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Resumen

Desde la revolucién industrial a mediados del siglo XVIII hasta en la actualidad, los
avances tecnoldgicos han logrado increibles progresos en todas las ramas de la ciencia.
Todo ello fundamentado en los avances de la ciencia bdsica que sirve de apoyo y punto de
partida para el desarrollo de novedosas aplicaciones. Este desarrollo tecnolégico ha
permitido el estudio y la busqueda de nuevos materiales con propiedades dpticas,
magnéticas y/o electrdnicas especificas y mejoradas. La demanda de nuevos materiales con
nuevas funcionalidades o funcionalidades mejoradas y cada vez mas sofisticadas ha llevado
al desarrollo y disefio de nuevos compuestos organicos e inorgdnicos que a pesar de tener
buena propiedades funcionales muchas veces son contaminantes e incluso téxicos. La
naturaleza a lo largo del proceso evolutivo ha conseguido resolver infinidad de problemas.
Por un lado, optimizando al maximo ciertos procesos biolégicos, como podria ser la catdlisis
de reacciones quimicas. Por otro lado, desarrollando algunos procesos nuevos, como por
ejemplo la sintesis de nuevos materiales con propiedades fisico-quimicas especificas, como
puede ser la proteina de la seda que posee propiedades mecanicas como resistencia y

elasticidad excelentes.

Uno de los grandes hitos tecnoldgicos en el campo de la nanociencia ha sido el
desarrollo de la bionanotecnologia, una rama de la tecnologia que aprovecha el
conocimiento de la biologia molecular para construir maquinas moleculares, materiales y
estructuras complejas con alto valor afiadido. Una de las aproximaciones implementadas
actualmente en el desarrollo de estas tecnologias es el “bottom-up” que utiliza las
propiedades de auto-ensamblaje de las biomoléculas para la fabricacidon de estructuras
supramoleculares y materiales con aplicaciones en una gran variedad de campos, desde la
nano-electrénica hasta la biomedicina. Consecuentemente, esta aproximacion requiere de
un conocimiento preciso y extenso, asi como del control, de las propiedades fisico-quimicas
que gobiernan las interacciones entre biomoléculas y que en ultima instancia dirigen el

ensamblaje.



Resumen

En este sentido, las proteinas de repeticién pueden desempefiar un papel importante ya
que su estructura modular y jerarquica permite el disefio y control apropiado para la
formacidn de estructuras supramoleculares y materiales funcionales aplicando estrategias
“bottom-up”. Concretamente, las proteinas de repeticion a partir de una secuencia
consenso de la familia de repeticiones “tetratricopeptide repeat” (CTPR) han sido
empleadas ampliamente como herramienta nanotecnolédgica. Estas proteinas se
caracterizan por estar formadas por un motivo estructural hélice-giro-hélice compuesto por
34 amino acidos de los cuales 8 amino acidos estdn altamente conservados en la secuencia.
La combinacion en tandem de este motivo estructural da lugar a una superhélice
dextrégira, necesitando 8 repeticiones de este motivo estructural para completar un giro
de la superhélice. En esta tesis, las proteinas CTPR toman el papel central habiendo sido
usadas para el disefio y desarrollo de estructuras y materiales funcionales con aplicaciones

en energia y en dptica.

Esta tesis estad divida en cuatro capitulos. El primer capitulo introduce al mundo de las
proteinas haciendo hincapié en su estructura y funcionalidades. También, se describe el
estado actual del campo de los materiales funcionales y estructuras supramoleculares, en
el contexto de la tematica de la tesis. Por ultimo, se introduce y se explica detalladamente
la estructura, origen, funcidn y aplicaciones de las proteinas de repeticion, para finalmente,

centrarnos en las proteinas CTPR como principales protagonistas de la tesis.

En el capitulo 2, titulado “Self-assembly of repeat proteins: Concepts and design of new
interfaces”, se describe el estado actual, a nivel fundamental, en el disefio de nuevas
interfaces para la interaccion entre proteinas para generar estructuras supramoleculares.
Especificamente se desarrolld una nueva aproximacién experimental para formar estas
estructuras supramoleculares a través del auto-ensamblaje “bottom-up” usando proteinas
de repeticién, CTPR. Las proteinas CTPR contienen multiples copias de repeticidén idénticas

gue interactlan a través de la interfaz entre repeticiones para formar una superhélice.
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Resumen

Considerando la geometria y simetria de estas proteinas, e introduciendo nuevos puntos de
interaccion a lo largo de la superhélice a través de ingenieria genética, se logré la expresion
de una nueva proteina CTPR con una nueva interfaz. Esta nueva interfaz promueve y
favorece la interaccién y ensamblaje entre dos proteinas, que finalmente, dan lugar a la
formacidn de una estructura tubular (Figura 1). En un modelo previo, en el que se disefié
una nueva interfaz con pares basados en amino acidos hidrofébicos, se observd la
formacidon de estructuras diméricas tubulares, aunque con el inconveniente de la
formacion de estructuras oligoméricas debido a la inespecificidad de las interacciones.
Partiendo de estos estudios, desarrollamos dos modelos para la formacién de nanotubos
basados en CTPRs, uno basado en interacciones electrostaticas, y otro en interacciones m-m.
Los modelos fueron evaluados computacionalmente para verificar que las estructuras
generadas son favorables en términos energéticos como para dar lugar
predominantemente a una estructura tubular estable. Las mutaciones se realizaron en las
posiciones 15 y 31 de cada repeticion, donde por simetria resultan ser zonas de contacto
entra las dos proteinas. En el primer modelo se realizaron mutaciones introduciendo His y
Asp, de manera que la dimerizacién ocurre entre los pares His-Asp a través de
interacciones electrostaticas. En el caso del segundo modelo se mutaron las mismas
posiciones a Tyr formando interacciones m-mt entre los pares Tyr-Tyr. Se aislaron los
ensamblajes y se caracterizd su estructura y estabilidad. Estos estudios aportan nuevo
conocimiento respecto al disefio de nuevas interfaces entre proteinas para el control del

ensamblaje y formacién de estructuras mas complejas.

Figura 1. Representacion del modelo estructural de un nanotubo formado por dos proteinas CTPR interactuando a través

de una nueva interfaz. En azul la proteina que forma el dimero con otra proteina homdloga coloreada en verde. Los puntos
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Resumen

de color rosa representan los puntos de contacto a través de la interaccion entra las cadenas laterales de los amino acidos

que conforman la nueva interfaz.

Los capitulos 3 y 4 estan dedicados a la fabricacién de peliculas proteicas basadas en
proteinas CTPR. En trabajos previos se demostrd que esta formacidon de peliculas es una
cualidad inherente a la estructura de las CTPRs. Estas proteinas pueden formar peliculas
ordenadas que se producen como consecuencia de interacciones intermoleculares “head-
to-tail” y “side-to-side”, y que proporcionan direccionalidad a las proteinas en el material.
En estos capitulos se dio un paso mas alld para generar peliculas funcionales basadas en

estas proteinas de repeticion con posible aplicacidon en éptica y en el campo de energética.

El desarrollo de nuevos materiales y dispositivos que sean activos y bio-compatibles
para su implementacién en mdultiples campos es una necesidad actual, incluyendo la
fabricacion de dispositivos con potencial para la implementacion en aplicaciones
biomédicas, y dispositivos que sean sostenibles para aplicaciones en bio-dptica y bio-

optoelectrdnica.

En el capitulo 3, titulado “Engineered protein-based functional nanopatterned materials
for bio-optical devices”, se describe una estrategia simple para usar proteinas en el
desarrollo de materiales funcionales basado en proteinas CTPR. Usando estas proteinas
como médulos simples para la fabricacion, se obtuvo un material dpticamente activo. La
estrategia de fabricacidon propuesta es la de generar peliculas proteicas finas y flexibles, a
través del auto-ensamblaje de la proteina y con una nano-estructura que es transferida a la
superficie de la proteina a través de un sello polimérico mediante una técnica conocida
como nanolitografia suave. Esta pelicula proteica nanoestructurada es facilmente
transferible a objetos 3D (planos o curvos) por adhesidn o por la generacidon del material
directamente en la superficie. Ademas, las peliculas proteicas flexibles y nanoestructuradas
son preparadas incorporando una fina capa polimérica como soporte, que permite una

manipulacion facil del material. Por ultimo, la modularidad de las CTPR nos permitio
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modificar la proteina seleccionada como andamio molecular, introduciendo una Cys Unica
en el C-terminal de la proteina, para conjugar una molécula fluorescente a la Cys y
desarrollar dispositivos laser. La organizacién de esta molécula en una pelicula proteica dio
lugar a la obtencion de Emisién Espontanea Amplificada (ASE, del inglés Amplified
Spontaneous Emission), un fendmeno foto-fisico que permite la emision de luz en un rango
estrecho de longitudes de onda. Ademas, la organizacién de esta molécula en una pelicula
con una nanoestructuracién especifica, permitido observar otro fendémeno foto-fisico que
proporciona luz coherente, es decir, emisidn laser (DFB, del inglés Distributed Feedback
Laser) (Figure 2). Por lo tanto, este trabajo resultd en la produccion de materiales y
dispositivos basados en proteina funcionales con propiedades de emisidn laser eficientes
que pueden ser de utilidad en el desarrollo de biosensores o de aplicaciones en

telecomunicaciones.
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Resumen

Figura 2. El panel superior muestra la representacion tedrica en términos de transicion energéticas del fenémeno de DFB
y ASE. Una representacion esquematica del fendmeno de DFB y ASE mostrando la regidn activa nanoestructurada y sin
nanoestructuracion, y las diferencias a nivel espectral. Panel inferior: A. Nanoestructuracion de la regién activa que da lugar
al confinamiento de la luz y por tanto al fendémeno de DFB (luz coherente). B. Regidn activa sin nanoestructuracion que da

lugar al fendmeno de ASE (luz no coherente).

Dado el estado actual de las tecnologias y recursos en materia energética, es imperativo
buscar nuevas fuentes y recursos para abastecer la demanda energética global. Ademas,
estas nuevas fuentes o recursos deben superar las limitaciones de las actuales fuentes
como la reusabilidad, la sostenibilidad o el impacto ambiental. En el capitulo 4, titulado
“Biocatalytic protein-based materials for integration into energy devices”, se explora esta
vertiente de aplicacién usando materiales basados en proteinas. En este contexto, se
investigd la posibilidad de fabricar peliculas proteicas cataliticas para generacién de energia
limpia. En un primer paso, se verificd que estas proteinas podrian inmovilizar enzimas sin
que la enzima, en este caso la catalasa, perdiese su actividad catalitica. Para ello, dado que
la propia inmovilizacidn en la pelicula no es suficiente para generar una material resistente
en un ambiente acuoso, se realizd una reacciéon de fijado con glutaraldehido. Tras la
verificacion de que la enzima se mantiene activa, se caracterizaron tanto las propiedades
cinéticas como estructurales, integridad estructural, orden, estabilidad y reusabilidad de
estos materiales cataliticos. La actividad catalitica de la catalasa produce la dismutacion del
perdxido de hidrégeno en agua y oxigeno. Se aprovechd la liberacidn del oxigeno molecular
como fuente de energia mecanica acoplando estos materiales funcionales a un sistema
piezoeléctrico para fabricar un generador bioinorganico (Figure 3). Este dispositivo es capaz
de producir electricidad desde una fuente renovable, a través del gas producido por la
reacciéon de la catalasa que estimula mecdnicamente el material piezoeléctrico. Los
resultados mostraron que el sistema pudo estimular la produccién de energia a través de
las burbujas de oxigeno producidas en la interfaz pelicula catalitica-piezoeléctrico, aunque
no tan eficientemente como la enzima en solucién. No obstante, estas peliculas cataliticas
tienen dos ventajas importantes con respecto al sistema en solucién. La primera es la
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reusabilidad, se puede reusar el sistema hasta diez veces manteniendo hasta el 50% de la
energia producida. La segunda ventaja es en relaciéon con la capacidad de produccién de
energia en funcién del volumen de reaccién. Mientras el sistema en solucién alcanza la
saturacion energética con un volumen de reaccién de 1 ml, en la pelicula catalitica la

energia producida sigue incrementando exponencialmente.

Material

R A piezoeléctrico
o e - ‘):'W a___ @
i + i ) GEE

Proteina
andamio

/h
n\\\
\
I

Catalasa ; Osciloscopio

Figure 3. Representacidon esquematica de inmovilizacién de la catalasa usando un soporte proteico, y posterior acople a
un sistema piezoeléctrico para la produccién de energia (generador bioinorgénico).

En conclusién, en esta tesis se ha estudiado la formacidn de estructuras
supramoleculares asi como la fabricacion materiales funcionales basados en proteinas
CTPR. Desde un punto puramente cientifico, el disefio de nuevas interfaces proteina-
proteina con capacidad de auto-ensamblaje plantea un auténtico reto. Aqui se abordd una
nueva aproximacion experimental para el auto-ensamblaje de proteinas CTPR cuyos
disefios consiguieron promover la formacion de estructuras supramoleculares con forma
tubular. Por otro lado, en el contexto de materiales funcionales, se han fabricado
materiales basados en CTPR para su aplicacion tanto foto-fisica como en energética. La
simple organizaciéon de moléculas fluorescentes en peliculas de proteinas (aproximacion
“bottom-up”) y una apropiada nanoestructuracién (aproximacion “top-down”) dio lugar a
emision laser. Esto abre la puerta al desarrollo de nuevos dispositivos basados en proteinas
con potencial para la sustitucion de los actuales materiales usados en nanotecnologia y que

en muchos casos producen efectos negativos en el medioambiente. Finalmente, también
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se pudo desarrollar una metodologia para la fabricacion de materiales cataliticos para su
integracion dispositivos de produccion de energia. A través de la inmovilizacion de catalasa
usando como soporte proteinas CTPR y a su vez acoplado este material biocatalitico a un
transductor de sefial o nanogenerador se consiguié la produccién de energia limpia y
reusable a partir de una reaccién enzimatica, lo cual supone una nueva aproximacién para

el desarrollo de nuevas tecnologias de energia sostenible.
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Summary

The current state-of-the-art of biotechnology has improved tremendously over the last
decades. Currently, the physico-chemical properties can be manipulated at molecular scale.
Bottom-up design of complex functional nanostructures is of the great interest because it
allows the synthesis of ordered structures using the intrinsic self-assembly properties of
simple components. In this sense, repeat proteins are useful tools for this task due to their
modular and hierarchical structure, which can be the basis to construct complex
supramolecular assemblies. In this thesis, repeat proteins and in particular consensus
tetratricopeptide repeat proteins (CTPR) have been employed to generate higher order
structures and to design and fabricate functional materials. CTPR proteins belong to the
large family of repeat proteins and consist of a 34 amino acids helix-turn-helix domain.
CTPR repeats can be combined in tandem to form superhelical arrays, in which eight

repeats comprise one full turn of the superhelix.

This thesis is divided in four chapters. The first chapter introduces in detail the main
characteristics of proteins at a fundamental level including their vast functionality in
Nature. In addition, it is also covers the potential applications in nanobiotechnology of
proteins and protein-based materials giving an overview of the current state of the art in

the area of interest of this thesis.

The chapter 2, entitled “Self-assembly of repeat proteins: Concepts and design of new
interfaces”, focuses on fundamental concepts of the design of new protein interfaces. We
describe an experimental approach to form higher order architectures by a bottom-up
assembly of CTPR building blocks. CTPR arrays contain multiple identical repeats that
interact through a single inter-repeat interface to form elongated superhelices. Introducing
a novel interface along the CTPR superhelix allows two CTPR molecules to assemble into
protein nanotubes (PNTs). Two approaches are applied to form protein nanotubes based
on electrostatic interactions and on m-m interactions. The supramolecular structures

obtained are isolated and their structure and stability characterized. In addition, the
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nanotube formation is analyzed considering the energy of the interaction and the structure
in the two different models. These studies provide insights into the design of novel protein
interfaces for the control of the assembly into more complex structures, which will open
the door to the rational design of nanostructures and ordered materials for many potential

applications in nanotechnology.

Chapters 3 and 4 are dedicated to the fabrication of CTPR-based protein films.
Previously, we have reported the formation of self-assembled protein films in which the
protein components are organized through “head-to-tail” and “side-to-side” interactions,
providing order and directionality to the protein within the material. In this work, we take a
step beyond generating functional films based on repeated proteins with applicability in

different fields such as optics and energy production.

The development of new active biocompatible materials and devices is a current need
for their implementation in multiple fields, including the fabrication of implantable devices
for biomedical applications and sustainable devices for bio-optics and bio-optoelectronics.
Chapter 3, entitled “Engineered protein-based functional nanopatterned materials for bio-
optical devices”, describes a simple strategy to use designed proteins to develop protein-
based functional materials. Using simple proteins as self-assembling building blocks to
create a platform for the fabrication of new optically active materials. This study takes one
step further previous works on the design of materials with defined structures and
functions using naturally occurring protein materials, such as silk. The proposed fabrication
strategy generates thin and flexible nanopatterned protein films by letting the engineered
protein elements to self-assemble over the surface of an elastomeric stamp with nanoscale
features. These nanopatterned protein films are easily transferred onto 3D objects (flat and
curved) by moisture-induced adhesion. Additionally, flexible nanopatterned protein films
are prepared incorporating a thin polymeric layer as a back support. Finally, taking

advantage of the tunability of the selected protein scaffold, the flexible protein-based
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surfaces are endowed with optical function, achieving efficient lasing features. As such, this
work enables the simple and cost-effective production of flexible and nanostructured,
protein-based, optically active biomaterials and devices over large areas toward emerging

applications.

Finally, Chapter 4, entitled “Biocatalytic protein-based materials for integration into
energy devices”, demonstrates the fabrication of catalytic protein thin films by the
entrapment of catalase into protein films composed of a scaffolding protein. Extensive
structural, and functional characterization of the films evidences the structural integrity,
order, stability, catalytic activity, and reusability of the biocatalytic materials. Finally, these
functional biomaterials are coupled with piezoelectric discs to fabricate a bioinorganic
generator. This device is capable to produce electricity from renewable fuels through

catalase-driven gas production that mechanically stimulate the piezoelectric material.

In summary, in this thesis we have studied the formation of supramolecular structures
as well as the fabrication of functional materials based on CTPR proteins. From a
fundamental science perspective, the design of new protein-protein interfaces is
considered an authentic challenge. Here a new approach was tackled for the self-assembly
of CTPR proteins. The designs shown in the chapter 2 formed energetically favorable
tubular-shape structures. In the context of functional materials, we were able to fabricate
materials with optical and catalytic properties. The organization of laser dyes on a protein
film (“bottom-up” approach) and the endowment of a suitable nanostructure gave rise to
laser emission. This result opens up the door to the development of new protein-based
devices less biodegradable and toxic with potential for substitution of older systems.
Finally, a new methodology for the fabrication of catalytic materials and for their
integration into energy devices was achieved. The immobilization of catalase enzyme in a

protein film, using CTPR proteins as scaffold, and its coupling to a signal transductor
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(nanogenerator) made possible to produce green and reusable energy. These results imply

a new approach for the development of new clean and sustainable sources of energy.
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Chapter 1. Elements for life

1.1. Elements for life

According to the Big Bang theory, the universe began about 15 billion years ago from an
extreme and highly dense dot. Upon the rapid expansion and consequently cooling of the
universe was possible the formation the first atoms that ultimately culminated with the
formation of the all matter that conform the known Universe™. Until now, 118 are the
elements discovered. Most of them are the responsible for making up the whole existent
matter, but only 25 are believed to be essential for life. From those the most abundant are
carbon, hydrogen, oxygen, nitrogen and sulfur together with some elements that belong to
the alkaline and alkaline earth group, i.e. Na, Mg, K and Ca, known as bulk elements. In
lower proportion, but not less meaningful, transition metals and elements as B, F, Si, P, S,
Cl, Se, and | (trace essential elements) can be found in different organisms taking part in
key biological functions. However, these elements can be essential for some organisms but
toxic for others. Such is the case of the W (transition metal) which is found in enzymes of
some thermophilic bacterial while its presence is toxic in others bacterial strain (Figure
1.1). Controversial is the case of Cr, which might be included as trace element possibly

essential but its role in biological systems are still under discussion>?..

1 18
— Bulk elements —
H| 2 Trace essential elements 13 14 15 16 17 |He

Trace elements possibly essential
Li | Be B| C|N|O|F |Ne

Rb| Sr| Y |Zr | Nb| Mo Tc|Ru| Rh| Pd|Ag|Cd| In|Sn|Sb|Te | | |Xe

Cs| Ba| Lu| Hf | Ta| W| Re|Os| Ir | Pt | Au|Hg| Tl | Pb| Bi | Po | At |Rn

Fr| Ra| Lr | Rf | Db|Sg | Bh| Hs| Mt/ Ds| Rg | Cn | Nh| FI |Mc| Lv | Ts |Og

Figure 1.1. Table periodic of elements indicating the essential elements for life.
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It is estimated that the Earth was formed 4.5 billion years ago and the first living
organisms did not emerge until roughly 1 billion years later'™. During this period of time,
the primitive Earth conditions were changing up to have softer conditions that enabled the
synthesis of complex molecules based on carbon. In the carbon chemistry underlie whole
chemistry of the life, the building blocks of the current biomolecules, i.e. nucleotides,
monosaccharides, phosphates, lipids, and amino acids. These molecules, in turn, led to the
formation of more complex molecules such as nucleic acids, proteins, phospholipids, and
polysaccharides which are the responsible for self-assembly of simple self-replicating

organism that gave rise to the superior organisms throughout evolution® .

1.2. Proteins: general aspects

Among all macromolecules in Nature, proteins attract special attention due to large
chemical versatility and diverse functionality within biological systems. They are the most

& Moreover, the

abundant macromolecule in cells, up to =50% of the cell’s total dry mass
number of different functional proteins in cells and tissues is much higher than the number
of other macromolecules®. Conceptually, proteins are linear polymers consisting of L-
amino acids which are held together by peptide or amide bonds. In Nature there are 20
different amino acids which are the basic building units to form protein sequences. Proteins
are encoded in genetic material, i.e. in the DNA which is made of chemical building blocks
called nucleotides. These building blocks are composed of three parts: a phosphate group,
a sugar group and one of four types of nitrogen bases. To form a strand of DNA,
nucleotides are linked into chains, with the phosphate and sugar groups alternating. The
four types of nitrogen bases found in nucleotides are Adenine (A), Thymine (T), Guanine (G)
and Cytosine (C). The order of these bases determines what biological instructions are
contained in a strand of DNA . Amino acids can be classified according to chemical

properties of the side chain, thus there is four well-defined groups, non-polar, polar,

negatively charged, and positively charged, providing high chemical variability. The amino
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acid combination has the potential to generate a wide spectrum of linear/primary
sequences. For instance, considering a protein length of 50 amino acids (small protein as
insulin) the total possible combination ascends to 50%° (or 9.5 x 10°*) permutations. In
addition, the polypeptide backbone offers much greater conformational freedom than
nucleic acid and polysaccharides, which in terms of possible configurations becomes
staggering. However, not all protein sequences adopt stable and functional structures. The
dominant structure-function paradigm establishes that one protein sequence encodes a
unique protein structure which determines its function, i.e. Anfinsen’s dogma' ™.
Nonetheless, that dogma is starting to change in the current scientific stage. The
development of new tools for studying the structure, dynamics, and function of proteins
has enabled to demonstrate that proteins are not strictly static objects. They do not adopt
unique, well-folded three-dimensional structures but they can populate ensembles of
diverse, interconverting conformations, which can be also related with a functional

diversity encoded in unique sequences **.,

In this sense, proteins are classified attending to hierarchical order. The first order was
mentioned lines above, is the amino acids sequences (primary structure) which provide the
intrinsic information that gives rise to the secondary structure formation. This secondary
structure refers to the highly regular local folding of the amino acid chains in two main
types of structures permitted by the Ramachandran diagram (torsional angles allowed in an
amino acids sequence that prompt a spotted structural geometry), alpha-helix and beta-
sheet®®®. Finally, the subset of secondary structures conform the tertiary structure, i.e. the
tridimensional structure or global folding of the protein, in which non-covalent
interactions, hydrogen bond, ionic, Van der Waals and hydrophobic interactions, are the
responsible for maintaining the three-dimensional structure!*’#. Additionally, there are
two extra order levels, super-secondary structure, i.e. subset of secondary structure that
create specific and repetitive pattern as the B-barrel in the GFP proteins'™, and quaternary

structure. This latter is the connection between two or more polypeptides chains (subunits)
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to form a multimer with a determined molecular function stabilized by non-covalent
interaction and/or disulfide bridge, e.g. the tetrameric protein, hemoglobin, which is

composed by four subunits®*?" (Figure 1.2).

