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Abstract

Protein self-assembly is a promising bottom-up approach to create biological materials
with programmable functionalities, particularly for biotechnological applications. This approach
leverages engineering recombinant protein building blocks, derived from natural or artificially
designed proteins, that possess distinct properties to mediate self-assembly and genetically encode
specific functions. In this dissertation, we present a modular system that employs building blocks
based on various protein domains and motifs that exhibit self-assembling properties or biosensing
capabilities. Functional protein biomaterials were assembled through controlled protein-protein
interactions and genetically encoded biosensing functionalities tailored for biomedical and
environmental applications.

First, we demonstrate a protein coating self-assembly strategy that modularly incorporates
functional protein domains. This system exploits the high-affinity coiled-coil interactions and
liquid-liquid phase separation of proteins into coacervates. We further investigated the self-
assembly conditions to enhance the density and stability of protein coatings and validated this
approach across multiple substrate types. By incorporating a fluorescent calcium indicator protein
GCaMP into the coating, we demonstrated calcium sensing, enabling the monitoring the calcium
levels in biological fluids relevant to hypercalcemia.

Second, we explored the cooperative self-assembly of hybrid protein cages designed to
encapsulate nanoparticles to control their optical properties for enhanced fluorescent biosensing
of calcium ions. We employed temperature-responsive inverse phase transition of proteins to
induce the formation of vesicle-like protein cages and investigated the cooperativity between the
cage assembly and simultaneous encapsulation of polymer or inorganic nanoparticles. This process

resulted in the formation of hybrid spheres with high-density nanoparticle encapsulation. The



hybrid cages incorporating the fluorescent calcium indicator protein OGECO-1 exhibited
enhanced fluorescent signal intensity and increased sensitivity to calcium ions.

Lastly, we engineered protein-based fluorescent biosensors for nitrite detection, employing
a Forster Resonance Energy Transfer (FRET) system. A nitrite-binding protein complex, NasS-
NasT, was coupled with a fluorescent protein FRET pair, and the dissociation of this complex in
response to nitrite binding was used to generate FRET signals for nitrite sensing in live bacteria.
We extended this system into a cost-effective nitrite sensing platform by creating coating
materials. Molecular docking simulations were performed to understand the binding interactions
between NasS and nitrite, guiding the introduction of mutations to enhance sensitivity.
Additionally, structural modeling identified promising mutations to further refine the FRET
sensor, extending its applicability to detect relevant targets such as hydroxylamine.

Overall, this work demonstrates the application of protein self-assembly for constructing
protein-based biomaterials and tools for biosensing. The modular self-assembly platform was
designed and investigated to integrate various biosensor proteins, enabling the detection of ions
relevant to healthcare and environmental monitoring. This research establishes a solid foundation
for advancing in recombinant protein self-assembly for innovations in biosensor technology across

diverse fields.
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Abstract

Protein self-assembly is a promising bottom-up approach to create biological materials
with programmable functionalities, particularly for biotechnological applications. This approach
leverages engineering recombinant protein building blocks, derived from natural or artificially
designed proteins, that possess distinct properties to mediate self-assembly and genetically encode
specific functions. In this dissertation, we present a modular system that employs building blocks
based on various protein domains and motifs that exhibit self-assembling properties or biosensing
capabilities. Functional protein biomaterials were assembled through controlled protein-protein
interactions and genetically encoded biosensing functionalities tailored for biomedical and
environmental applications.

First, we demonstrate a protein coating self-assembly strategy that modularly incorporates
functional protein domains. This system exploits the high-affinity coiled-coil interactions and
liquid-liquid phase separation of proteins into coacervates. We further investigated the self-
assembly conditions to enhance the density and stability of protein coatings and validated this
approach across multiple substrate types. By incorporating a fluorescent calcium indicator protein
GCaMP into the coating, we demonstrated calcium sensing, enabling the monitoring of the calcium
levels in biological fluids relevant to hypercalcemia.

Second, we explored the cooperative self-assembly of hybrid protein cages designed to
encapsulate nanoparticles to control their optical properties for enhanced fluorescent biosensing
of calcium ions. We employed temperature-responsive inverse phase transition of proteins to
induce the formation of vesicle-like protein cages and investigated the cooperativity between the
cage assembly and simultaneous encapsulation of polymer or inorganic nanoparticles. This process

resulted in the formation of hybrid spheres with high-density nanoparticle encapsulation. The



hybrid cages incorporating the fluorescent calcium indicator protein OGECO-1 exhibited
enhanced in fluorescent signal intensity and increased sensitivity to calcium ions.

Lastly, we engineered protein-based fluorescent biosensors for nitrite detection,
employing a Forster Resonance Energy Transfer (FRET) system. A nitrite-binding protein
complex, NasS-NasT, was coupled with a fluorescent protein FRET pair, and the dissociation of
this complex in response to nitrite binding was used to generate FRET signals for nitrite sensing
in live bacteria. We extended this system into a cost-effective nitrite sensing platform by creating
coating materials. Molecular docking simulations were performed to understand the binding
interactions between NasS and nitrite, guiding the introduction of mutations to enhance
sensitivity. Additionally, structural modeling identified promising mutations to further refine the
FRET sensor, extending its applicability to detect relevant targets such as hydroxylamine.

Overall, this work demonstrates the application of protein self-assembly for constructing
protein-based biomaterials and tools for biosensing. The modular self-assembly platform was
designed and investigated to integrate various biosensor proteins, enabling the detection of ions
relevant to healthcare and environmental monitoring. This research establishes a solid foundation
for advancing in recombinant protein self-assembly for innovations in biosensor technology

across diverse fields.
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Chapter 1 - Introduction

1.1 Principles of Protein Self-Assembly

Proteins are fundamental building blocks of living organisms, composed of polypeptide
chains that fold into specific conformations. The folding patterns vary according to amino acid
sequences, resulting in a diverse array of supramolecular architectures.!? The final folded structure
of a protein has intrinsic properties that drive self-assembly. For instance, hydrophobic regions
within the protein tend to cluster to avoid contact with water, while hydrophilic regions remain
exposed to the aqueous environment. These interactions guide the protein in forming higher-order
structures or complexes. Protein folding enables the self-assembly of hierarchically organized
structures®, imparting stability, mechanical properties, and diverse biological functions.*?
Consequently, self-assembly is essential in biological processes that rely on constructing complex
structures from simple molecular building blocks.

Protein self-assembly is primarily driven by non-covalent interactions, such as van der
Waals forces, ionic interactions, and hydrophobic interactions, ¢ These interactions work together
intricately to shape the self-assembly process. As a “bottom-up approach”, self-assembly is one of
the two main strategies for fabricating nanomaterials, the other being the “top-down” approach.!?
While top-down methods, often associated with lithographic techniques, are widely used in
microelectronics and nanostructure fabrication!!, the bottom-up approach excels in constructing
complex biomolecular structures.!?"'* This method offers biocompatibility as well as exceptional
precision and control over size, shape, and function, enabling the fine-tuning of bio-nanomaterial

properties inherent to individual assembling molecules. Due to these advantages, protein self-



assembly has been utilized across a range of fields, including biosensors,!>!® biocatalytic

nanomaterials,'” and disease treatment (Figure 1.1).!%1°
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Figure 1.1 Illustration of strategic self-assembly approaches for highly ordered protein
nanostructures.’

[Reproduced with permission from ACS Publishers; Luo et al. (2016) 8, Chem. Rev, 116, 13571-
13632.,© 2018]



1.2.1 Building Blocks for Stochastic Self-Assembly

Researchers have previously categorized protein-based molecular self-assembly into two
main types: stochastic and deterministic.?? Stochastic self-assembly includes various design
strategies where the self-assembling protein molecules exhibit significant flexibility, leading to the
formation of extended and irregular nanostructures.?! An example of the building blocks for
stochastic protein self-assembly is elastin-like polypeptides (ELPs), which are derived from
endogenous human tropoelastin.?>2> They consist of repeating V-P-G-X-G pentapeptide
sequence, where X represents a variable residue. The self-assembly of ELPs depends on the
transition temperature (T¢), which is influenced by factors such as solubility, hydrophobicity, and
the charge of amino acid residues in the sequences.?>2® ELPs exhibit inverse phase transition
behavior in aqueous solutions: they remain as soluble below T, but above T, they undergo self-
assembly to form coacervates, micelles, or vesicle structures.?*=! This phase-transition-induced
self-assembly behavior of ELPs offers promising opportunities for designing functional materials
with temperature-responsive properties.

ELPs are generally biocompatible and non-toxic, making them suitable for biomedical
applications, such as drug delivery systems??, tissue engineering®?, and regenerative medicine.3*3>
Enhanced functionality can be achieved by incorporating additional biofunctional motifs into
ELPs.?%37 For example, a recombinant protein composed of keratinocyte growth factor (KGF)
fused with ELPs, known as KGP-ELP, has been developed for chronic wound treatment.*® This
fusion protein self-assembles into nanoparticles, facilitating easy administration to wounds while
preserving the functional characteristics of each protein domain. As a result, KGF-ELP has shown
promising outcomes in enhancing wound healing in genetically diabetic mice, leading to improved

epithelialization and granulation compared to controls. Similarly, the incorporation of ELPs into



other biopolymers demonstrates their versatility. For example, a conjugate of ELP with
polyethylene glycol (PEG), ELP-PEG, enhanced transparency for better imaging of cells.*® ELP-
collagen, a fusion of ELP with collagen peptides, was designed to create bioactive scaffolds that
can be used in tissue engineering and wound healing.>® These ELPs leverage the unique properties
of elastin, such as elasticity and temperature sensitivity, for a broad range of biomedical and
industrial applications.

Drawing inspiration from natural protein motifs, amyloid-based protein building blocks
have received significant interest due to relative simplicity in their sequences. They provide a
biocompatible platform for the development of functional nanomaterials.*® Amyloids and
amyloid-like fibrils, characterized by their B-sheet structures, exhibit remarkable resilience to
extreme conditions, including high temperatures, organic solvents, and other harsh
environments.*! A compelling example of their application is the use of a curli protein (CsgA), for
microfluidic bacterial sensors after engineering it as a fusion protein. A microfluidic sensor
incorporating a fusion of CsgA and DNA-binding domain (CsgA-DBD) was deposited within a
microchannel. Notably, this CsgA fusion enhanced a strong signal from fluorescent bacteria
detection probes upon interaction with Escherichia coli. Additionally, various types of amyloid-
based protein building blocks were employed across diverse fields, including cell scaffolds*?,
amyloid adhesives*’, and amyloid-mediated hybrid materials.**

Similar to amyloid-based proteins, fibrous silk structures have attracted considerable
attention due to their relatively simple and synthetically accessible peptide building blocks, which
are essential for both intracellular and extracellular processes.* These self-assembling systems,
prevalent in nature, provide excellent targets for designing self-assembling peptides.*® Silk, a

structural protein produced by Lepidoptera larvae such as silkworms, spiders, and other insects,



have been extensively studied. Recombinant spider silk proteins, derived from dragline spider silk,
have been studied by the Kaplan group. Their research has focused on engineered spider silks to
demonstrate their unique features such as strong mechanical properties and stability compared to
silkworm protein.*’#® Spider silk exhibits exceptionally high tensile strength and remarkable
toughness, often surpassing the performance of advanced artificial fibers.*

Another notable application of recombinant silk proteins is their use in functionalization of
implant material through chemical-free, bioactive coatings. The Hedhammer group demonstrated
the application of recombinant spider silk protein 4RepCT, derived from Euprosthenops australis,
to create functional coatings on various biomaterial surfaces.’® Protein coatings made from these
recombinant silk fusion proteins exhibited cytocompatibility and stability even after exposure to
organic solvents. Furthermore, when fused with a cell-binding motif, the protein promoted cell
proliferation, and when combined with an antimicrobial peptide, it exhibited antimicrobial
properties. The hierarchical fiber assembly of spider silk suggested that integrating it with
inorganic nanoparticles could yield silk-based hybrid materials with diverse functionalities.!
These spider silk-based hybrids showed enhanced biological and therapeutic properties, making
them valuable for applications in drug delivery, cancer therapy, and tissue replacement.*s A
comprehensive understanding of spider silk could further improve the manipulation and utilization

of this versatile fibrous material.

1.2.2 Building Blocks for Deterministic Self-Assembly
Deterministic self-assembly involves adopting a quaternary structure to produce distinct
and precise 3D structures through either naturally evolved or precisely designed protein interfaces.

Protein assemblies, naturally occurring or de novo designed, form through highly specific binding



interactions with various symmetries, including cyclic, helical, cubic, and lattice configurations.
Among these, coiled coils are extensively studied structural protein motifs in biological systems,

known for their remarkable range of geometric diversity.??-4

Coiled coils are prevalent in
transcription factors and fibrous proteins such as keratin, myosin, epidermin, and fibrinogen, and
are used to construct complex protein architectures.” Their unique superhelical structures and
programmable binding specificity have been exploited to engineer higher-order protein
assembly .67

Coiled coils typically consist of a repeating pattern of hydrophobic (H) and polar (P)
residues, denoted as HPPHPPP in a heptad repeat sequence (abcdefg). Most coiled coils contain
four or more of these repeating units. Hydrophobic residues at the a and d positions contribute
significantly to the binding affinity, which is further enhanced by ion-pairing or hydrogen-bonding
interactions between polar residues at the opposing e and g positions, flanking the hydrophobic

core and providing electrostatic complementarity.>*->

The b, ¢, and f positions are located away
from the interface. When arranged into an a-helix, the hydrophobic residues at positions a and d
align to form an amphipathic structure. These amphipathic a-helices interact to sequester the
hydrophobic surface (at a and d) within the helices.> This interaction induces a slight mismatch
in periodicity between the hydrophobic residues and the a-helix structure, leading to left-handed
supercoiling as the helices wind around each other.®® This supercoiling results in a distinctive
knobs-into-holes side-chain packing arrangement, which contributes significantly to the stability
and structural integrity of the coiled-coil assembly.8-:61:62

Coiled coils have been employed to build various protein structures. The method termed

“coiled-coil protein origami” exploits the specific dimerization interactions between coiled coils

to assemble well-defined nanostructures, such as triangles or tetrahedra.®>-% Vesicle-like hollow



cages were also created by genetic fusion of heterodimeric coiled coils to ELPs and fluorescent
proteins, followed by thermally triggered self-assembly.?® Chemical conjugation between coiled
coils was also exploited to generate self-assembled peptide nanocages (SAGEs).®%%7 In SAGEs,
heterodimeric and homotrimeric coiled coils were covalently linked by disulfide bonds into
peptide conjugates,®® which initially formed a 2D hexagonal lattice structure that evolved into a
well-defined hollow 3D spherical cage upon mixing. Coiled coils have also been combined with
inorganic materials, such as quantum dots (QDs)% or metal nanoparticles.”® Introducing QDs into
hierarchical protein self-assembly enabled precise modulation of QD-based hybrid nanocarriers’
properties, including size and surface potential.®® The integration coiled coils with inorganic
material holds significant potential for biomedical applications, particularly in medical imaging

and targeted drug delivery.

1.3 Application of Protein Self-Assembly
1.3.1 Overview

Protein self-assembly has emerged as a groundbreaking technology with diverse
applications spanning medicine to biomaterials science. By leveraging the inherent ability of
proteins to spontaneously form well-defined structures, self-assembled protein biomaterials
provide exceptional control over their properties and functions. In nanotechnology, they are
utilized to develop high-precision nanoscale devices and sensors, taking the advantage of proteins'
natural capacity to create functional nanostructures. The versatility and adaptability of self-
assembled protein biomaterials for specialized applications hold great promise significant

technological advancements and innovation.



Protein assemblies with diverse structures and distinct properties offer a versatile platform
such as cage’!, hydrogel’?, and nanofiber.* By incorporating various functional components, these
assemblies can be tailored for a broad range of biosensing applications.’ An effective approach
includes direct integration of specific amino acid sequences of sensor proteins into peptides or
protein building blocks to program biosensing functionalities. For example, the fusion of a
bacteria-binding peptide with a tetrameric coiled-coil domain, accompanied by an environment-
sensitive fluorophore unit, allowed for the detection of bulky and multivalent bacterial entities.”
This fusion protein transforms from flexible peptide chains to a rigid, rod-like helical coiled-coil
conformation upon binding to bacteria. This transformation not only highlights the versatility of
the technique but also demonstrates enhanced thermostability, underscoring the potential for
engineering specific and robust molecular recognition. As illustrated by these examples, self-
assembled proteins offer significant advantages for biosensor applications across fields.
Advancements in protein self-assembly strategies will enable the development of protein-based

biosensors for a broader range of biological and chemical analytes.

1.3.2 Biosensors

Biosensors are advanced technologies that integrate biological responses with electronics
or optics to detect and measure specific substances or conditions. They typically consist of three
key components: probe-target recognition, transduction, and physical output.”* Transducers
convert biological information into signal outputs,” enabling detection and monitoring through
the transfer of electrons, light, or energy.’> Biosensors are categorized based on their biological
elements: affinity-based biosensors (which use receptors, antibodies, etc.) and catalysis-based

biosensors (which utilize enzymes, tissues, or cells).”® Self-assembled protein biosensors are



employed in various fields, including medical diagnostics’’, environmental monitoring’®, food
safety’”, and biotechnology®’, to provide rapid, accurate, and often real-time information.*°

For example, the Gerrard group demonstrated the application of a self-assembled nanofibril
glucose biosensor application using whey proteins.!® Post-assembly modification of whey protein
nanofibrils (WPNFs) involved two chemical surface modification chemistry: biotinylation and
thiolation. Biotinylated WPNFs were developed with streptavidin-coated glucose oxidase (GOx)
through biotin-streptavidin interaction, known for their strong bonding in nature.®' A glucose
biosensor platform was created utilizing glucose oxidase (GOx) functionalized WPNFs as
nanoscaffolds to immobilize enzymes on gold electrodes. Electrochemical characterization
revealed an enhanced response with surface modification, indicating a promising increase in the
biosensor's sensitivity.

