted that apart discussed in this chapter organics there

is a vast number of inorganic materials useful in the domain of optical storage

and light processing including nanomaterials, quantum-well structures and

photonic crystals.
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Abstract: Microelectromechanical systems (MEMS), and soon nanoelectromechanical

systems (NEMS), are projected to have a major impact in systems for toxin

detection, proteomics and biomedical applications. This chapter describes

experimental systems that were developed in our labs, as well as those being

developed elsewhere, that are being used to understand protein deposition at

sub-monolayer coverages in these devices. Modeling tools, used in conjunc-

tion with experimental results, can also be utilized for predicting the inter-

actions of proteins with these microsystems, under static and flow conditions,

with the goal of creating biocompatible MEMS devices that can be easily

integrated with biologically based assay systems. The long-term combination

and integration of biological and electronic components requires a thorough

understanding of surface/biomolecule interactions in these devices. The use of

surface modification techniques has allowed the tailoring of the interface

between biological/nonbiological materials, independent of the bulk compos-

ition of the nonbiological material, to enable reproducible experimental

design. Our results to date have indicated we can measure protein adsorption

down to less that 1% of a monolayer and that static results are very different

than those observed under flow conditions, and this has been supported by

the modeling results. Thus, data obtained under static conditions cannot be

used as a predictor for behavior under flow conditions, which should be the

predominant situation in most biological assay systems.
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1. INTRODUCTION

Microelectromechanical systems (MEMS), and soon nanoelectromecha-

nical systems (NEMS), are projected to have a major impact on biological

system analysis for toxin detection, proteomics, and biomedical applications.

Many existing biological assays and analysis techniques can achieve very low

detection limits in biomedical and biotechnological devices. Anticipated im-

provements in performance will push these limits even closer to ultimate

sensitivities. As detection limits fall, there has been a corresponding trend

toward handling smaller and smaller volumes of material, resulting in an

increase in the surface to volume ratio of the analysis systems. Under these

conditions, even apparently minor nonspecific adsorption (perhaps less than

1% of the total available surface) could severely or completely deplete the

analyte stream of the molecule of interest before the sample reaches the

detector. Thus, there is a pressing need for tools that can resolve surface

interactions with submonolayer precision, both experimentally and by utiliz-

ing simulation tools. Progress toward this goal is presented in this mono-

graph, as well as other options that are available to determine low levels

(submonolayer) of surface interactions with biological macromolecules.

This monograph also demonstrates that simulation and modeling tools,

combined with experimental findings, can be used to predict protein inter-

actions with surfaces in MEMS devices, even at submonolayer coverages.

Taken as a whole, this research indicates that existing systems can be vulner-

able to failure by sample depletion. The work presented in this chapter focuses

on protein/surface behavior, but investigators are encouraged to see this

system as analogous to many other situations in which small amounts of

surface active materials are being handled under microfluidic conditions.

2. CONSEQUENCES OF NONSPECIFIC

ADSORPTION OF BIOLOGICAL

MACROMOLECULES IN MEMS AND NEMS

DEVICES

As a consequence of the ongoing improvements in instrument sensitivity,

routine detection of substances at the single molecule limit is being postulated.

Along with the movement toward lower and lower detection limits, device

size, and thus, sample volumes are likewise becoming smaller and smaller,

increasing the surface area to volume ratio in analysis systems. As a conse-

quence, those who develop or anticipate using equipment with these increased

capabilities must face the possibility of false negative or false positive errors
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due to the adsorption or desorption of small numbers of molecules in the

devices. As the relative amount of available surface goes up, the opportunities

for adverse interactions with the wall increase. Since sensors and other micro-

fluidic devices are getting smaller and projecting much lower detection limits,

producers and end users of these new devices have to worry about, and deal

with, protein adsorption at much less than a monolayer of coverage and

possibly less than 1% coverage of the total surface area.

On the basis of previous points, adsorption of less than a monolayer could

lead to depletion of a molecule of interest from the analyte stream in many

devices being envisioned before it reached the detector. Figure 1 shows the

intersection of detection limits and available sensor surface area in terms of

the amount of surface required to deplete the sample at a given detection limit

for some selected devices. The trend for all assays is to use the least amount of

material possible, and it can be readily shown that slightly suboptimal sur-

faces can severely degrade a sample stream. Capillary electrophoresis, for

instance, is used to analyze (principally) protein, in quantities between 10�12

and 10�15 moles in devices ranging from 106 to 108 mm2 (the lower size limit

covers CE in MEMS microdevices). The shaded area does not represent all

this range but draws attention to the fact that a 106 mm2 device surface will

completely deplete a 10�15 mole sample at only �5% surface coverage, and a

108 mm2 device can remove 10�12 moles at �30% coverage. The other three

shaded areas indicate the operating size and surface coverage of a tunable
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given system.
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laser array, a cantilever detector from University of California, Berkeley1 and

various microsensors under development in the 100� 1000 mm2 range.

Imagine a clean, freshly prepared surface, prepared under the best, most

ideal conditions imaginable. Is it homogeneous? With very few exceptions, the

answer to this will be no. No matter how fastidious the surface scientist, some

heterogeneities will be found: steps in an imperfectly cleaved crystal plane,

dislocations, and other flaws. These regions have measurably different

adsorption properties from the bulk surface.2,3 By analogy, the microfluidic

surfaces that encounter biological molecules are not going to be homogeneous

either, nor can their adsorption properties be validly expressed by means of an

average overall behavior. Viewed from the perspective of a fresh surface

encountering a stream containing biological molecules, many different sites

for adsorption will be present, with different intrinsic rates of adsorption, and

these differences are of particular concern when relatively low numbers of

molecules interacting with adsorption sites is considered.

Adsorption can be especially complex in those systems in which the

molecule/wall interaction is transient, i.e., where there is flow in the system.

Adsorption is generally assumed to be occurring under thermodynamic

control, that is, the system can, and does, rapidly reach a state that is more or

less steady, and this corresponds to the local thermodynamic equilibrium.

Althoughoutside the scopeof this chapter, thepossibilityof thermodynamically

favorable changes in the conformation of a biomolecule, especially proteins,

means that the point at which true thermodynamic equilibrium occurs is

particularly difficult to pin down or even define. Given a range of adsorption

site energies, with a range of adsorption behavior, and under flow conditions,

the more energetically favorable sites will still be able to rapidly adsorb and

hold molecules. Less favorable sites that might have been capable of initiating

adsorption under static conditions will be unable to do so, or less effective at

doing so, under flow conditions. To the experimenter, this would appear as

the rate of adsorption being a function of flow. In gas adsorption, similar

problems in measuring the true available surface area are faced, as a conse-

quence of a heterogeneous surface, although for different reasons.4,5

3. TECHNIQUES FOR QUANTIFICATION OF

PROTEIN ADSORPTION AT SUBMONOLAYER

ADSORPTION

The following material outlines some of the options available to study

protein adsorption at fractional, submonolayer coverage. No single technique

is best, and this is by no means a complete list, but each of these is capable of
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providing reliable information about different aspects of protein adsorption

under microfluidic conditions. Various options, such as protein assays,6–8 mass

spectroscopy,9 Raman spectroscopy,10,11 X-ray photoelectron spectroscopy,12

hollow cathode analysis,13,14 BCA assays,15 SDS-polyacrylamide gel electro-

phoresis (PAGE),16 enzyme mass balance assays,17 and standard Ag staining18

methods are techniques that have been used by various researchers, including

in our laboratory, to study protein adsorption. In addition, results from our

laboratory that combine some of the previously mentioned techniques with

computational fluid dynamics (CFD) to analyze and model the protein/surface

interactions in microfluidic channels are presented. Figure 2 compares the

sensitivity of these methods to those developed in our laboratory.