SYNT I P
Alpha-helix Beta-sheet

Figure 1.2. Hierarchical order of protein structure. Proliferating cell nuclear antigen (PCNA) protein as example of tertiary
and quaternary structure (PDB ID: 1AXC)?,

1.3. Proteins: sophisticate nano-machines

Proteins are involved in many biological processes carrying out a broad range of distinct
roles (Figure 1.3). Each protein accomplishes its function specifically and simultaneously in
an environment full of molecules. For instance, proteins can act as catalysts accelerating
certain chemical reactions that take place in physiological conditions in a short period of

22



Chapter 1. Proteins: sophisticate nano-machines

time, i.e. they reduce the activation energy between reagents and products within cells
without changing their nature. In doing so, reactions that take for long time (from minutes
to millions years) occur in a time scale of 10 to 107 sec'®. Also they can have a structural
character taking part in the architecture of cells, tissues and organs such as collagen
present in all connective tissues, or dystrophin present in muscle cells®**!. Proteins play
another key functions as molecular carriers (hemoglobin or hemocyanin) or regulating of

molecules traffic through cellular membranes (e.g. Na*/K* channels) 2672,
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Protein Function Structure

Nitrogenase Catalytic (nitrogen fixation)

Collagen Structural protein &

Hemocyanin Oxygen-carrying protein

Insulin Messenger (hormone)

Figure 1.3. Examples of different protein functions in biologic systems. (PDB ID: 5vpw, 1bkv, 1nol, 3140)%2,
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1.4. Life is chiral

All living being biomolecules are chiral, i.e. they have asymmetric carbon or asymmetric
plane[33'34]. Amino acids can exist in two distinguishable mirror-image forms, L-amino acid
or D-amino acid, as well as it occurs with carbohydrates and nucleic acids. Essentially, they
differ in their capacity to rotate plane-polarized light by equal amounts but in opposite
directions. However, just one of enantiomers is present in Nature, L- amino acids for
proteins and D- ribose for nucleic acids. This homo-chirality arose probably as a result of
initial selection process in the pre-biological or early biological stages®. Interestingly, this
homochirality in the monomeric amino acid building blocks of proteins give rise to
homochirality in higher-order structures such as the right-handed a-helix (secondary
structure), and the fold (tertiary structure) that is unique to each different protein in its

native state®® (Figure 1.4).

G_.X \
‘; 0 TOH o . ‘ ﬂ
“0 N ':” R, o
¢

N S

Alpha-heli -

. pha-helix L-amino acid D-amino acid Left ha.nded

(right-handed helix
helix)

Figure 1.4. Nature chirality of amino acid building blocks of proteins (L-amino acids) together right-handed (alpha-helix)
and its specular image (D-amino acids) together left-handed helix.

Chiral biomolecules then assemble to form cells and tissues, which further give rise to

the asymmetric shapes or properties of natural biomaterials, for example, the specific

rotation directions of shells, conchs, snails, and some flowers®”%!,
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1.5. From the Nature

Life requires three essential functions to be considered as such. It ought to have 1) the
capacity of compartmentalization to isolate the cellular activity from the environment, 2)
replication to transfer the heritable information to progeny, and 3) accomplishing
metabolic functions to capture energy and material resources.?® In Nature, sophisticated
organized functional macrostructures are formed through hierarchical self-assembly of
simple molecules. The adaptive process has achieved to polish and improve along millions

14041 ¢ electron transport chain®*! In addition,

of years functions such as photosynthesis
this adaptive process has also given rise to changes at microscopic level in the complex and
hierarchical structuring of the insects and mammals epidermis. The latter mentioned cover
a wide range of microstructures that play role in the micro- or macro-properties of the
organism, including adhesion, anti-wetting, anti-reflectance and iridescence, are
consequences of this particular structuring of the insect epicuticle“‘”. This microstructure
provides an extra level of hierarchy which are mainly made up by proteins. For example,
geckos have the ability to cling to walls and walk on ceilings. They owe this capacity to the
microstructure and nanoscale attachment of fibrillar structures on its feet achieving
extraordinary adhesion on surfaces. Van der walls interaction are the driving force of the
adhesion of any object to another. Thus, this fibrillar structure, that fall in the range of a
few hundred nanometers to few micrometers, is the responsible for this outstanding
adhesion due to the increasing of the effective area'®. These microstructures can adopt
diverse geometries and morphologies providing unique functionalities. Spherical structures
can be found in Nature as well. Brochosomes are granular microstructures, 200-700 nm in
diameter, with hydrophobic hollow particles forming a truncated icosahedron. These
structures distributed across the leafhoppers body allow them to repel water and thus
protect them from getting trapped into water and their own liquids exudates®. Another

example of this hierarchical order in Nature is the abdominal segment of firefly lantern. The
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particular microstructure arrangement with a few hundred of nanometers of periodicity

U7l Considerable

allows them to increase bioluminescent emission with high efficiency
interest in optics has the Tropical Morpho butterflies’s wing which is very well-known for
their iridescence. Iridescence is an optical phenomenon in which a pattern of color is
observed in function of the viewing angle. The iridescence can be produced by light
reflection or diffraction which ultimately leads to light interference, amplifying some
wavelengths more than others. Buetterfly’s wing nanostructure has recently been resolved,
showing a stacked lamellar structure which is ultimately the responsible for white-purple
iridescence as a result of light diffraction!*® (Figure 1.5). In this section has been showed
the large scope and relevance of proteins in Nature from nanoscale to microscopic and
macroscopic level, following a well-defined hierarchical stratification. Thus, proteins can
play role in nanotechnology as promising tools with applicability in diverse scientific fields

such as photonics, catalysis, energy and related areas!’*?.
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Figure 1.5. Microstructures commonly found in the Nature. A. Bronchosomes spheres of leafhoppers. B. Abdominal

segment of firefly lantern. C. Fibrillar structure of Gecko’s feet. D. Iridescent geometrical structure of Butterfly’s wing. (Images
from[47,50—52] )

1.6. Proteins as nanobiotechnology tool

During the last century, protein engineering or recombinant DNA technology has
emerged as an useful tool for researchers. Recently, a growing number of new synthetic
proteins and macrostructures based on proteins have been produced with the aid of
rational design and computer modeling[‘r’a'ss]. Inspired in Nature, bottom-up self-assembly

of proteins have reached the gold age providing a myriad of functional macrostructures.

In particular, self-assembly of shape-ring proteins have turned out to be an ideal starting
point to form tubular-shape structures. Shape-ring proteins have been engineered or
chemically modify to induce self-assembly merely changing the nature interface. Such is
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the case of the bacterial tRNA attenuation protein (TRAP), a thermostable protein
consisting of 11 monomers. The structure form a ring which hole is around 2 nm of
diameter. Using genetic engineer was possible to form a nanotube of 1 um in length, just
modifying sort of amino acids by cysteine in both face of the ring®®. Another ring-shape
protein was chemically modified, via electrostatic interactions as driving force of the
assembly, i.e. the stable protein 1 (SP1). In this case, the different monomers are self-
assembled by means of electrostatic interactions promoted by aliphatic chains that contain
two quaternary amines in the extremes. The addition of this linker induces the

polymerization and tube formation®” (Figure 1.6).

[56]

[57])

Figure 1.6. Protein assembly of protein ring-shape TRAP (A) and SP1 (B). (Figure from ™ and

Currently, there is an increasing interest in the use of materials of biological origin and
that can offer competitive properties respect to the synthetic counterpart, a part from
biodegradability and biocompatibility features. In this regard, huge efforts have been done
using distinct biopolymers as scaffold in the fabrication of new materials. However, the
design of organized and self-assembled protein films is still an emergent field that pins

down a further understanding and control of the intermolecular interactions. In the past
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decades, DNA has been the subject of depth studios in the design of molecular patterns,
called DNA origami. Due to the predictable folding and easy design of the specific base pair
interactions, DNA origami has led to the achievement of precise control at molecular level
of the DNA assembly creating a vast range of nanostructures and patterns 839 |n the
same way, DNA has also been used to fabricate thin films, harnessing its optoelectronic
properties, in applications such as organic light emitting diodes (OLEDs), solar cells and
optical amplifiers, among others®®*®Y. However, the chemical versatility and functionality,

that proteins offer, cannot be overcome by others biomolecules.

In Nature, the assembly of proteins leads to hierarchically organized architectures that
provide unique functionality to the material. Extracellular matrix (ECM), mostly composed
of collagen, laminin, and fibronectin, has been widely employed as a tool in tissue
engineering for medical applications due to biochemical, mechanical and organizational
properties®®. Although, the complex tridimensional organization of the structural and
functional molecules is not well-understood yet which make unthinkable its reproducibility

[64,65]

in vitro . Nevertheless, individual components of the ECM are currently used in an

effort to mimic these precious properties.

Collagen itself forms complex ordered structures. The intrinsic properties induce the
bottom-up assembly provided by the internal and repetitive amino acids sequence (Pro-
Hyp-Gly). Those induce triple-helix formation, and, in turn, the structure promotes the
multi-hierarchical self-assembly to create nanofibrous strand. Finally, these strands
continue to self-assembly linearly and laterally to give a hydrogel network. Inspired on this
biological approach, a multi-hierarchical self-assembly hydrogel has been synthesized using

[66]

a collagen mimetic peptide™ which opens the door for the design of new materials based

on collagen assembly (Figure 1.7).
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Protein chain Triple-helix Nanofibers Hydrogel

Hierarchical assembly

Figure 1.7. Schematic representation of collagen hierarchical assembly.

Elastin is another protein that belongs to the ECM and that has drawn attention to the
researches because of its elastic and self-assembly properties. The fundamental building
block of elastin is the tropoelastin which contains hydrophobic and hydrophilic domains
that are arranged in alternating manner. Tropoelastin is self-assembled into elastin and, in
turn, the elastin in elastic fibers. Their flexibility properties lie in the disordered nature of
tropoelastin. Understanding the interactions that dominate in the natural materials has led
to the design of a sophisticated range of designer proteins that have been used for a range

of biomaterials with useful elasticity and cell interactive qualities®” .

Silk proteins is another group of well-studied proteins, extract from different sources
and that possess different properties in function of protein composition, mainly either
fibroin (worm silk) or spidroins (spider silk). Silk-based materials have been widely used as
bionanotechnology tools in biomedical applications, functional materials, and
biocomposites as bulletproof vest, ropes, parachutes and coatings, because of outstanding

mechanical properties, i.e. high tensile strength and extensibility®® ", Also silk materials
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have widely been decorated with variety of molecules as metal particles and quantum dots

[72-74]

for sensing applications These exceptional mechanical properties lie in the specific

arrangement of B-sheet, formed by repetitive motif, that ultimately allow a hierarchical

[75,76)

organization . Additionally, these hierarchically organized structures have also been

achieved in vitro in a straightforward manner, just under strict control of the evaporation

conditions!””®,

Amyloidogenic proteins have also been descripted as a distinct approach to form
hierarchical self-assembly nanostructured materials with remarkable mechanical
properties. Amyloidogenic proteins are polypeptide molecules capable of self-assembly
into B-sheet rich linear aggregates and, in turn, those form elongated fibrils that can be

casted into thin films, forming ordered films in presence of plasticizing molecules”*%%.

More recently, the rubredoxin, protein with redox properties, has been used for the
biofilm fabrication, inspired in the architecture of bacterial electroactive biofilms. The self-
assembly properties of rubredoxin generate organized films providing a suitable

arrangement of the redox metal centers that permit electron transport®".

1.7. Repeat proteins

Genetic material duplication is a very common event in whole organism, especially in
eukaryotic cells. It is believed that this phenomenon arises via intragenic duplication and
recombination events. This duplication might vary from a single amino acid to the
repetition of homologous domains of 100 or more residues and have diverse structures and
functions. Most of the cases of amino acids of 1 or 2 repetitions usually lead to pathological
situations as glutamine (Gln) in the huntingtin gene (resulting in Huntington’s disease).
However, large part of protein with repetitions of equal or more 3 amino acids give rise to
stable proteins with specific structure (e.g. collagen). Repeat proteins provide certain

evolutionary advantages of expanding the repertoire of cellular functions at energetic low
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cost and, therefore, playing a crucial roles in molecular recognition, signaling, protein
transport or regulation of gene expression. Lots of repeat proteins have been described
with different structure, function and phylogenetic distribution. Repeat proteins are usually
classified attending to either their sequence motif length or tertiary structure. Among
them, a particular family of repeat proteins attracts the attention since repetitive units are
already large enough to fold independently into stable domains. This family of repeat
protein, composed of multiple tandem copies of a modular structure, covers a broad range
of proteins with different secondary structure elements that are interconnected to each
other forming the base of the overall structure of the protein. In repeat proteins, these
interactions between adjacent units define the shape and curvature of the overall

structure®>8%83,

Thus, the differential packing arises from the secondary structure that, ultimately,
impacts in the tertiary structure of the protein. Therefore, a protein as the
Tetratricopeptide repeat protein (TPR) which consist of 34 amino acids and that fold in
helix-turn-helix motif, gives rise to a right-handed superhelix structure. Whereas Ankyrin
(ANK) repeats contain 33 residues forming a helix-loop-helix motif, and they form a left-
handed twist of the stacking. Or in the case of Leucin-Rich Repeat (LRR) repeats which
length vary between 20 to 30 amino acids and fold in a beta-turn-helix motif. The
combination of this structural motif results in an arch shape with the B-strand and a-helix

oriented in antiparallel manner (Figure 1.8)%®%.
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Figure 1.8. Structure of repeat proteins family (PDB ID: 1ady (LRR), 4060 (ANK), 2AVP (TPR)®#7).

Their modular properties that stem from the particular and well-defined structure make

them unique for their use in nanobiotechnology through a designable consensus sequence.
1.8. CTPR protein as ideal scaffold

TPRs have been widely used in protein engineering. Those repeat proteins consist of 34
amino acid sequence that folds in a helix-turn-helix motif (Figure 1.8). The main role of TPR
proteins in Nature is associated with molecular recognition and mediate protein-protein
interaction®®. Protein TPR domain has been described to interact with several protein
and it is showed as domain almost ubiquitous present at many proteins in Nature.
Hsp70/Hsp90 organizing protein (Hop) has three TPR domains which roles is to bind and
arrange Hsp70/Hsp90 proteins®®”. More recently, B-barrel assembly-enhancing protease A
(BepA) has been described to have a TPR domain which is involved in the interaction with

other proteins and that is essential for the BepA protein functionality[gl].
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Consensus sequence design, i.e. the engineering of a protein composed of the most
common residues at each position as determined from multiple sequence alignment of a
group of sequences from a given family, has been a successful approach for generating
proteins with a specific fold. The best-studied consensus-designed repeat proteins are the

[92]

consensus ankyrin repeats (DARPins”“ or CARPs[93]) and consensus tetratricopeptide

repeats (CTPRs). In particular, CTPR emerges from the statistical analysis of TPR sequences

and captures the sequence-structure relationships present in Nature (Figure 1.9) ®*.

A CTPR building block

1 8

AEAWYNLGNAYYKQGDYDEAIEYYQKALELDPRS

CTPR consisting of 8 repeats

Figure 1.9. Consensus tetratricopeptide repeat (CTPR) protein. A. Structural motif of statistical CTPR sequence, showing
the position highly conserved. B. Crystal structure of a repeat protein composed of eight repeats in lateral view (right) and
frontal view (left) (PDB ID: 2AVP).
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The CTPR building block is an idealized structural unit that can be combined in tandem
to form superhelical arrays CTPRn with n number of repeats. CTPRn arrays form a
continuous right-handed superhelical structure in which eight repeats comprise one full
turn of the superhelix (Figure 1.9)[95'96]. CTPR repeat is composed by only eight highly
conserved small and large hydrophobic amino acids. These conserved residues are involved
in intra- and inter-repeat packing interactions and thus maintain invariant the structure of
the protein[88'95'97]. Not conserved residues admit variations, even though there might be
some constrains and preferences in terms of chemical nature and size at some positions,
which ultimately might modify slightly the protein packing features®”. Thus, the protein
structure permits some flexibility to design novel reactivities within the protein by
introducing mutations at many positions while still maintaining the TPR-fold. Using this
approach, CTPR variants with different ligand-binding specificities have already been
designed® %% Moreover, CTPR show higher stability compare with natural TPR®* which
stability lie in intra and inter-repeat interaction and they can be modulated in a predictable

manner[loll.

For all the above reasons, these features have opened the opportunity to tune the

properties of the CTPR building block at will in order to use it as nanotechnology tools in

[102]

many applications such as sensing™®, biomedicine™®

[104,105]

or electronic , through

organizing different molecules into the CTPR protein template.
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1.9. General objectives

This Ph.D thesis aims at the development of new strategies for designing
supramolecular assemblies as well as the fabrication of new functional materials based on
CTPR proteins. Considering the previous work in the design of new interfaces and the
fabrication of ordered proteins film based on design proteins, the aim of this work is to
explore expand array of assemblies, materials and applications based on CTPR proteins,
with particular emphasis on the demonstration of proteins as building blocks for the

fabrication of functional materials.

Firstly, Chapter 2 focuses on the design of new interfaces for promoting protein-protein
interaction to form high-order assemblies, i.e. protein nanotubes (PNTs). Secondly, the
demonstration of the use of CTPR protein films for generation of functional materials for
two distinct applications: 1. Functional protein films with laser dyes for application in optics
(Chapter 3); 2. Catalytic protein films to produce eco-friendly energy (Chapter 4). More

specifically, we define three main objectives:

e Design a new experimental approach to encode higher order architectures by a
bottom-up assembly of CTPR building blocks. CTPR arrays contain multiple identical repeats
that interact through a single inter-repeat interface to form elongated superhelices.
Introducing novel interfaces along the CTPR superhelix will allow two CTPR molecules to
assemble into higher order assemblies. In particular, two approaches will be applied to

form protein nanotubes based on electrostatic interactions and on m-mt interactions.

e Use of designed proteins to develop protein-based functional materials. Using
simple proteins as self-assembling building blocks to create a platform for the fabrication of
new optically active materials. The proposed fabrication strategy aims to generate thin and
flexible nanopatterned protein films by combining the self-assembly of engineered protein

elements with the stamping of nanoscale features by soft nanolithography. This work aims
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to integrate bottom-up (self-assembly) and top-down (nanolithography) strategies for the
fabrication of protein-based devices. Taking advantage of the tunability of the selected
protein scaffold, the flexible protein-based surfaces will be endowed with optical function

to evaluate the optical activity of the material, in particular its lasing capabilities.

e  Use of design proteins as to fabricate catalytic protein thin films by the entrapment
of catalase into protein films composed of a scaffolding protein. These functional materials
will be coupled with piezoelectric discs in order to produce electricity from renewable fuels
through catalase-driven gas production that mechanically might stimulate the piezoelectric

material.
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2.1. Background
2.1.1. Nanotubes based on proteins: previous work

Repeat proteins are an especially attractive target for nanotechnology applications due
to their hierarchical and modular structures. In particular, consensus tetratricopeptide
repeat protein (CTPR) consists of a 34 amino acids helix-turn-helix motif. CTPR repeats can
be combined in tandem to form a continuous right-handed superhelical structure. As a
result of that characteristic structure, CTPR proteins present geometrical and symmetric
features that make them ideal for the design PNTs. Their modularity allows the engineering
of novel interacting interfaces in straightforward manner, by introducing few mutations
that will encode new interaction points that will be repeated along the protein. Those
interaction points will result in a new interface that prompts the assembly a higher order

stable structure.

In a first approach, prior to this thesis, it was explored the use of hydrophobic
interactions as the driving force to lead the dimerization process" "), Thus, G15 and D31
were mutated to leucine (Figure 2.1). These modifications generated the novel
hydrophobic interface that allowed the interaction between two CTPR proteins to assemble
into a closed protein nanotube (Figure 2.1) that is energetically more favorable than the
monomeric protein units %! The G15L and D31L mutations were introduced at each of

the 6 repeats in a CTPR6 protein to form the dimer named C6L (Figure 2.1).
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Figure 2.1. Hydrophobic model, based on hydrophobic interactions. The second column shows the modifications
introduced in a single module (CTPR1), where the residues 15 and 31 are substituted by leucines. Column 3, construction of
repeat proteins with 6 repeated units, based on the modules shown in the column 2. Column 4, dimer formation, the zoom-in

images show the specific interactions that lead to the nanotube formation.

The designed C6L protein variant was purified in the presence of 0.2% of SDS to avoid
precipitation. After protein purification, the sample showed two bands when is analyzed by
0.2% SDS acrylamide gel that correspond to the expected size of a monomer and a dimer:
C6Ldimer (58926 Da) and C6Lmonomer (29463 Da) (Figure 2.2A). However, a native gel
without SDS showed oligomers larger than expected for a dimeric nanotube, including
trimers and tetramers (Figure A1l.1). The heterogeneity of the sample was further
confirmed by TEM (Figure A1.2). Using size exclusion chromatography in the presence of
0.2% SDS the monomer and dimer were separated (Figure 2.2B). Gel electrophoresis
analysis of the FPLC fractions confirmed the presence of bands corresponding to dimeric
and monomeric forms of C6L for the peaks eluted to 8.5 and 11 ml, respectively (Figure
A1.3). Additionally, mass spectrometry analysis of the higher molecular weight peak shows

that is composed of C6L protein, ruling out the presence of a potential higher molecular
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weight contaminant in the sample (Figure Al.4). The CD analysis showed that the C6L
protein maintained the a-helical structure after SDS addition, as the C6Lmonomer and
Cé6Ldimer have the same a-helical secondary structure as the CTPR6 wild type (Figure 2.2C).
To characterize the stability of the sample, thermal denaturation was performed on the
CéLdimer and the C6Lmonomer samples. Comparing the thermal denaturation of these
samples, similarly to what was observed in the electrostatic model, even if the mutations
affected the stability of C6L when compared with the CTPR6 WT, the dimeric form is more
stable than the monomeric form, indicating favorable interaction between the monomeric

units (Figure 2.2D).
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Figure 2.2. Characterization of the hydrophobic model (C6L) A. SDS-PAGE gel of purified C6L protein showing two bands
that correspond to the monomeric and dimeric states. B. Size exclusion chromatography of C6L protein purified with 0.2%
SDS over a Superdex 75 column. The chromatogram shows two main peaks corresponding to the dimeric and monomeric
forms of C6L at elution volumes of 8.5 ml and 11 ml, respectively. C. Circular dichroism spectrum of the CTPR6 wild type

protein in green, C6Lmonomer iN black, and C6Lgimer in blue. D. Thermal denaturalization of the C6Lonomer in black and

C6Lgimer in blue.

The structure of the formed dimer was analyzed using TEM. Most of the molecules
observed in the TEM images of the C6Lgm.. Sample have the expected size for the C6L
nanotube (Figure 2.3A). The monomer population is likely to increase over time therefore
the different characterization experiments must be done immediately after FPLC. To obtain

a structural characterization of the formed dimer, a 2D classification is performed using the
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TEM images using CL2D classification (Figure 2.3B)™'%. Also, from the predicted PDB model
of the dimer (Figure 2.3C), theoretical projections of the dimer using EMAN software™"
were performed taking into account the C2 symmetry (Figure 2.3C). The obtained
projections were compared with the 20 classes obtained from the classification of the
particles in the TEM images (Figure 2.3D). It was observed that the classes obtained from
the images did not match well with the theoretical projections: 5/20 classes matched well
with the theoretical projections (Figure 2.3D/lined in green); 8/20 matched partially with
the theoretical projections (Figure 2.3D/lined in orange); and 7/20 did not match with any
theoretical projection (Figure 2.3D/lined in red). Taking into account these results, it was

not possible to conclude that the dimer obtained has the expected structure of the

designed nanotube.
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Figure 2.3. TEM characterization of the C6Lgimer Sample. A. General TEM image of the C6Lgimer Where it is expected to
have the nanotube structure. The protein is negatively stained with uranyl acetate. The particles highlighted with black
circles are some of the molecules in the TEM images which their sizes correspond to the size of a C6L designed dimer. B.
20 classes obtained by CL2D classification obtained from 2893 particles selected from different TEM images. C.
Theoretical 2D projections based on the PDB of the designed dimer. On the top, three different orientations of the C6L

dimeric structure showing the surface of the protein. D. Comparison between the theoretical 2D projections and real
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classification obtained from the picked particles in the TEM images. In green are highlighted the structures that are
obtained in the classification of the particles of the TEM images that match with a theoretical projection based on the
C6L designed dimer; in orange are highlighted the structures that are obtained from the classification of the particles in
the TEM images that match partially with a theoretical projection based on the C6L designed dimer; and in red are
highlighted the structures obtained from the classification of the particles in the TEM images that do not match with any

of the theoretical projections.