An additional example of protein self-assembly for biosensing involves the fusion of two
distinct coiled-coil pairs in a dimeric configuration, which is further linked to a bioluminescent
enzyme, luciferase.®? This approach based on luciferase led to the development of a genetically
encoded protease sensor, utilizing protein fragment complementation techniques. This biosensor
specifically targeted protease, caspase-3, employing an autoinhibitory coiled-coil strategy that

resulted in an impressive 1000-fold enhancement of luminescence upon protease activation.

1.3.3 Bionanocatalysts

Designing and engineering of well-ordered protein architectures used as biocatalytic
domains, particularly in facilitating enzymatic functions. The Tezcan group, for example,
83

reported a genetically engineered metallo-B-lactamase that features an interfacial catalytic site.

This protein was designed through the metal-directed self-assembly of monomeric proteins into



tetramers, incorporating catalytic zinc sites at their interfaces. An engineered variant of
cytochrome ¢b562 (RIDC), a four-helix-bundle redox protein®*, was utilized as a building block.
This variant self-assembled via Zn(II) coordination, hydrophobic interactions, and disulfide
bonds.®* Some of these variants demonstrated hydrolytic activity towards ampicillin, showing in
vivo B-lactamase activity. Further mutants of this tetrameric RIDC can be constructed to enhance
enzymatic activity, with the potential applications in biomedicine.

Biological nanoreactors formed from amphiphilic protein with enzymatic activity have
also been developed. Bioengineers have created a variety of self-assembling protein cages that
function as biosynthetic nanoreactors.®® These nanoreactors, employed in biocatalysis and
synthetic biology, mimic natural systems to establish unique microenvironments within cells.
This strategy offers several advantages, such as protecting catalyst cargo and enhancing turnover
rates.®’

A notable example of artificial protein nanoreactors inspired by natural organelles
involves ketohydroxyglutarate aldolase from Thermotoga maritima.®® In this case, an industrial
biocatalyst, (+)-y-lactamase, was used as a model catalyst. When fused with the engineered
aldolase, the catalyst self-assembled into a dodecahedral protein nanocage. These encapsulated
enzymes demonstrated enhanced pH stability compared to their unprotected counterparts and
were protected from deactivation by polar organic solvents and proteolysis. Overall, this
nanoreactor-based encapsulation improves the stability and efficiency of biocatalysts, making

them more effective in microbial cell factories for green manufacturing.
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1.3.4 Drug Delivery

Self-assembled protein biomaterials hold significant potential in biomedical applications
due to their unique architecture, mechanical properties, and biocompatibility. Protein
nanocontainer, with their sophisticated hollow and spherical structures, exemplify this
potential ¥ These nanocontainers can be utilized to deliver molecular cargo, such as drugs, to
cells with improved targeting capabilities.”!

The Chilkoti group has reviewed elastin-like peptides (ELPs) as candidates for thermally
triggered drug-delivery conjugates, suitable for both systemic and local administration.”?
Systemically delivered ELP—drug nanoparticles often accumulate preferentially at tumor sites
due to the enhanced permeability and retention (EPR) effect, which helps reduce toxicity and
improves treatment efficacy.”® Additionally, ELP—drug conjugates can be administered with mild
hyperthermia applied externally to the tumor. This approach induces ELP coacervation, which

increases the local drug concentration within the tumor vasculature.®>%*

1.4 Fluorescence Protein Biosensors
1.4.1 Overview

Fluorescent protein biosensors are biological fluorophores that change their intensity or
wavelength in response to analytes, enabling imaging and real-time monitoring of molecular
dynamics across both spatial and temporal dimensions.”” These capabilities provide precise,
quantitative insights into biochemical interactions and environmental changes, which are crucial
for understanding and regulating complex cellular processes®®, environmental conditions®’, and
medical diagnostics.”® Fluorescent proteins have become indispensable tools across various fields,

95,99—

facilitating sensitive and selective detection of target analytes.”>*°-1%! Nevertheless, a modular,
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systematic approach to protein self-assembly using fluorescent protein biosensors would open new

opportunities for enhancing their performance and versatility in various applications.

1.4.2 Calcium Indicators

Calcium ions play a critical role as intracellular and intercellular signaling messengers,'??
influencing various biological functions, including muscle contraction!®® and neuronal
migration.!® Fluorescent calcium indicators are essential for imaging of calcium ions within
biological systems, providing valuable insights into cellular processes. A significant advancement
in fluorescence biosensing is the development of genetically encoded calcium indicators (GECIs),
which serve as fluorescent reporters in conjunction with microscopy techniques.!?>1% The
GCaMPs!97:10%8 are prominent examples of GEClIs, known for their effective calcium sensing
capabilities. GCaMPs exhibit an enhanced signal-to-noise ratio due to their improved Ca** binding
affinity.!” When Ca?" binds to GCaMP, the interaction between the fluorophore and the calcium-
binding domain induces a conformational change in the protein, altering the chromophore's
chemical environment and increasing fluorescence intensity.!'® While GCaMPs are typically
green, they can be engineered to emit various colors such as red, orange, and blue, facilitating
spectral multiplexing with different purposes.!%6-111.112

Another notable GECI is calcium-measuring organelle-entrapped protein indicators
(CEPIA). CEPIA proteins are developed through site-directed mutagenesis in the calcium-binding
domain,'"® with substitutions such as glutamate to non-acidic amino acids (E31A or E31Q) to
adjust their calcium binding affinity and dynamic range. CEPIA proteins are used for simultaneous
Ca?" imaging, enabling researchers to monitor calcium dynamics in the endoplasmic reticulum and

cytosol with high dynamic range and spatiotemporal resolution. These indicators are applicable to
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various cell types, including intact neurons, providing valuable insights into cellular processes and
signaling pathways.!!4!15

Aequorin is a photoprotein found in jellyfish, consisting of an apoprotein and a prosthetic
group called coelenterazine, luciferin, which reacts with calcium ions.!!'%!'” The binding of Ca?*
to aequorin, which contains three EF-hand motifs typical of Ca*" binding sites, induces a
conformational change that leads to the oxidation of coelenterazine through an intramolecular
reaction.!!® Although aequorin offers a good signal-to-background ratio, its detection can be
challenging due to its low light quantum yield, meaning it emits relatively few photons per protein
bound to Ca*".!'"” The utility of Aequorin has been greatly enhanced by fusing it with green
fluorescent protein (GFP), creating a construct known as GFP—Aequorin Protein (GAP).'?° In
GAP, aequorin transfers its energy to a GFP without emitting blue light. This energy transfer
occurs through radiationless excitation of GFP by activated oxyluciferin. The GFP-aequorin fusion

results in a significant increase in the emitted light, which has been successfully detected in single

neuroblastoma cells using an intensified charge-coupled device (CCD) camera.!?!

1.4.3 Sensors for Nitrogen Compounds
Plants display signs of nutrient deficiency when levels fall below the necessary threshold,

while excessive nutrient uptake can lead to toxicity and weakness.!?

Maintaining a balanced
nutrient supply is therefore crucial for optimizing crop yields. Nitrogen (N) is a vital
macronutrient, often supplied in the form of nitrate (NOs").!?* This process typically involves the
conversion of urea to ammonium, which is then oxidized to nitrate and nitrite.'”* To be

incorporated into amino acids, NOs™ initially reduced to nitrite (NO2") in the cytosol by nitrate

reductase.!?>126 Subsequently, nitrite (NO2") is further reduced to ammonium (NH4") in plastids or
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chloroplasts by nitrite reductase. Both NOs~ and NO:~ serve as physiological sources of nitric oxide
(NO), a key biological signaling molecule.!'?” The uptake and distribution of nitrate and nitrite are
crucial for even human health, such as NO homeostasis and related cardiovascular functions.'?®
However, tracking NOs~ and NO:~ molecules within plant tissue remains challenging due to
insufficient spatial resolution. '?° To address this, Forster resonance energy transfer (FRET)-based
genetically encoded non-invasive NOs/NO:~ biosensors have been developed.!01:12%:130

FRET is a distance-dependent phenomenon that allows detection of interactions within a
Forster distance range of 1-10 nm.!3! These FRET sensors typically consist of a cyan fluorescent
protein (CFP) and a yellow fluorescent protein (YFP) acting as donor and acceptor, respectively.
The sensor includes a sensory domain that induces conformational changes in the protein, leading
to alterations in fluorescence.!*? For example, the Uchida group developed a FRET indicator
named sNOOOpy that visualizes NOs/NO:" dynamics, providing insights into their roles in
various organisms.!3® The sSNOOOpy utilizes two proteins fused to different fluorescent proteins
(CFP and YFP), whose spectra overlap and dissociate upon binding to target analytes. The
sensitivity of SNOOOpy is not affected by small fluctuations in pH or temperature, making it
reliable for quantifying NOs~ concentrations. Another example is FLIP-NT, which monitors NOs~
uptake in living cells in real-time with high spatiotemporal resolution.!?! The FLIP-NT nanosensor
employs the popular FRET pair CFP-YFP with NrtA, the solute-binding component of the high-
affinity NOs~ ABC transporter.!* NrtA undergoes conformational changes upon NOs~ binding,

leading to an increase in YFP fluorescence and a decrease in CFP fluorescence, enhancing FRET

efficiency.
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1.5 Motivations and Objectives

The field of biosensing plays a pivotal role in advancing various scientific and
technological domains, ranging from healthcare to environmental monitoring. In recent years,
protein self-assembly strategies have paved the way for innovative biosensing platforms with
enhanced performance characteristics. Protein self-assembly can enhance functionality compared
to using individual protein molecules. By combining multiple protein units into micro- or nano-
architectures, these assemblies can offer improved stability, specificity, and sensitivity, making
them more suitable for diverse biosensing applications.

A modular self-assembly system is essential to enable the customization and adaptation of
protein biomaterials for detecting various target molecules or analytes. Additionally, challenges
remain in processing proteins into materials through chemical conjugation or modification, which
often have limited specificity and can cause misfolding or destabilization, leading to functional
loss or aggregation. To address these issues, the projects in this dissertation focus on the rational
design of recombinant proteins through genetic and modular fusion. This approach leverages
protein-protein interactions for self-assembly and harnesses protein functions to create highly
specific and sensitive biosensors, potentially overcoming the limitations of conventional methods.

The overall goal of the proposed work is to engineer recombinant protein self-assembly
systems and apply them in the creation of biosensor platforms. This focus is on developing modular
and generalized systems that integrate functional sensing protein domains into protein assemblies,
which will be used for detecting metal ions and small molecules relevant to healthcare and
environmental applications. To achieve the goal, three objectives are established: (Objective 1)
Design and produce recombinant protein building blocks that self-assemble into functional protein

coating and demonstrate fluorescent sensing of calcium ions, (Objective 2) Investigate protein-
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hybrid self-assembly to enhance biosensing performance, and (Objective 3) Expand protein self-

assembly in both cells and coatings for environmental monitoring applications.

1.6 Overview of the Dissertation

This dissertation describes the approaches to engineering protein self-assembly for
biosensor applications. Three independent studies were designed and conducted, each aligned with
the overarching goal of demonstrating protein self-assembly to create protein biomaterials with
genetically programmed functionalities for biosensing.

Chapter 2 introduces a microstructured coating self-assembly platform for calcium
sensing. This method leverages the modular design of recombinant proteins to create protein
coatings with programmable functionalities. By utilizing these self-assembled coatings, we
developed a portable fluorescent biosensor device capable of smartphone-based detection of
calcium levels, particularly relevant to hypercalcemia. Chapter 3 describes a fundamental study
of the self-assembly of protein cages that encapsulate high-density nanoparticles with enhanced
performance for calcium sensing. The cooperative interaction between cage assembly and
nanoparticle encapsulation was investigated to elucidate the underlying mechanism. This system
was designed to improve the optical properties of fluorescent protein cages, enhancing their utility
in biosensor applications. In Chapter 4, a biosensing strategy using genetically encoded FRET
sensor proteins is described for nitrite detection in environmental monitoring. Utilizing the sensor
proteins, we measured nitrite levels within live E. coli cells, and cell extracts were further
employed to develop a cost-effective, straightforward protein coating for nitrite sensing. Molecular
docking simulations were also conducted to examine nitrite-protein interactions, providing

insights into improving binding affinity and tailoring specificity for related targets.
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Overall, this dissertation provides a comprehensive examination of the design and
application of self-assembled protein biomaterials, showcasing their versatility and potential to

address key challenges in science and industry.

17



Chapter 2 - Self-Assembly of Microstructured Protein Coatings with

Programmable Functionality for Fluorescent Biosensors"

2.1 Background and Motivation

Proteins have been exploited to build coating materials for a variety of applications in food

136— 140-142 41,143-145

packaging,!’*13° drug delivery,!3¢!% tissue engineering, biosensors, , biological

6

adhesives,'*® and regenerative medicine.!3® Protein coatings offer a promising approach for

147,148

creating functional surfaces with tailored properties such as antifouling activity , selective

149 150,151

binding affinity'*”, and controlled release of therapeutics, controlled interactions of

138,139 and modulation of energy transfer for biosnesing.!4> Such

nanoparticles with cell membrane,
functional coatings include amyloid-based genetically modified protein coatings created via self-
assembly, whose functionalities were programmed for biotemplating,!>? biocatalysis,!> and
bacterial sensors.*! Recombinant curli nanofibers were engineered to create biofilms with
biocatalytic functions, where the curli nanofibers enabled modular and site-specific enzyme
immobilization.!>*1>° In coating fabrication, microstructure formation has a significant impact on
functionality and performance. Mechanical or physical properties of protein coating materials have

4LI56-158 which are influenced by the

been modulated through the control of microstructures,
conformation, binding interaction, and topology of protein building blocks. An example is thin

solid films of protein-block copolymer conjugates in which microphase-separated structures

yielded high protein loading and biocatalytic activity.!>*!%* Another example includes a

* Reproduced with permission from Jo, Suna, Erin Pearson, Donghoon Yoon, Jungkwun Kim, and Won Min Park.
"Self-assembly of microstructured protein coatings with programmable functionality for fluorescent

biosensors." bioRxiv (2024): 2024-05.2° Copyright 2024.
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superhydrophobic coating with microstructures, which were manipulated by the phase transition

158 This coating presented excellent mechanical and thermal stability and the

of lysozyme.
capability to drive protein crystallization.

Recombinant proteins have been used as versatile building blocks that present excellent
programmability to self-assemble biomaterials, including coating materials.!>*-!! Multiple genes
can be recombined genetically and modularly to introduce self-assembling properties as well as a
variety of functionalities, followed by protein expression and purification using well-established
protocols.'®! Despite their genetic programmability, processing protein materials is often required

162-164 or chemical reagents for covalent

through chemical modifications using organic solvents
substrate attachment or cross-liking or conjugation with block copolymers.!3%164159.164 Thege
additional steps along with additional washing or functionalization in protein coating fabrication
present challenges in manufacturing process development and may limit functionality due to
potential protein denaturation. Moreover, production of recombinant curli nanofibers is
challenging, particularly when multiple functional domains need to be introduced.!>*!5° Thus, a
system of recombinant protein coating assembly under biocompatible conditions would be
desirable for highly functional coating material development.

In this study, we demonstrate the self-assembly of modular, biocompatible protein coatings
with genetic programming of functions and properties. We exploited two distinct protein motifs,
an elastin-like polypeptide (ELP) and high-affinity coiled coils, to achieve coating assembly on a
variety of substrate materials, manipulate microstructured morphology for high surface area, and
incorporate globular functional domains to protein coatings. ELPs are tropoelastin-derived

biomimetic peptides that undergo a thermally triggered liquid-liquid phase separation. The inverse

phase transition results in the formation of insoluble coacervates from soluble proteins in an
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aqueous solution.!®®> Coiled coils are the a-helices that bind to each other to form a super-helical
bundle. Because of their exceptional binding affinity and specificity, coiled coils have been used
to program protein assemblies in various systems.®*%> We recombined ELP, coiled coils, and
functional protein modules into fusion protein building blocks that form a coating material through
a simple, chemical-free, and water-based process under biocompatible conditions (Figure 1).

We used this coating platform to fabricate a smartphone-based biosensor device for the detection
of hypercalcemia. Current calcium biosensors, include photonic polymers and!%%:17 functionalized

168,169

nanoparticles which provide millimolar resolution, as well as chemical fluorescence

170-172 173

indicators and microelectrodes.!”> While chemical fluorescent indicators like fura-2!7° and
rhod-5N'"! are widely used to quantify Ca?" in micromolar concentrations, they often experience
non-specific binding and interference from other cations such as Na*, K*, Mg?". Microelectrodes,
although capable of a wide dynamic range and stable voltage readings with a sub-nanomolar
resolution,!” are limited by their slow response to calcium changes and susceptibility to fouling,
which may hinder real-time monitoring.!”*!”> To address these limitations, we exploited a
genetically encoded fluorescent calcium ion indicator, GCaMP, which provides high specificity
for calcium ions and rapid response times.!® We integrated GCaMP into a protein coating such
that the coating exhibits fluorescence dependent upon the concentration of Ca**. Employing a
light-emitting diode (LED) transilluminator and smartphone camera, we measured the
fluorescence from the protein coating and quantified the Ca?" concentrations in biological fluids

(0.5 to 3 mM) that are relevant to mild and moderate hypercalcemia. This approach offered a

simple and low-cost solution suitable for resource-limited settings.
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Figure 2.1 Schematic illustration of the self-assembly of a microstructured protein coating.