1 10 100 1000 10000
ng / mL100 kDa protein

0

0 5 10 300 >3001

% monolayer / cm2

New limits created by
combining techniques.

XPS (ng/cm)

BCA assay

Ag assay

Hollow cathode analysis

SDS PAGE

Enzyme mass balance assay

Mass spectroscopy

Raman spectroscopy

Figure 2. Comparison of the sensitivities of various protein detection techniques. The ability

to resolve protein adsorption from 0.1% of a monolayer to, in some cases, over 100%

coverage, and multilayer formation has been demonstrated as shown in this monograph.

This range of coverage strongly overlaps with the operating limits of microdevices under

development. This is, however, by no means an exhaustive description of all applicable

techniques.
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3.1 Studying Adsorption by Mass Balance

It is possible to measure the total amount of protein lost inside a micro-

fluidic channel by comparing what comes out of the channel with what is

known to have been put in, and such measurements can be surprisingly

sensitive.17 Although the detection limits of chemical based total protein

assays, such as BCA, are, at the time of writing, still relatively insensitive,

assays based on measuring the activity of enzymatic proteins offer compar-

able sensitivity to those obtainable with radioactively labeled proteins, with-

out the added concerns of the labeling process altering the adsorption

properties of the protein in some fundamental way.6

The popularity of enzyme linked immunosorbent assays (ELISAs) means

that several different enzymes and their assays are readily available off the shelf.

We have published results obtained from alkaline phosphatase, shown in Fig. 3,

and glucose oxidase17 and have shown that we can readily resolve changes in

adsorbed material in an area as small as 2� 10�8 m2. By comparison, a micro-

channelwitha lengthof 10 mmandasquare cross sectionwitha50 mmdiameter

has a total available surface of 2� 10�6 m2. Resolution equivalent to 1% (or

better, depending on the enzyme and the assay) of a monolayer is thus possible.

3.2 Mass Spectroscopy

Assuming that a microchannel surface can be exposed and placed in a

vacuum chamber, then various mass spectroscopy techniques can provide an

indication of how much adsorbed material is present.19 Time of flight second-
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Figure 3. Alkaline phosphatase adsorption onto five capillaries of different composition.

Enzyme concentration ¼ 30 ng/mL, flow rate ¼ 0.1 mL/h.
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ary ion mass spectroscopy (ToF-SIMS) is attracting a wide amount of atten-

tion for this application. The method involves bombarding the surface with

ions, which in turn ablate off material present on the surface; in the case of

adsorbed proteins, a wide array of ionized organic species are generated,

which can be collected and analyzed by the ToF mass spectroscopy system.

The choice of ionic species to generate the secondary ions is important.

Some ions are much more effective at generating secondary species than

other,20,21 and the investigation of different ion types is ongoing. Polyatomic

species, such as SFþ5 , offer much better sputter rates than monatomic species

when dealing with organic films.9 The spatial resolution of ToF-SIMS can be

very good, with spot sizes down to 50 nm with some ionic species, but such a

small spot size may result in an insufficient material being ablated, however,

depending on the amount of protein adsorbed.

The type and amount of ionic species generated provide a fingerprint of

the protein adsorbed on the surface, and research with multivariate analysis

techniques have shown that simple binary mixtures of proteins can be distin-

guished using ToF-SIMS. By appropriately weighting certain characteristic

ions in the mass spectrum, the presence of two different proteins on the same

surface can be resolved and their relative amounts estimated.21–23

Protein adsorption has also been studied using matrix-assisted laser

desorption/ionization (MALDI) mass spectroscopic techniques.24,25 A pro-

tein-bearing surface is coated with the matrix material, which is then laser

ablated as normal. In this case, only relatively weakly adsorbed proteins are

removed and detected, and this method, in theory, can distinguish weakly

bound from strongly bound material. It may provide an indication of relative

binding strengths of different proteins in an adsorbed mixture, or the changes

in binding, which occur on different surface types.

A recent, and potentially exciting, development allows for the generation

of ions from a surface under ambient conditions. Desorption electrospray

ionization (DESI) avoids the need to place a sample into a vacuum chamber.26

Instead, a stream of ions is generated by electrospray ionization, which in turn

ablate ionic species off a surface, even under normal pressures. These des-

orbed ions are then allowed into a mass spectrometer fitted with an atmos-

pheric inlet. Detection limits of 10–50 pg of lysozyme are claimed in the text

of this article. Some spatial resolution is described as well, although resolution

at this point is limited.

3.3 Raman Spectroscopy

Raman spectroscopy (RS) measures the vibrational energies of molecules

by the inelastic scattering of an incident laser sourced photon and can be a

powerful method for elucidating the structure of proteins in solution without
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the need for additional labeling.27 The technique provides information on

bond energies, which is complementary to that obtained with infrared (IR)

spectroscopy, and like IR, RS can distinguish the vibrational modes of protein

amide bonds with sufficient resolution to provide information about the

secondary structure of proteins. However, the sensitivity of conventional RS

is limited by the relatively low photon scattering cross-section of the typical

atomic constituents of proteins. There is also the possibility of sample damage

and strong fluorescence background from extracts.

Many of these issues have been overcome using a method known as

surface-enhanced Raman scattering (SERS), although the exact mechanism

of this enhancement is not known to date. A biomolecule is physically adsorbed

to colloid or nanoparticle suspensions of certain transition metals, particularly

Ag, and using this method the detection of single molecules of protein has been

reported.28 SERS also maintains the ability to distinguish alpha helix, beta

sheet, and random coil protein conformations, allowing the conformation of

the adsorbed protein to be investigated. Additionally, since only atoms close to

the metal surface contribute to the SERS effect, those vibrational modes that

show significant SERS activity can be concluded to be close to the surface,

allowing protein orientation to be assessed. Podstawka and coworkers have

determined unique spectra for individual amino acids adsorbed to silver colloid

surfaces and have further shown that this method can be expanded to the entire

protein adsorbed to the metal with structural information elucidated.29–31

To date, however, no data have been presented on SERS studies of proteins

adsorbed in microchannels. Typically, SERS studies have focused on suspen-

sions of proteins and colloids/nanoparticles rather than studies of preadsorbed

layers of protein on a microchannel wall. This method, however, could easily

yield useful information in this area as the spot size of the incident light source

can be focused below 2 mm, and the typical dimensions of a microchannel are

50 mm or greater. Connaster and coworkers have demonstrated SERS detec-

tion of biomolecules on silver colloids immobilized in polydimethylsiloxane

(PDMS) microchannels.10 This approach does not probe the intrinsic affinity

of a biomolecule for a microchannel wall but does show the applicability of

SERS detection in microchannels. Furthermore, studies by Cao and cowor-

kers on SERS detection on protein microarrays could be directly applicable to

the study of proteins adsorbed in microchannels. These studies have shown

that Raman-dye labeled nanoparticles with conjugated antibodies can be used

to selectively detect physically adsorbed proteins in microarray configur-

ations.32 It is at least conceivable that this technique could be applied to

physically adsorbed proteins in microchannels. By using various antibody

labels for specific protein epitopes, it could also be possible to obtain infor-

mation on surface density, as well as the adsorbed conformation of the

proteins or biological macromolecules in microfluidic devices.
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3.4 X-Ray Photoelectron Spectroscopy (XPS)