The TEM characterization of the C6L dimers showed that there is a problem in the
specificity of the nanotube formation. In addition, C6L formed oligomers larger than
expected for a dimeric nanotube in absence of SDS, including trimers and tetramers (Figure
Al1.1). In order to unravel the causes of heterogeneity in the C6L sample, docking was
performed using Cluspro program. The docking results showed a large number of possible
stable oligomeric conformations from the designed C6L monomer (Figure A1.5). The
unspecific interactions are likely to arise because some leucines of the designed
hydrophobic interface are solvent exposed even when the nanotube is formed (highlighted
with red circles in Figure 2.4A). Because of these leucines, the interaction between two
monomers is not specific and different stable oligomers could be formed (Figure 2.4B)
which are energetically more favorable than the designed nanotube (Figure 1). This result
agrees with the large multimeric structures shown by TEM before adding the SDS and in
the native gel (Figure A1l.1 and Figure Al1.2). Once 0.2% of SDS was added, the weak
hydrophobic interactions are disrupted, and only dimers were obtained. However, the
dimers obtained can adopt different dimeric conformations (Figure 2.4B). This result
explains why the theoretical projections of the model do not agree with the classes

obtained from the TEM images analysis (Figure 2.3D).
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Figure 2.4. Potential dimeric nanotube structures from the C6L designed model. A. C6L protein design highlighting in red

the leucines of the generated novel interface that are solvent exposed when the nanotube is formed: L31 in the repeats 1 and
2 and L15 in the repeats 5 and 6.B.3 different stable possible dimers. The leucines from the novel interface that are
interacting are highlighted as blue spheres and the leucines from the novel interface that are exposed are highlighted in

green. The two C6L monomers are colored in dark and light brown to distinguish one from the other, but they are identical.
Considering the potential problem described above in the previous design, a new model
is redesigned in which the leucines that remain exposed when the tube is formed in the C6L
model are removed (Figure 2.1). The new design, C6L_2, was generated and it was
expected to form only one dimeric structure avoiding the competition between different
conformational states. After protein purification, an electrophoresis gel of C6L_2 protein
showed two bands corresponding to a monomer and a dimer: C6L_2dimer (58710 Da) and
C6L_2monomer(29355 Da) (Figure 2.5A). Size exclusion chromatography was used to
separate the monomeric and dimeric species (Figure 2.5B). The CD spectra of the isolated
forms showed that the C6L_2dimer and C6L_2monomer samples maintained the a-helical
secondary structure when compared with the spectrum of the CTPR6 wild type protein
(Figure 2.5C). In the thermal denaturation, it was observed that in this case the stability
was not very different between the monomers and dimers but the dimeric conformation
showed slightly higher cooperativity than the monomeric conformation (Figure 2.5D).
Purified C6L_2dimer were diluted and run on an electrophoresis gel. Similarly to the C6HD
design, the dimer can be dissociated into the monomeric form upon dilution. From this
study, an apparent Kd of about 1.5 uM could be estimated for the dimer dissociation

(Figure A1.6).
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Figure 2.5. Characterization of the second generation hydrophobic model (C6L_2) A. SDS-page gel of purified C6L_2
protein showing two bands that correspond to the monomeric and dimeric states. In lane 1, a mixture of CTPR wild type
proteins of different repeats as a marker is used. B. Size exclusion chromatography of C6L_2 protein over a Superdex 75
column. The chromatogram shows two main peaks corresponding to the dimeric and monomeric forms of C6L_2 at elution
volumes of 8.7 ml and 11 ml, respectively. C. Circular dichroism spectrum of the CTPR6 wild type protein in green,

C6L_2monomer in black, and C6L_2gimerin blue. D. Thermal denaturalization of the C6L_2monomer in black and COL_2gimer in blue.

However, C6L_2dimer could not be obtained upon concentration of purified monomeric
form (data not shown) indicating that the dimeric form needs to be produced when
expressed inside the bacteria. In order to structurally characterize the sample, TEM images
of the C6L_2dimer were acquired. In the TEM images most of the molecules have the
expected size for the C6L dimeric nanotube in the presence of 0.2% SDS (Figure 2.6A). From
the TEM images some particles were selected and compared with theoretical projections
expected for a C6L nanotube (Figure 2.6B). Most of the selected particles matched with the
theoretical projections, suggesting that the nanotube with the conformation expected form
the design model might be formed. However, TEM images also showed that in addition to
the dimeric conformation there were other higher order oligomeric structures present in

the samples, probably due to the non-specificity of the strong hydrophobic interactions.
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Theoretical
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Figure 2.6. TEM characterization of the C6L_24imer. A. General TEM image of the C6L_24mer Sample at 0.8 uM. The
proteins are negatively stained with uranyl acetate. The particles highlighted with black circles in the images are some of the
particles with sizes that correspond to a C6L designed nanotube conformation. B. Matching between the theoretical 2D
projection based on the PDB of the designed dimer, on the top, and the structure of some molecules picked from the TEM

image, on the bottom.

Considering this previous model using the hydrophobic interaction as driving force of
the assembly, we designed two new approaches based on electrostatic and aromatic
interaction as driving force with the aim of having a better understanding and control of

the self-assembly, and overcoming the drawbacks concerning non-specific interactions

which gave rise to oligomerization process.
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2.2. Introduction

2.2.1. Higher-order protein assemblies: natural and designed
2.2.1.1. Relevance of protein assemblies in Nature

Nature displays multiple examples of proteins that have evolved to generate

combinations or assemblies of smaller independently folded domains™?™*4

. Myoglobin,
the first protein whose structure was determined more than half a century ago by Max
Perutz in 1959™>¢ is a monomeric heme protein very similar to hemoglobin. For its
physiological and historical relevance, hemoglobin is an example of an oligomeric protein in
Nature assembled from four globular subunits. Since then, many proteins have been shown
to permanently (e.g. collagen) or transiently (e.g. G proteins) form oligomeric complexes
for function. Proteins self-assemble into multi-subunit complexes such as viral capsids,
stabilized by interactions between subunits, or bacterial flagellum, a complex molecular
machine assembled from more than 20 different proteins!****¥ Studies estimating the
natural occurrence of oligomeric proteins in Escherichia coli indicated that dimers and
tetramers are by far more common than other oligomers, and monomers are in the
minority, being only about one fifth of the protein species in the whole cell™*. Since
oligomeric proteins are prevalent in Nature, protein oligomerization may often be an

advantageous feature from the perspective of protein evolution™%.

The basis of oligomerization has been deeply studied and its biological significance is of
the utmost importance. Protein-protein interactions may occur between different or
identical chains and may confer structural symmetry. Monod already classified homo-
oligomers based on the mode of their interactions as isologous or heterologous, giving rise
to dimers with 2-fold symmetry or higher oligomers, respectively™", introducing the
symmetry concepts. More recent classifications separate oligomeric states between non-

obligate or obligate, transient or permanent, according to biological function, or classify the
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protein-protein interactions into six types of interfaces (intra-domain, domain-domain,
homo-oligomers, homo-complexes, hetero-oligomers and hetero-complexes) which differ

in both their amino acids composition and residue-contact preference[m].

Many studies have analyzed the characteristics of protein-protein interactions to
characterize how structural geometry and chemical complementarity contribute to the
affinity and specificity of the interacting proteins">™?”). Some of those studies have been
focused on residue composition at different interfaces, pointing out that hydrophobic and
aromatic residues are more frequent and hydrophilic residues are less common. Other
studies have taken solvent accessibility of the interface into account, which turned out to

be relevant for the residues distribution along the interface!.

As mentioned above, the symmetry plays a crucial role in order to understand protein-
protein interactions. It is worth noting that symmetry is the rule rather than the exception
for proteins. Therefore, most of the oligomeric proteins found in living cells have

symmetry: bacterial S-layer proteins assemble into oblique, square, or hexagonal planar

[129,130] [131]

symmetry , gap-junction plaques display hexagonal planar symmetry ™", water

channels have square planar symmetry™?, viral capsids display helical or icosahedral

[133,134]

symmetry , and even the most simple oligomeric proteins like human serum amyloid

[135]

P-component show pentagonal symmetry . Thereby, symmetry is a highlight tool to

design large and regular macrostructures.

2.2.1.2. Designed assemblies: relevance in applications

The modular assembly of higher-order structures using nanoscale globular building
blocks is a fundamental aspect of molecular biology. A bottom-up approach enables to
mimic the hierarchical organization observed in Nature, enabling the design features of
small and simple elements to impart structural features more complex composite

structures™*¢ %1, Self-assembly is a spontaneous process of organization of molecular units
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(1391 3nd relies

into ordered structures as a result of intra- and inter-molecular interactions
on highly specific biomolecular interactions. Thus, bottom-up approaches based on these
interactions provide attractive strategies to design complex structures from simple
molecular units™?. This approach represents an extraordinary source of innovation with

strong potential impact in material sciences™Y.

Currently, the rational design and controlled assembly of biomolecules is the state-of-
art in nanobiotechnology, mostly based on DNA origami. DNA is an excellent building block
owing to its high chemical stability, predictable folding and easily controllable assembly
properties through rational design’®. The great potential of DNA architectonics is reflected
by the variety of two and three-dimensional shapes and patterns with sizes from 20 to 200
nmP21#218] - However, functionalization of nucleotide-based nanostructures is  still
challenging™*. Apart from DNA, although less used, RNA has been used to generate 1D

and 2D shapes due to the higher rigidity of its structural motifs™*..

Similarly, the use of peptides as building blocks for their assembly into larger structures
is quite extensive. Peptides are very interesting building blocks for the engineering of self-
assembled structures because of their versatility in terms of modularity, responsiveness to

stimuli, and functional diversity. Peptides have been widely used in order to create

[146,147] [148-151]

nanostructures and functional biomaterials , including fibers, tapes and

(15271571 1 this sense, most of the examples are related to fibrillar structures.

hydrogels
Filamentous assemblies are usually classified into two main groups: a-helix-based and
amyloid-like assemblies. On one hand, the designs based on interactions of alpha-helical
peptides are usually obtained from de-novo sequences. The sequence-to-structure
relationship tends to be better defined for these kinds of assemblies. On the other hand,
the designs based on amyloid-like peptides can be obtained from naturally occurring and

designed sequences”®. The design of amyloid-like fibers relies on the general tendency of

B-strands to aggregate. There are few examples in which interactions at the molecular-level
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can be extended to a macroscopic material using these assemblies”®. The downside of
amyloid-like assemblies is that the assembly is not specific and cannot be modified in a
controlled way since all the sequences generate similar assemblies. It is worth mentioning
that short a-helical coil-coiled peptides have been used to assemble cage-like particles by

means of rational design strategies, encoding specific protein-protein interactions™®.

Looking at the complexity and sophistication of protein-based structures and materials
in Nature, proteins have long been recognized as the most versatile of the biological
building blocks with a great potential for material and nanostructure

[137,138,156,159]

engineering . Fegan et al. analyzed the role of protein assembly in biological

structures to suggest tools to use in the 1-100 nm size range, which is too large to fill with
synthetic organic chemistry but too small for the techniques of microfabrication®.
Moreover, several recent reviews give an overview on the rational engineering of protein
assemblies for nanotechnology®**®. The field focuses on the understanding of the design
principles inherent in natural proteins and how these might be exploited to fabricate
different structures by bottom-up approaches for different applications in nanotechnology
for biomaterial design, biocatalysis, and synthetic biology. For example, rods and cylinders
offer a potential for formation of gels and films, as well as components of motors or
nanodevices associated with transport and motility. Closed hollow assemblies afford
encapsulation, compartmentalization, and protection from the environment, potentially

with controlled release. Planar assemblies suggest applications in protection, molecular

filtration, and immobilization of useful functionalities such as enzymes.

Lately, increasing efforts are being invested in designing de novo protein-protein
association to create new nanoarchitectures from proteins. The analysis of natural
interfaces between proteins has established the formulation of some generic rules that
govern these associations. As an example, Grueninger et al. in 2008 produced a number of

novel assemblies, demonstrating that a given protein can be engineered to form contacts
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(1631 From these

at various points on its surface, resulting in different oligomeric states
results, it was concluded that symmetry is a fundamental factor in protein association
because it enhances the multiplicity of the designed contact and therefore minimizes the
number of required mutations. Moreover, it was observed that the mobility of the side-
chains responsible for the interaction is an important factor in contact design. This work
demonstrated that the production of particular contacts is feasible, whereas high precision

seems difficult to achieve and provides useful guidelines for the development of future

architectures.

Recently, our understanding of how to manipulate the structure of the proteins to
create artificial constructs with properties has increased exponentially®®®. As the
understanding on the self-assembly of proteins is growing, the interest of using self-
assembling protein-based materials in biomedicine and nanotechnology is progressively
increasing, with potential applications as matrices for tissue engineering, drug-delivery

systems, sensors, storage devices, and catalysts™>"*6"71¢%

. However, the application of
these materials requires good control over self-assembly and material properties. Self-
assembly approach has been shown useful to form large nanometric fibers as well as
materials such as organized films, lattices with different geometries, and 2D and 3D
arrays™’* "%, The development of computational protein-protein design, the consideration
of symmetry concepts and bottom-up self-assembly approaches have given rise to
successful generation of protein-based structures with complex symmetries from protein

design perspective’>*"7],

However, in contrast to simpler building blocks, such as DNA, RNA and peptides,
protein assembly has not been able to fulfill the expectations generated, because of its
greater structural complexity and chemical heterogeneity. In spite our increased

understanding of interactions that govern assemblies in Nature, in the laboratory it is still a
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challenge to design proteins that assemble into specific, well-ordered arrays and to make

controlled assemblies that span scales over several orders of magnitude™”.

2.2.2. Repeat proteins: ideal scaffold for protein engineering

The main limitation in the rational protein design is the limited understanding of how
protein sequence-structure-function relate. Thus, it is critical to understand the
fundamental principles that underlie protein structure, stability and function, and how the
structure and function of the proteins are defined by their sequence. In this sense, repeat
proteins are interesting scaffolds for protein design because of the simplicity of the system.
Repeat proteins are non-globular structures involved in essential cellular processes acting
typically as scaffolds to mediate protein—protein interactions. Repeat proteins are
composed of a varying number of tandem repeats of a basic structural motif of 18 to 47
amino acids, and their structure is dominated by short-range and regular

interactions!***78

. Repeat proteins are classified in several families attending to their
characteristic signature sequence. LRR (Leucin-Rich repeat), Armadillo (ARM), Ankyrin
(ANK), and TPR (tetratricopeptide repeat) are the most studied so far. The modular
structure of repeat proteins simplifies the design problem to the level of simple units and
to the interactions between the neighboring units, which are local and predictable. Each
repeat unit can be used as a building block with individually engineered properties,
including stability™®*%  function™ ™% and interactions between modules. The
understanding and control of the structure and stability of the repeat proteins open the
door to use them as scaffolds to generate self-assembled functional structures™®*¥7.,
Considering the previously described main features of repeat proteins, it is evident that
they are ideally suited for protein design and nanobioengineering through modular
approaches™®® |ndeed, some recent works confirm the level of understanding of those

repeated systems where a rational computational design can be used to engineer proteins
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with different properties that expand the sequence and structure space observed in

Nature!**%2,

We work on a particular type of repeated unit, the tetratricopeptide repeat (TPR). TPR
consists a 34 of amino acid helixA-turn-helixB motif (Figure 2.7A)[193]. In Nature, TPRs occur
in tandem repeat arrays from 3 to 20 repeats to mediate protein-protein interactions in
cells and to assemble of multi-protein complexes. A consensus TPR (CTPR) sequence was
previously designed from the statistical analysis of natural TPRs (Figure 2.7A)™*. CTPR
sequence includes few highly conserved small and large hydrophobic amino acids, which
are involved in the intra- and inter-repeat packing interactions that define the TPR
fold931951%1 At the other positions the sequence is not conserved and can therefore be
varied for design purposes "#%'%) CTPR repeats can be combined in tandem (Figure 2.7B)
to form CTPR proteins that present a continuous right-handed superhelical structure with

eight repeats per one full turn of the superhelix (Figure2.7B)™**%!,

A  CTPR building block B CTPR protein

CTPR: consensus TPR sequence

AEAWYNLGNAYYKQG-
DYDEAIEYYQKALELDPRS

Figure 2.7. CTPR units as building block for repeat proteins. A. CTPR unit structure is represented showing helix A in blue
and helix B in orange. On the right, a schematic representation of the structure of the CTPR building block using the same
color code. Below: the consensus CTPR sequence with the conserved amino acids highlighted in red. B. The crystal structure
of a repeat protein composed of 8 CTPR repeats (PDB ID: 2AVP) with A helices colored in blue and B helices in orange. Side
and axial views of the CTPR8 are shown. Below: the schematic representation of the CTPR packing from N-terminal to C-

terminal.
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2.2.3. Protein-based nanotubes

Nanobiotechnology is an emergent field that stems from the intersection of biology and
nanotechnology in order to study biological systems at the nanoscale and to design
nanoscale structures and materials based on biological components™®. The self-assembly
of atoms or molecules into more complex higher ordered structures is known as “bottom-
up” approach, whereas “top-down” approach refers to nano/microfabrication technologies

to fabricate nanostructures and nanodevices®.

Typically, self-assembly involves the arrangement of atoms and molecules in a specific
way to form a defined structure. In the same manner, biomolecules, including nucleic acids,
lipids, peptides, and proteins, can act as a building blocks to the self-assembly of higher
order structures. The chemico-physical characteristics of nucleic acids enable the precise
control of the assembly through robust and predictable base-pair interactions to build
structures with precisely control geometries, such as DNA origami nanostructures®™.
Therefore, it is no surprise that DNA was the first biological molecule to be implemented in
nanotechnology, and the great potential shown by DNA origami technology®™ 2%,
Similarly, lipids have also arisen as robust tools in nanotechnology given their self-
assembly properties that enable the easy formation of nano-films and other structures
such as micelles or liposomes®®!. Most recently, peptides, and proteins are emerging as
tools for applications such as tissue engineering, drug delivery, wires for bio-inspired

nano/microelectronics, and the development of biosensors2%¢2%!,

The driving force of self-assembly in protein-based systems is led by non-covalent
interactions, i.e. hydrogen bonds, electrostatic, hydrophobic, and van der Waals
interactions. Although those bonds are relatively weak, the total number of bonds engaged
in the interactions result in stable structures. In Nature, those weak bonds are responsible
for many interactions in biological systems and promote self-assembly of a vast range of

protein structures.
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Nanotubes are nanometer-sized tube-like elongated nanostructures that have a defined
inner cavity. Nanotubes are attractive because of the large internal surface area and

confined inner cavity that provide potential for application in filtration, encapsulation and

release of small molecules or drugs®*® catalysis due to the increased local

[211] [212,213]

concentrations“, optics and electronics , among others.

A number of protocols have been reported for the preparation of the non-covalently
self-assembled nanotubes using different structures including rod-like units, helical

[214]

structures, and stacked rings. Up to the date, Fmoc-dipeptides™™, cyclic B-sheet stacking

[215] [216-218]

peptides“, lock-washer a-helical bundles and short peptides that self-assemble
into spiral tapes®®**® have been used as building blocks for nanotubes. Also, recently a
generic modular approach to assemble nanotubes from a-helical barrels (aHBs) has been
presented®2?l Moreover, recently systems with tailored inner diameters via the ring size
of the peptide have been assembled through the self-organization of B-sheet stacking

peptides[212'224]

Protein-based non-covalent nanotubes have become a subject of major interest due to
their properties including facile synthesis, self-organization, and potential control of
diameter and size. The potential use of protein nanotubes (PNTs) has great relevance and
interest in many applications due to their well-defined structures, assembly under
physiologically relevant conditions, and manipulation through protein engineering

approaches in addition to biodegradability and biocompatibility?*.

The design and production of PNTs is still rather challenging given the high complexity of
protein folding, the lack of understanding of the sequence-structure relationships in
proteins, and even more limited knowledge on the design of novel interfaces. In this sense,
various structures from Nature have been used as starting point to develop higher order

[226]

structures””™. In general, these naturally occurring structures consist of ring-shaped
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monomers, which structure can be redesigned either chemically or genetically engineered
to promote their oligomerization, such as RubisCO ,trp tRNA-binding attenuating protein
(TRAP), Pseudomonas aeruginosa Hcpl, stable protein 1 (SP1), and the propanediol-
utilization microcompartment shell protein PduA ?2>* Recently, alternative approaches
have been employed for the design of PNTs. All those have in common the use of proteins
which structures enable the precise control of the assembly given their modularity and

predictability 23423,

Although these works represent an improvement on the control of the biomolecule-
based nanotubes formation, most of them used small peptides as building blocks or the
stacking of performed ring-shaped proteins. However, there are no significant works in
which proteins are applied as molecular units to generate synthetic PNTs. Proteins provide
more versatility than peptides, giving the opportunity to expand the applications of the
formed nanotubes. In this chapter, we describe the use of repeated CTPR proteins to
engineer PNTs by the engineering of novel interacting interfaces at the molecular level. The
high symmetry and the modularity of CTPRs permit the design of few contact points that
will be extended along the structure for the generation of repeated interacting interfaces.

Those interfaces will result on the assembly of stable higher order structures.

2.3. Experimental section
2.3.1. Protein design, molecular engineering, and protein purification

Considering the geometry of the right-handed superhelical structure of CTPR proteins a
three dimensional model was generated by manually docking two superhelical CTPR
proteins in a parallel orientation form a closed nanotube using Pymol (Figure 2.8 and 2.9).
By detailed inspection of a model that did not show any clashes, two positions were
identified in a repeated CTPR unit as the ones that contact repeats from the other CTPR

molecule in order to form a closed the nanotube. Those contacts points are located at the
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two loops in the CTPR repeat at positions 15 and 31 and were selected as the candidates
for the generation of the new interfaces. Contacts between position 15 and 31 are
extended along the CTPR super helix creating a new interacting interface. The design
models for CTPR nanotubes based on electrostatic and aromatic interactions are all based

on the design of complementary amino acid pairs at these positions.

Two models were designed to be tested experimentally: An electrostatic model
containing interacting aspartic acids and histidines and an aromatic containing interacting
tyrosines. Based on a consensus CTPR protein with 6 repeats (CTPR6), single point
mutations were introduced depending on the model used. For the electrostatic model, a
histidine was introduced in each repeat at position 15 for its interaction with the aspartic at
position 31 obtaining C6HD protein. Finally, for the aromatic model, the protein was
generated by sequential additions of CTPR1 modified repeats, where the repeats 1 and 2
have only one mutation D15Y; the repeats 3 and 4 have mutations G15Y and D31Y; and the

repeats 5 and 6 have one mutation D31Y, generating the C6Y protein.