(A) The dimeric topology of Zr-ELP formed through a disulfide bond. (B) Three recombinant
fluorescent proteins fused with a coiled-coil tag (FP-Zg): mCherry-Zg, EGFP-Zg, and GCaMP6m-
Zg. (C) Coating self-assembly process: The microstructures are initially formed through the liquid-
liquid phase separation (LLPS) of the Zr-ELP protein. These coacervates from LLPS adhere to
surfaces and become interconnected. The structural changes associated with the transition of
coiled-coil a-helices (Zr) to B-sheets at 42°C stabilize the microstructures of the coating. Upon
incubation, FP-Zg binds to the Zr domains within the microstructures through strong coiled-coil
dimerization of Zg and Zg, resulting in fluorescent protein coatings. This process is repeated to
control the density of proteins within a coating.

2.2 Materials and Methods
2.2.1 Materials

The E. coli strain T7 Express lysY/[7 (BL21 derivative) was purchased from New
England Biolabs. The plasmids, pQE60 Zg/Zr-ELP, pQE60 mCherry-Zg, and pQE60 EGFP-ZE,
were kindly provided by Prof. Julie Champion at the Georgia Institute of Technology. Nickel

nitrilotriacetic acid resin (Ni-NTA, HisPur™) was purchased from Thermo Scientific. CaCl, was
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purchased from EMD Millipore Corporation. PBS (1X, pH 7.4) containing NaCl (137 mM), KC1
(2.7 mM), NaH>PO4 (10 mM), KH>PO4 (1.8 mM), and TBS (1X, pH: 7.4) containing tris base (50
mM) and NaCl (150 mM) were prepared in the lab. Tyrode’s solution was made from lab
containing NaCl (135 mM), KCI (2.8 mM), CaCl, (2 mM), MgCl, (1 mM), NaH,PO4 (400 uM),
NaHCO; (12 mM), Glucose (5.5 mM), HEPES (10 mM) and BSA. BSA, FBS, and DMEM were
purchased from Thermo Scientific. The substrate materials of glass (0.14 mm thick), PET (0.125
mm thick), and PMMA (1.0 mm thick) were purchased from Globe Scientific Inc., Calpalmy, and

Langaelex, respectively.

2.2.2 Cloning

The DNA sequences encoding GCaMP6m %111 and the Zg domain!’® were recombined to
create a construct encoding GCaMP6m-Zg. The gene fragment was synthesized, ligated into the
Ncol and BgllI restriction sites of the pQE60 vector (3.4kbp), and sequence-verified by GenScript.
The resulting plasmid pQE60 GCaMP6m-Zg was inserted into T7 Express chemically competent

cells.

2.2.3 Protein Expression and Purification

The sequence of recombinant fusion proteins, Zr-ELP, mCherry-Zg and EGFP-Zg are
available in Table S1. The recombinant proteins mCherry-Zg, EGFP-Zg, and GCaMP6m-Zg were
expressed and purified as previously described.!””!”® Briefly, the cells transformed with the
plasmids pQE60 mCherry-Zg, pQE60 EGFP-Zg, or pQE60 GCaMP6m-Zg were grown at 37°C
overnight in 2X yeast extract and tryptone media supplemented with 200 mg/L ampicillin.

Overnight protein expression (for 18 hours) was induced at the optical density of 0.8 (at 600 nm)
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by adding 1.0 mM of isopropylthio-B-galactoside. After the harvest, cells were lysed with a buffer
containing 50 mM Na;HPOs, 300 mM NaCl, and 10 mM imidazole and went through a freeze-
thaw cycle and sonication. Insoluble parts were removed by centrifugation (10,000 rpm) and the
cleared lysate was incubated with Ni-NTA. Then, the recombinant proteins mCherry-Zg, EGFP-
Zg, or GCaMP6m-Zg were eluted in a buffer containing 250 mM imidazole after washing. The
eluted solution was dialyzed in the 1X TBS. Zr—ELP was expressed following the same protocol
described above and then purified under a denaturing condition using Ni-NTA.!77:!78 The
expressed complex of HiseZg and Zr-ELP from harvested cells was resuspended in a buffer
containing 6 M urea, and the cleared lysate was incubated with Ni-NTA resin. After washing, 6 M
guanidine hydrochloride was used to elute Zr-ELP from Hiss-Zg bound on the resin. Purified Zr-
ELP was dialyzed into deionized water. The purity and molecular weight of proteins were
confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, followed by time-of-
flight mass spectrometry (Waters Xevo G2/XS coupled with nano-ESI). Fluorescence of purified
mCherry-Zg, EGFP-Zg, and GCaMP6m-Zg and turbidity of Zr-ELP coacervates were analyzed by

BioTek SYNERGY H1 microplate reader.

2.2.4 Protein Coating Assembly

Micropillar arrays were fabricated by ultraviolet light emitting diode (UV-LED)
lithography, which was made using a photosensitive polymer resin.!” Substrates (glass, PET,
PMMA, and aluminum), as well as the microfabricated micropillar arrays, were prepared on a
heating block at 42°C. A 20 pl drop of Zr-ELP (1.7 mg/ml) was placed and dried on the substrates,
followed by incubation with a solution containing 6uM of mCherry-Zg, EGFP-Zg, or GCaMP6m-

Zg. These steps were repeated up to three times. The substrates were washed twice with 2X PBS.
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For a coating of GCaMP6m-Zg/Zr-ELP, a solution of GCaMP6m-Zg was prepared in 100 uM
NaCl solution containing 100 uM EDTA. All coatings were dried at room temperature and rinsed
with TBS twice for use. For GCaMP6m-Zg/Zr-ELP, we stored dried protein coatings at 4°C

overnight before use.

2.2.5 Microscopy

Protein coatings were imaged by Olympus IX-73 or Axio Carl Zeiss Observer.Z1
fluorescent microscope with a 40X objective at filter settings of excitation 532 nm/emission 610
nm (mCherry-Zg) and excitation 488 nm/emission 526 nm (EGFP-Zg). Confocal microscope
images were captured using a Zeiss LSM 510Vis system with a 100X oil immersion objective with
laser wavelengths of 543 nm, using a BP 565—615 emission filter. The surface morphology of
mCherry-Zg/Zr-ELP coating was imaged with a Zeiss Ultra60 FE-SEM. The coating samples were
fixed on a glass substrate using 1.0% glutaraldehyde for 1 hour, washed twice with deionized

water, and subsequently freeze-dried and sputter-coated with gold and imaged at 5 kV.

2.2.6 Smartphone Imaging and Fluorescence Analysis

The coatings of GCaMP6m-Zg/Zr-ELP or EGFP-Zg/Zr-ELP were placed under an LED
transilluminator (BT Lab Systems) and excited at the wavelength of 470 nm. An iPhone 13 (Apple,
Inc.) smartphone with a rear camera (4000x3000 pixels) was used to record fluorescence images,
which were analyzed by ImageJ. Fluorescence intensity in the green channel of the images was
quantified and subtracted by the intensity of background fluorescence. The quantified intensities

were normalized by the background intensity and averaged by area. An equally sized area from
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each image was selected for the analysis. The relative changes in fluorescent intensity of the

protein coating samples in response to Ca*" exposure is calculated using the following equation:
AF/Fo=(F —Fo)/Fo

where Fo represents the initial fluorescent intensity of the protein coating, and F denotes the

fluorescent intensity after the addition of Ca*".

2.2.7 FT-IR characterization

The FT-IR spectra were recorded on an Agilent Cary 630 FT-IR spectrometer. A 10 uL of
Zr-ELP coacervate solution in PBS was deposited on a glass substrate at 42°C. After drying, the
Zr-ELP coating was directly applied to the attenuated total reflection diamond crystal, with the
glass substrate serving as a background. Data were analyzed using Agilent MicroLab software,
followed by baseline correction and spectrum deconvolution of the amide I peak (1590-1710 cm )

performed using Microsoft Excel.

2.2.8 Statistical Analysis

Fluorescence recovery responses (AF/Fo) were analyzed by one-way analysis of variance
(ANOVA) with Tukey’s post-hoc multiple comparisons or student t-test for two-group
comparison. All statistical analysis was conducted using Microsoft Excel. The p values < 0.05
were considered statistically significant (*p < 0.05, **p <0.01, ***p <0.005, ****p <0.001, N.S.;

not significant).
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2.3 Results and Discussion
2.3.1 Self-Assembly of a Microstructured Functional Coating using Recombinant Proteins
We exploited two distinct types of protein-protein interactions to self-assemble
microstructured coating materials and genetically program functionality. A pair of heterodimeric
coiled-coil proteins (Zg:Zr, colon denotes heterodimerization) with a high-affinity binding
interaction (dissociation constants Kp ~ 10-1° M) 176178 were fused to fluorescent proteins (FPs) or
an ELP to construct recombinant fusion proteins, Zr-ELP and FP-Zg (Figures 2.1.A and 2.1.B).!7
While an ELP triggers the self-assembly of protein-rich coacervates through a thermally
responsive inverse transition,?6:!178:180 the coiled coils Zg and Zr mediate strong binding between
FP and ELP coacervate. This self-assembly system using FP-Zg and Zr-ELP has been exploited

178,181,182

to create protein particles in a hydrogel,!”” hollow protein vesicles , and sheet structures.'83
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Figure 2.2 SDS-PAGE analysis of Zr-ELP and GCaMP6m-Zg.

(A) The gel of Zr-ELP samples prepared in the absence (1) or presence of the reducing agent [3-
mercaptoethanol (2). (B) The gel of purified GCaMP-Zg. The theoretical molecular weights
(Mw) and extinction coefficients (¢) are provided on top of each gel image. (C) Mass of

covalently conjugated Zr-ELP dimer shown in lane (1) of the gel (A) measured by TOF mass
spectroscopy.
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We expressed and purified a covalently linked Zr-ELP dimer for protein coating self-
assembly (Figure 2.1A and Figure 2.2). A disulfide bond at the C-terminal of ELP joins the fusion
protein Zr-ELP to one another, linking the two Zr domains through an ELP> linker (Zr-ELP>-Zg).
We hypothesized that this topology is essential for the interconnection of Zr-ELP coacervates,
which can grow into microstructured coating layers. First, we demonstrated the self-assembly of a
fluorescent coating using a red fluorescent protein, mCherry. Fluorescent proteins are robust and
easy to characterize, thus ideal for characterizing the self-assembly process. Additionally, many
genetically encoded fluorescent biosensors, such as GCaMP, share structural similarities with
mCherry, making them excellent model proteins to demonstrate the general applicability of our
system. The Zr-ELP coacervates prepared in phosphate-buffered saline (PBS) at 25°C were first
placed on a glass substrate, incubated at 42°C, and dried. The turbidity of the glass substrate
measured at the wavelengths from 300 nm to 500 nm indicates the formation of a microstructured
protein coating, which was stably adhered to the glass surface after an hour of incubation with PBS
(Figure 2.4.A and 2.3). Then, the coating of Zr-ELP was further incubated with a solution of
recombinant fusion protein mCherry-Zg and washed. The fluorescence emission at 610 nm
(excited at 532 nm) indicates the incorporation of mCherry-Zg into the protein coating (Figure
2.4.B), which was through the affinity binding interaction between Zg and Zr domains. The
fluorescent and confocal micrographs (Figure 2.4.C and Figure 2.5) showed the interconnection
between coacervates, which resulted in the formation of microstructures adhered to glass. The
fluorescence in the images (emission: 610 nm, excitation: 532 nm) further confirmed the

attachment of mCherry-Zg to the microstructured coating.
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Figure 2.3 A bright field micrograph of Zr-ELP coating prepared at 42°C.
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Figure 2.4 The microstructured protein coating assembly on the glass surfaces.

(A) Turbidity profile of Zr-ELP coating on glass (black) and incubated in buffer for 1 hr (blue).
(B) Relative fluorescence unit (RFU) of mCherry-Zg/Zr-ELP coating prepared at 42°C (red) and
25°C (gray). (C) A fluorescence micrograph of mCherry-Zg/Zr-ELP coating prepared at 42°C.
(D) A FESEM image of mCherry-Zg/Zr-ELP coating from panel C.
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A high-resolution image acquired using a field emission scanning electron microscope
(FESEM) also shows the microstructured morphology of the protein coating on glass (Figure 2.4.D
and Figure 2.6.A). The morphology of interconnected microspheres at the size of 1.6 + 0.5 um was
observed according to the image analysis (Figure 2.6.B). This length scale was slightly higher than
the hydrodynamic diameter of mCherry-Zg/Zr-ELP coacervates measured in an aqueous solution
(~ 0.8 um, Figure 2.6.C), which would be due to coalescence and growth of the coacervate
microspheres on substrates. The result evidences that the microstructures evolved from the partial
coalescence between the coacervate microspheres. We hypothesize that while the phase-separated
coacervates undergo complete coalescence process in solution phase,'®*!85 those deposited on
surfaces may experience kinetic hinderance, resulting in the formation of interconnected
microstructures. The microstructured protein coating was stably deposited on glass without

covalent conjugation or any pretreatment of the glass surfaces.

Figure 2.5 Confocal micrographs of mCherry-Zg/Zr-ELP coatings.

Images of mCherry-Zg/Zr-ELP coatings on glass substrate were obtained from protein
incubation at 25°C (A) and at 42°C (B).
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The formation of microstructures was critically influenced by temperature. In the coating
sample prepared at 25°C, the formation of microstructures was not observed (Figure 2.5).
Moreover, a remarkably lower fluorescence intensity was measured from the coating (Figure
2.4.B). The microstructures are initially formed through the liquid-liquid phase separation of Zr-
ELP in solution, which adhere to surfaces and become interconnected (Figure 1). While this
process is driven by reversible hydrophobic interactions in the ELP domain, the interconnected

microstructures remained stable over time.
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Figure 2.6 Microstructure morphology of the mCherry-Zg/Zgr-ELP coating.

(A) A FESEM image. (B) The size distribution of the coating microstructures is shown in panel
(A). (C) The size distribution of mCherry-Zg/Zr-ELP coacervates in solution measured by
dynamic light scattering.
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This could be due to a significant reduction in the surface area of the coating as a result of
no microstructure formation. This is likely caused by structural transformation from a-helix to -
sheet within the coiled coils (Zr), a change previously observed during heating, drying, or long-
term storage of coiled coils in buffer solutions.!®¢ This transformation is irreversible and helps
stabilize the microstructures of the coating (Figure 2.7). In the absence of B-sheet formation, the
microstructures may revert to a soluble protein phase. Therefore, we hypothesize that the
conformational transformation is facilitated near the melting temperature of Zr homodimer
(44°C)'7, serving a critical role in stabilizing the interconnected coacervates.
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Figure 2.7 Relative fluorescence units (RFU) changes from mCherry-Zg/Zr-ELP coatings
incubated in PBS at 22°C.

The Fourier Transform infrared (FT-IR) spectrum of the Zr-ELP coating showed reduced
a-helix content and an increased fraction of B-sheet structures, indicating the transition of the
secondary structure (Figure 2.8). The deconvoluted FT-IR spectrum in the amide I region (1600-
1700 cm™)!®7 exhibits a peak at around 1657 cm™!, with a relative area of 0.917, indicate the
presence of 13% o-helix structures. The peaks at 1622 cm™! and 1635 cm™! indicate 30% B-sheet

structures, with relative areas of 0.962 and 1.185, respectively. In contrast, according to the circular

32



dichroism spectra of soluble Zr-ELP at 25°C, the a-helix content is 35.1% and the B-strand is
13.5%, respectively.!”” The results evidence the structural transformation of Zr during the coating

assembly. (Figure 2.8.B)
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Figure 2.8 FT-IR spectrum of protein coating.

(A) Deconvolution of amide I band in FT-IR spectrum of Zr-ELP coating at 42°C (1600 -1700
cm’! region) using a model fit (shown in red). The fitting error is below the spectrum (green) and
individual components are assigned to secondary structures and relative areas are indicated in the
table (right). (B) The secondary structure of Zr-ELP coating was analyzed from the
deconvolution data.
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2.3.2 Improvement in the Protein Coating Density and Stability for Portable Fluorescence
Sensing

As confirmed in Figure 2.4, fluorescence from the microstructured protein coating can be
quantified or imaged using a spectrofluorometer or microscope. Nonetheless, a portable
fluorescent biosensor application would require a simple and low-cost fluorescence reader such as
a smartphone camera equipped with a light-emitting diode (LED) and filter. For this to work, the
density of protein coatings on a device should be high enough to emit strong quantifiable
fluorescence. To increase the protein density, we repeated the steps of coating assembly and
deposition (Figure 2.1C). In addition to mCherry, we used the green fluorescent protein EGFP as
amodel to also demonstrate the modularity of our system. A droplet of Zr-ELP solution was placed
and dried on a glass surface at 42°C, followed by incubation with a solution of EGFP-Zg.!”® This
process was repeated for up to four cycles, followed by quantification of fluorescence from EGFP
using a portable LED transilluminator and smartphone camera (Figure 2.9, Figure 2.10.A, and
Figure 2.10.B). As a result, the intensity of green fluorescence after three cycles of protein

deposition was increased by more than 100% than a single-deposition process.
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Figure 2.9 Protein density and stability of self-assembled EGFP-Zg/Zr-ELP coatings.