Applying XPS to the detection and quantification of adsorbed proteins

on a surface has allowed surface concentrations in the range of 10 ng=cm2
(3%

monolayer equivalent, assuming a 100-kDa protein with a footprint of

50 nm2) to be detected.9 Several variations on the method have been employed

to monitor the amount of adsorbed protein and the distribution within the

layer. Usually, the percentage of nitrogen or the nitrogen/carbon atomic ratio

is used to quantify the amount of protein on a surface. However, when a

surface, such as Al, Si, or a transition metal, is used to adsorb the protein,

then the attenuation of the substrate’s XPS signal can be monitored to

determine protein adsorption. With gold substrates, the Au 4f signal has

been used to monitor the protein layer’s thickness, while on silicon, the Si

2p signal has been monitored.33,34 As adsorption occurs, the Au or Si signal

decreases, owing to the short mean free path of photoemitted electrons, and the

thickness of the layer can then be calculated by comparing the intensities of the

signals of the covered surface with the bare surface (Briggs and Seah). This

information can be especially useful when used in conjunction with ellipsome-

try. By providing information regarding the range of surface coverage and the

thickness of the layer, XPS allows the amount of protein adsorbed to be

determined. This method is limited, however, to adsorbed layers of less than

5–8 nm in thickness, as beyond this the attenuation of the substrate signal is too

high to allow the layer thickness to be readily measured.35

The amount of protein adsorbed depends on the type of surface and its

topography. X-ray photoelectron spectroscopy allows different types of

surfaces to be evaluated for their resistance to protein adsorption for possible

use in medical devices or as biosensors.36,37 It is also possible to measure the

rate of protein deposition via XPS; adsorption kinetic studies of human serum

albumin (HSA) on TiO2 surfaces have been performed by monitoring the

increase in carbon and nitrogen intensities and the decrease in titanium and

oxygen intensities.37 If the substrate gives interfering XPS signals, such as with

an amine monolayer, the amide carbon binding energy can be monitored in

order to determine the protein coverage.9

Static ToF-SIMS has been used in conjunction with XPS and radiolabel-

ing to characterize protein surfaces.38,39 As mentioned previously, a ToF-

SIMS can distinguish between different adsorbed proteins, which XPS

cannot. XPS has also been used to study proteins adsorbed on organic

polymers. Halogenated proteins were used as markers to aid in the analysis

of the spectra. In addition, a quartz crystal microbalance (QCM) was also

used in conjunction with the halogen counts from the XPS spectra to quanti-

tate the amount of protein adsorbed.40
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Angle-dependent XPS, in which the variation in peak intensity with

emission angle can be determined, can provide additional information

owing to the short electron mean free path in which the change in peak

intensity with angle is related to how deep the emitting atom is located from

the surface. This method has been used to determine how a metalloprotein

was bound to an alkanethiol SAM.41 In this case, the orientation of azurin

upon adsorption to the surface via sulfur binding to gold was monitored by

the sulfur peaks at different locations on the molecule because the disulfide

group coordinated to the gold surface is nearly opposite to the sulfur atoms

coordinated to the copper center; thus, sulfur signals from the protein can be

monitored at the surface and in the upper layer of the surface simultaneously.

Combined with other methods, such as atomic force microscopy, surface

plasmon resonance (SPR),42 and scanning electron microscopy (SEM) or

scanning tunneling microscopy (STM),41,43,40 additional information regard-

ing a protein layer can be obtained. X-ray photoelectron spectroscopy and

atomic force microscopy (AFM) used together provide information about the

degree of coverage of the adsorbed protein, the thickness of the layer, and the

conformation of the protein.44,33,35,37 A comparison study of protein adsorp-

tion on hydrophobic and hydrophilic functionalized surfaces on both smooth

and rough substrata using XPS and AFM demonstrated that the adsorbed

amount is dependent on the surface chemistry, but the supramolecular organ-

ization of the layer is dependent on the surface chemistry and the topography of

the underlying substratum.45

4. SIMULATION AND MODELING OF PROTEIN

ADSORPTION

CFDRC, of Huntsville, AL, has developed a fluidics-resolved model that

evaluates protein adsorption, accounting for both the fluidic transport and the

biochemical kinetics in complex microfluidic systems.46 Traditionally, two dif-

ferent methods have been used to extract kinetics from adsorption data. The

simplest approach involves neglecting nonideal (convective–diffusive) effects by

assuming well-mixed protein in contact with an idealized surface. Coupled with

pseudo-second order kinetics, this approach leads to the classical analytical

expression for the Langmuir adsorption isotherm,47 which is regression fitted

to experimental data to calculate the kinetic constants. However, this method

can lead to large errors in situations in which transport is the rate-limiting

step. In an incrementally better approach (favored by many), the convective-

diffusive transport of the protein to the surface under fully developed

laminar flow conditions, coupled with surface adsorption, is described using a
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lumped-parameter (so-called two compartment) model. Although better than

the well-mixed approach, this method still introduces several drawbacks. The

most significant of these are: (a) introduction of an additional fitting parameter

km (transport coefficient), which can introduce errors in the extracted values and

(b) nonapplicability to flow situations other than fully developed (idealized

situations). In summary, neither method yields the true or intrinsic kinetics but

rather a value that is influenced partly by the conditions of the experiment.

In contrast, using a Computational Fluid Dynamics (CFD) model to

analyze the protein/surface interactions provides a convenient methodology

for simultaneously characterizing and studying convective–diffusive transport

and adsorption kinetics within a single framework. The model explicitly

considers fluidic (convective–diffusive) transport of protein to the surface

coupled with a model of protein adsorption on a substrate (Fig. 4). It con-

siders a monolayer formed by a reversible adsorption process that yields a

Langmuir-type adsorption isotherm. The salient features of this approach are

the following:

(a) This is capable of ab initio accounting for convection, diffusion,

and electromigration of multiple protein species toward a bio-

material surface in any arbitrary three-dimensional volume.

(b) This accounts for finite-rate binding kinetics, with the reversible

adsorption process modeled as a second-order reaction and the

desorption process modeled as a first-order reaction.

(c) This allows for simulation of localized variations in surface

composition through variations in the density of binding sites

and/or variations in the binding rate constants at different loca-

tions along the surface.

Figure 4. The convective/diffusive transport and adsorption model employed in the CFD-

ACEþ simulation tool.
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5. COMBINATION OF EXPERIMENT AND

SIMULATION TO PREDICT PROTEIN

ADSORPTION

Unfortunately, mass balance analysis alone does not provide much infor-

mation about the spatial distribution of adsorbed protein in microfluidic

devices. If the microchannel is uniform along its length, it is a reasonable

assumption that protein adsorption is not preferentially occurring at any

particular area, but if the channel has bends, constrictions, or other features,

then it is entirely possible that preferential adsorption could occur. It may

also, depending on the application, be important to allow for the variation in

protein concentration and hence adsorption along the channel. The surface of

the microchannel close to the channel inlet will be exposed, at early times of

the experiment at least, to higher protein concentrations than the end of the

channel. In this case, computer simulations and finite element analysis may

allow the adsorption process to be modeled, based on parameters extracted

from a best fit to the available adsorption data.46

To compare the simulation results to an experimental system, a method to

map proteins in a microfluidic channel was adapted from a standard Ag assay

technique in combination with XPS. To start, using a modification of a kinetic

silver staining technique utilized in microtiter plate wells48 that reduce silver

nitrate to metallic silver in the presence of a protein, a procedure was devel-

oped to quantitate proteins adsorbed to self-assembled monolayers (SAMs)

on the nanogram scale. The amount of protein adsorbed to the surface can be

correlated to the time the silver development reaction takes by monitoring the

optical density. The shorter the lag time of the reaction, the more protein is

present on the surface. Figure 5 shows data for coverslips coated with the

silane N-1[3-(trimethoxysilyl)propyl]diethylenetriamine (DETA) that were

soaked in various concentrations (ng/mL) of bovine serum albumin (BSA)

and stained with a modified silver staining solution. The solution used was

silver nitrate 0.5%, ammonium nitrate 0.5%, tungstosilicic acid 0.5%, formal-

dehyde 0.75%, and a sodium carbonate/bicarbonate solution adjusted to a pH

of 10.4.

These data show that for concentrations of 25–400 ng/mL of protein,

there is a good correlation of the lag time to the amount of adsorbed protein.