Single point mutations for each model were introduced in CTPRIWT by quick-change
site-directed mutagenesis. The modified CTPR6 genes were generated from the CTPR1
mutated genes by sequential additions of mutated repeats and cloned into pPro-EX-HTa
vector. The generated genes were transformed into Escherichia coli C41(DE3) and a single
colony was used to inoculate an overnight culture of 10 mL of fresh LB medium containing
100 pg/mL of ampicillin and then grown overnight at 37°C in a shaking incubator. 5 mL of
overnight culture was used to inoculate 1 L of fresh LB medium containing 100 ug/mL of
ampicillin. When the culture reached an optical density of 0.6-0.8 at 600 nm, the
expression was induced with isopropyl B-D-1-thiogalactopyranoside (IPTG) (final
concentration 0.6 mM). Protein expression was performed during 5 hours at 30°C. The
proteins were purified using standard affinity chromatography methods based on

previously published protocols“gs]. The protein samples were dialyzed into PBS (150 mM
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NaCl, 50 mM phosphate buffer pH 7.4) and were stored at -20°C. The protein concentration
was determined by UV absorbance at 280 nm using the extinction coefficient calculated

from the amino acid composition[236].

2.3.2. Gel electrophoresis

SDS-PAGE was performed using 15% acrylamide gels on kuroGEL Verti 1010
electrophoresis system. Identical setup was used for native PAGE, except SDS was withheld.

The gels were stained with Coomassie blue.

2.3.3. Size exclusion chromatography

Gel filtration chromatography was performed using an AKTA prime plus Fast Protein
Liquid Chromatography (FPLC) equipment (GE Healthcare). The samples were injected into
a Superdex 75 HR 10/30 size exclusion chromatography column (GE Healthcare) and ran at
0.5 mL/min in PBS at 4°C. The purified samples were collected in 0.5 mL fractions and

stored frozen at -20°C.

2.3.4. Circular dichroism (CD) measurements

CD spectra were measured using a Jasco J-815 CD Spectrometer. CD spectra of the
samples in PBS buffer were acquired in a 1 cm path length quartz cuvette. All CD spectra

were recorded with a band-width of 1 nm at 1 nm increments and 10 second average time.

Thermal denaturation was performed in a 0.1 cm path length quartz cuvette in PBS. The
denaturation curves were monitored by following the CD signal at 222 nm wavelength as a
function of temperature from 10°C to 95°C. CD experiments on monomeric and dimeric
samples are performed right after FPLC purification and without dilution of the samples to

ensure the stability of the forms.
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2.3.5. Transmission electron microscopy (TEM)

The protein samples in PBS were deposited at 0.8 uM protein concentration
immediately after FPLC purification on glow discharged Cu/Rh grids coated with carbon
(Maxtaform Cu/Rh HR26), and negatively stained with 2% uranyl acetate. Micrographs
were recorded using Kodak SO-163 film, in a JEOL JEM1200EXII electron microscope with a
tungsten filament operated at 100 kV and at 60 K magnifications. Micrographs were

digitalized using a Photoscan TD Zeiss-Intergraph scanner (pixel size 2.33 A/px).

2.3.6. TEM image processing, particle selection, and 2D classification

In all cases, the CTF (contrast transfer function) was corrected using the CTFFIND3
program®’!, which also calculates potential astigmatism. Micrographs with visible drift and
astigmatism were discarded. Single particles were selected manually, extracted from

(238 Two types of

micrographs and normalized using the XMIPP software package
algorithms implemented in XMIPP were used to classify single images: ML2D™* and

cL2D™. In the main text, CL2D classification is presented.

For the theoretical projections of the C6Y dimer based on the PDB of the model
structure of the designed protein, pdb2mrc, a program from EMAN software package was
used to generate a 3D electron density map from the PDB file. Then EMAN software was

used to perform the projections™*.

2.3.7. Computational analysis based on docking simulations

Computation analysis was carried out in order to verify all the possible interactions
between the designed interfaces with the purpose to find a free-energy minimum for the
complex that displays a nanotube structure as expected form the initial designs. The

models proposed were evaluated using RosettaDock and ClusPro server in order to perform
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a local docking search. Each server applies a specific analysis program using different search
algorithm, ClusPro'**® based on fast-Fourier transform methods for grid matching and

RosettaDock!**"

is based on Monte Carlo algorithm. Therefore different outputs may be
obtained for each case. According to the results, the proposed designs were accepted
attending to the shape and energy stability of the complex formed for both docking

analysis programs.

2.4. Results and Discussion

2.4.1. Nanotubes based on repeat proteins: concept and design

CTPR arrays contain multiple repeats that interact through a single inter-repeat
interface to form elongated superhelices. In previous works, it was shown that it is possible
to form higher order structures such as protein films™**?), nanofibers™”>**? or protein

(18] hased on CTPRs. In these works, the head-to-tail and side-to-side

monolayers
interactions observed in the crystallization of the CTPR proteins were used to promote the

assembly of the protein units.

The work presented in this chapter goes a step further and aims to design PNTs by the
introduction of a novel interaction interface between two CTPR proteins. The inter-repeat
interface allows the interaction between two CTPR units in order to form a linear
superhelical structure (Figure 2.7B and 2.8A)""**%_|n this work, we hypothesize that, if an
additional interface is introduced in the repeated unit, a 3-dimensional structure will be
formed by the supramolecular assembly of two CTPR superhelices (Figure 2.8B), as

11081 " Since there is a twist between

previously proposed by Nussinov and coworkers
consecutive CTPR repeats that defines the superhelical structure, the introduction of a
second repeated interface along the CTPR superhelix would allow two superhelical CTPR

molecules to assemble into closed protein 3D nanotubes (Figure 2.8B).
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Figure 2.8. Schematic representation of CTPR proteins inter-repeat interactions. A. A single repeat interface in a repeat
unit (green) leads to the formation of a linear structure. B. Repeat unit with two different interfaces (green and purple) for
the formation of a parallel nanotubular structure. The crystal structure of the CTPR6 protein is shown and the nanotube

model in both side and axial views.

A structure-based rational design approach was applied to engineer the novel interface.
Based on the crystal structure of the CTPR protein, it is hypothesized that mutating the
amino acids in the loop of the CTPR protein throughout all repeats in the superhelix, a
novel interacting interface would be formed (Figure 2.8). A nanotube model was generated
and the positions 15 and 31 located at the loops were selected for the introduction of the
novel interface. We explore two different approaches for the formation of the novel
interface: an electrostatic model (Figure 2.9A), where the dimer formation is leaded by
electrostatic interactions between an aspartic acid (negatively charged) and a histidine
(positively charged); and an aromatic model (Figure 2.9B), where the dimer formation is led

by n-mt interactions using tyrosines.
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Figure 2.9. Different approaches for the design of nanotubes based on CTPR proteins. A. Electrostatic model, based on
electrostatic interactions; B. Aromatic model, based on m-m interactions. The second column shows the modifications
introduced in a single module (CTPR1), where the residues 15 and 31 are substituted by histidine and aspartic acid,
respectively, for the electrostatic approach and by tyrosines for the aromatic approach. Column 3, construction of repeat
proteins with 6 repeated units for the different approaches, based on the modules shown in the column 2. Column 4, dimer

formation, the zoom-in images show the specific interactions that lead to the nanotube formation in each approach.

2.4.2 Characterization of higher order assemblies
2.4.2.1 Electrostatic model

In this first approach, we designed ionic interactions between two CTPR superhelices to
promote the nanotube formation (Figure 2.9A). Given that the amino acid located at the
position 31 in CTPR sequence is negatively charged (aspartic acid), it is only necessary to
mutate the 15 position to an amino acid with positive charge. Despite the fact that amino
acids as lysine and arginine have intrinsic positive charge at physiological pH, they are not
suitable at this position because their side chains are too large and would prevent an
appropriate packing between two protein chains. For this reason, histidine was selected as

a potential pair and based on this model, a the CTPR protein C6HD with 6 repeats where

64



Chapter 2. Results and Discussion

the amino acid at positions 31 are aspartic acids and the positions 15 are histidines was

generated.

Upon protein purification, an electrophoresis gel showed the presence of both
monomeric and dimeric states in the sample (Figure 2.10A). Ahead of these results, the
dimer probably occurred due to hydrogen bonds between His15 and Asp31 instead of ionic
interactions. The pH inside the bacteria is above histidine pka, since E. coli maintains the
cytoplasmic pH in the range from pH 7.2 to 7.8%*!. Therefore, the imidazole groups of the
histidines at position 15 are mostly deprotonated and cannot establish salt bridges with the

negatively charged aspartic acid at position 31.

To analyze the dimer formation and purify the two species, size exclusion
chromatography was used (Figure 2.10B). Size exclusion chromatogram shows two elution
peaks at elution volumes of 9 and 11 ml, corresponding to the dimeric and monomeric
forms, respectively. The C6 wild type protein is run as a control for the monomeric state
showing an elution volume of 11 ml (Figure Al1.7). Circular dichroism spectrum was
performed on both monomeric and dimeric fractions to verify that both species were
properly folded and compared with the CD spectra of CTPR6 wild type (Figure 2.10C). The
introduced modifications affect the stability of the CTPR protein, when compared with the
CTPR6 WT. However, the thermal denaturation curves of monomeric and dimeric species
show that upon dimerization the protein becomes more stable and the denaturation
transition is clearly more cooperative indicating the interaction between two CTPR
monomers (Figure 2.10D). These results show that by applying a simple design approach

and introducing charge complementarity dimeric forms of CTPR proteins can be obtained.
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Figure 2.10. Characterization of the electrostatic model (C6HD) A. SDS-page gel of purified C6HD protein showing two
bands that correspond to the monomeric and dimeric states. B. Size exclusion chromatography of the C6HD protein over a
Superdex 75 column. The chromatogram shows two main peaks corresponding to the dimeric and monomeric forms of C6HD.
C. Circular dichroism spectrum of the CTPR6 wild type protein (in green) and C6HD monomeric (black) and dimeric states

(blue). D. Thermal denaturation of the C6WT (green), C6HD (black) and C6HDgimer (blue).

However, the obtained PNTs were relatively transient since the injection of a purified
dimeric fraction in a second FPLC column resulted in the re-equilibration of the sample into
monomeric and dimeric species (Figure A1.8). Then, we aim to induce the dimer formation
through a pH change. Lowering the pH below 6 would produce the protonation of amine
group of the histidine and therefore an ionic interaction with the aspartic residue would be
formed. However, the monomeric protein precipitated in the range of pH analyzed (5.4 to

5.8).

2.4.2.2. Aromatic model

In order to decrease the hydrophobicity of the designed interface that caused issues
with the homogeneity of the nanotubular structures, a design based on m-m interactions
mediated by the aromatic ring of tyrosines was proposed (Figure 2.9B). Tyrosine forms m-nt

interactions mediated by its aromatic ring, and their involvement in oligomerization

d [244]

process in TPR has already been reporte . At this point, rationally designed models

were validated using computational analysis. Docking tools were used in order to test the

ability of the designed proteins to form stable dimers with the expected structures?*!,

In addition, these tests allowed the inspection of other potential structural arrangements
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of the designed monomers. After several rounds a CTPR model with two tyrosines at
position 15 and 31 was selected to form the interacting interface. The model considered
that the end repeats that would not interact with each other were not modified to avoid
solvent exposed tyrosines at 15 and 31 positions (as described for C6L_2 model). This
model resulted in energetically favorable PNTs when tested in RosettaDock and in ClusPro
(Figure A1.9 and A1.10). Therefore, a G15Y-D31Y-mutant was constructed. As explained
above, the mutations were located in the 15 and 31 loop positions of the 4 non-terminal

repeats in CTPR6 protein, forming the C6Y proteins, (Figure 2.9B, Figure A1.5).
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Figure 2.11. Characterization of the aromatic model (C6Y) A. SDS-page gel of purified C6Y protein showing two bands that
correspond to the monomeric and dimeric states. B. Size exclusion chromatography of the C6Y protein over a Superdex 75
column. The chromatogram shows two main peaks corresponding to the dimeric (V. = 8.5 ml) and monomeric (V. = 11 ml)
forms of C6Y. C. Circular dichroism spectra of the CTPR6 wild type protein (green), C6Y monomer (black), and C6Ygimer (blue). D.
Thermal denaturation of the C6WT (green), C6Ymonomer (black) and C6Y gimer (blue).

An electrophoresis gel showed the formation of dimers with double the size of the
monomeric form (Figure 2.11A). Size exclusion chromatography was used to purify C6Y gimer
and C6Y onomer, Which had elution volumes in agreement with the ones expected for the
monomeric and dimeric conformations (Figure 2.11B). Circular dichroism analysis was
carried out to verify that the a-helical secondary structure was maintained in both monomer
and dimer, compared with the spectrum obtained for the CTPR6 WT (Figure 2.11C). Finally,
the interaction between monomers should provide a higher stability that will be reflected
on the thermal stability of the dimer. Therefore, we performed thermal denaturation for
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both the purified monomer and dimer using circular dichroism (Figure 2.11D). As expected,
the dimer denaturation not only required remarkably higher temperature (T _monomer = 50°C
and Ty, dimer = 79°C), but showed a more cooperative transition, indicating that the C6Y gime, is
more stable than C6Y onomer- This latest design showed improved properties compared to
the previously reported dimeric structures. Similarly to the previous models, when the
equilibrium between the monomeric and dimeric forms was studied it was observed that
the purified dimer re-equilibrates to a dimer and monomer upon dilution and analysis by
size exclusion chromatography (Figure A1.11). It is worth noting that the monomer
population is likely to increase over the time in to extend and as a result of that the
measurements must be done immediately after the purification and keeping the samples in

ice whole time in order to minimize the shift towards monomeric form.

Theoretical
projection

Picked
molecules

Figure 2.12. TEM characterization of the C6Ydimer. A. TEM image of C6Ygmer at 0.8 uM. Negative stain was used to
increase the protein contrast (uranyl acetate at 2%). B. Matching between theoretical 2D projection based on the PDB of the

designed dimer, on the top, and the structure of some molecules picked from the TEM image, on the bottom.
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Finally, TEM images were acquired in order to evaluate whether the shape and size of
the protein dimer are related to the predicted model. In spite of this certain heterogeneity,
in TEM could be observed individual particles with structures of similar size and shape to
the theoretical design which are highlighted with black circles (Figure 2.12A). Those
particles were selected and compared with the theoretical projections expected from the
C6 nanotube (Figure 2.12B), indicating structural similitude between them. Therefore,
those results show a structural correlation between theoretical model and the
experimental structures, and thereby point to certain specificity of the designed protein-
protein interaction. On the other hand, TEM images also showed the presence of larger
protein polymeric structures, indicating the potential of the designed modules to form
supramolecular assemblies larger than the designed discrete dimeric nanotubes, which

needs to be further investigated.

2.5. Conclusions

In conclusion, we describe a strategy for protein-based nanotube formation through
rational design, based on the knowledge and control of CTPR protein structure and
stability. We showed how, by modifying the protein building blocks, we introduced novel
interacting interfaces in the scaffold to encode defined higher order structures. The
introduction of a novel interface in the CTPR protein was designed to promote the
interaction between two protein monomers to form dimers that were more stable and
energetically favorable than the monomeric conformation. The modifications were
introduced in a single CTPR module and extended over all the CTPR repeat structure.
Because of the superhelical structure of the CTPR proteins, the generated dimers were
expected to form a closed protein nanotube. The designs were tested in the context of a
CTPR with six repeats (CTPR6) but could be extended to longer CTPRs since the novel

interface will be extended along the superhelix.
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Design of quaternary structure is considered a current challenge in protein engineering,
since it involves the control over the preferential formation of the desired structure versus
alternate conformations, which may have similar stability. Coiled-coil assemblies are
examples for which the design rules are well-established and impressive advances on
protein engineering have been achieved recently[246]. Coiled-coil assembly design showed

the formation a plethora of possible structures including trimmers, tetramers, pentamers,

[247] [248]

hexamers“™", and heptamers“™. However, some of the design works led to various

oligomerization states, similarly higher order assemblies based on coiled-coils resulted in

heterogenous assemblies!™*®

, showing the complexity of designing specific quaternary
structures. In the present work, despite the fact that the parallel nanotube assembly is the
most favorable structure, it is important to note that other type of alternate configurations

could be formed as discussed before.

We analyzed the nanotube structures obtained by two different approaches:
electrostatic interactions and n-nt interactions. The dimers are formed during the protein
expression in the bacteria and are mostly stable in native gel. The two monomeric and
dimeric species for the two models were purified. In all the cases the designed proteins
retained their characteristic alpha helical secondary structure, comparable to the wild type
CTPR6 protein both in the monomeric and in the dimeric forms. Also, it is worth mentioning
that dimers are disassembled in monomeric species upon dilution and that the process is
not reversible, since the concentration of monomeric species did not lead to the formation
of dimers. The electrostatic dimer C6HD displayed less stability and showed prompt
dissociation, which makes it difficult to purify the dimer in sufficient quantities for its
characterization. By contrast, aromatic design was stable enough to be isolated and
characterized. Moreover, protein concentration should be carefully established to ensure
the maintenance of the dimeric form during potential applications. In all cases the dimeric
forms showed greater stability, determined by thermal denaturation, than the monomeric

forms as expected from the interaction of two identical units. The thermodynamic stability
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of the dimeric structures depended on the model. The dimer formed by - rt interactions in
the aromatic model (C6Y) showed higher cooperativity and stability (T, = 79°C) than the
dimer formed by electrostatic (T, = 69°C). The change in the stability of the different
dimers probably derives from the specificity of the interactions between the two subunits.
This work shows that higher order structures based on repeated modules can be formed
relatively easily through the introduction of protein-protein interactions of different
nature. However, high-resolution structural studies by TEM revealed that it is not
straightforward to design modules that assemble into well-defined homogeneous
structures. In this sense, applying computational modeling tools during the design and
selection process showed great potential in order to consider designs that minimize

potential alternative states.

The development showed in this work about the formation of PNTs based on the repeat
proteins by introduction of novel interfaces between the monomeric units will be the basis
for the design of new interaction models. We aim to improve the stability and specificity of
the dimeric forms by combining different types of interactions, in order to overcome the
drawbacks presented in those models and the potential alternate conformation by forming
specific covalent staples between the two chains. Moreover, it could be possible to apply
these strategies to repeat proteins that display different twists!*****¥, thus forming PNTs
with different internal diameters. Considering both the length and the superhelical twist of
the repeated monomers, it will be possible to form PNTs with different properties in terms

of length and diameter size.

The control in the formation of nanotube structure using repeat proteins is interesting
for several applications such as filtration, encapsulation, and release of small molecules or
drugs™®. Moreover, the possibility of functionalization the CTPR protein in a controlled
way opens the door to introduce different functional groups inside the tube that are

interesting for applications such as catalysis, optics, and electronics”** "3,

71






Chapter 3

Engineered protein-based functional
nanopatterned materials for bio-optical devices
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3.1. Background

3.1.1. CTPR protein films

The structural characterization of the CTPR proteins was achieved by crystallography
establishing the structure of each repeat motif TPR in the consensus TPR protein (CTPR)
and of the overall protein. Through this structural analysis was demonstrated that CTPR
protein adopts right-handed superhelical structure forming a complete turn of the
superhelix with eight repeats. In the crystal structures of CTPR arrays, individual molecules
stack “head-to-tail” to form virtually continuous superhelix. In addition, “side-to-side”
interactions are also observed®****73 (Figure 3.1). These interactions have been
exploited for the generation of highly ordered CTPR-based materials. Therefore, it is
possible to form homogeneous and transparent protein films upon evaporation of the
aqueous solvent. This process resulted in solid macroscopic films in which the protein
assembled by specific contacts between superhelices similar to the ones present in the
crystalline forms®®. On contrary, this type of higher order structures are not observed in
solution, since even though the interaction occurs without a covalent staple it is not strong

enough to maintain the supramolecular structure in solution.
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Figure 3.1. Schematic representation of the crystal-packing interactions between superhelical molecules. A) Schematic
illustration of the stacking of helices between repeats of individual molecules. Each repeat is colored in green and blue
alternatively. The first repeat (in blue) of the next molecule must always pack against the last repeat of the previous molecule
(in green). B) Ribbon representation of the superhelical stacking with each single repeat colored green or blue. C) As an
example, in the P4,2,2 crystal form there are two repeats (numbered 1-8) within the asymmetric unit (indicated as AU; red

box). For this arrangement there are eight equally possible two-repeat arrangements for the asymmetric unit. Figure from'*®.,

The macroscopic order in the final material was verified using several techniques. On
the one hand, X-ray diffraction (XRD) technique provides information about alignment of
the protein in the film, showing characteristic peaks of diffraction (20 = 10.82, 21.64 and
32.05) that correspond to lamellar packing with a periodical d-spacing of 8.18 A (Figure
3.2A). On the other hand, circular dichroism (CD) technique provides information about the
secondary structure of the protein. Thus, as it is depicted in the figure both spectra have

the same shape typical of the alpha-helix structure (Figure 3.2B). Therefore, it was

demonstrated that the secondary structure does not seem to be affected upon
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evaporation. Additionally, fluorescence anisotropy adds extra information about order of
the film. In this experiment, a CTPR protein was used as scaffold to bind fluorophore-
labeled peptide, i.e. the MEEVD peptide that interacts with the protein that contains a
binding site for the peptide. In this manner, it was possible to determine that fluorophore-
labeled peptide has preferential directional fluorescence emission when it is bound to the
protein and excited with a specific angle, resulting in a sine-shaped plot. The specific
arrangement of the CTPR helices in the film guides the orientation of the binding. Those
values indicate that the material is anisotropic and, therefore, protein has a specific
alignment and order (Figure 3.2C). Finally, atomic force microscopy (AFM) was used to
obtained a detailed roughness of the film surface, demonstrating lack of roughness and, in

turn, supporting the idea of intrinsic order in the film (Figure 3.2D).
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Figure 3.2. Structural characterization of CTPR18 protein films. A. XRD of the film at 0°, 90° and 180°. B. CD spectra of

protein film and solution (inset). C. Fluorescence anisotropy of the film bound to the peptide ligand. D. AFM images. Figure

from!2%

The intrinsic properties of the CTPR protein, i.e. modularity and ordered packing and the
preservation of the structure on the solid state, make them suitable for the rational design
and assembly of functional biomaterials. Moreover, the thermal stability of the CTPR adds
an extra characteristic highly demanded for the fabrication and use of optics devices. The
differential scanning calorimetry (DSC) thermograms of CTPR proteins and thermodynamic
parameters calculated from them, clearly showed the high thermal stability of the proteins
and how the modularity of these TPR proteins affects to the thermal stability depending on

the number of repeats®™™ (Figure 3.3).
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Figure 3.3. A. DSC thermograms of the proteins CTPR2 to CTPR20. The excess heat capacity is plotted versus
temperature for CTPR2 (green), CTPR3 (yellow), CTPR4 (magenta), CTPR6 (cyan), CTPR8 (blue), CTPR10 (light green), and
CTPR20 (red). Ribbon representations of the structures of three CTPR proteins within the series (CTPR2, CTPR4, and CTPR20)
are shown. B. Thermodynamic parameters for CTPRs unfolding by DSC and CD. °The thermodynamic data has been
calculated from the DSC thermograms using a model free analysis in microcal origin. A progress baseline was used to setup
the baseline before using the integration function to calculate DHcal, Tm, and DT1/1. A step baseline was applied to calculate
approximate DCp values. The apparent DHVH was calculated from the CD data assuming a two state model with linear
extrapolated baselines for the native and unfolded states. "The apparent DHVH is the slope of the linear fit to the Van’t Hoff

plot (In K vs. 1/T). “n.d. not determined. Figure from'>*".
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3.1.2 Functional proteins films

The fabrication of functional biopolymers-based optics devices is a current challenge
since those biopolymers, in addition to encoded desired properties of biological materials
such as the lack of toxicity, degradability and biocompatibility, they must resist harmful
conditions as high temperatures. Amplified spontaneous emission (ASE) and Distributed
feedback (DFB) laser are photo-physical phenomena exploited in a wide range of processes,
such as light-emitting diodes (LEDs), sensing or optical communications™*2>*!. The physics
behind them are based on the spontaneous and stimulated emission, which under
population inversion, i.e. most of the electrons are in the excited state, is possible to
produce light with define properties in terms of coherence (constant phase, same
frequency, and waveform), and directionality (Figure 3.4). In particular, DFB lasers are a
type of laser diode, devices similar to LEDs that under certain conditions emit coherent
light. The active region of the device needs a periodically structured element or diffraction
grating which acts as a mirror (Bragg reflector) reflecting only a narrow band of
wavelengths (Figure 3.4A). Similarly, ASE or superluminiscence is based on the same
physics phenomenon but, in contrast to DFB, ASE does not have a feedback provided by
cavity with mirrors (e.g. diffraction grating) and thus it does not produce coherent light. As
a result, the emission peaks usually are slightly wider than the ones obtained by DFB laser.
However, the light bandwidth is considerably narrow and pure enough to be considered

interesting for different applications™®.