(A) Relative protein density of EGFP in the coatings from repeated assembly and deposition
cycles. The EGFP densities are normalized to the value from a single cycle. (B) Loss of EGFP
from the coatings after three-hour incubation. (C) Relative protein density of EGFP on four
distinct substrates: glass, PET, PMMA, and aluminum. The EGFP densities are normalized to the
value from glass. (D) Loss of EGFP from the protein coatings after a three-hour incubation. (E)
Micrographs of a protein-coated micropillar array (left: bright field, right: green fluorescence)
and the close-up images (insets). (F) An optical image of the protein-coated micropillar array
under a transilluminator (left) and the fluorescent intensity profile of a cross-section (indicated
by the red line in the left image, right).
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Figure 2.10 Relative fluorescence intensities from EGFP-Zg/Zr-ELP coatings before
normalization.

(A) Coatings from repeated assembly and deposition cycles. (B) Fluorescence changes from the
coatings in panel B after a three-hour incubation buffer. (C) Coatings on various substrates:
glass, PET, PMMA, and aluminum. (D) Fluorescence changes from of the coatings in panel C
after three-hour incubation buffer.

The fluorescence intensity difference between the 3-cycle and 4-cycle protein coatings was
not statistically significant (Figure 2.11). This could be due to surface saturation, as the maximum
loadable proteins may have been reached after three coating cycles, limiting further EGFP
incorporation. Cross-sectional analysis of samples from a single coating cycle revealed uneven
fluorescence distribution (Figure 2.12), which could decrease response intensity and reduce

sensitivity in fluorescent biosensor applications. In contrast, the 3-cycle process improved

fluorescence homogeneity, a critical factor for enhancing biosensor functionality. In addition, we
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observed an increase in the stability of the protein coatings. The repeated deposition of proteins
resulted in a reduction in protein loss after long-term incubation of a coating of Zr-ELP/EGFP-Zg
in buffer (~ 3 hours) (Figure 2.9.B). The coating from a single deposition showed a nearly 50%
decrease in the fluorescence from the coating, while it was significantly reduced to below 10%

after three or four cycles of repeated protein depositions.
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Figure 2.11 Comparison of EGFP-Zg/Zr-ELP coatings from 3 and 4 cycles.

(A)Relative protein density of EGFP in the coatings. (B) Loss of EGFP from the coatings after
three-hour incubation. Not significant (N.S.); p > 0.05 (n = 3).
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Figure 2.12 Cross-sectional fluorescent intensity profiles from one cycle (blue) and three
cycles of protein deposition on glass substrates (red).

The insets show fluorescence images highlighting the corresponding cross-sections.
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We also conducted a negative control experiment to investigate non-specific physical protein
adsorption. Following the protocol for a single cycle without Zr-ELP, a protein coating was
created and the fluorescence from EGFP was quantified. The results showed that fluorescence
intensity was reduced by about seven times (Figure 2.13), indicating that the EGFP coating is

primarily driven by the specific dimerization of Zg and Zr, with minimal physical adsorption.
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Figure 2.13 The effect of the Zr-ELP on the protein coating assembly.

Relative protein density of EGFP in the coating prepared in the presence (left) and absence of
Zr-ELP (right). The EGFP densities are normalized to the value from a single cycle assembly of
EGFP-Zg/Zr-ELP coating.

The fluorescence intensity quantified using a smartphone camera was linearly dependent on the
concentration of EGFP-Zg (Figure 2.14). We correlated the relative fluorescence unit (RFU) and
the EGFP-Zg concentrations using a microplate reader, which was further correlated with the
fluorescence intensity quantified from the smartphone images. The result shows a linear
relationship between the fluorescence intensity of the coating, the corresponding RFU, and the
protein concentration. It verifies the improvement in the density of EGFP incorporated within the

coating and the stability of coating attachment. Further in-depth analysis using techniques such as
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QCM-D could provide precise measurements of the total mass of adsorbed proteins on the surface,

which could be correlated with the amount of EGFP incorporated and its overall stability.
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Figure 2.14 Quantification of protein coating using a calibration curve

(A) Calibration curve for the fluorescence intensity from smartphone images as a function of the
concentration of EGFP-Zg. (B) The relative fluorescence units (RFU) that correspond to the
concentration of EGFP-Zg. (C) The fluorescence intensity from smartphone camera images that
correspond to RFU obtained from a microplate reader. The calibration curve in panel (A) was
generated from the curves in panels (B) and (C).
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2.3.3 Deposition of Protein Coatings on Four Distinct Substrates

Next, we conducted protein coating assembly on four distinct substrate materials to demonstrate
the versatility of our method. The coating of Zr-ELP/EGFP-Zg from three repeated cycles of
protein deposition on three different substrates other than glass, including polyethylene
terephthalate (PET), polymethyl methacrylate (PMMA), and aluminum, showed higher levels of
fluorescence intensity, as shown in Figure 4C. The protein coatings on the polymeric substrates
(PET and PMMA) had an EGFP density of ~70% and ~100% relative to glass, respectively. Both
were as stable as the coating on glass, according to the result from the 3-hour stability test (Figure
2.9.D). This finding suggests that similar levels of protein density and stability were achieved
using these polymeric substrates, although the coating on aluminum was not as stable as the one
on glass. The aromatic and non-aromatic polymers with hydrophobic properties, PET and PMMA,
facilitate hydrophobic interactions with Zr-ELP, while negatively charged glass surfaces enhance
the adsorption of Zr-ELP, which has a positive charge (PI = 11.59 at pH 7.4), through strong
electrostatic interactions. In contrast, aluminum may exhibit increased hydrophilicity due to the
formation of a thin oxide layer, which could reduce the stability of protein coatings. Overall, the
results demonstrate the versatility of our protein coating platform across four distinct glass or
polymer substrate materials without covalent conjugation or any pretreatment of substrates.

In biomedical applications, devices with microarchitectures are often combined with
biological components like proteins. For example, microneedles are micron-scale medical devices
used for transdermal delivery of drugs, vaccines, and other therapeutics.!®31%0 To test the
feasibility of our coating method on microfabricated surfaces, we conducted protein coating
assembly (Zr-ELP/EGFP-ZE) on a micropillar array that is widely used for microneedles. After

repeated protein coating deposition on the array of micropillars from photolithographic patterning,
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we imaged them using a fluorescence microscope. The green fluorescence from the micropillars
in the micrograph (Figure 2.9.E) indicates the formation of the protein coating on the surface of
the micropillars. We were also able to confirm that the green fluorescence could be imaged and
quantified using an LED transilluminator and smartphone camera, followed by imaging analysis
(Figure 2.9.F). This indicates that, without functionalization, the formation of dense protein
coating was achieved directly from the micropillar array. As demonstrated in Figure 2.9, our
method can be extended to microneedles fabricated using a variety of substrates such as glass and
polymers, as surface treatment or functionalization is not necessary. We anticipate our approach

will be a good alternative to conventional spray coating methods.!?!-1%2

2.3.4 Calcium Sensing for the Detection of Hypercalcemia

Lastly, we demonstrated the application of our protein coating platform for a calcium
biosensor using a genetically encoded calcium ion sensor protein GCaMP. The fluorescent
biosensor protein is a highly effective Ca?" probe, having a high signal-to-noise ratio with
enhanced Ca?* binding affinity (Kp for Ca*" = 235 nM).!” GCaMP6m, an improved version of
GCaMP, was developed by modifying the GCaMP sequence through mutagenesis to enhance its
sensitivity and speed.!”> The GCaMP6m protein consists of circularly- permuted GFP (cpGFP)
and calmodulin (CaM), and the chicken myosin light chain kinase (M13) domains.!!® Upon
binding of Ca?" with CaM and M13, a conformational change occurs, which alters the binding
orientation of CaM and M13. This causes a change in the chemical environment surrounding the
chromophore in cpGFP, which consequently increases the fluorescence intensity. Because of the
critical role of intracellular Ca?" in neuronal signaling, GCaMPs have been used to monitor in vivo

neuronal activities in the mouse cortex, zebrafish, and insects, after gene transfer and transgenic
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expression in cells.!”?

Extracellular Ca** also functions as an important messenger!®* and its
increased level is associated with diseases like hypercalcemia.!’>!%> By assembling a coating of

purified GCaMP, we used it to measure the level of Ca?" in biological fluids outside cells.
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Figure 2.15 Absorbance and fluorescence changes of soluble GCaMP6m-Zg upon calcium
ion binding.

(A) UV-vis absorption spectra. (B) Fluorescence spectra (excitation at 470 nm). The spectra
were measured in the presence of Ethylenediaminetetraacetic acid (Ca**-free, red) or CaCl,

(Ca?*-bound, navy blue). (C) Photographs of soluble GCaMP6m-Z at the Ca*"-free (1) and
Ca**-bound state (2) under visible light (top) and transilluminator (bottom).

We designed the recombinant fusion protein GCaMP6m-Zg, for the coating assembly along
with Zr-ELP (Figure 2.2B). After expression and purification from Escherichia coli, we confirmed
the changes in absorbance and fluorescence intensities upon Ca?* binding (Figure 2.15). The
absorbance intensity of GCaMP6m-Zg shows a significant reduction at 496 nm after the addition
of a chelating agent, ethylenediaminetetraacetic acid (EDTA) at 100 uM (Figure 2.15.A). It was
immediately recovered after the addition of 100 uM of calcium chloride. Moreover, the
fluorescence intensity of GCaMP6m-Zg changed in response to the binding of Ca®*, as confirmed
by the data in the presence of EDTA or CaCl, (Figures 2.15.B and 2.15.C). The results indicate

that the sensing ability of GCaMP6m was not affected by the genetic fusion of the Zg coiled-coil
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domain. Following the coating assembly procedure described above for Zr-ELP and EGFP-Zg, we
created a protein coating that included GCaMP6m-Zg on glass substrates (Figures 2.16.A and
2.16.B). After three cycles of coating assembly and deposition, the samples were washed and dried.
The coating of Zr-ELP/GCaMP6m-Zg on glass had a green-emitting fluorescent microstructure,
as shown in the micrograph (Figure 2.16.A). To prepare a protein coating at a Ca**-free state,
EDTA (100 uM) was added to a solution of GCaMP6m-Zg and removed from the coating during
the washing step. The protein coating was incubated with aqueous solutions at a range of Ca**

concentrations, and the fluorescence from the coating was imaged using a smartphone camera,

followed by image analysis to quantify the intensities.
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Figure 2.16 The self-assembled GCaMP6m-Zg/Zr-ELP coating.

(A) A fluorescent micrograph. (B) Optical images of the coatings under a transilluminator before
(top) and after incubation with 5 mM Ca?* (bottom). (C) The Ca*"-dependent relative
fluorescence intensity (AF/Fo) in the range of 1 nM to 500 pM. Experimental data were fitted to
a binding model (dotted line) to evaluate Kp app. (D) The AF/Fy curve in the range of 0.5 to 5.0
mM. Experimental data were fitted to a linear model (dotted line). (E) The AF/Fy response from
Tyrode’s solution under hypercalcemia-related physiological conditions: control (no calcium),
normal (1.3 mM), and mild (1.5 mM) or moderate hypercalcemia (1.8 mM). ***p < 0.005, and
not significant (N.S.). The error bars in panels C, D, and E represent the standard deviation (n =

3).

The fluorescence from the Ca®*-free coating was quickly recovered after exposure to Ca®*
in water (Figure 2.16.C), and the relative fluorescence intensity (AF/Fo) increased up to 76% when
the concentrations of Ca?" ranged from 1 nM to 500 uM. The apparent dissociation constant (Kp,
app) Was ~11 uM, which is shifted by two orders of magnitude from the values for soluble
GCaMP6m.!''"? The values of Kp, app in general can be shifted due to the higher target concentration

in the micro-environment.!”¢ In our study, the ELP-based protein coating mimics tissue proteins’
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micro-environment where Ca®>" was far above the Kp of soluble GCaMP6m. Therefore, this shift
is most likely due to a higher Ca?" concentration in the micro-environment surrounding the
GCaMP probe placed within a protein-rich phase.

The AF/F, was also plotted against the concentrations of Ca?* in the millimolar level that
falls within the calcium levels in the extracellular matrix, from 0.5 to 3.0 mM (Figure
2.16.D).102172.197 At this Ca?* concentration level, we observed a drastic change in the fluorescence
that was linearly dependent on the concentration of Ca**. The measured AF/Fy was from 76% to
223% at the Ca>" concentrations of 0.5 to 5.0 mM, respectively, and an equilibrium binding model
did not provide a good fit to the data. This may be due to the complex binding mechanism between
GCaMP and Ca®' in this concentration range and more complex binding models such as
cooperativity in the ELP domain and Ca*" may need to be considered after additional biophysical
characterizations.!'”8

The coating of Zr-ELP/GCaMP6m-Zg was then used to detect hypercalcemia, which is
characterized by elevated Ca’' concentrations in the extracellular fluid. The normal Ca?*
concentration is around 1.3 mM, while mild hypercalcemia manifests with Ca?* concentrations
around 1.6 mM and moderate hypercalcemia exceeds 1.8 mM.!*? In order to evaluate the sensing
ability of our coating platform in the extracellular fluid, we conducted experiments varying Ca**
concentrations in Tyrode’s solution that mimics the interstitial fluid. It is a solution with the
composition of ions close to the tissue fluid and contains glucose and bovine serum albumin
(BSA). The coating incubated with a solution of 1.3 mM Ca?* exhibited AF/Fo of -17 + 5 % (Figure
2.16.E). Conversely, the coating under the mild hypercalcemia condition of 1.5 mM Ca?* showed
AF/Fq of 107 + 18 %, while the AF/F¢ of the sample of moderate hypercalcemia condition (1.8

mM) was 261 + 14 %. The AF/F, values corresponding to mild and moderate hypercalcemia were
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significantly higher than the normal condition, and the signal difference between mild and
moderate hypercalcemia was also significant (p < 0.005). The reduction of fluorescence under
normal or no-calcium conditions could be attributed to the interaction of Ca?" with BSA.2% In an
additional experiment, the relative fluorescence change from tris-buffered saline (TBS) containing
Ca®* but no BSA was compared to the same buffer that includes Ca?" and 1% BSA (Figure 2.17).
Although a minor decrease in fluorescence was observed with the addition of BSA, statistical

analysis indicates that the difference in the fluorescence intensities is not significant.
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Figure 2.17 The AF/F¢ response under hypercalcemia-related physiological conditions.
(1) 1.3 mM of CaCl in tris buffered saline (TBS) without bovine serum albumin (BSA), (2) 1.3

mM of CaCl, in TBS with 1% BSA, (3) 1.3 mM of CaCl; in deionized water with 1% BSA. *p <
0.05 and not significant (N.S.)

We conducted additional experiments using a mammalian cell culture medium and fetal
bovine serum (FBS), which mimics the protein-rich conditions in tissue fluid or blood. Dulbecco's
Modified Eagle's Medium (DMEM) was supplemented with FBS to simulate normal calcemia and
hypercalcemia conditions, and the fluorescence intensity changes from protein coatings incubated
in the media were quantified. The results showed a 19.5% (£15.9) increase in fluorescent intensity

in the normal calcemia region, while increases of 102.3% (£43.5) and 268.5% (+58.5) were

observed in mild and moderate hypercalcemia, respectively (Figure 2.18). Both hypercalcemia
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conditions showed fluorescence changes statistically different from the normal calcemia condition.
Despite a minor loss in the sensitivity, these results validate that our calcium sensor coating could

potentially work for blood or tissue fluid samples from patients.
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Figure 2.18 AF/F0 response from FBS with DMEM solution under hypercalcemia-related
physiological conditions.

Normal (1.3 mM), mild (1.5 mM) and moderate hypercalcemia (1.8 mM). ***p <0.005, *p <
0.05. The error bars indicate the standard deviation.

Hypercalcemia is frequently associated with several types of cancers.!*>!*° The regulation
of calcium homeostasis is interrupted, leading to the increase of the calcium level in the
bloodstream above the normal level. During the asymptotic stage, the onset of mild hypercalcemia
is associated with cancer development.!” The fluorescence calcium sensor device demonstrated
in this paper showed a sensing ability sufficient to detect mild or moderate hypercalcemia. The
current Ca?" sensors for the high concentration range (0.5-3.0 mM) are based on photonic

166,167

polymers, aggregation-induced  emission  luminogen,?®!  functionalized  gold

168,169 and a chemical fluorescence indicator,!”?> which require a spectrophotometer

nanoparticles,
or microscope for signal measurement. Genetically modified Ca?" sensors with weaker affinities

than GCaMPs operate within this concentration range!'*-2°2 but have only been used to monitor
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Ca®" dynamics with a fluorescence microscope. In contrast, our detection method operates in a
low-resource setting by using a smartphone camera equipped with an LED and light filter, which
suggests a potential use for a point-of-care (POC) platform in a clinical setting. The high surface
area-to-volume ratio feature generated by the microstructured coating was critical for the high-
density inclusion of fluorescent biosensor proteins like GCaMP, providing enhanced resolution for
calcium quantification with these low-resource settings. This feature may also have broader
bioengineering applications, particularly where reaction efficiency and mass transfer are critical.
Also, our coating fabrication process based on protein solution casting can be extended to the
manufacturing of low-cost disposable sensor platforms as demonstrated in portable
electrochemical sensors.?>2%* We anticipate such a platform will facilitate a more accessible and

early diagnosis of cancer in combination with the detection of other cancer-related metabolites.