Combined with XPS, silver staining of proteins can give an enhanced signal

and another method for quantitation of the protein. The silver XPS signal is

approximately 13 times more sensitive than nitrogen and about 20 times more

sensitive than carbon—the elements most commonly used for protein detec-

tion in XPS. A representative silver enhanced protein XPS spectrum can be

seen in Fig. 6 for quantification of adsorbed proteins.
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5.1 Experimental Verification of Simulation Results

This silver staining technique, described previously, was implemented to

visualize the effect of flow through microfluidic channels coated with 1H, 1H,

2H, 2H tridecafluorotrichlorosilane (13F). This technique was able to show

that the silver assay could resolve spatial differences in protein deposition with

excellent resolution.
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Figure 5. Optical density measurements of kinetic silver staining lag time correlating BSA
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In this case, protein solution was passed through a 200 mm wide serpen-

tine channel etched into a silicon wafer that was clamped to a matching,

unetched silicon wafer (flat lid), and the flat lid exposed to the silver staining

solution after the protein flow experiment (Fig. 7). The inlet concentration of

protein was set to 300 ng/mL at a flow rate of 0.10 mL/h. The binding

behavior was then simulated using our model in the channel geometries

used in the experiments.

A comparison of the silver staining assay and the predicted protein

binding from the CFD-ACEþ simulation tool (Fig. 8) showed good qualita-

tive agreement. Specifically, we note the correspondence between the experi-

ment and simulation in the location of dead zones, where little protein is being

deposited, and in the overall shape of the deposited regions. Observing that

the darkness of the silver stain is related to the amount of protein deposited, the

modeling is seen to be in good semiquantitative agreement with experiments.

These images clearly show the presence of the protein, and further comparison

with the predictions obtained from finite element analysis provided by

CFDRC showed many of the same features.

6. CONCLUSION

There are many techniques that can be utilized to study protein adsorp-

tion in MEMS, and ultimately in NEMS devices, and some have been dem-

onstrated in this monograph. More importantly, it is the combination of

simulation tools with experiments that will prove to be the method needed

to design these systems. This combination will be especially important in the

future because at the moment only simple protein adsorption is being

Figure 7. Silver deposited on the surface of the flat wafer used to seal the microfluidic

system clearly shows that the protein has been successfully retained within the channels.

These are 200 mm features, indicating that the resolution allows it to be applied tomicrofluidic

systems.
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considered, but protein adsorption can be an extremely complex dynamic that

will need to be understood in order to create MEMS devices for in vivo

applications. For example, protein adsorption often displays cooperative

effects, called fouling in some circumstances, which refers to a behavior in

which protein adsorption occurs much more rapidly in the presence of already

adsorbed material.49,50 If fouling is present, preferential adsorption at a

particular feature can lead to rapid build-up of adsorbed material at this

point due to the self-reinforcing nature of the process. In extreme cases,

this may cause complete device failure. Thus, techniques that can resolve the

spatial distribution of adsorbed protein provide important information as

well and will need to be developed for many of the futuristic applications in

biomedical and biotechnological systems currently envisioned.
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Chapter 14

PROGRAMS OF THE EUROPEAN COMMISSION

ON ORGANIC MATERIALS FOR THE

ELECTRONICS INDUSTRY

Dr Anne F. de Baas
European Commission, DG RTD G3, Office CDMA 0/170, Brussels, Belgium

1. INTRODUCTION

The European Commission (EC) develops and follows up on political

initiatives to realize a European Research Area. To do so, the Commission

issues Framework Programs for research and technological development.

There are two Directorates General (DG) each dealing with a subset of the

research areas: DG Research and DG Information Society Technologies

(INFSO).

The DG Research deals a.o. with the thematic areas: nanotechnology,

materials, and production (NMP), which aims to promote industrial break-

throughs, based on scientific and technical excellence. The topic of organic

materials for the electronic industry falls within this NMP program. The DG

INFSO deals with information society technology (IST).

An overview of projects currently funded by the EC in the field of organic

materials for the electronics industry is given in Section 2. The content of future

calls for proposals (2005) in the area will also be discussed. Further details on these

programs, calls, and projects can be found on the EC’s Website www.cordis.lu.

2. ONGOING PROJECTS IN THE NMP PROGRAM

Three projects will be highlighted, of which the first, a network of excel-

lence, is the most relevant for organics electronics. Networks of excellence

have the goal to integrate the participants into an organization, which is more
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efficient than its parts. A lasting new organization is to be developed. This

organization will plan the research and give access to personnel, equipment,

and facilities. Execution of the research is partly on the EC budget, but it is

envisaged that the new organization will become self-sufficient. These net-

works should also integrate education and skills development with research

activities to increase European knowledge. In addition, it is expected that

breakthrough research activities should help to foster dialog with society and

generate enthusiasm for science. In this way, a better use of still-fragmented

distribution of resources will be made possible.

The other two projects mentioned are of another type called specific

targeted research projects (STREPs). This type of project does long-term,

advanced research and addresses specific parts of a technology or value chain.

2.1 Nanofun-Poly

The network of excellence Nanofun-Poly started in June 2004. The main

objective of Nanofun-Poly is to install the European Center for multifunctional

nanostructured polymers and polymer matrix nanocomposites (ECNP). This

new organization should strengthen the scientific, technological, and training

excellence in all the disciplines that contribute to the development of polymer-

based nanostructured polymers and nanocomposites. This objective will be

reached through a transdisciplinary partnership of 120 scientists combining

excellence in different scientific areas. Applications that will benefit from

Nanofun-Poly can be found in optoelectronics, telecommunications, pack-

aging, agriculture, building construction, automotive, and aerospace. Besides

integrating the excellence in scientific expertise, Nanofun-Poly will integrate

the considerable resources in advanced instrumentation available to its part-

nership. On the research side, the project will do road mapping, strategy

development, and plan research in the area. The vision is that the new organ-

ization will produce better research projects with even better results.

The network will allow continuous contact with large companies and SMEs

through the constitution of an Industrial Council with 28 members and training

activities.

The coordinator if this Network of Excellence is Italian Consortium for

Science and Technology of Materials (INSTM) and information on the other

29 partners can be found on the EC Website.

2.2 NAIMO

The STREP project NAIMO develops materials, processes manufacturing

capabilities to transform a plastic film substrate into a multifunctional com-

posite with designed electronic, optical, sensing, and magnetic capabilities by
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a series of solution-based additive manufacturing steps. This solution-based

manufacturing approach will enable control of structure on a nanometre

scale. The NAIMO builds on the important advances made by the partners

in the use of molecular materials including conjugated polymers for low-cost

large-area electronic and optical applications.

2.3 NaPa

The STREP project nanopatterning methods (NaPa) integrate new pat-

terning methods in order to arrive at low-cost scalable processes and tools.

They cover the needs of nanopatterning from CMOS back-end processes

through photonics to biotechnology. To achieve this, research in three tech-

nology strands is carried out: nl, nanoimprint lithography; soft lithography;

and self-assembly and MEMS-based nanopatterning.

3. COMING CALLS IN THE NMP PROGRAM

The NMP Program targets new, high knowledge-content materials, pro-

viding new functionalities and improved performance, which will be critical

drivers of innovation in technologies, devices, and systems. The reader is

invited to read the complete Work Program 2005 on Web: www.cordis.lu.

The two topics most relevant for ‘‘Proteins to Devices,’’ are mentioned in this

chapter. Both topics invite for the STREP-type of project. Other topics,

like material characterization and computational modeling could also involve

organic electronics. Further information can be found on the EC Website.

3.1 Materials by Design: Multifunctional Organic

Materials—STREP

The flexibility in the design and processing of organic solids (usually

polymers) allows them to meet the requirements of many technologically

significant applications. Multifunctional organic materials are used in dis-

plays, electronic circuits, solar cells, chemical sensors and actuators, lasers,

storage media, and electronic paper, as well as for insulation and packaging in

electronics.