There are a plenty of examples in which biological sources have already been used in

the fabrication of materials for ASE and DFB laser as DNA, silk fibroin, Green fluorescent

[257-260]

proteins (GFP) or gelatin molecules . However, just a few cases have achieved to

produce those phenomena properly due mainly to detrimental effect of photo-degradation

and poor thermal and mechanical stability that hamper the proper function of lasing***’.
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Figure 3.4. Photo-physical phenomena of ASE and DFB laser describing the interaction between electrons and photons
(on top). A simplified schematic representation of ASE and DFB laser, including the active region, the light pumping and the
aforementioned phenomena (bottom). A. Active periodic grating confines the light giving rise to DFB laser emission (coherent

light). B. A simply non-structured active region produces ASE emission (non-coherent light).

In principle, unless the biomolecule itself displays fluorescence, as GFP, the material
needs an active lasing molecule. There are many types of dyes that may cover all visible
spectra and beyond. However, just few are really suitable for lasing, due mainly to the
spectroscopical properties required, ie. high quantum vyield and photo-stability!*®%.
Rhodamine 6G (Rh6G), that belongs to the family of xanthene dyes, fulfills those
aforementioned requirements and it has been widely used in biotechnological applications
such as fluorescence microscopy, flow cytometry, and fluorescence correlation

[263,264]

spectroscopy . Rh6G has a strong tendency to form aggregates which may drastically

modify the optical properties of the dye!?*>%%¢

. Engineered CTPR protein function by a Cys
enables to conjugate Rh6G in an easy manner so that it can organize Rh6G into a protein
film and hamper the detrimental effect of aggregation. Derived commercial of Rh6G can be

designed to have a specific functional group. In particular, maleimide group an imide
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heterocycle that is one of the more widely used in bioconjugation (Figure 3.5). The fast

kinetics and high specificity toward thiol groups of maleimide permit a straightforward

conjugation with cysteines residues within proteins®®”.,

i Y

. Ghen v SR
o < y \ C >
ﬁ’ Bioconjugation

reaction

(AEAWYNLGNAYYKQGDYDEAIEYYQKALELDPRS)x9
AEAWYNLGNAYYKQGDYDEAIEYYQKALELDPRC

Figure 3.5. Reaction of bioconjugation between Rh6G and CTPR10-Cys (top). CTPR10 amino acids sequence showing the

Cys mutated in the C-termini (bottom).
Given the properties of CTPR proteins, we hypothesized that CTPR protein might be an
excellent candidate to organize Rh6G in a protein film with outstanding laser properties

based on ASE and DFB laser, and this is the experimental demonstration that is covered in

this chapter.
3.2. Introduction

Active biocompatible materials and devices are emerging as a new stone corner in
multiple sectors including healthcare, energy, lighting, information, computer technology,

(268-2701 " A variety of bioinspired strategies have recently

and environmental monitoring
emerged to develop universal fabrication methodologies to create new functional
biomaterials with improved properties and potential uses!?’:274, Bioinspired materials are
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capable of recreating processes that occur in Nature, where complex structures emerge
from the combination of small components through self-assembly, to exhibit and display a
broad variety of functionalities. Although these bioinspired fabrication approaches have
opened new routes toward the scalable production of biocompatible multifunctional

268) and lighting®*?”*!, the development of protein-based devices is still

systems in biooptics
in its infancy. Significant progresses have been made using proteins that encompass the
building blocks of natural protein-based materials, mostly silk fibroin'’®. Silk fibroin
materials have been fabricated using various strategies, including spin coating, soft
lithography, inkjet printing, and contact printing, of silk solutions®?””"*!, These pioneering
works illustrated the great potential of bioinspired building blocks for the fabrication of
active functional materials. However, the use of natural materials usually requires several
pre-processing steps, which are often complex and involve costly equipment, hampering

[281]

their reproducibility in low-resource laboratories”®”. Although there is an increasing

understanding of the interactions and processes that govern the structuration of

[140,282]

biomolecules , it remains still insufficient, and the state-of-the-art research in the field

of fabrication of hybrid biomaterials and devices relies on trial-error assays.

Protein engineering enables the creation—in addition to the naturally occurring building
blocks—of protein-based synthetic building blocks, which significantly enhances
reproducibility rates and facilitates the rational design and assembly of functional

biomaterials™®*Y. Modular building blocks with simple intermolecular interactions allow

[153]

for better control of the assembly“gs'm], to obtain different nanomaterials'~>, and even 3D

[284]

structures by using simple building blocks with well-described intermolecular

interactions, such as coiled-coils and amyloid peptides”®**®

. Engineered building blocks
enable the control over the organization from the simplest to more complicated structures.
This is achieved using a bottom-up strategy based on highly specific biomolecular
interactions, which facilitates the nanometer-scale arrangement of bio-components,

tailoring their final features and functionalities!*”**48% Moreover, engineered proteins
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display similar biocompatibility, biodegradability, and water-processability than their
naturally occurring counterparts. Owing to their easily tunable structure, stability, self-
assembly properties, and functional reactivities, engineered proteins constitute a promising
biocompatible alternative for the fabrication of the next generation of bioinspired

functional materials.

To study how small engineered proteins perform as building blocks for material
engineering, we chose a well-characterized system based on an engineered repeat protein
domain, the consensus tetratricopeptide repeat proteins (CTPRs). CTPR proteins are
formed by a variable number of identical repeated modules, each one comprising 34 amino

f[95,286]

acids that fold in a helix-turn-helix moti . Their modular architecture allows the

elongation of the basic structural unit by varying the number of repeats. CTPR proteins

[95,286,287]

adopt a superhelical structure with eight repeats per superhelical turn , wWhose

stability is determined by the number of repeats™®?%

In previous studies, we
demonstrated the self-assembly properties of CTPR proteins into nanofibers and thin films,
which maintained the architectural and functional features of the individual proteins under
these conditions!’>**%. In particular, CTPR-based solid films are mechanically robust and
present hierarchical anisotropic mechanical properties that can be tuned by the constituent
molecules™ . This adds an extra advantage over other broadly studied biomaterials like,
for example, those based on silk fibroin. In addition, we have shown that CTPR-based

[183,289,290]

proteins can encode diverse recognition activities , and can be further endowed

[188,291,292]

with other functional elements, which can be exploited to introduce new

functionalities in the final biomaterial.

In combination with bottom-up self-assembly approaches, it is interesting to explore
simple top-down fabrication techniques that are usually applied to polymeric materials,
such as replica molding, in the context of protein-based materials. Providing these

biocompatible functional materials with nanoscale structures will add an extra level of
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complexity and open the door to applications that require nanostructuration, such as the
development of optically active devices. However, many current techniques in

nanofabrication take place in semiconductor and electronic industry™?®, and their

[294,295] [296]

adaptation to other fields of research such as biology , organic electronics'™,

[297] [298,299]

plasmonics'~", or catalysis , in which unconventional, soft, or degradable materials

and substrates are used, represents a challenge®®.

Unconventional nanofabrication techniques, such as soft lithography performed using
elastomeric stamps, provide a simple, affordable, and versatile alternative to traditional
lift-off methods to produce micro- and nano-scale patterns over large areas?%*3°%3%2,
Particularly, soft replica molding enables the simple transfer of nanostructures from a
patterned polydimethylsiloxane (PDMS) stamp to a substrate placing a molding agent—
typically referred as “ink” —between the stamp and sample. With the appropriate choice of
stamp, the final resolution of soft replica molding at room temperature it is only limited by
Van der Waals forces”. A variety of soft lithographic techniques have been proposed to
pattern biological material, such as biomolecules, proteins, or nucleic acids, providing also
control over the surface chemistry of the patterned substrate®%. Similar approaches

have already been applied to control the structure of cellulose and silk-based

materials®®2%! but have not been implemented in engineered building blocks.

Here, we explored the potential of engineered proteins to develop photoactive protein-
based devices using a fabrication strategy that combines a bottom-up (functionalization of
the protein-based unit cells) and a top-down (topographically-guided molding) approaches.
This novel system combines the advantages of soft nanolithographic techniques and self-
assembly of modular repetitive proteins as building blocks. In addition, we developed a
mild crosslinking protocol that preserves the topographical features in aqueous
environment. The strategy is fully performed in aqueous environment, preserving the

structure and function of the constituent protein building blocks, and allowing the direct
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incorporation of different functional moieties. Thus, we were able to introduce a new
functionality focusing on laser applications by incorporating a lasing dye into the
functionalized protein films to provide the capability to absorb, emit, confine, and amplify
light. The results of this work open up new perspectives for light-management in devices
based on engineered recombinant proteins with a broader range of applications given the
versatility of the methodology presented, and its potential implementation to other protein

systems that may add different competitive advantages.

Overall, our technique to fabricate flexible and conformable nanopatterned protein
layers over large areas has the potential to unveil new concepts at the interface of protein
engineering, material sciences, and biocompatible functional nanodevices. The possibility
of generating fully biodegradable protein materials patterned at the nano scale will pave
the way towards the development of biosensors, bio-optics, lasers, nanoelectronics,
plasmonics, implantable devices, tissue engineering, and fundamental studies in cell

biology.

3.3. Experimental section

3.3.1. Protein production and purification

The gene encoding CTPR proteins were previously generated based on a consensus CTPR
protein[lgsl. The encoding gene was ligated into the His tag expression vector pPROEX-HTa
vector, that produces a His-tag fused protein for affinity purification'**!. The plasmid was
transformed into BL21 (DE3) Escherichia coli cells. Cells were grown in LB with 0.1 mg/ml of
ampicillin in agitation to an O.D. between 0.6 and 0.8. Protein expression was induced with
0.6 mM IPTG for 5 hours, and after this, cells were centrifuged at 4500 rpm and
resuspended in 300 mM NaCl, 50 mM Tris pH=8.0 Lysis buffer with 1 mg/ml of lysozyme, 5
mM B-mercaptoethanol, and 1 pl/ml of protease inhibitor. The resulting lysate was

sonicated during 2 minutes with 30 second intervals, and centrifuged at 10000 rpm for 45
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min. Protein purification was performed by affinity chromatography using high density
cobalt ABT beads. The eluted protein was dialyzed overnight in PBS (150 mM NacCl, 50 mM
phosphate buffer pH=7.4 with 2.5 mM B-mercaptoethanol). Then, the protein was
concentrated and purified by FPLC gel filtration chromatography over a Superdex 200
HiLoad column. Fractions containing the protein were analysed in 15% acrylamide gels to
confirm the purity of the protein. Finally, protein was concentrated until the desired
concentration, from 50 to 300 uM, using the estimated molar extinction coefficient at 280

nm from the amino acid composition!?*®..

3.3.2. Generation of nanopatterned protein films

In order to prepare the PDMS stamps, a section of a DVD was cut off with scissors.
Carefully, the two polymer layers are peeled, keeping the polycarbonate layer as master
piece. Then, a 10:1 mix of Slygard prepolymer and curing agent was poured over the master
piece and left curing at 70°C for an hour. Finally, the PDMS stamp ready for use was
removed with a razor blade. The approximate area of each stamp was 2.5 cm” and the
gratings can be defined based on the application. In this work we used gratings with period
of 700 nm and 416 nm and a height of 140 nm. The diffraction grating had a groove density

of 1500 grooves/mm.

The PDMS stamps were washed with distilled water and ethanol 70% and dried at room
temperature (ideally under a N, flow, to avoid watermarks). Two approaches were used for
the generation of nanopatterns on the protein films. First, for the generation of free-
standing CTPR protein-PMMA films, a PDMS stamp was placed with the pattern facing-up
over a plastic piece on a microscope slide. The plastic piece was useful to avoid the
adhesion of the stamp to the slide. As shown in Figure 3.6, protein solutions of 300 uM
CTPR and 1% (w/v) PEG-400 were deposited over the PDMS stamp and left to dry for at
least 4 hours at room temperature to ensure the formation of the film. PEG is used as

plasticizer as previously described'”®. Once the film was formed, a solution of 10% PMMA
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950KDa in GBL (gamma butyrolactone) was deposited over the film and left until
solidification at 70°C. GBL was used as solvent since it does not affect the protein film
during its evaporation. PMMA layer was added with two objectives: i) to provide a back
support that will facilitate handling of the films; ii) to be used as an adhesive to transfer the
patterns to other surfaces. A second approach was the generation of CTPR films directly on
a variety of substrates, such as glass, quartz, or plastic. In this latter case, a protein solution
with PEG-400 was deposited on the selected substrate and the PDMS stamp placed over
the drop for drying the film at room temperature. Films were readily released from the
PDMS stamp without requiring functionalization or surface treatment of the elastomer. The
PDMS stamps were used several times to fabricate protein films without degradation in

their performance.
3.3.3. Crosslinking of the nanostructured protein films

Glutaraldehyde at 0.5% was used as crosslinking agent for a gentle vapor diffusion
crosslinking®””. The reaction was carried out in wells of 1 ml for 24h at room temperature.
At bottom of well was added 500 pl glutaraldehyde solution while the protein film was fixed
on a cover slip used to seal the well. After the reaction, the films were recovered and
dipped into water solution to monitor the potential release of the protein into the solvent

in order to evaluate the cross-linking efficiency.
3.3.4. Structural characterization of the nanostructured protein films

Scanning electron microscopy (SEM) Carl Zeiss AURIGA CrossBeam FIB/SEM was used to
image the surface patterning of the films. Films were mounted over a carbon tape and
imaged under vacuum conditions, applying an electron high tension (EHT) of 3.00 kV, WD of

5.8 mm and an aperture size of 20 um.

Atomic force microscopy (AFM) to determine the groove height, surface roughness and

thickness of the patterned films, was performed using a JPK NanoWizard Il, coupled to a
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Nikon Eclipse Ti inverted fluorescence optical microscope. An Olympus commercial silicon
nitride cantilever tip (OMCL-RC800PSA) with a force constant of 0.76 N/m and a resonant
frequency of 71 kHz was employed in dynamic mode. Surface morphology of the patterns
was studied under ambient conditions in air environment. To remove large area
background, 1% to 3™ order polynomial fitting was applied using JPK Data Processing

software.

Film thickness was measured using a mechanical profilometer “Dektak XT” with 2.5 mm
radio stylus. The applied strength was the minimal (around 1mg), and the length of analysis

was 7500 pm.

Circular dichroism experiments to determine the secondary structure of the CTPR
components within the films were performed using a Jasco J-815 spectropolarimeter. The
solid films were deposited on a sandwich quartz cuvette (0.1 mm path length). The CD
spectra were acquired at 1 nm increments and 10 seconds average time over a wavelength

range of 190 to 260 nm.

X-ray diffraction was performed in a PANalytical X’'Pert PRO diffractometer with Cu tube
(lambda Ka=1.54187 A) operated at 45 kV, 40 mA, Ni beta filter, programmable divergence
and anti-scatter slits working in fixed mode, and fast linear detector (X'Celerator) working in

scanning mode.
3.3.5. Optical characterization of the nanostructured protein films

Optical images of the patterned films were acquired on a Leica DMI 3000 B optical
transmission microscope using a 63x objective lens, or using an Olympus optical microscope
Model (BX51) with an objective of 100X (Nikon) and numerical aperture of 0.70. Images

were processed using Imagel software for background subtraction.
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Ellipsometry measurements were performed in spectroscopic rotating compensator
ellipsometer (M2000V, Woollam, NE, USA) at room temperature (21 + 1°C), operating in a
wavelength range from 380 to 1000 nm, using an angle of incidence at 70". The protein
sample was deposited on silicon wafers (SiO,) using a spin coating method (Laurell
Technologies corporation Model WS-400B-6NPP/LITE) at 1000 rpm during 10 min. First, the
silicon surface was cleaned in pure acetone to remove coated surface, rinsed thoroughly
with milliQ water. Second, it was cleaned with 96% v/v ethanol and rinsed with water.
Finally, the surface was dipped into 2% w/v solution of SDS for 30 min and after rinsed with
water. In order to ensure the complete surface cleaning from organic molecules UV/ozone
treatment was carried out using a UV/ozone ProCleaner™ (Bioforce Nanosciences). To
calculate the refractive index the data were processed using the software CompleteEASE
(Woollam, NE, USA) and the Cauchy model was used to fit the results.

B C
n(/1)=A+ﬁ+ﬁ

The steady-state transmittance and emission measurements were performed in both
solution and thin films using Varian Cary 50 UV-VIS (spot size of 1 mm” in the 200-700 nm
spectral region) and FS5 (Edinburgh) spectrophotometer (spot size of 1 mm® and excitation
at 500 nm) coupled with integrating sphere for PLQY measurements. The photostability of
both CTPR-Rh6G films was performed using home-made system that consists of a high
power excitation station - LED WINGER® WEPGN3-S1 Power LED Star green (520 nm) 3 W —
120 Im (505 nm and 6.6 mW/cm?) - coupled to an IR camera (FLIR FS5), and a detection
station consisting of spectrophotometer (Avaspec-ULS2048L-USB2). Both temperature and

emission changes of the films are monitored over time.

Bending assays were performed with DMA Q800 from TA Instruments in a multi-

frequency-strain module with single-cantilever clamp. The experiment was made with 0.1%
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strain and 1Hz of frequency at room temperature in size sample of 17.5mm x 5.2mm x

0.2mm.

Time-resolved photoluminescence emission measurements were performed using a
pulsed laser diode (405 nm, 80 ps, LDH Picoquant) as photoexcitation. The emission
intensity of the sample (in 102 mbar vacuum) was collected in free space, subsequently
dispersed by the grating of a 1/2 m monochromator and detected with a PMT assembly
(PMA — Hybrid from Hamamatsu Photonics) coupled to a Picoquant Hydraharp time-

correlated single photon counting system.

Laser action in distributed feedback (DFB) lasers based on CTPR-Rh6G proteins were
performed exciting with a fraction of the 532 nm output provided by a narrow-band OPO
(Continuum Sunlite, bandwidth 0.075 cm™, pulse width 3 ns) pumped by a seeded
frequency-tripled Nd:YAG laser (Continuum Powerlite PL8000) and equipped with a
frequency doubler (Continuum FX-1). The pump beam was focused under oblique incidence
on the DFB surface (placed in vacuum) using a 200 mm focal length spherical lens, with the
sample placed slightly out of focus (9.4 10”2 cm?). Laser action emitted perpendicularly from
the DFB surface was detected with a spectrometer (SP2500, Acton Research) equipped with
a liquid nitrogen cooled back-illuminated deep depletion CCD (Spec-10:400BR, Princeton
Instruments). A 533 nm notch filter was placed in front of the spectrometer slit to
selectively remove pump laser scattering. Intensity dependent measurements were
performed upon pump beam attenuation with a set of neutral density filters. Amplified
spontaneous emission (ASE) measurements on CTPR-Rh6G protein films were performed
with the same photoexcitation as lasing measurements but using a 200 mm focal length
cylindrical lens and a 3 mm slit width to define a photoexcited rectangular area of 700 um x
3 mm on the sample and the photoluminescence (PL) was collected from the edge of the
sample (90° respect to incidence) and sent onto the spectrometer. The pump thresholds for

laser action and ASE were obtained as the incident fluences at which the FWHM linewidth
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falls to half of the difference between the linewidths of the PL and laser and ASE spectra

respectively.
3.3.6. Distributed feedback (DFB) lasers from nanostructured CTPR-Rh6G fimls

In order to obtain a DFB protein based system, nanostructured protein films doped with
a laser dye where fabricated. For this purpose two approximations were tested: 1) mixing of
the laser dye with the protein solution and 2) covalent coupling of the laser dye to the
protein unit. In the first approach, to obtain nanostructured protein films doped with
Rh6G, 15 pl of CTPR10 300 uM were mixed with PEG 1% (w/v) and Rh6G 1 mg/ml. The
solution was mixed gently during 10 min and left in dark during the formation of the
nanostructured film following the procedure described above. In the second approach, a
CTPR10 protein with a single cysteine at the C-terminal end was used to generate a CTPR-
Rh6G covalent conjugate for a better organization of the Rh dye in the protein films.
Tetramethylrhodamine-5-maleimide (Sigma-Aldrich) was attached to the CTPR10-Cys
protein following previously described protocols®®**%!, Nanopatterned films for DFB lasers
were produced using a solution of the CTPR-Rh6G conjugate at 300 uM and PDMS stamps

with 416 nm period as described above.

For efficient lasing an optimized nanoimprinting process was required. A grating with
416 nm period was fabricated by thermal nanoimprinting lithography (T-NIL) on a soft
material, frequently used as an intermediate polymer stamp (IPS®, Obducat), (Figure
3.12D). The pattern was replicated from a Si master mold (NIL Technology) by using an
EITRE Nano Imprint Lithography system (Obducat) as schematically depicted on Figure
A2.10. The imprinting parameters were adjusted according to the manufacturer
specifications. The T-NIL was accomplished in a sequential process. Temperature and
pressure profiles during the process are described in Figure A2.6. Initially, the temperature
was raised up to 155°C, then the pressure was increased sequentially to 20 and 40bar and

kept constant during the rest of the process. After 3 minutes at 155°C the temperature was
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decreased in two steps down to 100°C and 70°C before releasing the pressure. Finally, the
sample was cooled down to room temperature before unmolding. Subsequently, CTPR-
Rh6G protein films were deposited on top by spincoating protein solutions (CTPR-Rh6G at
500 pM) in PBS on top of IPS templates. A SEM vertical cut of CTPR-Rh6G on
nanostructured IPS (Figure 3.12C) depicts a fibrillar protein network which replicates the

ripples underneath.
3.4. Results and Discussion

To explore the potential of designed proteins to create nanopatterned biomaterials
capable of acting as active optical devices, we use a designed protein system that exhibits
large-scale self-assembling properties. Figure 3.6 shows the topology-guided self-assembly
strategy followed to create flexible nanopatterned films of engineered proteins. We casted
a 0.4-3% water solution of CTPR protein onto the nanopatterned surface of the elastomeric
stamp and allowed the water of the solution to slowly dry at room temperature, similarly
to previously described protocols for generating CTPR protein films—see experimental
section for more details!”’?. After 5h, the solvent evaporates and generates a thin CTPR film
(~ 5 um) that can be easily transferred to wet surfaces via moisture-induced adhesion. A
thin layer of polymethylmethacrylate (PMMA) was deposited onto the unpatterned side of
the film while this was still on the stamp to facilitate its handling (Figure 3.6C and D). CTPR
thin films can also be directly printed over any substrate by pressing the aqueous protein
solution with the elastomeric stamp during 5h over the target surface (Figure 3.6E). After
the protein film is dry, the PDMS stamp was easily peeled from the film exposing its
patterned surface. We combined structural and optical methodologies to verify the

structural integrity and high-resolution successful patterning of the protein films.

The optimum protein concentration required to create homogeneous nanopatterned

films is a trade-off between the large protein packing degree to completely fill the
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nanofeatures on the stamp and the viscosity required to facilitate the appropriate flow of
molecules inside the stamp channels (Figure 3.6A, 3.6B). Bearing this in mind, a range of
0.4 to 3% (w/v) of purified CTPR10 protein, a consensus CTPR protein with 10 identical

(251,286] " \vere tested in the formation of nanopatterned films. The generation of

repeats
continuous and homogeneous patterned protein films was first evaluated under optical
microscope, confirming the formation of patterned films at CTPR10 concentrations from
0.4% to 3%. Protein concentration below 0.4% leads to heterogeneous discontinuous films.
A 1.5% CTPR10 concentration was chosen for a detailed characterization, as it led to the

highest film homogeneity and reproducibility with the lowest film thickness (~1 um).