2.4 Conclusion

We demonstrated a self-assembly method of protein coatings with microstructural features
and programmable functionality by leveraging the modular design of recombinant proteins. The
temperature-triggered coacervation through an inverse phase transition followed by non-covalent
protein binding of coiled coils resulted in microstructured functional protein coatings. This method
is applicable to additional types of substrate materials and modular to program a functionality by
incorporating globular functional protein domains like EGFP or GCaMP. We created a calcium
biosensor device that quantified the Ca®*' level relevant to the detection of hypercalcemia
conditions. This modular and versatile protein coating platform is based on a simple, chemical-
free, and water-based process under biocompatible conditions. Using the genetically encoded

205

fluorescent biosensor proteins for a variety of targets,*”> we anticipate this platform will provide
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methods to develop a POC application with rapid and continuous monitoring of disease-associated

biomarkers in a low-resource setting.
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Chapter 3 - Cooperative Assembly of Nanoparticle-Encapsulating

Protein Cages

3.1 Background and Motivation
In recent years, protein-based materials have been extensively investigated as hybrid
materials in combination with non-protein foreign components due to their ability to form diverse

structures and control materials’ properties.>296-208

These hybrid materials improve the physical
and chemical properties of the protein materials, making them more promising. Specifically,
protein-based hybrid materials have paved the way for advancements in biotechnology, including
biocatalysts??’, biosensors?!'?, and targeted drug delivery systems.?!!212 Proteins can be engineered
into various structures, which serve as templates to enhance aqueous solubility?!?, stability®’, and
biocompatibility. 2137215 One of the structures found in protein-based materials is the protein, which
features a spherical structure with an inner cavity capable of capturing molecules while isolating
them from the external environment.?!®2!7 This feature facilitates the incorporation of foreign
materials into its interior, creating a confined space for these molecules.?!’-2! Recent studies have
demonstrated that nanoparticles can be loaded in the inner cavity, while exterior surfaces present
enhanced biocompatibility and ability for targeting.?”-218-220221 These characteristics have led to a
growing focus on the application of protein cages for drug delivery, as their distinctive morphology
provides an optimal environment for drug encapsulation as well as efficient delivery into
cells.91:217,222-226

A protein cage consists of three interfaces: the exterior surface, inter-subunit region, and

inner cavity. 219220224227 The properties of protein cages can vary significantly based on the

incorporated foreign elements, making them functionally versatile. For instance, surface
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modification can equip the external surface with cell-targeting capabilities, optimizing it for a

therapeutic application. The inner cavity can host various nanoparticles, such as quantum dot?2,

d?*, and iron oxide nanoparticles.??® For instance, ferritin has been utilized as a template for

gol
synthesizing or encapsulating inorganic nanoparticles for cancer cell imaging.?**?** Similarly,
virus-like particles have been chemically modified to load and deliver therapeutic cargo
materials.”®??* These protein nano-cages often exhibit limited nanoparticle loading capacity. High
concentrations of nanoparticles have only been successfully encapsulated in amphiphilic block-
copolymer micelles.?*!-233 This raises an intriguing question: can protein cages achieve highly
packed nanoparticle encapsulation? Protein assembly using a dynamic structural motif might offer
a solution to enhance nanoparticle encapsulation.

In this study, we demonstrate the cooperative assembly of protein cages that
simultaneously encapsulate nanoparticles with high-density packing. We employed engineered
amphiphilic protein building blocks based on an elastin-like polypeptide (ELP), a class of
biomimetic polypeptides derived from tropoelastin,??’” ELPs exhibit unique properties, such as
lower critical solution temperature (LCST) phase behavior, which mediates liquid-liquid phase
separation of proteins into coacervates under a temperature control.?’*!2** When combined with
globular or rod-shaped hydrophilic proteins, ELPs can function as the hydrophobic segment in
constructing amphiphilic protein building blocks.!”® These protein building blocks form vesicle-
like cages consisting of a monolayer protein membrane with hydrophobic inner surfaces. This
structural feature facilitates preferential encapsulation of nanoparticles within the cage, resulting
in pomegranate-like structures with a high-density packing of nanoparticles (Figure 3.1). Despite
the remarkable ability to encapsulate hydrophobic cargo,?® the simultaneous nature of nanoparticle

encapsulation during protein cage assembly remains unclear. To address this, we investigated the

52



cooperativity between the cage assembly and nanoparticle encapsulation to understand the
underlying mechanism. Additionally, we employed this system to control the optical properties of

fluorescent protein cages toward biosensor applications.
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Figure 3.1 Cooperative self-assembly of hybrid protein cages encapsulating nanoparticles
simultaneously.

(A) Protein cage structure without nanoparticles. The amphiphilic complexes of recombinant
fusion proteins (mCherry-Zg/Zr-ELP and Zr-ELP dimer). (B) Protein complexes (mCherry-
Zr/Zr-ELP or OGECO1-Zr/Zr-ELP) have cooperative interactions with nanoparticles, forming a
protein-nanoparticle hybrid coacervate that evolves into a self-assembled cage with high-density

packing of nanoparticles.
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3.2 Materials and Methods
3.2.1 Materials

The E. coli strain T7 Express BL 21 was purchased from New England Biolabs. The
plasmids, pQE60- Zg/Zr-ELP and pQE60-mCherry—Zg, were also kindly provided by Professor
Julie Champion at the Georgia Institute of Technology. Nickel nitrilotriacetic acid (HisPur™ Ni-
NTA) resin was purchased from Thermo Scientific. Fluorescent polystyrene nanoparticles
(Fluoresbrite® YG Carboxylate Microspheres 0.50pum) were purchased from Polysciences.
Titanium dioxide nanoparticles, the mixture of rutile and anatase (d<100nm), were purchased from

Sigma Aldrich. Rhodamine B (RhB) was purchased from ACROS Organics.

3.2.2 Cloning, Protein Expression, and Purification

The DNA sequences encoding OGEO1%* and the Zg domain!’® were combined to generate
a construct encoding OGECO1-Zg. The gene fragment was synthesized and inserted into the Ncol
and BglII restriction sites of the pQE60 vector (3.4kbp), followed by sequence verification by
GenScript. The resulting plasmid pQE60 OGECO1-Zg was inserted into T7 Express chemically
competent cells. The fusion proteins Zr-ELP, mCherry-—Zg, and OGECO1-Zg were expressed and
purified following previously described protocols.?® Briefly, both proteins contain the Hiss tag for
metal affinity purification. Zr-ELP was co-expressed with His6-Zg and incubated with Ni-NTA
after cell harvesting. 6 M guanidine hydrochloride was used to elute the washed protein, then
dialyzed DI water several times and stored at 4°C. For mCherry-Zg, buffers, including 8 M urea,
10 mM Tris-Cl, and 100 mM Na,HPOj4 at pH 8.0, were used to lysis the harvested cells. Wash was
done with buffer at pH 6.3, and washed proteins were eluted from the resin at pH 4.5. Then,

proteins were dialyzed into phosphate-buffered saline (PBS, pH 7.4) and stored at 4°C.
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3.2.3 Turbidity Measurement

To make the protein-polystyrene (PS) nanoparticle hybrid, fusion proteins were prepared
by combining 30 pM of Zr-ELP and 1.5 uM of mCherry-Zg. The proteins were premixed in PBS
and maintained at 0°C in an icebox during the preparation process. Next, we added different
volumes of the fluorescent PS solution (1 pl, 2 pl, 3 pl, and 5 pl) to the premixed protein solution.
After thorough mixing, the protein-nanoparticle hybrid solutions were transferred to a cuvette. The
absorbance was measured at 400 nm for 30 minutes using a Thermo Fisher BIOMATE 160
spectrophotometer while maintaining the temperature at 25°C with a Peltier controller. The data
was collected every minute. For the protein-TiO2 nanoparticle hybrid, 100 pl of'a 2.5% (w/v) TiO:
suspension was added to the same protein mixture used above. Data collection follows the same

procedure, with measurements taken every minute.

3.2.4 Fluorescence Microscopy

Images of TiO2 nanoparticles with recombinant protein cages taken by inverted fluorescent
microscopy (Olympus IX73). A protein complex with nanoparticles was prepared at 0°C and then
gently centrifuged for one minute. A 5ul aliquot of aggregated proteins were placed on a slide
glass (24 x 60 mm), then covered with square cover glass. (18 x 18 mm). All images are captured

with 40x objectives with Texas Red for red fluorescence and bright field imaging.

3.2.5 Photocatalytic Activity Measurement
The photocatalytic activity was assessed under various radiation conditions and sample
compositions. Control samples were prepared without UV radiation, using PBS and 20 uM

Rhodamine B. One control sample included 100 pl of TiO2 nanoparticles. Additionally, samples
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were prepared with bare TiO: in PBS, a protein solution (30 uM ZR-ELP and 1.5 uM mCherry-
ZE), and protein combined with 100 pl of TiO: nanoparticles, all mixed with 20 pM Rhodamine
B. Each sample was placed in a 1 mL glass vial and incubated at room temperature for 30 minutes.
After this incubation period, three of the samples were irradiated with UV light (BTLab
SYSTEMS, 302 nm, 50-60 Hz). Images were captured every hour to monitor the photocatalytic

activity.

3.2.6 UV-Transmittance Measurement

The UV blocking property was determined by measuring the UV transmittance. Samples
containing TiO2 nanoparticles and those without were prepared in the icebox and transferred to 1
mm quartz cuvettes. UV transmittance spectra were recorded from a BIOMATE 160 (Thermo

Fisher) UV—vis spectrometer ranging from 200 nm to 300 nm.

3.2.7 Fluorescence Measurement

The fluorescence of the OGECO1-Zg/Zr-ELP was measured by Biotek 96-well microplate
reader at 25°C. To achieve a Ca*'-free state, OGECO1-Zg was treated with 100 uM of EDTA. To
validate the effect of TiO> nanoparticles, recombinant proteins (at a 0.05 ratio) were prepared with
and without 50ul of TiO2 nanoparticles. To each 90 pl of the protein mixture, 10 pl of the CaCl,
solution with varying concertation was added. Fluorescence was measured at an excitation

wavelength of 520nm with 570nm emission.
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3.3 Results and Discussion

3.3.1 Encapsulation of Nanoparticles into the Vesicle-like Protein Cages

The vesicle-like protein cages were assembled from amphiphilic recombinant fusion protein
complexes.?’ Two recombinant fusion proteins were used: of a globular protein, mCherry, fused
with a glutamic acid-rich leucine zipper, Zg, (mCherry-Zg), and an arginine-rich leucine zipper,
Zr, fused with an ELP (Zr-ELP). They can undergo either hetero- (Zr:Zg, colon denotes
dimerization) or homo-dimerization (Zr:Zr), resulting in “globule-coil-rod” (mCherry-Zg/Zr-
ELP) or “rod-coil” complexes (Zr-ELP dimer) when mixed (Figure 3.1). The vesicle-like cages,
featuring hydrophobic inner surfaces, were formed from these amphiphilic protein complexes,

which allowed preferential encapsulation of nanoparticles.?’

3.3.2 Correlation between Cage Size and Number of Nanoparticles

We prepared the recombinant fusion proteins Zr-ELP and mCherry-Zg in phosphate buffered
saline (PBS) and mixed them with polystyrene (PS) nanospheres (diameter ~ 500 nm). The self-
assembly of protein cages was induced by increasing temperature from 4°C to 25°C. This
temperature elevation resulted in a rapid increase in turbidity, confirming the formation of vesicle-
like protein cages. Fluorescent microscope images revealed pomegranate-like particles where PS
nanospheres (green) were encapsulated by the protein membrane (red) (Figure 3.2.A). The protein
membrane contained mCherry with red fluorescence, while the PS nanospheres exhibited green
fluorescence. The internal space of the vesicle-like cages was densely packed with PS
nanoparticles, which distinguished them from the morphologies observed in nanoparticle-
encapsulating cages reported in other studies.??*??%22° The number of encapsulated PS

nanoparticles (nps) observed in the microscope images ranged from 1 to over 14 (Figure 3.2.B).
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However, the high-density encapsulation gave rise to an overall pomegranate-like morphology.
We estimated the volume density of PS nanoparticles per volume of a protein cage (as shown in
Figure 3.3.A) and observed a significantly narrower distribution in packing density. This finding
suggests a controlled density of nanoparticle packing, independent of the total number of
nanoparticles encapsulated within each cage. We also observed that the diameters of protein cages
were proportional to the number of encapsulated PS nanospheres (Figure 3.2.B). The average
diameter of protein cages containing PS nanospheres (dc ~ 2.3 + 0.6 um) was larger than that of
the hollow cages without PS nanoparticles (~1.5 um),?® indicating the cooperative interaction
between the nanoparticles and the protein building blocks during cage formation. The image
analysis demonstrated that the estimated number of PS nanoparticles encapsulated within each
cage (nps) scales to the volume of protein cages (nps ~ duc’, Figure 3.3.A. and B). Consistently,
the number of PS nanoparticles counted from cross-sectional images was approximately
proportional to the cross-section area of the cages (nps ~ duc’). The dependency of protein cage
size on the number of encapsulated nanoparticles supports the existence of interactions that
facilitate the incorporation of nanoparticles during the coacervates formation, ultimately leading
to a core-shell morphology. In the absence of nanoparticles, the intermediate coacervate phase

transitioned into hollow cages, further supporting this mechanism.!80-236
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Figure 3.2 The morphology of protein cage encapsulating PS nanoparticles.

(A) Fluorescent microscope images of self-assembled protein cage with PS nanoparticles. The
red fluorescence is attributed to mCherry-Zg, while the green fluorescence is from the PS
nanoparticles. (B) Individual protein cages and the number of PS nanoparticles encapsulated
within each cage.
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Figure 3.3 Relationship between protein cages and nanoparticles

(A) Distribution of cage sizes as a percentage of total frequency (B) Correlation diameter of
cages and nanoparticles from the cross-sectional area and estimated volume. (C) Histogram of
protein cages with different numbers of encapsulated nanoparticles. (D) Size distribution
histograms of protein cages with different diameters of hollow spheres.

Additionally, we confirmed the distribution of encapsulated nanoparticles within the protein cages

(Figure 3.3.C). This suggests a potential interaction between the protein and the nanoparticles, as

most cages contain small encapsulated particles while maintaining a consistent nanoparticle

volume fraction per cage. Furthermore, as shown in Figure 3.3.D, the size distribution of the

protein cages exhibits a Poisson distribution, indicating that the encapsulation process is stochastic.
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3.3.3 Kinetics of Nanoparticle Encapsulation

The turbidity profiles further support the cooperative interactions between the protein building
blocks and PS nanoparticles during cage self-assembly. In the presence of PS nanoparticles
(ranging from 3.64 to 18.2 particles/uL), turbidity changes during the initial inverse phase
transition were measured as a function of time. Turbidity is associated with the presence of
coacervates.!” In the initial stage for coacervate formation, turbidity increases rapidly, followed
by a gradual decrease during the maturation stage of self-assembly. A higher concentration of
nanoparticles led to a slower rise in turbidity profile between 4 and 7 minutes (Figure. 3.4.A). To
be consistent, a steeper decline in the slope of turbidity change was observed during that period at
higher nanoparticle concentrations (Figure. 3.4.B). The results indicate the presence of interactions
between the protein building blocks and PS nanoparticles during the initial stage for coacervate
formation. According to the self-assembly mechanism of vesicles formed by Zr-ELP and

mCherry-Zg,'#

a the process involves a transition from coacervate to vesicle. Similarly, the
nanoparticle-bound protein coacervates are likely to undergo a transition to vesicles, during which

the PS nanoparticles are positioned in the core and the amphiphilic protein complexes organize

into a membrane structure that enclose the nanoparticles.
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Figure 3.4 Absorbance changes during protein cage formation

(A) Turbidity profile observed during the inverse phase transition, with measurements taken at a
fixed wavelength of 400 nm. Protein solutions were initially cooled in an icebox and then heated
to 25°C after the addition of PS nanoparticles. (blue: protein only, red: 3.64 particles/ul, green:
7.28 particles/ul, yellow: 10.92 particles/ul, magenta: 18.2 particles/ul) (B) Time-dependent
changes in turbidity, the slope change of the turbidity profiles plotted in panel (A).
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3.3.4 Encapsulation of Titanium Dioxide (TiO3)

To evaluate whether different types of nanoparticles can be encapsulated, we used this
platform for the encapsulation of titanium dioxide (TiO2) nanoparticles. TiO2 nanoparticles is well
known as sunscreen agent®’’ and photocatalyst?*® due to their effective UV absorption and radical
generation under UV radiation. However, TiO: can release reactive oxygen species (ROS), which
may promote skin photodamage through photocatalytic degradation.?*® Surface inhibition of TiO
particles, if encapsulation is successful, could reduce photocatalytic activity. To test this, we

investigated the photocatalytic activity of TiO» encapsulated by the protein cage under UV

radiation.
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Figure 3.5 Photocatalytic activity of protein-titanium dioxide (TiO:) nanoparticle hybrid

(A) Optical images of different samples with rhodamine B in the (1) water (2) 2X PBS under
natural light, (3) 2X PBS and TiO2 nanoparticles under natural light, (4) 2X PBS and TiO> under
UV radiation, (5) protein without nanoparticles under UV radiation, (6) protein with TiO»
nanoparticles under UV radiation (B) Normalized absorption spectra at wavelength 554 nm (C)
UV-transmittance spectra of 2X PBS with TiO, NPs (blue), TiO; in the protein solution (red),
and protein only (black). Data was collected after 30 min vesicle formation.
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The photodegradation experiment with TiO2 was conducted under various sample
conditions, using Rhodamine B (RhB) as a model dye to assess the reaction (Figure 3.5). RhB is a
dye that initially appears pink color but loses its color upon reacting with radicals produced from
TiOz under UV radiation. The control samples with TiO2 but UV radiation or under UV ratio in
the absence of TiO: did not show any photodegradation of RhB. Under UV radiation, TiO> without
proteins exhibits the fastest photocatalytic degradation, while samples containing TiO»-
encapsulated protein cages showed only slightly increased turbidity (Figure 3.5.B). These findings
suggest that TiO2> nanoparticles were encapsulated by the protein layer, preventing the release
radicals even under UV radiation. We further investigated the UV-screening property of the TiO»-
encapsulated protein cages by measuring the transmittance in the UV range from 200 nm to 300
nm (Figure 3.5.C). The hybrid sample showed the lowest UV-transmittance compared to bare TiO:
and pure proteins, indicating superior UV-blocking capabilities. Additionally, fluorescent

microscope images revealed that the presence of mCherry from the hybrid materials (Figure 3.6).
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Figure 3.6 Optical microscope images of TiO: nanoparticles coated by mCherry-Zg/Zr-
ELP cage, Microscope images of TiO2 nanoparticles surrounded by engineered protein
cages.