The expected STREPs should aim at highly innovative long-term research

for the development of new multifunctional organic materials for electronics,

including modeling and experimentation, and considering their processing

and potential applications as well. The objective is to increase the capability
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of industry to have materials with characteristics needed for the intended

applications. Molecular and nanoelectronics are excluded.

3.2 Materials for Solid-State Ionics—STREP

Understanding ionic transport in solids, and in particular in nanostruc-

tured materials, is the key to many technological applications in wide tem-

perature ranges, for instance, in solid-state batteries, conducting membranes,

electrochemical gas sensors, and electroceramic devices.

The STREPs should focus on highly innovative multidisciplinary research

to develop electrodes and electrolytes providing improved electron transport

and reactivity, in particular for microbatteries in mobile microsystems.

Developments in the field of fuel cells are excluded.

4. ONGOING PROJECTS IN THE IST PROGRAM

Current projects on organics electronics in the IST program are all con-

cerned with the development of light-emitting diode OLEDs. Here seven

projects are shortly mentioned; further information can be found on the

EC Website.

4.1 FLEXled

The FLEXled project aims at demonstrating reliable flexible displays

for nomadic consumer electronics applications, based on a flexible emis-

sive technology: polymer light-emitting diodes (PLED). Passive matrix

displays (up to 4 in. 320� 240 pixel RGB color) on flexible substrates will

be made.

4.2 Photoled

The project develops novel photopatternable organic light-emitting diode

(p-OLED), RGB emitter materials, and associated fabrication processes as

the basis for making full color p-OLED-on-silicon displays. This unique p-

OLED technology is based on a photopatternable liquid crystalline polymer

blue emitter doped with red and/or green fluorescent dyes to generate the

RGB emission. The developed p-OLED materials will also provide the basis

for the development of a new display with a unique stereoscopic 3D effect.

The target for 2D p-OLED materials is 15 lm/W and the target for 3D p-

OLED materials is 7 lm/W (both measured for green emission).
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4.3 Contact

Contact addresses the production of organic electronic arrays: transistors,

solar cells, sensors, and light-emitting diodes. These develop a process for the

fabrication through gravure printing of the various components of liquid

crystal displays (LCD). The project formulates suitable materials and sub-

strates and modifies test printers. The process should provide a significant

enhancement of thin-film electronics in terms of cost and throughput. Two

test displays will be realized: namely an optical triple-cell LCD and an all-

plastic LCD.

4.4 FlexiDis

This project ‘‘Flexible Displays,’’ or FlexiDis, has the realization of flex-

ible active-matrix displays as its primary goal. This will include the materials

and processing technology, physical studies of the mechanical properties, and

materials behavior of multilayer structures during processing, under flexing,

and during service life, and novel fabrication tools and substrate handling

procedures to make and introduce reliable, flexible, active-matrix displays to

the market. The demonstrator vehicles will work with two different display

technologies: full-color organic light-emitting displays (OLED) on bendable

metal and/or plastic foils with inorganic thin-film driving transistors and

monochrome electrophoretic (EP) displays on rollable plastic substrates

with organic thin-film driving transistors.

4.5 Improve

The aim of this project is to improve lightweight near-to-the-eye displays

and tiled stereoscopic large size displays. The improvements on the hardware

level consist in developing a unique stereoscopic head mounted display

(HMD) using emerging display technology such as LCOS and OLEDs. For

tiled stereoscopic large screen displays, improved calibration techniques will

be developed to ease and accelerate their use. On the software level, improve-

ments comprise the fidelity of the content to be displayed (rendering quality),

the interfacing between the user and the displays through innovative 2D/3D

interaction techniques for mixed realities, and advanced tracking systems. The

achievements of IMPROVE are integrated into a collaborative mixed-reality

product development environment, showcased and evaluated in two applica-

tion scenarios: collaborative product design in the car industry and architec-

tural design.
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4.6 Rolled

The projects’ goal is the development of a cost-effective, volume-scale,

roll-to-roll manufacturing technology for the realization of flexible OLED

devices with arbitrary size and shape pixels and displays on the Web. To reach

the cost level of OLEDs required for packaging and printing, the production

of the devices must be transferred to the low-cost roll-to-roll processes inte-

grated in the conventional printing and packaging processes used in industry.

This requires selection and modification of suitable materials, effective

patterning technologies, development of the manufacturing processes, and

improved encapsulation technologies.

4.7 Shift

The objective of the project is the development of smart, highly integrated,

mechanically flexible electronic systems for a wide variety of applications.

‘‘Smart’’ means that the flexible multilayer laminate has embedded compon-

ents, and that the different flex layers in the multilayer structure can have

different functions, meaning that it might be necessary to combine layers of

different base material in the laminate. Compactness of the resulting circuit will

be boosted in two ways: by using the third dimension for electronic component

integration (not only on front and back side, but potentially on every conduct-

ive layer) and by drastically increasing the wiring density through the intro-

duction of new flex manufacturing and lamination techniques.

5. COMING CALLS IN THE IST PROGRAM

The IST Program wants to stimulate research and development of infor-

mation communication technologies, so as to master the technologies that will

drive future innovation and growth. From the Work Program 2005, four topics

relevant for organic electronics are selected and discussed in later sections. For

the full Work Program text the reader is referred to the EC Website.

5.1 Nanoelectronics

The technical goals are to reduce the transistor size, deep into the nanos-

cale, to radically transform the process technologies through the integration

of a large number of new materials and to master the design technologies for

achieving competitive systems-on-chip and systems-in-package with increas-

ing functionality, performance, and complexity.
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5.2 Technologies and Devices for Micro/Nanoscale

Integration

To push the limits of integrated micro- or nanosystems through research

on a family of mixed technologies (combining for instance micronanotechnol-

ogy, ICT, andbiotechnology) and integration technologies for very highdensity

or for integrating micro- or nanodevices in various materials and into large

surfaces.Validationanddemonstrationofmaturing silicon-basedandpolymer-

based technologies, manufacturing, and design issues are also targeted.

5.3 Photonic Components

To develop advanced materials, solid-state sources and micro- and nanos-

cale photonic devices, and to integrate photonic functions in micro-/nanoelec-

tronics components (‘‘photonic system on a chip’’), biophotonic functional

components and subassemblies are explicitly mentioned, and the call invites

for Integrated Projects in this area.

5.4 Micro/Nano-Based Subsystems

To validate integrated micro-/nanosystems technology for new products

and services in key application fields such as miniaturized autonomous robotic

systems, mass storage systems, and visualization systems. Micro-/nano-based

integrated medical systems are also targeted to explore many opportunities

offered by combining bio-, nano-, and information-related technologies. Part

of this topic addresses very large area displays and highly integrated display

solutions. These tasks are to be addressed through IPs and STREPs.

6. CONCLUSION

The EC Programs offer many possibilities for advanced research in the

area of organic electronics. The reader is advised to consult the EC Website on

details of ongoing projects and future calls for proposals.

REFERENCES
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Abstract: Since the invention of the transistor in 1947 and the subsequent invention of

the integrated circuit, the feature density of microelectronic integrated cir-

cuits and devices has increased exponentially (Moore’s Law). In complemen-

tary metal-oxide semiconductor technology, the minimum feature size in

volume production has decreased from 2 mm in 1980 to 0.1 mm in 2002.

However, new fabrication strategies are required as conventional top-down

fabrication techniques continue to encounter many obstacles and challenges

associated with the approach of their fundamental size limits. Interest has

therefore focused on molecular scale materials, including biomolecules, to

provide the building blocks for next generation functional nanoscale devices.