A PDMS stamp on glass slide B Protein casting

C Casting a flexible polymeric support

PMMA

PMMA

Protein

PDMS

D Flexible nanostructured protein film on E Transferring nanostructured protein
PMMA layer films onto curved objects

Glass
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Figure 3.6. Schematic strategy for obtaining nanostructured protein films. A. PDMS stamp over a microscope slide
covered with a plastic film in order to facilitate the stamp removal. B. A solution of concentrated protein with PEG is
deposited over the PDMS stamp and dried at room temperature. C. Once the protein film is formed, a drop of liquid 10%
PMMA is deposited over the film and dried at 70°C. D. When dried, the PMMA-protein film is easily pealed from the PDMS
stamp. E. As proteins display good adhesion properties, a glass support can be used instead of PMMA, in this case the

proteins film is directly transferred to the surface of the glass. As example, a protein film has been stamped on a glass bottle.

The nanopatterned CTPR films prepared by replica molding are highly transparent and
flexible (Figure 3.6D). Immediately after peeling the stamp from the nanopatterned CTPR
film, characteristic iridescent reflections can be observed due to the diffraction of the light
by the protein nanofeatures on the film (Figure 3.6D and 3.6E). We used this observation
as the first evidence to verify that the molding process worked effectively. It is worth
highlighting that adding a PMMA layer as a back support for the nanopatterned CTPR film is
only required to facilitate the manipulation of the films, and that the free-standing protein
films can also be fabricated and transferred to surfaces by simply omitting this back
support. Also, as proteins display excellent adhesion properties, we can generate the films
directly onto substrates like quartz, polymers, glass, etc. Figure 6E shows the lateral wall of
a glass bottle coated by a nanopatterned CTPR film, demonstrating the good adhesion and

conformability of CTPR films created on hydrophilic curved surfaces.

Importantly, the protein structure was neither altered during the film casting process, as

demonstrated previously™?

, nor during the nanopatterning process. We evaluated the
protein structure in the patterned films by circular dichroism observing that the secondary
structure of the CTPR protein remained helical, showing no evidence of structural
alteration during the casting and drying processes (Figure 3.7A). Furthermore, X-ray
diffraction of patterned films showed a most intense broad signal at 20 around 20° and a
minor peak around 10° (Figure 3.7B), those values with a d-spacing of about 1 nm, as has
been previously reported for the CTPR unpatterned films, which confirms the presence of

the signature peaks ascribed to lamellar packing of CTPR proteins and indicates the

directional order'’>?*!_ These results are critical for further ordered functionalization of
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the protein films using the protein structure as a template to fabricate precisely organized

functional elements.
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Figure 3.7. Structural characterization of the protein films. A. Circular dichroism spectra of nanostructured CTPR protein film

deposited on a sandwich quartz cuvette. B. X-ray diffraction spectra of the nanostructured CTPR protein film.

A PDMS stamp Protein replica

Figure 3.8. Scanning electron microscopy characterization of the nanostructured protein films. A. SEM micrographs
showing a comparison of the surface of the PDMS stamp and the surface of the protein patterned film, in which the
nanostructure patterns are perfectly replicated. B. From left to right, optical image and SEM image of the film cross section

the patterned protein films are self-standing. On the right a higher magnification SEM image of the protein film is shown.
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The nanopatterned protein films were first imaged after removal of the PDMS stamp
under optical transmission microscope, revealing in the samples patterned surfaces as large
as 1 cm’. The surface morphology, topography, and roughness were characterized by
scanning electron microscopy (SEM) and atomic force microscopy (AFM) techniques. SEM
images revealed that the protein films accurately replicated the nanopatterns on the PDMS
stamp (Figure 3.8), and that the films are free-standing (Figure 3.8B). Additionally, the
nanopatterned film maintained the structural integrity at least 6 months after fabrication,
which provides additional value to the system (Figure A2.1). Using AFM, an area of 50x50
um? was imaged (Figure 3.9). The profiles of four different areas of 10x10 um? scattered
across a larger zone, demonstrate the uniform topology of the protein nanopatterns
through the film. The protein nanofeatures exhibit a height of ~120-130 nm, while the
nanoscale features on the PDMS stamp used as a template for the self-assembly of the
protein have a height of ~140 nm. This difference in height may be due to the shrinking
caused by the evaporation of the water from the protein structure of the film (Figure 3.9A).
The nanostructures of both the stamp and the molded protein film exhibited a pitch of 700
nm. We compared a section and the reconstruction of 2 x 2 pm? of the PDMS stamp (Figure
3.9B) and the patterned protein film (Figure 3.9C). Using high-resolution AFM microscopy,
we found that the root-mean-square roughness of the protein film is below 10 nm across

the film.
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Figure 3.9. AFM characterization of the nanostructured protein films. For a PDMS stamp (A) and the protein replica (B),
AFM images of 2x2 um” and a height profile are showed. Cross-section of the replica shows a perfect replication of the
nanopatterns on the protein film, with a height of approximately 140 nm and a periodicity of 700 nm. C. The top panel show a
50x50 pum’ image acquired by AFM, in which the film patterns can be observed. The black squares show the four areas of

10x10 um? that were selected to evaluate the topography of the surface. The bottom panels show the AFM profiles of the

four areas selected, revealing a regular topography, with heights around 140 nm.

The low feature variation that soft replica molding provides over the relatively large
area of the nanopatterned CTPR film enables the development of uniform bioactive
elements for optical applications. UV-Vis characterization showed that the film presents
high transmittance values (up to 95%) across the visible region (from 300 to 800 nm)
(Figure 3.10A). As expected for a protein film, absorption from the high content of
aromatic amino acids was observed in the 200-300 nm range, in which the characteristic
peak corresponding to the absorption of the proteins appeared at 280nm (Figure 3.10A).

These parameters are similar in patterned and non-patterned protein films, presenting in
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both cases the characteristic high transmission of CTPR protein films. The real part of the
refractive index of the material at different wavelengths shows a characteristic tail (Figure
3.10B) with refractive index values ranging 1.518—1.552 across the visible spectrum. These

optical parameters lay in a similar range as most transparent optical gIassesBlO]

, thus
allowing the implementation of the nanopatterned CTPR films in conventional optical
applications requiring from highly transparent materials with a well-defined refractive

index.

Some interesting biomedical applications for these nanopatterned films involve their
use in aqueous environment. In their current form, nanopatterned CTPR films quickly
degrade in contact with any aqueous solution due to the high solubility and weak non-
covalent interactions of the integrating proteins. This property can be advantageous for the
development of transient washable devices, however for other applications there is the

need of water-resistant films.
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Figure 3.10. Optical properties of protein films. A. Transmittance spectrum of a nanopatterned CTPR protein film of
approximately 1 um thickness over the UV-visible range showing values up to 95%. The inset shows the high transparency of

the protein film. B. Wavelength dependence of the refractive index of a spin-coated protein film. Plot obtained from

measurements of { and A at each wavelength in the ellipsometer.
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We infuse glutaraldehyde (GA) through vapor diffusion over the nanopatterned CTPR
film before its unmolding from the PDMS stamp to create a mild chemical crosslink across
the proteins that render the nanostructured CTPR films water resistant—see experimental
section for more details. We characterized the structural integrity of the nanostructures of
the GA-crosslinked CTPR films using optical microscopy. The height and pitch of the
nanopattern was unaltered and remained uniform throughout the entire film after GA
exposition (Figure 3.6B), when compared to untreated films (Figure 3.11A). Likewise,
optical features like transmittance and refractive index remained constant. We tested the
efficiency of the chemical cross-linking process by immersing the films into a large amount
of stirred warm water (~37°C) for 1 h. The structural integrity of the nanopattern CTPR film
remained unaltered after this solubility test (Figure 3.11C, Figure A2.2). Moreover, it is
worth mentioning that lamellar packing of the film is also unaltered upon cross-linking and
even under moisture conditions as shown by x-ray diffraction (Figure A2.3). Finally, the
circular dichroism spectrum of the crosslinked film showed that mild GA crosslinking did
not affect the protein structure (Figure 3.11D). Therefore, this crosslinking procedure
makes it possible for these protein films to be used in applications requiring the presence

of aqueous media, further expanding the potential uses of nanostructured CTPR films.

After demonstrating the possibility to control both the topology and the solubility of the
CTPR films, we expand the functionality of these systems from the mere biomolecular
recognition surfaces. We transformed nanostructured CTPR films into active optical
component using a simple yet effective bottom-up approach consisting of the fabrication of
nanostructured protein films using CTPR proteins functionalized with Rhodamine 6G
(Rh6G) (Figure A2.4), an efficient organic fluorescent dye commonly used in laser

cavities®™!.
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Figure 3.11. Crosslinking of protein films. Optical microscopy images of nanostructured protein film (A), the film after the
crosslinking reaction with glutaraldehyde (B), and the crosslinked film after immersion in water (C). D. Circular dichroism
spectrum of crosslinked proteins film showing the characteristic signal for the alpha-helical protein structure unaltered after

wetting (in comparison with the non-crosslinked dry protein films, see Figure 3.11A).

Note that our first top-down attempt to dope CTPR films with Rh6G resulted in a
heterogeneous distribution of dye molecules within the protein film, significantly

(308312 " \We then used a bottom-up approach

decreasing their efficiency as optical elements
to achieve the covalent attachment of the dye to the protein following a procedure that
proved to be successful for the functionalization of CTPR with porphyrins®***3. The self-
assembly properties of the CTPR-Rh6G conjugate proteins remained unaltered, allowing for
the generation of nanopatterned protein films using the replica molding method described
above. The resulting nanopatterned CTPR films exhibit structural features indistinguishable
from those of the nanopatterned CTPR protein films. The emission features of Rh6G in the

nanopatterned films were characterized to determine that their integration in the protein

material did not hamper its function for lasing application—see experimental section for
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more details. Protein films with covalently linked Rh6G exhibited an excitation and

emission spectra peaking at 556 and 591 nm, respectively (Figure A2.5).

Both spectra resemble the corresponding of CTPR-Rh6G conjugate solutions except for
slight dielectric red-shift and broadening in film, confirming minor dye aggregation in
protein films (Figure 3.12A). This is also confirmed by comparing other figures like the
radiative rate constants and photoluminescence quantum yields (PLQYs). In short, the PLQY
of the Rh6G in solution is ca. 32 %, whereas in thin films for lasing applications a significant
reduction up to < 1 % due to aggregation-induced emission quenching. In stark contrast,
the CTPR-Rh6G conjugate showed a PLQY 24.5 % in solution and 17 % in thin films. In
addition, time-resolved fluorescent constants are similar in solution and films for the CTPR-
Rh6G conjugates, concomitant to an increase in the non-radiative decay rates in film 6.2
10® s) respect to solution (2.5 10° s™) (Figure A2.6 and Table A2.1). Furthermore, the
photostability of the films was studied under constant irradiation at 505 nm (6.6 mW/cm?)
in air, showing a remarkable stability of ca. 100 h. The mechanical stability of these films
was tested taking into account optical (emission band shape and PLQY values) and
morphological (roughness and crack formation) changes under bending stress (single
cantilever, 0.1% strain and 1 Hz, 10,000 cycles). As shown in Figure A2.7, the emission band
of both the CTPR and Rh6G as well as the PLQY values hold constant upon bending tests.
This is in line with the neglectable changes in the film morphology, lacking a critical change
in roughness and/or crack formation (Figure A2.8). Finally, the PLQY of CTPR-Rh6G film was
not altered upon cross-linking and after water exposure demonstrating the optical stability

and usability of the material (Figure A2.9).
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Figure 3.12. A. Normalized photoluminescence excitation PLE (black) and photoluminescence (PL) (red) spectra of CTPR-
Rh6G protein solutions (dashed) and films (solid). B. Normalized PL (black) and ASE (blue) spectra from CTPR-Rh6G protein
films and laser emission (red) from nanostructured CTPR-Rh6G protein films. Inset shows a picture of a CTPR-Rh6G film under
UV illumination. C. Vertical cut SEM image of a nanostructured CTPR-Rh6G on top of IPS with 416 nm periodicity. D. SEM
image of an IPS template showing lines of 125 nm height and 416 nm period. E. Log-lin plot of the PL spectra as a function of
excitation fluence. F. Log-log plot of the PL linewidth (circles, left Y-axis) and emission output normalized by the output at the

highest fluence (squares, right Y-axis) as a function of excitation fluence, (red and blue arrows indicate respectively their

corresponding Y axis).
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The emission features, photostability, and homogeneity of CTPR-Rh6G films give raise to
the possibility of observing light amplification upon photoexciting the film with laser pulses.
Upon pumping the protein films with a pulsed stripe (532 nm, 4 ns, 10 Hz, 3 mm x 700 pum
size) above a certain fluence threshold (2.5 mJcm™), we observe emission linewidth
narrowing due to the appearance of amplified spontaneous emission (ASE) at 621 nm
arising from the edge of the film (Figure 3.12B). Nanostructured protein films (Figure
3.12C) obtained by depositing the protein on IPS grating templates of 416 nm periodicity
(Figure 3.12D) behaved as second order surface emitting distributed feedback (DFB) lasers
leading to a sharp emission line (0.5 nm linewidth) centered at 625 nm (Figure 3.12A). The
onset for laser action measured upon changing the excitation density (Figure 3.12E)
indicated a linewidth collapse from 44 to 0.5 nm and a sudden change in the slope of the
emission output (Figure 3.12F) at fluences above a 55 plem? lasing threshold, (see
Appendix 2 for a description on how the lasing threshold was obtained). This value is below
those reported in DFB lasers based on chemically unbound Rh6G on different hosts (refer
for instance to 1.7 mJcm™ found on Rh6G-doped silk fibroin or 140 plcm™ observed in
Rh6G-doped cellulose acetate)®®**. Our approach benefits from a combination of
enhanced Rh6G emission in solid state and efficiently supported feedback provided by the

highly defined periodical patterning®**.

Owing to its large fluorescence quantum yield (0.94)3* and outstanding optical gain
properties, Rh6G has been the choice as optical gain medium to develop optically-pumped

lasers upon its dispersion on a myriad of organic matrices including for instance

mesoporous siIica[317’318], aerogell319'32°], Iatex[‘ml, PMMA[‘m], methyl methacrylate

[323,324] [311] [325,326]

copolymers , cellulose nanofibers'*™™ or cellulose acetate , among many others.
The solid-state biological lasing platform demonstrated in this work offers attractive assets
for integration of light sources in biological medium aiming for instance at in-vivo imaging

or diagnosis. Furthermore, our approach opens up possibilities to combine lasing and
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protein functionalities through protein engineering such as their unique recognition

capabilities which can be exploited for highly sensitive and selective bio-sensors.

3.5. Conclusions

Bioinspired approaches to produce biocompatible protein-based devices are highly
promising, however protein-based devices are not a reality yet. The use of bottom-up
approaches to produce biocompatible protein-based surfaces has proven to be useful to
fabricate variety of biomaterials®’**?”). Unfortunately, the applicability of these protein-
based materials as active devices has been limited by the difficulty to tune their
microstructure using top-down approaches without altering the self-assembly of its
constituents. Here, we explored the potential of engineered proteins to develop protein-
based optically active materials using a fabrication strategy that combines a bottom-up
(functionalization of unit cells) and a top-down (topologically-guided self-assembly)
approaches. In addition, compared to previous reports, inspired on naturally existing
protein-based materials such as silk, we provide a significant step further, using engineered

recombinant proteins as platforms for the generation of active materials.

We reported the generation of nanopatterned protein films using simple designed
modular proteins. We achieved macroscale materials composed of structured nanoscale
elements ordered across different size scale. In addition, these materials were mouldable
using a cost-effective top-down soft-nanolithography technique. The protein material
replicated with high fidelity the pattern of the stamp, resulting in a bio-compatible
nanopatterned films. Those are flexible, easy to handle, and highly transparent. We
improved the stability of the protein materials for their use in aqueous environments by
mild cross-linking without affecting to the optical or structural properties of the material.
Finally, we exploited the unique modularity and designability of the protein scaffold of

choice to introduce an optical functional element, i.e. an active laser dye, in the material.
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This resulted in nanopatterned DFB laser based on protein thin films with good lasing

efficiency.

Hence, we demonstrate a biocompatible and cost efficient technology to fabricate
functional materials by a combination of bottom-up and top-down approaches. Active
elements are integrated in the basic structural unit of this material, in addition to bottom
up approaches to result in an ordered protein material, top-down soft nanolithography
approaches can be implemented for a next level of organization. We present a cost-
efficient and easy-to-follow technology for patterning nanostructured thin films using
PDMS stamps that can embed different functional elements of industrial interest
maintaining their functionality. This work represents a starting point to implement this
technique in the future to produce protein-based materials with a set of different
topologies and patterns, by using molds with different shapes ranging from few
nanometres to the limits of microfabrication. Furthermore, the properties of these scaffold
proteins can be easily tuned to embrace different functionalities and protein variants can
easily be expressed recombinantly, making the described process versatile, affordable and

scalable.

This work is a step toward the development of bioinspired multifunctional devices.
Overall this work has deep implications in the design of new bioinspired devices and
functional materials based on a combination of bottom-up and top-down approaches using
simple protein based scaffolds. Further research is needed in order to establish the real
potential of these approaches in material sciences. The application of this strategy could
drive the design of next generation biomaterials following a combined bottom-up/top-
down strategy and choosing between a variety of engineered proteins, shapes, topologies,
and functionalities, to be applied in very diverse fields including regenerative tissue

medicine, nanobiocatalysis, photonics, bioelectronics, biosupporting or biosensing.
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4.1. Background

4.1.1. Nanogenerators as a source of clean energy

Energy resources such as fossil fuels, mineral fuels, nuclear, and hydroelectric sources
are finite, unsustainable and/or harmful, while others such as renewable energy sources
are sustainable over the relatively long term and without any impact on public health. The
energy and climate crisis are forcing a change of paradigm related to the energy resources
in our society. The current energetic demand is increasing exponentially due mainly to
population growth and, consequently to the industrial development (i.e. agrarian and
agricultural overexploitation) in a society more and more energy-dependent. This energetic
demand is promoting the increase of pollution and global warming, and conversely cutting

B2 Therefore, new eco-friendly and renewable energy

down the main energy sources
approaches to replace the existent energy demand are mandatory. Nanotechnology is
arising as tool to develop new alternative sources of energy including solar cells, hydrogen

generation, hydrogen storage, and fuel cells®%*%%,

Among those developments, during the last two decades new devices based on the
piezoelectric effect have been developed, commonly known as nanogenerators. Those
devices are able to convert mechanical energy into electric energy. Various materials have
been showed to have this piezoelectric behavior, such as wurtzite materials, zinc blende
materials, perovskite materials, and even polymers. In general, these materials have one
main characteristic in common: dipole moments created by naturally formed positive and
negative charge centers®*!. In particular, the most common nanogenerator is, due to its
high mechanical-electrical energy conversion, Lead zirconate titanate (i.e. Pb[Zr,,Ti,]JO3 or
PZT, being 0<x<1), which has perovskite-type structure. Such structure presents a small
cation in the center of the unit cell (i.e. Ti* and zr*"). The structure is slightly deformed

when vibration or pressure occurs on its surface, which leads to a displacement of the
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cations relative to the O”. As a result of this charge displacement an electric field is built-up

(Figure 4.1), and this electric field can be harnessed as electric voltage®*?.

Pb?2* 0o e Ti*, 2™

Figure 4.1. Unit cell of perovskite. A. Octahedron structure. B. Distortion of octahedron upon polarization.

4.1.2. Bioinorganic generator: Catalase as a source of mechanical energy

In a pioneering work researches developed a methodology to produce eco-friendly
energy from renewable fuel sources, using nanogenerators based on PZT disc (i.e. two
electrodes, top-silver and bottom-cooper, and the PZT in between) coupled to a multi-

enzymatic reaction (i.e. bioinorganic generator)®®

. Unlike traditional generators, this
system produces mechanical energy through enzyme-driven gas production which
generates mechanical strain that is converted into electricity by the action of a

piezoelectric component properly integrated into the device (Figure 4.2).
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Oscilloscope

Time (s)
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Figure 4.2. Piezoelectric disc and bioinorganic generator. A. Scheme of inorganic piezo-electric material composed of two
electrodes (Ag/Cu) and lead zirconate titanate (PZT disc) in between. B. Optical image of the piezoelectric disc and
bioinorganic nanogenerator.

The source of this gas-bubbling comes from different substrates as glucose, ethanol, or
amino acids, which conversion is catalyzed by a subset of enzymes that ultimately leads to
gas production as byproduct. In particular, catalase (CAT) is the main responsible for gas-
releasing in the multi-enzymatic system (i.e. oxidase-catalase pairs) in which oxidases as
glucose oxidase (GOX), alcohol oxidase (AOX), D-amino oxidase (DAQO) and L-amino oxidase
(LAO) engage in the hydrogen peroxide byproduct®™. CAT is a well-known enzyme which
catalyzes the disproportion of H,0, into water and O, (Figure 4.3). The oxygen-bubbles
produced trigger the mechanical stimulus that prompts the electric current generation

when bubbles get in touch with the PZT surface.
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Figure 4.3. Three-dimensional structure of CAT consisting of 4 subunits and heme prosthetic group in each subunit shown

in red spheres. Zoom in of the heme structure (PDB ID: 1TGU)™*",

4.1.3. Enzyme immobilization

Despite the fact that energy harvesting enables to produce clean energy from a mixture
of enzymes, homogeneous catalysis brings some drawbacks that can limit their usability
and slow the energy production down. For this reason, an evident approach goes through
enzyme immobilization. Some of the advantages of this strategy compared to
homogeneous catalysis using soluble enzymes are related to the economic cost, the
enzyme reusability, and the improvement in stability®**®*® Several methods have been
carried out up to date, such as adsorption, covalent binding, affinity immobilization,
entrapment or encapsulation, and enzyme cross-linking**”**®, Most of them require carrier
matrices made of inert polymers and inorganic materials, even though alternate carrier-
free immobilization has been shown to be as efficient and useful, providing the advantage

[339]. However, each

of cutting down production cost and increasing enzymatic activity
method displays some drawbacks and advantages, and therefore, the choice of a particular

immobilization methodology depends on the intended purpose. Moreover, the effect of a
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specific matrix compound may disturb enzyme activity and/or substrate diffusion®*”..

Therefore, new strategies to develop novel heterogeneous biocatalysts are desirable*%.

In the recent decades, biopolymers have been successfully used in different fields with
the aim to develop cost-efficient and sustainable processes. These approaches require
properties such as biocompatibility, biodegradability, and nontoxicity®****?. In this context,
proteins can serve as a basis of the polymeric supports because, apart from fulfilling all the
aforementioned requirements, they can also provide diverse reactivity and specific
environment suitable for the enzyme. Moreover, the use of proteins as scaffolds will
potentially allow the control over the spatial organization of active elements without
drawbacks present in synthetic materials. In particular, tetratricopeptide proteins (TPR)
have been demonstrated to be an exceptional scaffold since consensus TPR (CTPR) proteins
form ordered films, due mainly to the side-to-side and head-to-tail interactions, which can

(172381 Therefore, scaffolds and materials

also be observed in the crystal structure
composed of CTPR proteins show a great potential for the ordered entrapment and
immobilization of enzymes toward the generation of novel heterogeneous biocatalysts. In
particular, in this chapter the catalase immobilization in CTPR proteins films is explored as a
new approach for its implementation in the harvesting eco-friendly and renewable energy

through PZT disc.

4.2. Introduction

Large efforts are currently being made in the field of fabrication of new functional
biomaterials and their integration into technological devicesP*3*1 A variety of bioinspired
strategies have recently emerged to create biomaterials with tailored functionalities,
improved properties and potential uses?#3483%0 Thage strategies include the bottom-up

approaches for the generation of supramolecular biomaterials™®, with particular efforts
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devoted to achieve protein-based materials due to the amazing structural and functional

diversity of these biomolecules®*#3>%,

Of particular interest to the field of active biomaterials is the fabrication of catalytic

d[353]

materials in which active enzymes are immobilize . Several immobilization methods

[354] (355

have been used up to date, including adsorption'™™, covalent linkage™™, affinity

[356] [358]

immobilization®*®, entrapment®”, encapsulation®*®, or enzyme cross-linking®*®". Among
them, the simple entrapment offers easy fabrication and handling and endows high
stability to the immobilized enzymes®. Regarding the support, using natural materials as
scaffold provides advantages as biocompatibility, chemical versatility, and biodegradability
that organic or inorganic support materials do not offer. In this regard, proteins play a key
role since they fulfill all these characteristics and their use for the fabrication of protein-
based materials has been already demonstrated”>>**! However, the robust fabrication of
functional protein-based materials films that preserve both structural integrity and
functionality of the entrapped enzymes remains a challenge in biomaterials research. In
fact, few examples of enzymes immobilized on protein-based materials have been

successfully reported up to now*?.