(A) Bright-field images of TiO» nanoparticles surrounded by engineered protein cages. (B)
Image with fluorescent filter (TEXAS-RED)
3.3.5 Enhancement of Biosensing Signals through Nanoparticle Encapsulation

Lastly, we demonstrated enhanced calcium sensing using the TiOz-encapsulated hybrid
particles. TiO: is known for its strong light-scattering properties, due to its high refractive index,
making it a valuable white pigment in various applications. This property allows TiO: to
effectively reflect and scatter light, thereby enhancing fluorescence in biological contexts.?40-241
Previous research by the Yao group highlighted the fluorescence enhancement effect of TiO: in
cancer detection surgeries, particularly for bladder cancer cells.?*> We hypothesize that the
integration of fluorescent biosensor proteins with TiO2-encapsulating hybrid protein cages could

further amplify fluorescent intensity.
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(A) Absorbance and fluorescence changes of soluble OGEO1-Zg upon calcium ion binding. (B)
Fluorescence spectra with excitation at 520 nm. The spectra were measured in the presence of
Ethylenediaminetetraacetic acid (Ca**-free, red) or CaCl, (Ca*"-bound, navy blue). (C) Optical
images of purified OGEO1-Zg under visible light the Ca**-free (a) and Ca?*-bound state (b) and
under transilluminator with Ca**-free (¢) and Ca**-bound state (d). (D) SDS-PAGE analysis of

purified OGEO1-Zg The theoretical molecular weights
provided on top of gel image.

(Mw) and extinction coefficients (¢) are

For this, we designed the recombinant fluorescent fusion protein OGECO1-Zg for modular

assembly along with Zr-ELP. We have confirmed absorbance and fluorescence change upon

binding to Ca?" (Figure 3.7.A, B and C) and verified the purity of proteins. (Figure 3.7.D) Self-

assembled protein cages with a 0.05 ratio of Zr-ELP and a fluorescent protein calcium indicator

(OGECO1-Zg) were prepared in the presence or absence of TiO» nanoparticles. The chelating
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agent EDTA (100 uM) was added to control the concentration of free Ca?*, which was calculated
using the Maxchelator tool.?** Higher concentrations of free Ca*" led to enhanced fluorescence
amplification (AF/F%) in the presence of TiO,. (Figure 3.8.A) Specifically, at a free Ca?*
concentration of 0.783 nM, the protein complex without TiO> exhibited a AF/F% of 262.85
(£26.69), while the addition of TiO> increased this value to 850.70 (£144.38), representing more
than a threefold enhancement (Figure 3.8.B). This significant increase in fluorescence intensity
and sensitivity, facilitated by TiO» encapsulation, could serve as a foundation for developing a

biosensor in future applications.
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Figure 3.8 Fluorescent intensity of Zr-ELP and OGECO1-Zg complex with/without TiO:

(A) Fluorescent intensity of Zr-ELP and OGECO1-Zg complexes with a ratio of 0.05. All
samples were treated with EDTA to capture residual calcium ion. (B) Ratio of fluorescent
intensity of protein with nanoparticles compared to protein alone, across different concentrations
of free Ca?": 0.07 nM, 0.78 nM, 7.049 nM , 841 nM.

3.4 Conclusion
We demonstrated the cooperative self-assembly of protein cages that simultaneously

encapsulate nanoparticles with high-density packing. Our analysis using fluorescent PS
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nanoparticles revealed a cooperative mechanism that nanoparticles-coacervate intermediates form
and subsequently convert into core-shell hybrid particles. This was further confirmed through a
kinetics study. This versatile platform can be applied to various types of nanoparticles, especially
TiO2. Encapsulation of TiO2 nanoparticles via protein self-assembly showed great promise for
controlling photocatalytic activity while enhancing UV-blocking properties and significantly
improving fluorescence signals when integrated with fluorescent protein calcium sensor probes.
Future work will be focus on expanding the potential applications of this platform, including

nanomedicine, biosensors, and bioimaging.
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Chapter 4 - Development of a Nitrite Sensor Based on Fluorescent

Proteins

4.1 Background and Motivation

Nitrite (NO2") and nitrate (NO3") play critical roles in greenhouse gas (GHG) emissions,
primarily through their involvement in nitrification and denitrification processes across various
ecosystems.?** These compounds function as intermediates in the nitrogen cycle, where their
inherent instability makes them highly susceptible to transformation. NO>™ can convert into NO3-
or ammonia, depending on the environmental conditions.?* Nitrification is a complex process
orchestrated by ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB), which
sequentially oxidize ammonium (NH4") to NO>™ and subsequently to NOs.246 A significant product
of nitrification is nitrous oxide (N20), a potent greenhouse gas. Elevated nitrite levels during
nitrification can trigger an escalation in N2O production, leading to an increase in greenhouse gas
emissions and contributing to global warming.?*” Notably, Nitrosomonas europaea stands out as
an obligated chemolithoautotrophic, thriving solely on NHs, CO, and mineral salts.?*® The
enzymes ammonia monooxygenase (AMO) and hydroxylamine oxidoreductase (HAO) of N.
europaea direct two-step oxidation of NH3.24> AMO converts NH3 to hydroxyl amine (NH,OH),
and HAO then oxidizes NH,OH to NO>", which results in the production of N>O (Figure 4.1).2%
Given the complexity of the reaction processes, detecting and quantifying NO,” and NO3™ from N.

europaea in soil is essential.
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Figure 4.1 Schematic representation of aerobic ammonia oxidation during nitrification
under an oxygen limiting condition. AMO, ammonia monooxygenase; HAO,
hydroxylamine oxidoreductase.

In addition to their roles in the soil nitrification process, NO;  and NOs™ are vital
macronutrients within natural aquatic systems, where they can contribute to anthropogenic nutrient
pollution that triggers harmful algal blooms and eutrophication.?! Increased levels of NO>™ in
groundwater, rivers, and lakes pose significant risks to public health and environmental

252

integrity.>* A representative example is the irreversible reaction between NO," and hemoglobin,

which yields methemoglobin— a compound that hampers the blood's capacity to transport oxygen

253,254

effectively. This alteration in hemoglobin's functionality results in tissue hypoxia,

particularly within the central nervous system. It is known for heightened susceptibility to oxygen

232 Furthermore, excessive NOy™ levels,

deficiency, ultimately leading to methemoglobinemia.
often used in food preservation, can be linked to carcinogenic effects by acting as a precursor to
N-nitrosamine formation.?>> This underscores the pressing need to monitor NO,™ concentrations in
water to mitigate potential adverse effects on human health.!?®

Although numerous methods for sensing NO»™ have been reported in the literature?>>-2%%,
their direct applicable to soil environments remains limited. In our study, we employed genetically

engineered fluorescent biosensors integrated into cellular systems to enable precise detection of

NO;" through fluorescence signal transduction. We focused on monitoring intracellular NO3/ NOy
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dynamics, using a recently developed fluorescence resonance energy transfer (FRET)-based
biosensor named sSNOOOPy (sensor for NO3/ NO>" in physiology).!** The sNOOOpy biosensor
employs a regulatory protein complex called NasS-NasT, where NasS acts as the NO3/NO;" sensor
domain and NasT is a transcription antiterminator.?>® This NasS-NasT protein complex remains
stable until interaction with NO3/ NO»" triggers its dissociation, Effectively separating NasT from
NasS upon analyte binding. The proteins NasT and NasS are fused with the FRET pairs cyan
fluorescence protein (CFP) and yellow fluorescent protein (mVenus), respectively, creating fusion
proteins CFP-NasT and NasS-mVenus. Upon binding of NO3/NO; to the complex of CFP-
NasT/NasS-mVenus, the FRET signal changes, allowing for quantification of NO3/NO>". (Figure
4.2.A)

We cloned the genes for CFP-NasT and NasS-mVenus constructs in a single bacterial
vector, aiming to measure the NO>" level in bacterial cells by quantifying FRET efficiency. (Figure
4.3.B) Alternatively, we also explored using cell extracts to develop a cost-effective and
straightforward protein coating for NO> sensing. This approach eliminates the need for living cells,
making it suitable for low-resource settings (Figure 4.2C). Furthermore, we conducted molecular
docking simulations using atomic structure models to enhance sensor performance. By examining
the interactions between NO;™ and the binding site within NasS, we gained insights that could
improve binding affinity or adjust specificity for other relevant targets such as hydroxyl amine

(NH,OH).
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Figure 4.2 Scheme of the FRET-based nitrite sensor development

(A) Two component system with fluorescent proteins. In the proposed model, a two-component
regulatory system is suggested, comprising NasS-NasT. Within this system, NasS functions as a
negative regulator, exerting its influence through interaction with NasT. (B) schematic
illustration showing nitrite sensor working in living cell (C) Coating fabrication process, whole
cell extracts containing the protein are deposited onto nitrocellulose substrates. Protein coatings
are then irradiated with a transilluminator, and the fluorescence intensity is quantified using a
smartphone camera.

4.2 Materials and Methods
4.2.1 Materials

The E. coli strain T7 Express BL 21 was purchased from New England Biolabs. Gene
synthesis and cloning were ordered from GenScript. Lysis buffer containing NaH>PO4 (100mM),
10 mM Tris-Cl, 6 M GuHCI were prepared in the lab. Nitrocellulose Membranes with 0.45um

pore size were purchased from Thermo Scientific.
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4.2.2 Cloning and Protein Expression

The genes for CFP-NasT and NasS-mVenus'3® were synthesized and cloned into a pQE60
vector to construct the plasmid pQE60-CFP-NasT/NasS-mVenus. Gene synthesis and cloning
were ordered from GenScript. The gene sequences encoding CFP-NasT and NasS-mVenus were
connected by the sequence that includes ribosome binding sites (RBS) for co-expression.?’ The
mVenus was circularly permuted, and a Hise-tag was added to the NasS-mVenus C-terminal only.
The plasmid pQE60-CFP-NasT/NasS-mVenus was transformed into E. coli strain T7 Express cells
and incubated overnight at 37°C. The transformants were grown aerobically in 8 ml of LB medium
at 37°C. The overnight cultures were transferred in 250 ml 2XYT medium with 100 pg/mL at 37°C
under dark conditions. Cells were harvested after -7h by centrifuging at 4000rpm for 30min. Cell

pellets are resuspended in native lysis buffer and stored at -80°C.

4.2.3 Fluorescence Measurement

Fluorescence measurements were conducted using a Biotek 96-well microplate reader at
25°C. Samples were collected 3 and 7 hours after transfer to 2XYT medium, then centrifuged to
remove the media and lysed with a native buffer. Following vortexing, 100 ul of each sample was
loaded in triplicate to obtain average and standard deviation. The cell extract was excited at 410
nm, and fluorescence spectra were recorded from 440 to 600 nm with a 2 nm step size. To assess
the sensing capability, proteins in both the absence (control) and presence of anions were analyzed.
For this, 10 ul of NOs/NO: solutions at varying concentrations were added to 90 pl of the protein

cell lysate, adjusting for the final concentration.
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4.2.4 Coating Fabrication

2 mm x 2 mm pieces of nitrocellulose paper were prepared at room temperature. The cell
lysates were frozen, thawed, and sonicated before application. A 20 pl drop of protein cell lysates
was deposited onto the nitrocellulose paper, which was then placed on substrates and allowed to

dry overnight.

4.2.5 Image Analysis

The nitrocellulose-coated proteins were placed under an LED transilluminator (BT Lab
Systems) and excited at 470 nm. Fluorescence images were captured using an iPhone 13 (Apple,
Inc.) with a rear camera (4000x3000 pixels). Image analysis and fluorescence quantification were
performed using Image]J software. Mean intensity values were measured in the green channel,
corresponding to the transilluminator's wavelength. Quantified intensities were normalized to
background intensity and averaged across the selected area. For consistency, an equally sized area

was chosen from each image for analysis.

4.2.6 In silico Molecular Modeling of Nitrite Sensor

The structures of NasS were modelled using MODELLER v10.4 which is a tool for
homology structure modelling.26%26! The template for homology modelling was selected from
NrtA (PDB ID: 2G29). A set of 10 models were generated through 5 to 15 optimization iterations
and the model with the lowest z-DOPE (Discrete Optimized Protein Energy) score—an assessment
method using statistical potentials—was chosen for further analysis. For molecular docking

simulations, we employed Autodock Vina?*? while AutoDockTools (ADT) was used for the
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preparation of both the protein and ligand. The docking grid was carefully positioned to surround

the binding pocket of NasS. PyMOL supports the visualization of docking results.

4.3 Results and Discussion
4.3.1 FRET-based Measurement of Nitrite Quantification from Live Bacteria

We confirmed the expression of CFP-NasT and NasS-mVenus in FE.coli through
fluorescence measurement (Figure 4.3 A and B). Using an excitation wavelength of 410 nm, we
set the CFP emission at 475 nm and the YFP emission at 527 nm. Upon excitation at 410nm, we
observed a peak at 478nm and confirmed the presence of CFP. Excitation at 490 nm with an
emission peak at 530 nm confirmed mVenus expression. After verifying the presence of each
fluorescent protein, we examined the measurement of NO>/NO3™ concentrations within live cells
by quantifying the FRET efficiency.

Our investigations have successfully confirmed that protein sensor selectively detects NO»
over NOs™ in live E. coli cells. We expressed the proteins for 3hr and 7hr, and by measuring with
an excitation wavelength of 410 nm, the YFP to CFP emission ratio (YFP/CFP) was obtained and
normalized during emission scanning. (Figure 4.3C) After 3 hours of expression, the FRET ratio
(YFP/CFP) decreased to 0.92 in response to 10 mM NO;", while exposed to 10 mM NOs resulted
in almost no change in the YFP/CFP ratio. Extending the expression period to 7 hours, the
YFP/CFP ratio further decreased to 0.91 with 10 mM NOy", whereas no significant change was
observed with 10 mM NOs". Additionally, fluorescence intensity scans at 410 nm excitation
indicate that higher concentrations lead to a decreased fluorescence intensity (Figure 4.3.D). We
tested the NO:~ concentration up to 100 mM, and the sensor proteins exhibited a concentration-

dependent response, with increasing NO,™ concentrations inducing dissociation of the NasS-NasT
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complex. These findings further confirm the applicability of NO-~ sensing in live bacteria using

the genetically encoded FRET sensor proteins.
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Figure 4.3 Fluorescent intensity analysis of nitrite sensor

(A) Confirmation of CFP fluorophore with 410 nm excitation. (B) Confirmation of YFP
fluorophore with 490 nm excitation. (C) Monitoring of YFP/CFP ratios in live cells, showing
different incubation times: 3 hours (blue for NO2", gray for NO3") and 7 hours (red for NOy",
yellow for NOj3") with varying anion concentrations. (D) Emission spectrum of the protein sensor
with varying nitrite concentrations in living cells. The control sample contains only CFP-
NasT/NasS-YFP protein.

Additionally, we attempted to engineer a single-chain fluorescent nitrite sensor protein
using only the NasS protein. In this approach, the sensor domain was fused to cyan fluorescent
protein (CFP) at the N-terminal and mVenus at the C-terminal, aiming to enhance FRET

efficiency. Consequently, we designed the fusion protein CFP-NasS-YFP (CNasSY). However,
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the results indicated no change in fluorescent intensity upon the addition of NO2~ and NOs~ within

bacteria (Figure 4.4A). The purified CNasSY also did not react with NO2~ and NOs~ (Figure 4.4B).
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Figure 4.4 Fluorescent intensity analysis of CNasSY at excitation 410 nm
(A) Emission spectrum of CNasSY in the living cell after 7hr expression with varying

concentration of NO2~ and NO3~ (B) Purified CNasSY with varying anion concentrations
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4.3.2 Self-Assembly of Nitrite Sensor Coating

Next, we demonstrated the application of the FRET sensor proteins for creating coatings
as a cost-effective biosensor device. Since the proteins function effectively in cells and purified
protein is not required, we chose to use whole-cell extracts from cell pellets instead of performing
protein purification. We deposited the protein extract onto the nitrocellulose membrane to create
a coating, which was then placed under a transilluminator. We applied solutions of NO;"at varying
concentrations (0, 10 mM, 20 mM, and 100 mM) and captured images using a smartphone camera.
We observed a decrease in overall fluorescent intensity before and after NO.~ binding (Figure
4.5.A). Upon adding water, there was a 59.84% (£ 2.01) increase in fluorescent intensity, whereas
only a 4.39% (£ 8.56%) change was observed with 10 mM NO," (Figure 4.5.B). This indicates that
our sensor can effectively distinguish NO-~ at millimolar levels. The fluorescence intensity profiles
of the cross-sectional areas in these optical images were quantified using image analysis (Figure
4.5.C), showing clear differences between the fluorescence intensities from the wet protein coating
in the presence or absence of NO>". Notably, the coating with 100 mM NO:" exhibited the lowest

intensity, consistent with the live cell fluorescence results.
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Figure 4.5 Analysis of nitrite protein sensor images

(A) A fluorescence image of the protein-coated nitrocellulose membrane under a transilluminator
(B) The NO»" dependent fluorescent intensity changes in the range for 0 to 100mM NO>™ (C)
fluorescent intensity profile of a cross-section shown in panel (A)

4.3.3 Molecular Docking of Nitrate and Sensor Proteins

In pursuit of developing a sensor with improved specificity for NO> binding, we conducted
in silico molecular modeling to understand the interactions between NasS and NO:>~. We verified
that several significant interactions were observed between NO3z~ and NrtA, corresponding to those
between NasS and NO:~ through molecular docking simulation. NrtA!°1:133 a protein that binds to
NOs™ is homologous to NasS, with the ability to bind to NO3;/ NO>~ (Figure 4.6.A)."3° Using the
crystal structure of NrtA (PDB ID: 2G29)!°1133 we conducted homology modeling of the NasS
structure using Modeller software.?® Subsequently, we conduct molecular docking of both NO3~
and NO," using Autodock Vina?®* and aligned with NrtA. (Figure 4.6.B).