Since nature is an obvious archive of nanofabrication and self-assembly

solutions, the opportunity exists to exploit bioinspired and biohybrid solu-

tions to fabrication of nanodevices. This approach has the potential to enable

the formation of complex component architectures and offers a number of

advantages for fabrication of future nanoscale devices, such as, spatial

control at the nanometre length-scale, parallel self-assembly mechanisms

and the tendency towards self-correction and defect minimisation. Examples

based on templated assembly of nanoparticles using DNA, bacterial

S-Layers and other peptides, provide convincing evidence of the feasibility

of nanoscale fabrication based on biomimetics. Therefore, as the industry

considers its future beyond the perceived limits of Moore’s Law, new bioin-

spired processes and biohybrid devices are envisaged, based on unconven-

tional ‘‘bottom-up’’ self-assembly routes, which, while compatible with

silicon processing techniques, provide alternatives to replace or augment

high resolution lithography based methods.

Key words: bionanotechnology, self-assembly, Moore’s Law, nanodevices, nanofabrica-

tion, biodiversity
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1. INTRODUCTION

The transition from microfabrication to nanofabrication has presented

many new challenges to industry, as Moore’s law reaches the physical limits of

‘‘top–down’’ fabrication tools. In order to continue to reduce feature sizes,

nanofabrication needs to incorporate radically different approaches based on

‘‘bottom-up’’ assembly approaches. While there are numerous examples of

‘‘self-assembly’’ in chemistry, it is clear that many challenges remain to be

resolved to enable self-assembly methods to be incorporated in routine nano-

device fabrication. There is now a growing realization that many of these

challenges have been resolved in nature, and it is possible to use nature as a

model to find solutions for nanofabrication. In this context, biodiversity

provides a library of biomolecules that should be considered as an archive

of nanofabrication techniques.

The diversity of habitats within the marine environment alone ranges

from hydrothermal deep-sea vents with organisms operating at extremes of

temperature and pressure, to intertidal areas with dramatic changes of salinity

and sometimes prolonged shortages of oxygen, and finally to Antarctic re-

gions where some organisms complete their life cycle in extremes of cold. By

studying and understanding organisms living in these environments (known

as extremophiles) and comprehending the complex solutions they have

been applied to enable them to survive and thrive in their challenging

environments, innovative solutions to existing nanofabrication challenges

can be anticipated. In addition, novel solutions and novel nanodevices can

be expected through isolation and exploitation of functional proteins from

these organisms. This chapter discusses the potential for innovative bioinspired

solutions for fabrication of three-dimensional (3D) structures.

2. CHALLENGES FOR BIOINSPIRED

SEMICONDUCTOR DEVICES

Silicon, a group IV semiconductor, is the dominant integrated circuit (IC)

technology and has led the growth of electronics into a world leading industry

today. Many years have passed since Gordon Moore penned his 1965 predic-

tion1 of continued exponential IC growth, with the number of IC transistors

doubling every year. Moore views the 1959 invention of the planar transistor

and planar wafer fabrication by Jean Horni as the origin of this law. Many

generations of engineering development have abided by this law, shrinking the

process geometries and continuing integration growth exponentially. How-
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ever, as IC device dimensions approach the nanometer (atomic scale), it is

clear that the fundamental limits of physics will, ultimately, limit Moore’s law.

Foreseeing these ‘‘limits’’, the semiconductor industry is working on

leading edge technologies2 to go beyond these limits and embrace the new

challenges, as it has done for many years. An alternative perspective is to say

that Moore’s law is about human ingenuity and inventiveness, a core engin-

eering skill set across many engineering disciplines. The industry has been

challenged to abide by ‘‘Moore’s Law’’ and has succeeded in overcoming the

challenges of many generations. As the industry now struggles with new

integration challenges/boundaries, a paradigm shift seems to be required in

the medium term. If the rewards are worthwhile, history tells us that a

solution, a path of progress will be found to meet the goal of continued

growth. The semiconductor industry has remained substartially unchallenged

by competitive technology in pursuit of systems to complete tasks in a desired,

controlled manner. Will the solid-state-circuits industry live long after its

50-year window, where many other industries have not? In this regard, the

potential to learn new nanofabrication approaches from nature is clear and

remains as a potential goldmine awaiting exploitation.

Jean Horni’s invention of the now institutionalized silicon planar wafer

fabrication process was a breakthrough, which has been used to great

effect for over 30 years to integrate circuits in both lateral dimensions, with

ongoing wafer fabrication development enabling higher levels of integration,

and the industry is content with success, foregoing the third dimension. More

recent developments have expanded the capability of integration by increased

number of metalization layers to ease the communication bottlenecks.

Stacking of die and other lateral passive devices are also used to successfully

increase the level of integration, using this third dimension somewhat. Pro-

gress on the third dimension is much slower than on the planar dimensions,

and the relative sloth is attributable to the fact that all such development

efforts are constrained by a requirement for compatibility with further devel-

opment of the core planar wafer fabrication process. MOS gate leakage is a

well understood technology limit 1,2 with leakage increasing approx 2.5 times

per nm gate dielectric thickness reduction. In terms of network design and

interconnect, integration of circuits lingers behind the biological world where

all three dimensions are used without prejudice, allowing a much superior

communications network. Increased usage of the third dimension appears to

be an area where ICs have a lot of potential for further development.

2.1 Geometry Shrinking Limits

At the end of 2004, leading edge research was at the 5 nm scale. In this

sub-20 nm scale, atomic level statistical fluctuations are not completely
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understood as quantum effects come into play and the conventional electron

and hole conduction model loses validity. Both quasi-ballistic operation and

enhanced velocity saturation are required at the 20 nm technology node. A lot

remains to be understood at a device level, and this understanding will be

required before circuitry is built with these devices. To this end, research is

actively underway with field-effect transistors (FinFETs) at this geometry.

This compares with the diameter of a deoxyribonucleic acid (DNA) structure

at 0.5–2.0 nm and spacing between silicon atoms in the crystal lattice of tenths

of a nanometer. Lithography is a critical part of the wafer fabrication process,

defining the features in the planar dimensions. Research is ongoing, and the

application of deep ultraviolet (DUV) for defining features <10 nm is dem-

onstrated and remains a prospect in this range. In this respect, future devices

are likely to combine both bottom-up (e.g., self-assembly) and top–down (e.g.,

lithographic techniques).

2.2 Self-Assembly

What lesson, if any, can we learn from nature that builds organisms, with

devices of much higher complexity and tissues that can self-heal, even after

significant injuries? The IC world uses software and hardware encoded (cir-

cuitry) procedures to control the function(s) to yield the desired response. The

biological world takes a different and very successful approach using ‘‘self-

assembly.’’ The core cells are the building blocks of the system, which work

together in their respective functions to deliver a final system. Biological

systems have the well-proven capability to replace cells when required and

cater for discrepancies in the system. Integrated circuits use a self-control

version of this concept in a number of ways:

. Built in self-test (BIST)

. Self-calibration, in a variety of forms

. Control loop behavior–self-correcting nonidealities

. Usage of built-in redundancy in hardware and signal protocols

The latter are all very specific, controlled, and very contained solutions to

very specific requirements that do not match the complexity of capabilities in

the natural world. We are, as yet, many steps away from truly understanding

the complexity of a biological system. The even greater challenge will be

integration of bioinspired nanofabrication techniques and development of

biohybrid technologies compatible with IC design, a very different technology.

‘‘Self-assembly’’ remains a goal on the horizon of the integrated circuits

industry. Self-healing, as nature does, is not even under consideration, being

far beyond where the industry currently stands. An analogous practice in

electronics is the use of redundancy such that faults/errors, e.g., in a large
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DRAM, can be detected, and the relevant unit(s) substituted with new unit(s)

in a manner invisible to the user. This is, notably, a practice not prevalent in

nature.