Several scaffolding proteins can be used for the fabrication of biomaterials. However,
engineering proteins provide clear advantages in terms of tunability, reproducibility,
scalability and rational design of the final properties of the material®*®. Modular building
blocks with simple interactions allow for better control of the final assemblies through the
implementation of bottom-up approaches. Engineering repeat proteins present these
inherent features that make them suitable candidates to be used as scaffolding
proteins™®**®3 In particular, tetratricopeptide proteins (TPR) have proven as exceptional
scaffolds since consensus TPR (CTPR) proteins form ordered films, due to well characterized
side-to-side and head-to-tail interactions™". The basic CTPR unit consists of 34 amino acids

with a helix-turn-helix motif. CTPR proteins have a modular structure in which the repeats
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can be combined in tandem to form highly stable CTPR proteins that display a right-handed
superhelical structure, with eight repeats per one full turn of the superhelix®®*®. These
features make these repeat protein scaffolds ideal building blocks for numerous

[89,364]

applications , as previously demonstrated through the fabrication of functional

protein-based materials!'**'*

. Similarly, we hypothesize that materials based on CTPR
proteins will be applicable for the ordered entrapment and immobilization of enzymes

toward the generation of novel heterogeneous biocatalysts readily integrated into devices.

Catalase (CAT) is an excellent candidate to be entrapped into protein-based materials
since is extensively used for technological applications where biocatalyst robustness is
often demanded. CAT catalyzes the hydrogen peroxide disproportionation releasing water

and molecular oxygen as innocuous products©®.

Such catalytic reaction makes this enzyme industrially relevant for the development of

]

biosensors®®Y, preventing food oxidation®®®, removing hydrogen peroxide from residual

B¢7 and intensification of oxidase-driven biotransformations®®*®!. In a pioneering

water
attempt to expand the CAT applications, our group has recently exploited CAT in solution to
produce bubbling upon H,0, disproportionation reaction as a source of mechanical energy

then harvested by coupled piezoelectric materials to generate electricity*.

Since the described system integrated a soluble CAT that formed bubbles within a
reaction chamber, the reaction mixture, and consequently the enzyme, must be removed
once the fuel (H,0,) is consumed and maximal energy is produced. Moreover, the soluble
enzyme normally becomes inactive after one operational cycle after being exposed to the
high concentration of H,0, required for the energy generation process. Hence, the current
bio-inorganic generator is limited to only one cycle of energy generation, which precludes
the reusability and the continuous operation of the system. In this emerging filed, enzymes
could play a key role since they are able to catalyze reactions whose by-product may be

used as source of mechanical energy. However, the coupling of enzymatic systems and
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nanogenerators would require automatic, independent and reusable systems so as to
minimize costs and enhance the efficiency. For the aforementioned reasons, the physical
immobilization of CAT on the surface of the piezoelectric material would make the enzyme
more robust and recyclable, overcoming the major limitations of the current system for
energy harvesting and ease the automation and integration of this bio-inorganic generator
into more complex devices. Although enzyme immobilization is often considered as one of
the most effective methods to increase the biocatalyst robustness, the preservation of the
enzymatic activity into the materials during the immobilization process is still a
challenge®®. This limitation arises mainly from loss of catalytic activity due to enzymes
undergoing denaturing conformational changes, intermolecular aggregation, steric
hindrance of the active sites, lack of dynamical freedom, and mass transport restriction of
reactants imposed by the structure of the solid materials®’". In addition, depending on the
immobilization methodology the enzyme might be lixiviated to the reaction media resulting
in activity loss of the immobilized biocatalyst. Hence, the immobilization of enzymes on
solid materials shall be optimized according to their final use, seeking for protocols that

maintain the activity and increase the stability relative to the enzyme in solution.

To advance in the fabrication of novel bio-inorganic generators based on CAT, this
chapter describes the development of a novel protein-based biomaterial that can be readily
coupled with piezoelectric materials to increase the operational life span of the energy
harvesting process. This increased life span has been possible because the protein
environment of the CTPR scaffolding protein forming the biomaterial stabilized the
entrapped CAT as demonstrated by thermal inactivation studies. The solid self-standing
biomaterial with catalase activity was casted into a piezoelectric disc and proven to
produce electricity from H,0,. Although the entrapped CAT presents lower apparent
catalytic efficiency than the enzyme in solution, the proximity of the bubbling enzyme to
the piezoelectric surface improves the energy outcome at large operational volumes

compare with the system using the enzyme in solution.
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4.3. Experimental section

4.3.1. Materials

Reagents and substrates including the hydrogen peroxide and 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid (ABTS), and the enzymes catalase (CAT) from bovine
liver and horseradish peroxidase (HRP) were purchased from Sigma-Aldrich (St. Louis, MO).
The piezoelectric material (PZT disc) (diaphragm, 6.3 kHz, 1 KQ, 0.01 puF, 20 mmx0.42 mm,
cat. 7BB-20-6l0, Murata) was acquired from Farnell Elementl4 Components (Barcelona,

Spain).
4.3.2. Protein expression and purification

The gene encoding CTPR10 protein was previously generated based on a consensus
CTPR protein and cloned into the pPROEX-HTa vector for the expression as a His-tag fusion

963721 The protein was expressed and purified as described

for affinity purification
previously!®". Briefly, the plasmid was transformed into BL21 (DE3) Escherichia coli and the
cells were grown in LB with 0.1 mg/ml of ampicillin in agitation to an O.D. between 0.6 and
0.8. Protein expression was induced with 0.6 mM IPTG for 5 hours at 302C, then the cells
were centrifuged at 4500 rpm and resuspended in 300 mM NaCl, 50 mM Tris pH=8.0 Lysis
buffer with 1 mg/ml of lysozyme, 5 mM B-mercaptoethanol, and 15 pl DNase stock
solution. The resulting lysate was sonicated during 5 minutes with 30 second intervals and
40% of amplitude, and centrifuged at 10000 rpm for 45 min. Protein purification was
performed by affinity chromatography using Ni** His-Trap™ column. The eluted protein
was dialyzed overnight in PBS (150 mM NaCl, 50 mM phosphate buffer pH=7.4 with 2.5 mM
B-mercaptoethanol). The protein was concentrated and purified by FPLC gel filtration

chromatography over a Superdex 75 HiLoad column. Fractions containing the protein were

analyzed in 15% acrylamide gels to confirm the purity of the protein. Finally, protein was
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concentrated until the desired concentration, from 50 to 400 uM, using the estimated

molar extinction coefficient at 280 nm from the amino acid composition.
4.3.3. Protein thin films fabrication

A 20 pl protein solution of 400 uM CTPR10 (18.1 mg/ml) and 4 uM CAT (1 mg/ml) were
deposited over a hydrophobic non-porose material by drop casting and left to dry for at
least 4 hours at room temperature to ensure the formation of the protein thin film. A
second approach to obtain thinner films was using spin-coating to deposit the films. In this
case, a drop of 15 pl of 400 uM CTPR10 and 4 uM CAT were deposited over a quarzt slide of
size 1x1 mm? by spin-coating method using a Laurell Technologies corporation Model WS-
400B-6NPP/LITE, at 1000 rpm for 10 min with an acceleration of 3000 rpm/s.

Stereomicroscope LEICA S8APO was used to image of the biomaterial at macroscopic level.
4.3.4. Scanning electron microscopy (SEM)

SEM JEOL JSM-6490LV was used to image the surface of the protein thin film. The film
was mounted over a carbon tape and imaged under vacuum conditions, applying an
electron high tension (EHT) of 5.00 Kv WD of 2.5 mm and an aperture size of 15 um.
Sputter coating technique was performed in all samples using a metallization of Au/Pd

alloy.
4.3.5. Circular dichroism

Circular dichroism (CD) was used determine the secondary structure of the CTPR10 units
within the films. CD was performed using a Jasco J-815 spectropolarimeter. The solid films
were deposited on a sandwich quartz cuvette (0.1 mm path length) by spin coating. The CD
spectra were acquired at 1 nm increments and 10 seconds average time over a wavelength

range of 190 to 260 nm.
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4.3.6. Crosslinking of the protein thin films

Glutaraldehyde (GA) at 1% was used as crosslinking agent for a gentle vapor diffusion

373374 ' The reaction was carried out in wells of 1 ml for 24h at room

crosslinking
temperature. At bottom of well 500 ul glutaraldehyde solution were added while the
protein film was fixed on the cover slip used to seal the well. After the reaction, the films
were recovered and, in order to evaluate the cross-linking efficiency, dipped into water
solution to monitor the potential release into the solvent. The biomaterial was dipped into
a water solution for different times, 1h, 24 h, and one week and the amount of protein in
the supernatant was quantified at each time by Bradford assay using the

spectrophotometer Varioskan Flash spectral scanning multimode reader (Thermo

Scientific).

4.3.7. Distribution of CAT in thin films by fluorescence imaging and fluorescence

anisotropy

CAT was fluorescently labeled using rhodamine B isothiocyanate (Sigma-Aldrich). The
labeling reaction was performed for 24 h at 37°C under constant shaking. The enzyme was
purified from the free dye by a NAP-5 column (GE Healthcare) and concentrated with
Amicon® ultra-0.5 ml centrifugal filter MWCO 10K (Merck Millipore). The enzyme
concentration was calculated measuring the absorbance at 280 nm (€,50nm = 246000 M™
cm™) using a UV-vis spectrophotometer (ThermoFisher). Fluorescence confocal microscope
(ZeissNLO 880) was performed to determine the homogeneity of the biomaterial CAT-
rhodamine labeled. The image was acquired using an excitation wavelength of 550 nm and
with a magnification of 20x. The z-stack for the 3D reconstruction was acquired with 40x oil
objective using an excitation of 561 nm and emission between 565-700 nm, 40 um Z-slides
and an Airyscan detector at maximum intensity projection and 512x512 frames.

Fluorescence anisotropy of the solid film was measured using a fluorimeter Perkin Elmer

(LS55) with automated polarizers. A film of CTPR10 and CAT labeled with rhodamine was
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used and the polarization was determined using excitation and emission wavelengths of

550 and 572 nm, respectively.
4.3.8. Enzymatic activity measurements

The catalase activity either in solution or in the thin protein film was indirectly analyzed
by quantifying the amount of hydrogen peroxide produced along the time. Samples of the
catalase reaction were withdrawn at different times and incubated with peroxidase and
ABTS ( €= 36000 M™ x cm™) for a fixed time. Herein, the peroxidase (HRP) uses the catalase-
produced H,0, to oxidize ABTS increasing the absorbance of the reaction mixture at 420
nm. The increase in absorbance was measured using a Varioskan Flash spectral scanning
multimode reader (Thermo Scientific) and quantified to determine the H,0, concentration
upon the catalase action. For the soluble enzyme, 20 pl of the enzyme at 0.01 mg/ml was
mixed 980 pl of substrate solution (35 mM H,0, in 100 mM phosphate pH 7.4), aliquots
of 50 ul was collected at different times and heated at 90°C for 2 min in order to inactivate
the enzyme. Upon enzyme inactivation, 20 pl of each sample were mixed with 200 ul of
0.066 mg/ml ABTS and 0.013 mg/ml HRP in 100 mM phosphate pH 7.4 at room
temperature and incubated for 5 min. In the case of the immobilized catalase, a sample of
supernatant (20 pl) from the film incubated with substrate solution was mixed with 200 pl
of 0.066 mg/ml ABTS and 0.013 mg/ml HRP in 100 mM phosphate pH 7.4 at room
temperature and incubated for 5 min. The hydrogen peroxide consumed in the reaction
was calculated using calibration curve. The specific activities of both in solution and
entrapped CAT were determined from the time-course curves obtained through monitoring
the H,0, concentration along the time (Figure A3.6). The initial reaction rates were
obtained from the slope of the curve, considering a zero-order kinetic, and converted to
specific activity considering the total amount of enzyme tested. The kinetic parameters of
the immobilized and in solution catalase were determined by measuring the reaction rates

at various H,0, substrate concentrations ranging from 0.25 to 168 mM at pH of 7.4, while
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keeping the amount of enzyme constant. The kinetic parameters K, and V.., were
calculated from Michaelis-Menten fit. To determine the thermal stability of the enzymatic
activity, incubations at 50°C at different times were carried out to measure the decay of
activity. The activity of each sample withdrawn at each inactivation time was measured
through the HRP-coupled colorimetric assay described above and fixing the catalase

reaction time in 15 and 3 minutes for the immobilized and soluble enzyme, respectively.
4.3.9. Electric Energy Output Measurements

SiO, thins films were deposited with nonreactive and reactive magnetron sputtering on
PZT disc (1.25 cm” active piezoelectric surface) using an AJA-ATC 1800 system with a base
pressure of 10”7 Pa. The deposition of the films was done with three separate 2 inch
elemental targets, with a purity of 99.999% for carbon (Demaco-Holland), 99.95% for Nb
(AJA International-USA) and for SiO,, in a confocal configuration at a pressure of 0.25 Pa of
pure Ar. The substrate bias voltage and substrate holder heating facility were turned off
during depositions; the distance between target and substrates was about 15 cm. Prior to
deposition, the substrates were sputter-cleaned with a negative bias of 180 V (25 W) ina 4
Pa Ar atmosphere for 10 min. SiO, films were deposited in an Ar/O, atmosphere (10 seem
Ar + 20 seem 0,) at total pressure of 0.4 Pa and applying a d.c. power of 230 W to the Si
target. CAT-protein thin films were deposited over the SiO, on the PZT surfaces and
connected to an oscilloscope (Siglent model SHS806) to monitor the open-circuit voltage
versus time as described before®”. Different chamber volumes were obtained by varying
the liquid fuel volume inside the open chamber (0.2, 0.4, 0.6, 1, 1.5 and 2 mL). When in
solution enzyme was assessed, an enzyme solution that contained catalase in 50 mM
sodium phosphate buffer at pH 7 was placed inside the chamber. The reaction was initiated
by the addition of the fuel, H,0, at the indicated concentrations. Before triggering the
reaction, the system was equilibrated until the voltage signal reached 0 V. The energy of

the electrical outputs according was calculated with eq. 15781,

121



Chapter 4. Results and Discussion

L2y2(t
e [LO,
¢ R

1

Where E, is the generated electrical energy and V is the generated voltage from the
start (t;) to the end (t,) of a cycle at a constant resistance load (R). The R value was fixed to

60 MQ (experimentally determined at the maximum produced voltage by the enzymes).

4.4. Results and Discussion

4.4.1. Protein-based biomaterial fabrication and characterization

Here we report the fabrication of a bioactive material based on the self-assembly of
CTPR proteins which irreversibly entraps CAT as functional unit and its casting on
piezoelectric materials to give rise the new generation of energy harvesting devices based
on the previously reported ones (Figure 4.4A)%”. The formation of this active biomaterial
relies on the self-assembling properties of CTPR and its ability to form self-standing ordered
protein thin films. As previously described by our group™®, the protein thin film fabrication
requires 3% (w/v) protein concentration of a CTPR10 variant (a consensus CTPR protein
with 10 identical repeats) to ensure the appropriate packing and handling of the resulting
film. The biocatalytic protein film was prepared under these conditions by homogeneously
mixing the CTPR10 and CAT in the selected ratios, and then casting the film through two
different strategies: using spin-coating in a piece of quartz, or using drop casting method
over a hydrophobic material (see experimental section for further details) (Figure 4.4A,
4.4B). The resulting self-standing protein films quantitatively entrapped CAT and led to a
stable, flexible, easy to handle and transparent material (Figure 4.4B). The homogeneity
and surface uniformity of the material is evident from the SEM image (Figure 4.4C), and the

SEM cross-section images revealed a thickness of approximately 20 um for these
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fabrication conditions (Figure 4.4C, Figure A3.1). Expectedly, the functionalized protein film
showed a peak at around 400 nm that corresponds to the maximum absorption of heme
group of the catalase, which provides the film a light green color (Figure 4.4D). The CD
spectrum of the protein film entrapping CAT shows the characteristic signal of the alpha-
helical structure of the scaffolding protein that agrees with results previously observed by
our group where the secondary structure of the CTPR10 is preserved[zsc’]. CD data are only
reveling the secondary structure of CTPR since the protein stoichiometry in the film is 1:100
CAT:CTPR, thus being the contribution of the CAT to the CD spectrum negligible (Figure
4.4E).

It is well-known that CTPR proteins present intrinsic properties to form nanostructured
ordered films since they macroscopically align by head-to-tail and side-to-side
interactions®**!, However, the mobility and order of entrapped enzymes in the biomaterial
is unknown. To shine light on these two parameters, fluorescence polarization studies were
performed by firstly labeling the amine groups of CAT with the fluorescent dye rhodamine.
Through fluorescence microscopy, we demonstrated that entrapped CAT is homogeneously
distributed across the protein film (Figure 4.5A). Moreover, we showed by confocal
microscopy that the CAT is also homogeneously distributed throughout the film thickness
(Figure 4.5B, Figure A3.2, Figure A3.3). To show the tumbling freedom and potential order
of the CAT in the biomaterial (Table 4.1), fluorescence anisotropy was measured, observing
that catalase-rhodamine conjugate in solution showed a higher anisotropy than free
rhodamine as expected from its larger mass. Interestingly, rhodamine-labeled CAT
entrapped into the solid protein film presented a large anisotropy value, which indicates
that the confined enzyme is significantly less mobile than its in solution counterpart. Next,
the organization of CAT within the protein film was determined by measuring the
fluorescence of the rhodamine-labelled enzyme with plane polarized light. The
fluorescence intensity changed when the excitation and emission polarizers were move

from horizontal to vertical. These changes indicate that labeled CAT entrapped into the
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protein film exhibits a directional macroscopic order within the material; that order is

imposed by the anisotropic arrangement of the CTPR scaffolding protein (Figure 4.5B).

The ordered self-assemble material as described above is soluble in agueous media
since it is formed mainly due to the non-covalent interactions between CTPR proteins,
which are too weak to maintain the integrity of the macrostructure. For operational
purposes the disassembly of the film and the lixiviation of the entrapped protein need to
be minimized. Therefore, the biomaterial was cross-linked using glutaraldehyde at 1% for
24 h by means of vapor diffusion method to result in a material stable in water. Upon cross-
linking the biomaterial was immersed into a buffer solution and showed no lixiviation of
the protein in the medium, keeping more than 95% of protein upon 7 days of immersion,
which indicates an effective crosslinking (Figure 4.6A). Moreover, the mild crosslinking
reaction did not affect the structural properties of the protein as it is shown in the
dichroism spectra, thus the material is expected to also preserve the activity after the

reaction (Figure 4.6B).
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Figure 4.4. Catalytic protein-based biomaterial composed of CAT and scaffolding protein (CTPR). A. Schematic
representation of the generation of the protein-based catalytic biomaterials and their coupling with piezoelectric discs to
fabricate a second generation of bio-inorganic generators. B. Optical microscopy image of the protein thin film. C. Scanning
electron microscopy (SEM) image of the protein thin film showing the cross section and thickenss of the film and the surface
in the inset. D. Absorbance spectra of protein films of scaffolding protein (dashed red line) and the CAT containing thin films
(solid black line). The inset shows a zoom in in the region of the absorption band of heme group. E. Circular dichroism spectra

of nanostructured CTPR protein film (dashed red line) and the thin film with CAT entrapped (solid black line).
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Figure 4.5. Fluorescence characterization. A. Overlay of the bright field image and the confocal fluorescence image of the

biomaterial generated using rhodamine labeled CAT. B. Intensity of fluorescence depending on the polarizing direction.

Table 4.1. Fluorescence anisotropy measurements of CAT in solution and in solid film with the standard error of the

mean.

Sample Anisotropy

Rh control 0.052 + 0.006

CAT-Rh solution 0.166 + 0.003

CAT-Rh film 0.819 +0.001

4.4.2. Activity and stability of CAT entrapped into the CTPR protein film

The functional properties (activity and stability) of CAT immobilized on the protein-
based material described above were determined through an indirect colorimetric assay

coupling peroxidase to titrate the concentration of H,0, upon the CAT action.
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Figure 4.6. Crosslinking of the CAT-biomaterial. A. Percentage of protein retained in the cross-linked material after
incubation in solution. B. Circular dichroism spectrum of biomaterial before (dashed red line) and after the crosslinking

reaction (solid black line).

The enzymatic activity was assayed at room temperature for the biomaterial and the
enzymatic solution in the same conditions. It is worth mentioning that the swelling of film
was observed upon immersion into the aqueous solution, a 0.5 mg film absorbed
approximately 1 pl of water. The apparent specific activity of the entrapped CAT was 0.08
Umg™ compared to the 6.7 Umg™ observed for the enzyme in solution under the same
experimental conditions. Moreover, the activity for different film thickness was evaluated
keeping CAT:CTPR ratio constant. These results showed that the total catalase activity is
maximized when using the standard thickness of 20 um, thicker films showed lower activity
and significantly lower specific activity (Figure A3.4). Additionally, the apparent kinetic
parameters (Ky and V,.) of the immobilized enzyme were determined through a
Michaelis-Menten fit (Figure A3.5) and compared to the values calculated for the soluble
enzyme under the same conditions. Table 2 shows that the apparent Ky, and k., for the
entrapped CAT towards H,0, were 3.6-fold higher and 370 times lower than for the soluble
enzyme, which resulted in that the confinement and cross-linked of CAT within the protein
biofilm decreased the catalytic efficiency 1519 times. According to the specific activity and
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apparent kinetic parameters of entrapped CAT, the crowded environment of the protein
film may limit the conformational flexibility of entrapped CAT to perform catalysis.
Moreover, the higher apparent Ky, values of entrapped CAT suggest mass transport issues
that may hamper the diffusion of substrates towards the enzyme active sites. These issues
can be related to 1) the enzyme entrapment in the compact protein film that makes it less
accessible to the medium®”: and/or 2) the bubbles generated on the surface of the
material by the oxygen released during the reaction that hamper the substrate
diffusion®®. These bubbles grow over the surface and due to the hydrophilic nature of the
protein material, the bubbles stay at the film-solution interphase, thus hampering the
diffusion of the substrate properly. In addition, this change in activity could be partially
attributed to the loss of catalytic activity due to the immobilization or/and the crosslinking
processes. Noteworthy, the time-course curves show a lag-time of around 400-500 sec
when the CAT is entrapped, while that lag is not appreciated in the time-course of the
soluble enzyme (Figure A3.6, Figure A3.7). Mass transfer issues are also supported by
loading experiments where specific activity of entrapped enzymes linearly increases with
the reduction of CTPR:CAT ratio (Figure A3.8). Total apparent activities of films with
different ratios are similar, but the specific activity of lower ratio is dramatically reduced. It
seems that under high load conditions, the substrate molecules can not reach all the
entrapped enzyme molecules due to transport limitation rather than conformational
changes related to the entrapment or crosslinking. A population of inaccessible enzyme
molecules might explain the low catalytic efficiency observed for the entrapped CAT. Lower
CAT loadings ameliorate this effect since a larger enzyme population actively participates in
the H,0, disproportionation because of the improved substrate accessibility. These
diffusional restrictions have also been observed when CAT is randomly aggregated and
irreversibly cross-linked in presence of a feeder protein through cross-linked enzyme

aggregate (CLEA) technology®™”. Unlike the entrapment into thin protein films, CLEAs of
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CAT have not proven the order of the enzyme within the solid material as demonstrated in

this work using scaffolding proteins.

Table 4.2. Kinetic parameters of CAT in solution and in the solid protein thin film. * Apparent parameters.