Literature indicates that the interaction between the oxygen within NO3~ and H196 of NrtA,

corresponding to HI145 of NasS, is important for the protein-ligand interaction (Figure
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4.6.C).10L130.133 Fyrther contributions to binding affinity were attributed to residues W102, K269
and V239 of NrtA, which correspond to W42, K218 and V188 of NasS. Residues Q155 and G240
in NrtA are absent in NasS. Despite the sequence difference between NrtA and NasS, modeling
identified the residues involved in NO2~ binding: W42, N89, H145, V188, E177, and K218 in NasS
(Figure 4.6.D and E). Notably, W42, N89, H145, and K218 form hydrogen bonds with NO:".
Specifically, H145 forms hydrogen bonds with two oxygen atoms of NO>~, while H145 and K269
help to neutralize the negative charge on oxygen of the NOs~, thereby assisting in the polarization

of the NO3;™ anion.
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(F136-A155)
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Figure 4.6 Structural analysis of NO>/NO;" binding proteins

(A) Amino acid sequence alignment between NasS and NrtA (B) Homologous structures of
NasS and NrtA, visualized using PyMOL. Alignment of NrtA (PDB ID: 2g29) with the modeled
NasS domain. NrtA is shown in green, while NasS is depicted in cyan. (C) Schematic
representation of the NO3™ -binding site, illustrating protein-ligand interactions between NrtA and
nitrate. Dashed lines indicate potential hydrogen-bonding and electrostatic interactions. (D)
Schematic representation of the modeled NasS protein and molecular docking results. (E) The
predicted binding site of NasS with NO;", with oxygen atoms shown in red and nitrogen atoms in
blue.
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To assess the role of the H145 residue in our modeled NasS domain, we prepared a NasS-
H145A mutant, which is predicted to interfere with a NO.~ binding site. We then conducted
molecular docking simulations to explore this interaction (Figure 4.7). The binding pocket location
in the mutant shifted from that in the wild-type NasS protein, affecting residues such as W42, N89,
and K218, which are crucial for NasS and NO: binding. Additionally, the mutant protein exhibited
direct interactions with residues N146 and Q324. These findings underscore the critical role of

H145 in NO:™ binding within the NasS structure.

Figure 4.7 Modeling and molecular docking studies of the NasS-H145A mutant

(A) 3D schematic diagram of the NasS-H145A mutant structure bound with nitrite (NO2"),
highlighting a different binding location compared to previous studies. Red residues indicate the
original NasS binding pocket, including W42, N89, and K218. (B) Detailed view of the NasS-
H145A binding site with nitrite, illustrating direct hydrogen/electrostatic bonds. Oxygen atoms
are shown in red and nitrogen atoms in blue.

4.3.4 Molecular Insights for the Design of a Hydroxylamine Sensor
In the previous chapter, we predicted the specific molecular interactions between NO2~ and
NasS through molecular docking simulations. Building on these findings, our goal is to achieve

specific binding of NasS to hydroxylamine (NH.OH) for new sensor development as
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hydroxylamine is produced from ammonia through the action of AMO in ammonia-oxidizing
bacteria in the soil environments. While many research groups have developed hydroxylamine
sensing methods using chemical probes**26°  electrochemical techniques®®®, and gas
chromatography?®’, these approaches do not enable real-time monitoring of hydroxylamine within
cells. Therefore, our research focuses on developing a protein-based fluorescent hydroxylamine
sensor that allows for real-time monitoring inside bacteria, utilizing computational molecular
docking to identify protein domains with unique NH.OH-binding properties.

Our docking results revealed that only the E217 residue of NasS directly interacts with the
hydrogen of NH>OH, while other residues in the vicinity—T144, H145, Q148, and L212—are
involved in indirect interactions. (Figure 4.8) To enhance binding affinity to the NH.OH molecule,
we propose point mutations of the indirectly interacting residues. Given that the hydrogen bond
between NH2OH and E217, which has a negatively charged side chain, is particularly strong, we
suggest mutating T144 and Q148, which have polar uncharged residues, to T144E, Q148E, or
T144D, Q148E. Additionally, changing H145, a positively charged residue, to H145D or H145A
may improve binding to the hydrogen molecule. We also propose mutating [.212 to L212D or

L212E to potentially increase binding affinity.
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Figure 4.8 Molecular docking simulation of NasS with NH,OH

(A) 3D illustration of the predicted binding site between the nitrite-sensing domain of NasS and
hydroxylamine (B) Detailed view of the binding interaction, highlighting key residues involved
in the binding, specifically E217.

Single amino acid changes can often disrupt the intricate network of intramolecular
interactions, potentially affecting protein folding, stability, dynamics, and function. Therefore, we
also aimed to predict the impact of the proposed mutations on protein stability. To achieve this,
we utilized Dynamut2, a web server that employs machine learning to calculate changes in Gibbs
free energy and assess the effects of missense mutations on protein stability.?®® We mutated
residues T144, H145, Q148, and L212 to alanine, aspartic acid, and glutamic acid. The results
indicated that mutations T144E, H145E, and Q148E exhibited significantly lower destabilizing

effects (Table 4.2), prompting us to perform molecular docking with these variants.
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Mutation AAG*2PY (Keal/mol) Mutation AAG*2PY (Kcal/mol)
H145A 2.2 QI148A -0.37
H145D 25 Q148D 21,98
H145E 2.58 QI48E 20.15
T144A -1.5 L212A -2.85
T144D -0.67 L212D -2.75
T144E -0.67 L212E -2.7

Table 4.1 Mutation details with predicted stability change from DynaMut2.

The predicted effect of a mutation in stability and dynamics is given as the variation in Gibbs
Free Energy (in kcal/mol).

While Q148E did not show any direct interaction between the protein and NH.OH (Figure
4.9A), the T144D mutant displayed one direct interaction with D14 and the hydrogen of NH-OH,
along with indirect interactions involving oxygen with V13 or G88 (Figure 4.9B). In the T144E
mutant, we observed increased interactions between NH>OH and the protein: the hydrogen
connected to nitrogen interacted with D14 and N89, while the oxygen engaged with W314 (Figure
4.9C and D). Overall, these results suggest that mutating the NasS domain to subtly alter protein
dynamic stability can enhance interactions between NH>OH and the protein. Additionally, the
binding affinity energy between NasS and NH>OH supports this conclusion (Table 4.2). The
affinity of the wild-type NasS protein for NH>OH is -2.1 kcal/mol, while the mutated protein
demonstrates a lower energy state, particularly the T144E mutation, which shows the most

promising tight binding with the lowest energy of -2.9 kcal/mol. Therefore, our approach using
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molecular docking simulations indicates a promising strategy to design NasS for the development

of an NH2>OH sensor.

Mutation Affinity (kcal/mol)
Wild type -2.1

QI48E -2.8

T144D -2.8

T144E -2.9

Table 4.2 Affinity binding value between NasS and NH2OH from Autodock Vina.
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Figure 4.9 Molecular docking simulation of NasS mutants with hydroxylamine (NH2OH)

(A) Predicted binding interaction between NasS-Q148E and NH-OH, with oxygen shown in red,
nitrogen in blue, and hydrogen in gray. (B) Predicted binding interaction between NasS-T144D
and NH2OH. (C) 3D illustration of the modeled structure NasS-T144E and its molecular docking
results with NH2OH. (D) Close-up view of the T144E mutant and its interactions with NH2OH,
which includes D14 and N89 residue for hydrogen of NH-OH.

4.4 Conclusion
In summary, employing genetically engineered fluorescent biosensors, we demonstrated a
FRET system to measure intracellular NO2~ concentrations. Notably, the findings have highlighted
the sensitivity of the sensor within living cells, particularly at the 10 mM NO.~ concentration
during both 3-hour and 7-hour expression periods. We also developed a NO2sensor device based
on protein coating on nitrocellulose paper using a straightforward drop-casting method. The nitrite

sensor coatings detected changes in fluorescent intensity within the millimolar concentration
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range. Additionally, molecular docking studies provided valuable insights into molecular
interactions, guiding future advancements in sensor technology and environmental monitoring.
Future work will explore other targets, such as NH:0H, leveraging novel designs and
computational structural analysis. Overall, this study established a foundation for the development
of fluorescent protein sensors for NO:~ specific binding, which could potentially enhance our

understanding of nitrification processes and contribute to mitigating GHG emissions.
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Chapter S - Conclusions and Future Outlook

5.1 Conclusions

This dissertation describes the processes of protein self-assembly with a focus on
engineering biosensors through strategies that incorporate of functional proteins. Recombinant
protein building blocks, inspired by biomimetic motifs, were engineered to create microstructured
functional coating materials. Additionally, various sensor protein domains with fluorescence
functionality were generated and assembled into protein-based biomaterials that exhibit enhanced
performance. The notable feature of this approach is its modular design, which facilitates the
integration of functional domains, including fluorescent proteins combined with various sensing
domains. Moreover, the ability to control protein material morphologies, such as coatings or cages
provides a foundation for cost-effective and straightforward fabrication for biosensing platforms.

We demonstrated a robust platform for high-density, stable, and versatile protein coating
self-assembly using modularly designed recombinant proteins. By incorporating fluorescent
calcium sensor domains, this protein coating was developed for biosensor applications, particularly
for calcium-sensing relevant to hypercalcemia. Next, we explored the fundamentals of self-
assembly in nanoparticle-encapsulating hybrid protein cages, demonstrating how incorporating
nanoparticles can amplify sensor capabilities. Lastly, we studied a nitrite sensor within living cells
based on the FRET. Our experiments confirmed the concentration-dependent behavior and sensing
ability of the protein sensors and also elucidated the interactions with the analytes by molecular
docking simulations. These findings will enhance the sensing capabilities for monitoring of

nitrification-related greenhouse gas emissions.
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5.2 Future Outlook
5.2.1 Clinical Test using a Protein-Based Calcium Sensing Coating

A simple and cost-effective way of protein-coated biosensor was achieved through
protein self-assembly. The extended application of the biosensor is hypercalcemia-related cancer
detection. Future studies may focus on validating the sensor performance with experiments using
clinical samples. Additionally, by leveraging microneedle substrates, the calcium sensing coating
can also be applied to develop a highly sensitive and minimally invasive diagnostic tool. The
integration of microneedle sensors has the potential enhance the diagnostic capabilities for
hypercalcemia related cancer, ultimately improving patient outcomes through more accessible
and affordable testing methods. Moreover, the use of calcium sensor proteins with distinct color
variations, which distinguish calcium ion binding state under visible light or allow deep tissue

penetration, simplifies its use in point-of-care settings and practical applications.

5.2.2 Encapsulation of Various Types of Nanoparticles

We investigated the morphology control and encapsulation mechanism of nanoparticles
within protein hybrid. Future research may explore the integration of various cargo, such as iron
oxide nanoparticles and quantum dots. Extending this nanoparticle encapsulation platform to
living organisms, including bacteria, is also recommended for the future work. One potential
approach involves introducing fluorescent bacteria with metal ions and Hiss-Zg/Zr-ELP into the
existing protein self-assembly system. The outer membrane of bacteria, primarily composed of
lipopolysaccharides (LPS) with negatively charged functional groups, has a natural affinity for
metal ions that interact with histidine residues. This interaction may facilitate the formation of

bacterial particles, which could then be encapsulated within a protein cage.
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5.2.3 Developing NH20H Sensor for Environmental Monitoring
In chapter 4, we developed a straightforward fabrication method for nitrite ion sensor which is
functioning in moisture-rich conditions. As a step forward, it is recommended to assess its
sensing capability in agricultural water, using changes in FRET efficiency to quantify NOy™ level
in the water samples. In addition, we proposed mutations for a potential design of NH2OH sensor
based on the molecular docking simulation. Future work may involve designing new sensors and
evaluating NH>OH sensing ability by quantifying FRET efficiency. Our approach is expected to
advance the development of strategies for managing nitrification and improving environmental

sustainability.
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Appendix B - Protein Sequences

Protein

Sequence

Zr-ELP

MKGSLEIRAAALRRRNTALRTRVAELRQRVQRLRNEVSQYETRYGP
L(G4S):G[(VPGVG),VPGFG(VPGVG),]sVPGC

mCherry-Zg

MGGSRSMVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGE
GRPYEGTQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIP
DYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGEFIYKVKLR
GTNFPSDGPVMQKKTMGWEASSERMYPEDGALKGEIKQRLKLKDG
GHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQYER
AEGRHSTGGMDELYKSKLRGSGSLEIEAAALEQENTALETEVAELE
QEVQRLENIVSQYRTRYGPLRSHHHHHH

EGEP-Zg

MGGSRSMASKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDAT
YGKLTLKFICTTGKLPVPWPTLVTTLCYGVQCFSRYPDHMKRHDEFF
KSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDF
KEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKTRHNIEDGS
VQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVL
LEFVTAAGITHGMDELYNLRGSGSLEIEAAALEQENTALETEVAELE
QEVQRLENIVSQYRTRYGPLRSHHHHHH

GCaMP6m—ZE

MGGSSRRKWNKTGHAVRAIGRLSSLENVYIKADKQKNGIKANFKIR
HNIEDGGVQLAYHYQOQNTPIGDGPVLLPDNHYLSVQSKLSKDPNEK
RDHMVLLEFVTAAGITLGMDELYKGGTGGSMVSKGEELFTGVVPIL
VELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLV
TTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYIQERTIFFKDDGNYK
TRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNLPDQLTEEQI
AEFKEAFSLFDKDGDGTITTKELGTVMRSLGQNPTEAELQDMINEV
DADGDGTIDFPEFLTMMARKGSYRDTEEEIREAFGVFDKDGNGYIS
AAELRHVMTNLGEKLTDEEVDEMIREADIDGDGQVNYEEFVQMMT
AKGGSGGTGGSGGTGGSLEIEAAALEQENTALETEVAELEQEVQRL
ENIVSQYRTRYGPLRSHHHHHH

OGECOI1-Zg

MVDSSRRKWIKAGHAVRAIGRLSSPVVSERMYPEDGVLKSEIKKGL
RLKDGGHYAAEVKTTYKAKKPVQLPGAYIVDIKLDIVSHNEDYTIV
EQCERAEGRHPTGGRDELYKGGTGGSLVSKGEEDNMAIIKEFMRFK
VHMEGSVNGHEFEIEGEGEGRPYEAFQTAKLKVTKGGPLPFAWDIL
SPQFTYGSKAYIKHPADIPDYFKLSFPEGFRWERVMNFEDGGIIHVN
QDSSLQDGVFIYKVKLRGTNFPPDGPVMQKKTMGWEATRDQLTEE
QIAEFKEAFSLFDKDGDGTITTKELGTVLRSLGQNPTEAELQDMINE
VDADGDGTFDFPEFLTMMARRMNDTDSEVEIREAFRVFDNDGNGY
IGAAELRHVMTDLGEKLTDEEVDEMIRVADIDGDGQVNYEEFVOQM
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MTAKGGSGGTGGSGGTGGSLEIEAAALEQENTALETEVAELEQEVQ
RLENIVSQYRTRYGPLRSHHHHHH

-NasT
MSAEQSPKIVIVDESPIRAAILEEGLREAGFTQVAHIREM

QSLLARIYAVDPDIILIDLENPSRDVLEAMFQVSRAVRRPIAMFVDQS
DSASIQASVEAGVSAYIVDGLKKERIKPILDLCVSRFNAFAKLQEELE
RTKSQLEDRKIIERAKGILMKVKGLTEDEAY VLLRSTAMREKKKIGE
TAQSIITASEMLKKL

MTGPLRIGFIPLVDAAALIVAVDKGFTAAEGLDVELVREVSWSNVR

DKLNIGLFDAAHLLAPVAIASSLGLGHVKVPIAAPFNLGINGNAITVS
PTLHAALMEEIDGDRFDPLVTAKALARVVARRRKLGADPLTFGMTF
PFSTHNYQLRFWMAAAGVDPDEDVRLVVLPPPYMVDSLANGHVD

AFCVGAPWNSIAVDLGIGHILHFVSDILVHAAEKVLAVRQTWADKN
PDVVASLVRAAVKAAEFIEHPENRIEAARILAQPERIGVDAEVIQRTL
NasS- TGRLKISPDGTFRESGRYLLVGREGAGRPDPVQAAWLYAQMVRWG
QTALAPDGVKTAMAVFRPDLYDAALGSRAAPSEAPAAFGAFAGPV
FDPDNIRGHLEAFEVGRWKALPDNHYLSYQSALSKDPNEKRDHMV
LLEFVTAAGITLGMDELYKGGSGG

RSHHHHHH

Appendix Table B.1 Amino acid sequences of the recombinant protein building blocks.