2.3 Backward Compatibility

The Semiconductor industry2 focuses on a number of integration paths,

all of which are compatible with current IC manufacturing processes. New

technological developments need to be compatible with and/or capable of

interfacing Metal Oxide Semiconductor (MOS) technology in order to avoid

direct competition with the significant power of the semiconductor industry.

This may be a great challenge for bioengineered solutions designed to be

integrated with electronic systems.

3. INTEGRATION OF PROTEINS IN

NANODEVICES

Surface functionalization facilitates the interface between nanomaterials

and biomolecules. When considering such an interface three criteria need to

be considered:

. Nonspecific binding of biomolecules to nanomaterials

. Inhibition of nonspecific biomolecule interaction to nanomaterials

. Control of specific selective binding of biomolecules to nanoma-

terials

Proteins consist of long chains of amino acids known as polypeptides which

differ in chain length, amino acid sequence, and consequently their folded

shapes. Although proteins are produced as long chains of amino acids, the

strands fold to give secondary structures that comprise four primary elements;

a-helices, b-pleated sheets, turns, and loops. A third structure level is also

possible and is referred to as the tertiary structure. This occurs when secondary

structures wrap or twist in formation, and they are held together by a combin-

ation of forces, such as hydrophobicity, weak van der Waals forces, electro-

static interactions, hydrogen bonding, and also by through bonds such as

disulphide bridges. Quaternary structures are associated with chemically sep-

arate protein chains that bind with one another, and they are held in place by

the same forces as described for the tertiary structure. The process by which

these final two structures of proteins are broken down is known as denaturing.

There are a number of ways by which biomolecules can be immobilized to

nanomaterials.
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Passive Adsorption is perhaps the simplest way in which biomolecules are

allowed to contact with an activated solid support for a given time and under

specific conditions, during which the biological agents adsorb onto the surface

of the nanomaterial. Physisorption of the biomolecule occurs from electro-

static interaction, hydrogen bonding, hydrophobic interactions, and/or a

combination of these.

Cross-linking is perhaps one of the best-known methods of immobilizing

enzymes. Commonly used cross-linking bifunctional agents for this applica-

tion are glutaraldehyde and hexamethylene. The linker attaches itself to the

amino groups of the enzyme and also to the solid support. A stable polymer is

formed when these bifunctional reagents bound several enzymes together and

produce a thin film on the solid support. The major problem associated with

this method is the decrease in activity of the enzyme, while the advantage is

increased enzyme loading due to the spatial arrangement of product. Swelling

of the bulky layer formed can also be a problem, as large analytes may not

diffuse through.

Covalent bonding involves direct covalent attachment of the biomolecule

to the surface of the nanomaterial. While similar to the above-mentioned

cross-linking method, it differs in that it creates a monolayer of protein on

the surface as opposed to a random orientation of protein. The most com-

monly used chemical for covalently attaching antibodies to the surface of

transducers is 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC). The

advantage that this system offers is that the layer formed is very thin and,

therefore, the diffusivity is excellent.

Physical Entrapment is a method in which the biomolecules are trapped in

a gel or a polymer. They are still close enough to the surface to enable signal

detection, and there is no chemical change to the immobilized species. The

principle involves trapping the biomolecules in a lattice that allows smaller

molecules, such as the substrate, to diffuse through and interact with them.

However, the larger the antigen the less likely that this immobilization method

will work as the antigen may have difficulty diffusing through the lattice.

Examples of commonly used gels or polymers for physical entrapment are

nylon, starch, and polyacrylamide.

4. BIOHYBRID AND BIOINSPIRED

NANODEVICES

Many proteins have distinct conformations that make them excellent

candidates for a bottom-up strategy of synthesizing nanoscale materials

with defined structures. Many successful demonstrations of this concept
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exist in the literature. A notable example was the construction of a mesh with

nanopores using a tetrameric aldolase protein linked to streptavidin hubs.

Biotin, a ligand that binds streptavidin nearly irreversibly, was conjugated to

the aldolase using a helical spacer. Ringler and Schulz3 were able to control

the size of the pores by varying the length of this spacer. Sone and Stupp4 were

able to template the growth of CdS fibers using peptide-amphiphile molecules.

A classic example by Sleytr and coworkers5 demonstrates the synthesis of

superlattice structures using S-layer bacterial wall proteins.

4.1 Bacterial Surface Layers (S-Layers) as Biomolecular

Templates

Crystalline bacterial cell surface layers (S-layers) possess pores identical in

size, morphology, and functional groups in well-defined lattice positions and

can recrystallize and self-assemble into SAMs in suspension or on solid

surfaces. S-layers are generally 5–10 nm thick with unit cell dimensions in

the range 3–30 nm with pore dimensions 2–8 nm diameter, depending on the

strain,5 see Fig. 1. The periodicity of the pores has enabled S-layers to be used

as molecular lithography nanomasks and biomolecular assembly templates.

Metalized S-layer composites are successfully employed as shadow masks for

selective nanoscale etching of Si, GaAs, glass, metal, and graphite sub-

strates,6–10 for example, fabrication of an array of holes in silicon as a

Figure 1. Contact mode AFM image of 6-mm wide S-layer protein tracks patterned and

recrystallized on a silicon wafer (Z-range 50 nm). Inset shows the square lattice symmetry of

the SbpA S-layer protein (Z-range 1.2 nm). Images acquired under 100 mM NaCl.5 �
American Chemical Society.
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template for growth of 10 nm hexagonal magnetic dots has been demon-

strated11. Synthesis of 5 nm CdS nanoparticle arrays nucleated in S-layer

pores are reported12. S-layers are used as biomolecular templates for fabrica-

tion of metal nanocluster arrays, site-specific organization of gold nanoparti-

cles, and molecular arrays of streptavidin (as a potential route to fabrication

of quantum dot arrays).13–17 Thus, the wide range of possible S-layer con-

formation allows for many possible superlattice structures.

Templated self-assembly based on the molecular recognition properties of

biological molecules provides a facile route for fabrication of nanoscale com-

ponents and component architectures. In such a bottom-to-top approach, the

assembly information is programmed or encoded into the components, which

then self-assemble according to that information. In addition, many well-devel-

oped techniques now exist for synthesis, manipulation, and structural tailoring

of a broad range of biological molecules. To this end, research has focused on

application of biological scaffolds for templated self-assembly of functional

nanostructures. Some of the recent highlights in this area are as follows.

4.1.1 Nanofabrication templated by individual strands of DNA

This is used to template the assembly of 1D gold nanoparticle arrays with

close packed structures. Here, coulombic interactions between cationic ligand-

stabilized gold nanoparticles and anionic DNA were employed to drive the site

selective localization and self-assembly of the nanoparticles at the DNA sur-

face.18 Parallel 1D and crossed 2D platinum nanowire arrays were also fabri-

cated by first using molecular combed DNA to direct the assembly of positive

metal ions at the DNA surface, followed by chemical reduction of the cations

to yield 30 nm diameter nanowires.19 Electrostatic binding of ligand stabilized

nanoparticles to a DNA backbone to form extended linear chain-like struc-

tures, ribbon-like structures composed of parallel nanoparticle chains, and

branched structures was demonstrated.20 DNA templated fabrication of

well-defined networks of oligonucleotide duplexes was also reported. Chem-

ically modified DNA component tiles, comprising 4 � 4 DNA strands, were

successfully self-assembled into two lattice structures, nanoribbons and nano-

grids, which were then employed to template the assembly of protein arrays,

and highly conductive silver nanowires were demonstrated (see Fig. 2).21

Braun and coworkers have recently demonstrated sequence specific mo-

lecular lithography on individual DNA molecules.22 In this bottom-up ap-

proach, RecA proteins were polymerized onto single stranded probe DNA

molecules forming nucleoprotein filaments. These filaments were then mixed

with double stranded DNA substrate molecules leading to nucleoprotein–

substrate binding at sequence specific homologous probe-substrate locations.