Sample Km / mM Vinax / MMs™ Keat / ™ Kea/Kna / s mM™

CAT in solution 84.02 +31.46 10.21+2.74 2.55x10° + 0.68x10° 3.04x10"+ 1.40x10*

CAT in film 301.89 +175.12 0.24+0.10 6000 + 2500 19.87 +£14.19

In spite of exhibiting low catalytic efficiency, the entrapped CAT is still active enough for
further applications, illustrating the potential and biocompatibility of this simple
immobilization strategy. To assess the robustness of the functional biomaterial, we first
tested the thermal stability of the entrapped CAT in comparison with the soluble enzyme.
Figure 4.7 shows that the immobilized CAT was significantly more thermostable than its
soluble counterpart since it retained approximately 100% of its initial activity after 3 hours
incubation at 50°C while the soluble enzyme lost 70% of its initial activity under the same
inactivation conditions, which represents a stabilization factor of 3.5. Accordingly to other
immobilization protocols, CAT could be stabilized by entrapment CTPR-protein thin films
demonstrating its potential as heterogeneous biocatalyst able to be reused for several

operational cycles®®.
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Figure 4.7. Enzymatic thermal stability of CAT in solid thin film (black) and in solution (red).

4.4.3. Energy output measurements

Recently, our group described the production of electric energy from chemical energy
by using bioinorganic generators®’. Such devices are able to convert the chemical energy
stored in renewable molecules (as carbohydrates, aminoacids, alcohols, etc) into
mechanical energy (in form of gas bubbles) which is further harvested by a piezoelectric
material based on PZT disc (Lead zirconate titanate) and transduced into open circuit
voltages that are finally transformed into an energy using an oscilloscope. This concept has
proven using soluble catalase that disproportionate hydrogen peroxide into oxygen and
water, forming oxygen bubbles that trigger a mechanical stimulus further harvested by the
piezoelectric material. The drawback of the reported system is its disposal character that
avoids the enzyme reutilization after one energy generation cycle. To make these systems
reusable, protein films entrapping CAT were casted at the surface of the piezoelectric
surface coated with a nanometric inorganic layer with the aim at fabricating bioinorganic
generators that can be repeatedly used for the continuous production of electric energy to

achieve a more sustainable process. Hence, we entrapped soluble catalase into a CTPR film
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that is subsequently cross-linked with glutaraldehyde as above described. Primarily, we
assessed the effect of coating of the piezoelectric surface with CTPR protein layer on the
energy outcome. Using the soluble enzyme as catalyst, we observed that the energy
generated was reduced only 25% regarding to the naked piezoelectric surface,
demonstrating that the biomaterial layer slightly affects the performance of the
piezoelectric surface, but still allows the conversion of mechanical into electrical energy.
When the CAT was entrapped in the protein film, the energy outcome (at 750 mM H,0,)
was 70 nJ x cm’®; a value 3 and 1.6 times lower than the soluble enzyme acting over the
naked piezo and the piezo casted with the protein film, respectively (Figure 4.8A). The
optimal fuel concentration for the system using the soluble enzyme was 50 mM H,0,
whereas the system with the immobilized enzyme required 750 mM H,0,. In spite of that
lower output and the more fuel demanded, the entrapment of the catalase enables its
repeated use, maintaining more than 50% of the initial energy production after 10 energy
generation cycles, replacing the fuel (H,0,) and rinsing the reaction chamber after every
use; which is not possible with soluble catalase (Figure 4.8B). These results demonstrate
that the catalase remains active in the protein film and can effectively convert the chemical
energy into an electrical output. Although the bioinorganic generator functionalized with
the entrapped CAT generates 3 times less energy than the previously reported system
using the soluble catalase with 0.2 mL reaction volume, this effect is ameliorated when the
reaction volume in the chamber increases (Figure 4.8C). Similar electric power output
responses are reached when working with 1 mL (5 nJ x cm™), while the immobilized enzyme
using 1.5 mL reaction volume was able to produce 2 times more energy than the soluble
enzyme working under the same conditions. This effect suggests that the immobilized CAT
is consuming all fuel and therefore generating all the bubbles (mechanical energy) at the
interface with the piezoelectric surface, maximizing the energy harvesting. This fact
explains that the more fuel (the larger reaction volume), the higher electrical output. On

the contrary when the catalase is freely diffusing through the reaction volume, part of the
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mechanical energy is not harvested because the vast majority of the bubbles are produced
far from the piezoelectric surface. This effect explains the observed plateau for the energy
generation at increased reaction volumes using the soluble enzyme. Therefore, future
bioinorganic generator designs must contemplate major enzyme-piezoelectric component

contact across the entire chamber in order to maximize the harvesting of mechanical

energy.
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Figure 4.8. A) Electric energy output of bioinorganic generators with soluble and immobilized enzyme. In all cases 30 ug
of soluble or immobilized catalase on SiO, coated piezoelectric surface. 710 ug of CTPR protein were used when immobilized
catalase. Reaction mixture consists in 0.4 mL chamber volume at 750 mM H,0, in 50 mM sodium phosphate at pH 7. B)
Reusability of bioinorganic generators with immobilized enzyme. 710 ug of CTPR protein where used to immobilized catalase.
Reaction mixture consists in 0.4 mL chamber volume at 50 mM H,0, in 50 mM sodium phosphate at pH 7.0, for SiO,. C) Effect
of reaction volume in the produced electric energy of bioinorganic generators with soluble and immobilized enzyme. In all
cases 30 g of soluble or immobilized catalase on SiO, coated piezoelectric surface. 710 ug of CTPR protein were used when
immobilized catalase. Reaction mixture consists in 750 mM or 50 mM H,0, in 50 mM sodium phosphate at pH 7.0 when

immobilized or soluble enzymes were used, respectively.

To optimize these new generation of bio-inorganic generators, different CAT
concentrations were entrapped into CTPR protein films and casted on the piezoelectric
surface (Figure 4.9A). Bioinorganic generators with immobilized catalase generate higher
electric power outputs as the immobilize catalase load increases until reaching saturation

conditions at 60 pg of immobilized catalase. Finally, we studied the response of bio-
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inorganic generators (with 30 pg of immobilized CAT) for different H,0, concentrations.
Figure 4.9B shows that the larger H,0, concentration, the larger the energy output. The
maximum electrical output was found at 750 mM, meaning that performance of the system

is optimal under that conditions generating 76 nJ x cm™ as maximum energy.
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Figure 4. 9. A) Effect of different immobilized enzyme loads in the produced electric energy of bioinorganic generators
with immobilized enzyme. In all cases SiO, coated piezoelectric surface was employed. 710 pg of CTPR protein were used
when immobilized catalase. Reaction mixture consists in 1.5 mL of 50 mM H,0, in 50 mM sodium phosphate at pH 7. B) Effect
of hydrogen peroxide concentration in the produced electric energy by bioinorganic generators with immobilized enzyme. In
all cases SiO, coated piezoelectric surface was employed. 710 pg of CTPR protein were used when immobilized catalase (30
ug). Reaction mixture consists in 1.5 mL of hydrogen peroxide at de indicated concentration in 50 mM sodium phosphate at

pH 7.

4.5. Conclusions

In summary, we report a simple methodology for the immobilization of enzymes in solid
protein-based biomaterials that can be casted into devices like bio-inorganic generations
for the electricity production. The developed methodology has been proven with CAT as
model enzyme. Herein, we describe a simple protocol that involves only mixing and drop
casting of the target enzyme with a scaffolding protein followed by a mild crosslinking to
yield a robust and functional biomaterial. The biomaterial shows the same intrinsic

[104]

properties of protein films generated only with the scaffolding protein Upon the
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complete fabrication process, the entrapped CAT maintains its functionality and displayed
macroscopic order within the biomaterial. In fact, this functional biomaterial was active
and successfully integrated into bio-inorganic generators that convert chemical energy into

B354 'is based on the

electricity. The device, as previously described using CAT in solution
conversion of the chemical energy of the CAT reaction into mechanical energy associated
to the production of oxygen bubbles and the downstream harvesting of this mechanical
energy by a piezoelectric material to produce an electrical output as open circuit voltage.
Here, we demonstrate the effective functionalization of the piezoelectric surface with
biocatalytic material, advancing in the fabrication of bio-inorganic generators based on a
novel concept that chemical energy transforms into electricity through mechanical energy
harvesting. This biomaterial allows the reusability of the device otherwise impossible using
the soluble enzyme, although the energy harvesting was not as efficient as the previously
reported system with CAT in solution. In addition, the CAT load entrapped into the protein
film is a crucial parameter to tune the electric power output of the bioinorganic generators
herein developed. Remarkably, we found that the electric power output of bio-inorganic
generators with immobilized CAT was maximized by increasing the reaction volume
without reaching a saturation point, unlike the system using the soluble CAT that became
saturated with sub-mililiters reaction volumes. We envision the potential of this technology
to advance the fabrication of more robust bio-inorganic generators where the bioactive
phase is in close contact with the piezoelectric transducer. Furthermore, the application of
the described biocatalytic protein-based biomaterials can be expanded to the
heterogeneous biocatalysis field to improve chemical manufacturing as well to the

biosensing field to develop more sensitive devices.
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General conclusions

Overall this PhD thesis has mainly focused on the design of protein-based
nanostructures and biomaterials. A first approach tackles the design of supramolecular
structures based on proteins. In a second part macroscopic protein-based structured and
functional materials are fabricated for applications in optics and energy. The current
scenario of the design and develop of complex structures lies in the control of the assembly
at different length scales. In Nature exists a vast range of supramolecular structures and
materials based on biomolecules that emerge from a precise control of the assembly of
simple structural elements. In particular, the most sophisticated materials in Nature come
from the self-assembly of proteins, e.g. ring-shape structures, ordered materials,
nanocages with different geometries, nanostructured materials with outstanding
mechanical or photophysical properties. For this reason, inspired by Nature we explored
the idea of using proteins as building blocks in order to organize and fabricate new
structures and new materials with a specific properties. In this sense, we have employed a
type of repeat proteins, consensus tetratricopeptide repeat protein (CTPR), which modular

and hierarchical structure allows us to produce designed proteins at will.
The main conclusions of this thesis can be summarized in three points:

1. CTPR proteins can be rationally designed to control their self-assembly for the
generation of supramolecular structures. In particular, it is described the
introduction of novel interacting interfaces in the CTPR scaffold to encode defined
higher order structures, under the premise of inducing the formation of protein
nanotubes (PNTs). The structures generated from the two models proposed,
electrostatic and aromatic models, were fully characterized by techniques of
biochemistry, including electrophoresis, FPLC, CD, and electron microscopy (TEM).
The PNT obtained through electrostatic interactions displayed less stability and
showed prompt dissociation, which made difficult to purify the dimeric form in

sufficient quantities for its characterization. In contrast, the PNT obtained through
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aromatic interactions was stable enough to be isolated and characterized. The
structural characterization by TEM showed the correlation between the
conformations observed and the projections predicted based on the PNT model,
demonstrating specificity in the protein-protein interaction. Therefore, in this work
we showed a methodology for the formation of PNTs based on the repeat proteins
which opens the door to future applications such as filtration, encapsulation,

confined catalysis, and release of small molecules or drugs.

Nanostructured self-standing protein films can be fabricated with CTPR proteins.
The potential of engineered proteins to develop protein-based optically active
materials using a fabrication strategy that combines a bottom-up (functionalization
of unit cells) and a top-down (topologically-guided self-assembly) approaches is
explored. In a first step, the unique modularity and designability of the protein
scaffold is exploited to introduce an optical functional element, i.e. an active laser
dye (Rhodamine 6G), in the material. The organization of this dye in ordered film
gave rise to the generation of light amplification upon photoexcitation of the film
with laser pulses, ie. Amplified Spontaneous Emission (ASE). In addition,
nanopatterned protein films can be fabricated using top-down soft
nanolithography approaches for a next level of organization. In this sense, the
nanopatterned surfaces can be replicated on the protein film by using elastomeric
gratings with different periodicities as template. The combination of the bottom-up
approach, to introduce functionality in the CTPR protein, with the top-down
approach to impose another level of nanostructuring led to the generation of
Distributed Feedback (DFB) laser effect. Both, ASE and DFB, are phenomena highly
desired for applications in optics such as sensing or telecommunications. Therefore,
this work depicts an important step toward the fabrication and use of bioinspired

multifunctional devices.
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Functional protein-based materials can be fabricated using scaffolding proteins. A
simple methodology for immobilization of enzymes in solid protein-based materials
was developed, the materials were finally integrated into devices for the
production of energy. The methodology developed has been demonstrated using
catalase (CAT) as model enzyme. Herein, a simple protocol that involves only
mixing and drop casting of the target enzyme with a scaffolding protein followed by
a mild crosslinking, yielded a robust and functional material. The entrapped CAT
maintained its structural properties and functionality and displayed macroscopic
order within the material. In fact, this functional material was active and
successfully integrated into bio-inorganic generators that converted chemical
energy into electricity. The device is based on the conversion of the chemical
energy of the CAT reaction into mechanical energy associated to the production of
oxygen bubbles and the downstream harvesting of this mechanical energy by a
piezoelectric material to produce an electrical output. These biocatalytic films allow
the reusability of the device otherwise impossible using the soluble enzyme,
although the energy harvesting was not as efficient as the previously reported
system with CAT in solution. However, the CAT load entrapped into the protein film
is a crucial parameter to tune the electric power output of the bioinorganic
generators herein developed. Remarkably, the electric power output of bio-
inorganic generators with immobilized CAT was maximized by increasing the
reaction volume without reaching a saturation point, unlike the system using the
soluble CAT that became saturated with sub-milliliters reaction volumes. The
potential of this technology is expected to advance the fabrication of more robust
bio-inorganic generators where the bioactive phase is in close contact with the
piezoelectric transducer. Furthermore, the application of the described biocatalytic

protein-based materials can be expanded to the heterogeneous biocatalysis field to
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improve chemical manufacturing as well to the biosensing field to develop more

sensitive devices.

In summary, in this thesis have been explored three different systems based on CTPR
proteins. On the one hand, PNTs were designed through the self-assembly of CTPR proteins
by introducing novel protein-protein interfaces with protein design approaches. On the
other hand, given the intrinsic capabilities of CTPR proteins to form ordered self-standing
films, a step forward was made to apply them for the fabrication of functional materials

and their integration into optically active or energy-production devices.
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Self-assembly of repeat proteins: Concepts and
design of new interfaces
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Figure Al1.1. Native gel of the C6Lg, at different protein concentrations. From left
to right C6L dimeric fraction loaded at 5 uM, 2 uM and 1 pM protein concentration. In
the gel, bands that correspond to the size of C6L monomers, dimers, trimers, and
tetramers are observed. In the first line, a mixture of monomeric wild type CTPR
proteins with different number of repeats (CTPR3, CTPR6, CTPR8, CTPR16, and CTPR20)

are shown as a molecular weight marker.

Figure Al1.2. TEM images of the C6Lgjme Sample. C6Lgmer in 10 mM NaCl, 10 mM Tris

pH=7.5 buffer are deposited and negative stained using uranyl acetate. The TEM
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micrographs show that the C6Lymer dimer sample is not homogeneous, since different
oligomeric states including dimers, trimers, and tetramers are observed. Zoom in images
show the different structures that appear in the TEM image of the C6Lgmer Sample,
highlighted with black circles. In the zoom-in images are represented the structures of
the possible conformations that are observed in the TEM image based on potential
arrangements of C6L monomers. The representations are shown as surface and display

potential monomer colored in blue and potential dimers colored in green.

Figure Al1.3. SDS-PAGE gel analysis of the FPLC fractions obtained for C6L (Figure 2.2B
of the manuscript). Lanes 1, 2, 3 correspond to elution volumes form 8 to 9.5 ml (dimeric
fraction) and lanes 5, 6, 7 and 8 correspond to elution volumes from 10 to 12 ml
(monomeric fraction). MW markers form the bottom to the top correspond to 18.4, 25.0,

35.0, 45.0, 66.2 and 116.0 kDa.
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Figure Al.4. Mass spectrometry spectrum of FPLC purified C6L dimer. The spectrum

shows a main the peak that corresponds to the C6L monomer (28164 kDa) and another
that corresponds to double the size (57973 kDa).
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Figure Al1.5. Different potential conformations that could be obtained from the

designed C6L model using Cluspro program. A. 3 different possible stable dimers. The
designed leucines from the novel interface that are interacting are highlighted as blue
spheres and the leucines from the novel interface that are solvent exposed are highlighted
in green. The two proteins forming the dimer are colored in dark and light brown to
distinguish one from the other, but they are identical. B. 4 different stable tetramers that
could be formed by the interaction of the dimers shown in A. The interacting leucines are
highlighted in light blue light and the leucines that are solvent exposed highlighted in
green. C. Different examples of stable conformations that could be formed by the
interaction of the tetramers shown in B, colored in brown and stable dimers and tetramers

obtained from A and B, colored in blue.
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Figure A1.6. C6L_2 higher order species dissociation studies. Purified C6L_24imer Was
run on a native gel at different concentrations form 5 to 0.5 uM. The gel shows the
dissociation of the purified dimeric and higher order species form into monomer. Right
panel shows the fit of the bands corresponding to the dimer/monomer fractions quantified

from the gel to a two state dissociation.
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Figure Al.7. Size exclusion chromatography of monomeric and dimeric forms of
CTPR6. A. Size exclusion chromatogram over a Superdex S75 column of monomeric wild

type CTPR6. The monomeric protein elutes at 10.6 ml. B. Size exclusion chromatogram
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over a Superdex S75 column of a purified CTPR6 dimer of C6Y model. The dimeric

protein elutes at 8.4 ml.
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Figure A1.8. Size exclusion chromatography of purified C6HD dimer. Size exclusion
chromatogram over a Superdex S75 column of purified C6HD dimer. The chromatogram
shows two peaks corresponding to the dimeric and monomeric forms of C6HD at elution
volume of 8.5 ml and 11 ml, respectively. This result shows that upon dilution the

dimeric sample reequilibrates into monomeric and dimeric forms.
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Figure Al1.9. RosettaDock results for the design of nanotubes based on aromatic
interactions. Computational analysis of the interface between both chains in the tyrosine
model (C6Y) using RosettaDock online server. The plot show the energy maps of the

Rosetta simulation. A. Plot of the interface score plotted against the RMSD (root-mean-
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square deviation). The interface scores are total score of the complex minus the total score
of each chain in isolation. B. Plot of the total score plotted against the RMSD. Highlighted in
darker blue are the models that displayed lower energies. C. PDB structures from the
docking using Rosetta online server. Two representative nanotubular complexes with a

minimum free-energy are displayed in the lateral and axial view. The different colors point

out the different protein chains forming the CTPR dimers.

Cluster Members Representative Weighted Score

0 104 Center -894.4
Lowest Energy -1026.5

1 91 Center -658.7
Lowest Energy -1173.3

2 81 Center -643.6
Lowest Energy -1003.2

3 62 Center -727.3
Lowest Energy -1018.8

4 60 Center -963.1
Lowest Energy -963.1

5 49 Center -651.2
Lowest Energy -700.6

6 41 Center -698.6
Lowest Energy -832.5

7 35 Center -637.1
Lowest Energy -637.1

8 34 Center -603.1
Lowest Energy -806.0

9 29 Center -594.4
Lowest Energy -664.0

10 25 Center -626.2
Lowest Energy -815.6

11 24 Center -616.2
Lowest Energy -666.0

12 23 Center -592.8
-856.9
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Figure A1.10. Computational analysis of the design of nanotubes based on aromatic
interactions using ClusPro server. The table show the results ordered in function of cluster
size. Two energy scores are displayed for each cluster, the center is energy in the cluster
center (the structure that has the highest number of neighbor structures in the cluster) and
the energy of the lowest-energy structure in the cluster. On the bottom, two
representative complexes form the docking results with a minimum free-energy are

displayed in lateral and axial view. The different colors point out different protein chains.
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Figure A1.11. Size exclusion chromatography of C6Y dimer purified over a Superdex
75 column. The chromatogram display two peaks corresponding to the dimeric and

monomeric forms of C6Y at elution volume of 8.5ml and 11.5 ml, respectively.
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Figure A2.1. SEM images of CTPR nanostructured film 6 months after manufacturing,

stored at room temperature and ambient humidity at two different magnifications.
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Figure A2.2. AFM image of PDMS stamp (A) and CTPR nanostructured film replica upon
cross-linking reaction and water immersion (B) showing 2 um” x 2 pm” area and z-axis

profile.

— CTPRfim
80 —— CTPR cross-linked film
5 i
o 60
=
@ 40 -
g
£
20 -
O —]

| I | I [
10 20 30 40 50

2 tetha (%)
Figure A2.3. X-ray diffraction spectra of CTPR nanostructured film and CTPR

nanostructured cross-linked film under moisture conditions.
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Figure A2.4. Mass spectra of CTPR 10Cys and CTPR 10Cys functionalized with Rh6G. The
molecular weight of CTPR 10Cys protein resulted in 45257.6 Da (in red), whereas the
protein conjugated 45737.5 Da (in green). The difference of 479.94 between both peaks

correspond to the molecular weight of the Rh6G (MW eoreticai: 481.50 Da).
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Figure A2.5. (A) A log-lin plot of the PL spectra upon different pump fluences. (B) Log-log
plots of emission linewidth (circles, left Y-axis) and emission output normalized by the
output at the highest fluence (squares, right Y-axis) versus pump fluence, (red and blue

arrows indicate respectively their corresponding Y-axis).
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Figure A2.6. Time resolved PL decay curves on CTPR-RH6G in solution (A) and film (B). PL

decays of solutions (films) were fitted according to a two- (three-) exponential law.

Lifetimes were obtained as an intensity average of the components taking into account

their respective statistical weight.
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Table A2.1. Time resolved PL constants of CTPR-RH6G in solution and film.

Sample X A 11 (ns) A, T2(ns) A; t3(ns) | Tav(ns) | &(%) |ke(s™)| kar(s™)
Film 0.999 0.360 0.997 0.687 0.350 0.023 4.739 1.353 17 h.210¥ 6.210°
Solution 0.999 0.289 1.848 0.695 3.358 - - 3.07 245 |0.8104 2.510°

Where 1, is the intensity-weighted average PL lifetime obtained from the individual

lifetime components (1;) and their statistical weights in the fits (A)) as:

_ XiTAL?
fav = Y4,

whereas ¢ stands for the PL quantum efficiency and k, and k,, are the radiative and non-

radiative decay rates respectively determined as:
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Figure A2.7. (A) Emission spectra of the CTPR-Rh films focusing on the emission of the

CTPR (lexe= 275 nm; left) and the Rh (l.,.= 550 nm; right) after each bending cycle (see

legend). (B) Changes of the photoluminescence quantum vyield (PLQY) after each bending

cycle.
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Figure A2.8. (A) Optical image of fresh (left) and after 10,000 bending cycles (right) of
CTPR-Rh films. (B) AFM image of fresh (left) and after 10,000 bending cycles (right) of CTPR-

Rh films. (C) Roughness changes versus number of bending cycles.
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Figure A2.9. Photoluminescence quantum yield (PLQY) of CTPR-Rh6G nanopatterned

cross-linked film upon several hours under moisture conditions.
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Figure A2.10. (a) Outline of the replication of a polymer grating from Si to IPS. (b)

Temperature and pressure profiles during the nanoimprinting process.
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Figure A3.1. Scanning electron microscopy (SEM) of the biomaterial. Cross-section of

different areas showing the film thickness.
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Figure A3.2. Fluorescence intensity distribution across the confocal fluorescence Z-stack
images within a film section monitoring the fluorescence intensity of the Rhodamine B

isothiocyanate-labeled CAT.
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Figure A3.3. Confocal microscopy 3D reconstruction of the biomaterials from a Z-stack
of the fluorescence intensity of the Rhodamine B isothiocyanate-labeled CAT. The image

shows the fluorescence intensity at the cross-section of the biomaterial and at the surface.
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Figure A3.4. Apparent catalase activity and apparent catalase specific activity of protein

films of 20 and 40 BEm thickness.
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Figure A3.5. Measurements of activity of CAT at different substrate concentration. A. In

the solid protein thin film. B. In solution.

250
200 L
N
E [ _J
S150 F e o
\N L e o g © .
Q, 100 } ¢ o ° o
T °
50 |
0 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000
Time / sec

Figure A3.6. Enzymatic kinetic of H,0, consumption by immobilized CAT. A lag-phase is

observed during the first 400 sec of the reaction.
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Figure A3.7. Enzymatic kinetics of CAT in solid thin film (A) and in solution (B).
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Figure A3.8. Apparent catalase activity (A) and apparent catalase specific activity (B) of

protein films with different CTPR:CAT ratios.
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