Such homologously combined nucleoprotein filaments were employed as site
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selective resists by, e.g., preventing metalization of the DNA substrate mol-

ecules in the protected areas. The position and size of the insulating gap on the

DNA nanowires could be tailored by altering the probes sequence.

In an extension of this method, the Braun group have fabricated carbon

nanotube field-effect transistors using streptavidin-functionalized semicon-

ducting single wall carbon nanotubes selectively localized at biotin modified

nucleoprotein filaments bound at DNA substrate molecules.23 Following

localization of the nanotube, the remaining ends of the DNA molecules

were metalized to form extended conductive wires that electrically contacted

the carbon nanotubes (see Fig. 3). Electrical characterization of a number of

devices assembled in this manner indicated that approximately one-third of

the devices demonstrated FET behavior with partial or full gating.

4.1.2 Viruses as templates for growth and self-assembly of inorganic

materials

The structural and recognition properties of a number of virus capsids,

including M13 bacteriophage, tobacco mosaic virus (TMV), cowpea chlorotic

mottle virus (CCMV), and cowpea mosaic virus (CPMV), have been exploited to

nucleate the growth and self-assembly of many different inorganic materials.24

A critical factor in developing a virus directed self-assembly template is

identification of appropriate compatible biological-inorganic material sys-

tems. To this end, peptide combinatorial libraries may be employed to identify

 500 x 500 nm 150 x 150 nm

19.3 nm
(A) (B)

(C) (D)

Figure 2. Self-assembly of 2D nanogrids with corrugated design. (A) Schematic of the 4 � 4

DNA strand component tile. (B) Schematic of the self-assembled 2D nanogrids. (C) AFM

image of self-assembled 2D lattices (nanogrids) displaying a square aspect ratio. (D) Surface

plot of a magnified region from (C).21 � American Association for Advancement of

Science.
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viral peptide sites with specific interactions to inorganic target materials.

Using this approach, Belcher and coworkers25,26 have isolated, cloned, and

amplified peptide sequences from the M13 bacteriophage virus with binding

specificity to ZnS and CdS crystal surfaces, respectively, and demonstrated

directed self-assembly of quantum dots with controlled nanoparticle size and

crystal structures for both.

By genetically modifying an M13 virus to display the selected peptides in

the helical major protein coat, pVIII, ZnS hybrid viral-semiconductor

quantum dot nanowires are successfully fabricated.27 The technique is extended

to the templated self-assembly of CoPt and FePt magnetic nanowires.28 Mann

and coworkers29 have used TMV templates for controlled deposition and

organization of Pt, Au, and Ag nanoparticles (see Fig. 4). Cage architectures

based on CCMV were also employed in the controlled synthesis of 5 nm

diameter ferrimagnetic iron oxide maghemite nanoparticles.30,31

4.1.3 Protein templated self-assembly

Microtubule components of the cytoskeletons of eukaryotic cells are

protein filaments with outer diameters of 25 nm and lengths of several mi-

crometers. Due to their large geometrical aspect ratios, they are well suited to

be used as biomolecular templates for assembly of magnetic and electrically

conductive nanowires. Three-dimensional metalization of microtubules is

demonstrated using electroless plating of nickel initiated by palladium cata-

(A) (B)(i) RecA polymerization

(ii) Homologous recombinaion

(iii) Localization of a SWNT using antibodies

(iv) RecA protects against silver reduction

(v) Gold metallization

ssDNA
+

RecA

dsDNA

biotin
antimouse

anti
RecA

streptavaidin-
SWNT

Ag

AgNO3

KAuCI4+
KSCN+HQ

SWNT Au

(i)

(ii)

Figure 3. (A) Schematic detailing self-assembly of DNA templated carbon nanotube FETs.

(B) Scanning electron micrograph of DNA templated carbon nanotube FETs comprising

(i) an individual nanotube and (ii) a rope of nanotubes. Scale bars, 100 nm.23 � American

Association for Advancement of Science.
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lysts adsorbed at the microtubules surface.32 Lindquist et al.33 have demon-

strated fabrication of conducting nanowires using self-assembled amyloid

fiber templates. Genetically modified protein fibers (from Saccharomyces

cerevisiae) that presented reactive, surface-accessible cysteine residues are

used to covalently link to colloidal gold particles. Additional metal, deposited

by chemical enhancement of the colloidal gold, was deposited by reductive

deposition to form biotemplated metal wires that exhibited low resistance and

ohmic behavior when characterized (see Fig. 5).

Yu and coworkers34 have also reported synthesis of shape-controlled

silver nanoparticles using nanotube templates.34 A specific peptide sequence,

AG4 (identified using peptide combinatorial libraries), with binding specifi-

city for Ag nanocrystals was isolated, sequenced, and incorporated onto

template nanotube surfaces. Biomineralization of Ag ions, using these tem-

plates, enabled the isotropic growth of hexagonal shaped Ag nanocrystals.

Magnetotactic bacteria (MTB) orient and migrate along the geomagnetic

field towards favorable habitats, a behavior known as magnetotaxis. Since the

first report of MTB by Blakemore,35 subsequent studies have shown that

MTB are a morphologically diverse and cosmopolitan group of aquatic

microorganisms inhabiting freshwater and marine environments ranging

from aerobic to anoxic.36,37 Blakemore noticed that some of the bacteria

observed under a microscope always moved to the same side of the slide.

On holding a magnet near the slide, the bacteria would move towards the

north end of the magnet. These bacteria are able to do this because they make

tiny, iron-containing, magnetic particles. The bacteria arrange these tiny

magnets in a line to make one long magnet, and they use this magnet as a

compass to align themselves to the earth’s geomagnetic field. Based on this

property, an opportunity exists using genetic recombination to combine this

(A) (B)

Figure 4. Tunneling electron micrographs of gold nanoparticles in wire-like structures

formed on the surface of a TMV virus. (A) Low magnification image showing multiple

TMV rods. Scale bar, 100 nm. (B) Single TMV rod with dense coating of gold nanoparti-

cles. Scale bar, 50 nm. Inset shows the corresponding EDXA spectrum.29 � American

Chemical Society.
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magnetotactic characteristic with expression of specific proteins, to enable

magnetic field programmable deposition of specific proteins in nanodevices.

5. CONCLUSION

Faced with the current challenge of sustaining Moore’s Law in the semi-

conductor industry as ‘‘top–down’’ fabrication methods based on lithography

approach, the fundamental limits of physics, research on fabrication solutions

provided by nature is likely to lead to the development of bioinspired and

biohybrid nanodevices. The potential exists for the development of alternative

fabrication processes to lithography, capable of yielding 3D nanodevices

using a combination of biomolecules and bioinspired processes. While re-

search to date has demonstrated that functional biohybrid nanodevices can

be fabricated using bioinspired ‘‘bottom-up’’ approaches, a vast array of

useful biomolecules and bioprocesses await discovery.

Despite the ever-increasing understanding of the functionality and inter-

action of different cell types within existing model organisms (i.e., including

humans), the complexity of many advanced organisms together with their

specific environmental requirements can be limiting. Therefore, more primi-

tive organisms with a greater diversity of environmental tolerances would

provide more opportunities for identification and exploitation of proteins

useful for novel nanodevices. The diversity envisaged is especially evident in

organisms known as ‘‘extremophiles’’ that can survive and even thrive in what

are generally considered as harsh environmental conditions. Exploring these

organisms in detail, therefore, may yield proteins with unique properties

exploitable for innovative nanodevices.
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Figure 5. (A) Gold-coated protein fibers bridging the gap between two electrodes. (B)

Corresponding IV curve, demonstrating ohmic conductivity with low resistance.33 � Na-

tional Academy of Sciences.
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