Zr-ELP, mCherry- Zg, EGFP-Zg, GCaMP6m-Zg, OGECO1-Zg and nitrite sensor. The protein
domains and motifs are colored: Zr (blue), Zg (red), ELP (gray), mCherry (pink), EGFP (green),
and GCaMP6m (purple), OGECO1 (orange), NasS (magenta), NasT (Navy), CFP (cyan),
mVenus (yellow).
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Appendix C - DNA Sequences and Plasmid Maps

C.1 pQE60-GCAMP6m-Zx

Plasmid Map

Ampicillin
GCaMP6m

Bgll

Plasmid
4841 bp

ZE

\\Bgm

Hindlll

Appendix Figure C.1 Plasmid map of pQE60-GCaMP6m-Zg

DNA sequence

CTCGAGAAATCATAAAAAATTTATTTGCTTTGTGAGCGGATAACAATTATAATAGAT

TCAATTGTGAGCGGATAACAATTTCACACAGAATTCATTAAAGAGGAGAAATTAAC

CATGGGAGGATCCTCACGTCGTAAGTGGAATAAGACAGGTCACGCAGTCAGAGCTA

TAGGTCGGCTGAGCTCACTCGAGAACGTCTATATCAAGGCCGACAAGCAGAAGAAC
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GGCATCAAGGCGAACTTCAAGATCCGCCACAACATCGAGGACGGCGGCGTGCAGCT
CGCCTACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCG
ACAACCACTACCTGAGCGTGCAGTCCAAACTTTCGAAAGACCCCAACGAGAAGCGC
GATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGAC
GAGCTGTACAAGGGCGGTACCGGAGGGAGCATGGTGAGCAAGGGCGAGGAGCTGT
TCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAG
TTCAGCGTGTCCGGCGAGGGTGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAA
GTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCT
GACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACT
TCTTCAAGTCCGCCATGCCCGAAGGCTACATCCAGGAGCGCACCATCTTCTTCAAGG
ACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTG
AACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCA
CAAGCTGGAGTACAACCTGCCGGACCAACTGACTGAAGAGCAGATCGCAGAATTTA
AAGAGGCTTTCTCCCTATTTGACAAGGACGGGGATGGGACAATAACAACCAAGGAG
CTGGGGACGGTGATGCGGTCTCTGGGGCAGAACCCCACAGAAGCAGAGCTGCAGGA
CATGATCAATGAAGTAGATGCCGACGGTGACGGCACAATCGACTTCCCTGAGTTCCT
GACAATGATGGCAAGAAAAGGGAGCTACAGGGACACGGAAGAAGAAATTAGAGAA
GCGTTCGGTGTGTTTGATAAGGATGGCAATGGCTACATCAGTGCAGCAGAGCTTCGC
CACGTGATGACAAACCTTGGAGAGAAGTTAACAGATGAAGAGGTTGATGAAATGAT
CAGGGAAGCAGACATCGATGGGGATGGTCAGGTAAACTACGAAGAGTTTGTACAAA
TGATGACAGCGAAGGGCGGTAGCGGTGGCACCGGTGGCTCTGGCGGTACCGGCGGA
TCCCTGGAAATCGAAGCGGCGGCGCTGGAACAGGAAAACACCGCGCTGGAAACCG

AAGTTGCGGAACTGGAACAGGAAGTTCAGCGTCTGGAAAACATCGTTTCTCAGTAC
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CGTACCCGTTACGGTCCGCTGAGATCTCATCACCATCACCATCACTAAGCTTAATTA

GCTGAGCTTGGACTCCTGTTGATAGATCCAGTAATGACCTCAGAACTCCATCTGGAT

TTGTTCAGAACGCTCGGTTGCCGCCGGGCGTTTTTTATTGGTGAGAATCCAAGCTAG

CTTGGCGAGATTTTCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAATCACTGGAT

ATACCACCGTTGATATATCCCAATGGCATCGTAAAGAACATTTTGAGGCATTTCAGT

CAGTTGCTCAATGTACCTATAACCAGACCGTTCAGCTGGATATTACGGCCTTTTTAA

AGACCGTAAAGAAAAATAAGCACAAGTTTTATCCGGCCTTTATTCACATTCTTGCCC

GCCTGATGAATGCTCATCCGGAATTTCGTATGGCAATGAAAGACGGTGAGCTGGTG

ATATGGGATAGTGTTCACCCTTGTTACACCGTTTTCCATGAGCAAACTGAAACGTTTT

CATCGCTCTGGAGTGAATACCACGACGATTTCCGGCAGTTTCTACACATATATTCGC

AAGATGTGGCGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTGAGA

ATATGTTTTTCGTCTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGT

GGCCAATATGGACAACTTCTTCGCCCCCGTTTTCACCATGCATGGGCAAATATTATA

CGCAAGGCGACAAGGTGCTGATGCCGCTGGCGATTCAGGTTCATCATGCCGTCTGTG

ATGGCTTCCATGTCGGCAGAATGCTTAATGAATTACAACAGTACTGCGATGAGTGGC

AGGGCGGGGCGTAATTTTTTTAAGGCAGTTATTGGTGCCCTTAAACGCCTGGGGTAA

TGACTCTCTAGCTTGAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGC

CTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCG

CTCTAGAGCTGCCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAG

CTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCG

TCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCGCAGCCATGACCCAGTCAC

GTAGCGATAGCGGAGTGTATACTGGCTTAACTATGCGGCATCAGAGCAGATTGTACT

GAGAGTGCACCATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAAATACC
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GCATCAGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCT

GCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAG

GGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCG

TAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCA

CAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACC

AGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTAC

CGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGC

TGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAA

CCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAAC

CCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAG

AGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCT

ACACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAA

AAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTT

TTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTG

ATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTG

GTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGT

TTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTA

ATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGAC

TCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTG

CAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAG

CCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCA

GTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCG

CAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCT
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TCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGC

AAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCA

GTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG

TAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTA

TGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATA

GCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAA

GGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGAT

CTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAA

ATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTC

CTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATAT

TTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAA

GTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGG

CGTATCACGAGGCCCTTTCGTCTTCAC
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C.2 pQE60-O-GECO1-Zg

Plasmid Map

Ncol

Ampicillin

OGECO1

Plasmid
4844 bp

/ TT—BamHI

\\Bglll

Hindlll

Appendix Figure C.2 Plasmid map of pQE60-OGECO1-Zg

DNA sequence
CTCGAGAAATCATAAAAAATTTATTTGCTTTGTGAGCGGATAACAATTATAATAGAT
TCAATTGTGAGCGGATAACAATTTCACACAGAATTCATTAAAGAGGAGAAATTAAC
CATGGTCGACTCTTCACGTCGTAAGTGGATTAAGGCAGGTCACGCAGTCAGAGCTAT
AGGTCGGCTGAGCTCACCCGTGGTTTCCGAGCGGATGTACCCCGAGGACGGCGTCCT
GAAGAGCGAGATCAAGAAGGGGCTGAGGCTGAAGGACGGCGGCCACTACGCCGCC
GAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAT

CGTCGACATAAAGTTGGACATCGTGTCCCACAACGAGGACTACACCATCGTGGAAC
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AGTGCGAACGCGCCGAGGGCCGCCACCCCACCGGCGGCAGGGACGAGCTGTACAA
GGGAGGTACAGGAGGGAGTCTGGTGAGCAAGGGCGAGGAGGATAACATGGCCATC
ATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGA
GTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGCCTTTCAGACCGCTA
AGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTC
AGTTCACATACGGCTCCAAGGCCTACATTAAGCACCCAGCCGACATCCCCGACTACT
TTAAGCTGTCCTTCCCCGAGGGCTTCAGGTGGGAGCGCGTGATGAACTTCGAGGACG
GCGGCATTATTCACGTTAACCAGGACTCCTCCCTGCAGGACGGCGTATTCATCTACA
AGGTGAAGCTGCGCGGCACCAACTTCCCCCCCGACGGCCCCGTAATGCAGAAGAAG
ACAATGGGCTGGGAGGCTACGCGTGACCAACTGACTGAAGAGCAGATCGCAGAATT
TAAAGAGGCTTTCTCCCTATTTGACAAGGACGGGGATGGGACGATAACAACCAAGG
AGCTGGGGACGGTGTTGCGGTCTCTGGGGCAGAACCCCACAGAAGCAGAGCTGCAG
GACATGATCAATGAAGTAGATGCCGACGGTGACGGCACATTCGACTTCCCTGAGTTC
CTGACGATGATGGCAAGAAGAATGAATGACACAGACAGTGAAGTGGAAATTAGAG
AAGCGTTCCGCGTGTTTGATAATGACGGCAATGGCTACATCGGCGCAGCAGAGCTTC
GCCACGTGATGACAGACCTTGGAGAGAAGTTAACAGATGAGGAGGTTGATGAAATG
ATCAGGGTAGCAGACATCGATGGGGATGGTCAGGTAAACTACGAAGAGTTTGTACA
AATGATGACAGCGAAGGGCGGTAGCGGTGGCACCGGTGGCTCTGGCGGTACCGGCG
GATCCCTGGAAATCGAAGCGGCGGCGCTGGAACAGGAAAACACCGCGCTGGAAAC
CGAAGTTGCGGAACTGGAACAGGAAGTTCAGCGTCTGGAAAACATCGTTTCTCAGT
ACCGTACCCGTTACGGTCCGCTGAGATCTCATCACCATCACCATCACTAAGCTTAAT
TAGCTGAGCTTGGACTCCTGTTGATAGATCCAGTAATGACCTCAGAACTCCATCTGG

ATTTGTTCAGAACGCTCGGTTGCCGCCGGGCGTTTTTTATTGGTGAGAATCCAAGCT
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AGCTTGGCGAGATTTTCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAATCACTGG

ATATACCACCGTTGATATATCCCAATGGCATCGTAAAGAACATTTTGAGGCATTTCA

GTCAGTTGCTCAATGTACCTATAACCAGACCGTTCAGCTGGATATTACGGCCTTTTTA

AAGACCGTAAAGAAAAATAAGCACAAGTTTTATCCGGCCTTTATTCACATTCTTGCC

CGCCTGATGAATGCTCATCCGGAATTTCGTATGGCAATGAAAGACGGTGAGCTGGTG

ATATGGGATAGTGTTCACCCTTGTTACACCGTTTTCCATGAGCAAACTGAAACGTTTT

CATCGCTCTGGAGTGAATACCACGACGATTTCCGGCAGTTTCTACACATATATTCGC

AAGATGTGGCGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTGAGA

ATATGTTTTTCGTCTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGT

GGCCAATATGGACAACTTCTTCGCCCCCGTTTTCACCATGCATGGGCAAATATTATA

CGCAAGGCGACAAGGTGCTGATGCCGCTGGCGATTCAGGTTCATCATGCCGTCTGTG

ATGGCTTCCATGTCGGCAGAATGCTTAATGAATTACAACAGTACTGCGATGAGTGGC

AGGGCGGGGCGTAATTTTTTTAAGGCAGTTATTGGTGCCCTTAAACGCCTGGGGTAA

TGACTCTCTAGCTTGAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGC

CTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCG

CTCTAGAGCTGCCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAG

CTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCG

TCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCGCAGCCATGACCCAGTCAC

GTAGCGATAGCGGAGTGTATACTGGCTTAACTATGCGGCATCAGAGCAGATTGTACT

GAGAGTGCACCATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAAATACC

GCATCAGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCT

GCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAG

GGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCG
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TAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCA

CAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACC

AGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTAC

CGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGC

TGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAA

CCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAAC

CCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAG

AGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCT

ACACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAA

AAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTT

TTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTG

ATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTG

GTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGT

TTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTA

ATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGAC

TCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTG

CAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAG

CCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCA

GTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCG

CAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCT

TCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGC

AAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCA

GTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG
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TAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTA

TGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATA

GCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAA

GGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGAT

CTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAA

ATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTC

CTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATAT

TTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAA

GTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGG

CGTATCACGAGGCCCTTTCGTCTTCAC
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Appendix Figure C.3 Plasmid map of pQE60-CFP-NasT/NasS-YFP

DNA sequence
CTCGAGAAATCATAAAAAATTTATTTGCTTTGTGAGCGGATAACAATTATAATAGAT
TCAATTGTGAGCGGATAACAATTTCACACAGAATTCATTAAAGAGGAGAAATTAAC
CATGGTGTCAAAAGGAGAAGAGCTATTTGGGGGGATCGTGCCGATCCTGGTTGAAT
TAGAGGGCGATGTCAACGGCCACAAATTCAGCGTGTCCGGTGAAGGCGAGGGCGAC

GCTACCTATGGTAAACTGACGCTGAAGTTCATTTGCACGACCGGTAAATTGCCAGTT
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CCGTGGCCGACCCTGGTCACCACCTTGACCTGGGGTGTTCAATGTTTTAGTCGCTATC

CGGACCACATGAAACAGCACGATTTTTTCAAGAGCGTTATGCCGGAGGGCTACGTA

CAAGAGAGAACAATTTTTTTCAAGGATGATGGCAACTACAAGACCCGTGCGGAAGT

GAAGTTCGAAGGTGATACCTTAGTTAATCGTATCGAATTGAAGGGCATCGACTTCAA

GGAGGACGGTAACATTCTGGGTCATAAATTGGAGTACAATTACATTAGCCATAATGT

TTATATCACCGCGGATAAACAAAAAAACGGCATTAAAGCGAATTTTAAGGCGCGTC

ATAACATCACTGACGGCAGCGTCCAACTGGCTGATCACTACCAGCAGAACACCCCG

ATCGGTGATGGTCCAGTGATCCTGCCGGACAACCACTACCTGAGCACCCAGTCCAA

GTTGTCCAAGGACCCGAATGAAAAGCGCGACCACATGGTTCTGTTGGAGTTCGTGAC

TGCGGCGGGTATCACGCATGGTATGGACGAACTGTATAAAATGAGCGCCGAACAGA

GCCCTAAAATTGTGATCGTGGACGAGAGCCCGATTAGAGCTGCAATCTTGGAGGAG

GGCCTGCGCGAAGCCGGTTTTACCCAAGTTGCACATATCCGCGAGATGCAGTCTCTG

TTGGCGCGTATTTATGCCGTTGACCCGGACATCATTCTGATTGACCTGGAGAACCCG

AGCCGTGACGTGCTCGAGGCAATGTTCCAGGTTTCTAGGGCGGTTCGTCGTCCGATA

GCCATGTTCGTTGATCAGTCAGATTCCGCTTCGATTCAGGCATCCGTCGAAGCGGGT

GTGAGCGCGTACATCGTGGACGGCCTTAAGAAAGAGCGCATTAAGCCGATTCTGGA

TCTTTGCGTTTCTCGTTTTAACGCGTTTGCGAAACTGCAAGAGGAGTTGGAGCGCAC

GAAATCGCAACTGGAGGATCGTAAAATCATCGAACGTGCGAAAGGTATCTTGATGA

AGGTGAAAGGTCTGACCGAAGACGAAGCCTATGTGCTGCTGCGTAGCACGGCTATG

CGTGAAAAAAAGAAGATTGGCGAAATTGCACAGTCTATTATCACCGCGAGCGAAAT

GCTGAAGAAGCTTTAAGGATCCGTCGACCTGCAGCCAATTAGCTGAGCCGGATAAC

AATTTCACACAGAATTCATTAAAGAGGAGAAATTAAGGATCCATGACAGGGCCCCT

AAGGATAGGATTTATTCCGCTGGTGGACGCAGCCGCCCTGATCGTTGCGGTAGACAA
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AGGATTTACTGCGGCGGAAGGCCTGGATGTCGAGTTGGTGAGAGAAGTGAGCTGGA

GCAATGTTCGTGACAAGTTGAACATTGGCCTGTTTGATGCCGCCCATCTGCTTGCTCC

GGTGGCGATCGCCTCTTCCCTGGGTCTGGGTCACGTTAAGGTTCCGATTGCTGCTCC

ATTCAACCTGGGCATTAACGGCAACGCAATCACCGTTTCGCCGACTCTTCACGCGGC

GTTAATGGAAGAAATCGATGGCGATCGTTTTGATCCATTAGTCACCGCCAAAGCGCT

GGCGCGTGTTGTAGCTCGCCGTCGTAAATTGGGTGCTGACCCGTTGACCTTCGGTAT

GACCTTTCCGTTTAGCACCCATAATTACCAGCTGCGTTTCTGGATGGCGGCGGCAGG

TGTGGACCCGGACGAGGATGTCCGGCTGGTCGTTCTGCCTCCGCCGTATATGGTCGA

CAGCCTGGCAAACGGTCACGTGGATGCGTTCTGCGTTGGTGCGCCGTGGAATAGTAT

TGCGGTTGATCTGGGTATCGGCCACATTTTGCACTTTGTTAGCGATATCTTGGTGCAC

GCGGCTGAGAAAGTGCTGGCAGTGCGCCAGACCTGGGCAGATAAAAACCCGGATGT

TGTTGCTTCGTTGGTTCGTGCAGCCGTGAAAGCGGCGGAATTTATCGAACATCCGGA

AAATCGCATCGAAGCAGCGCGTATCTTGGCGCAGCCGGAGCGTATAGGCGTGGACG

CCGAGGTGATTCAGCGTACCCTTACCGGTAGGCTGAAGATTAGCCCGGACGGCACG

TTCCGCGAAAGCGGCCGCTATCTGCTCGTGGGCCGTGAAGGTGCGGGTCGTCCGGA

CCCGGTGCAGGCAGCGTGGCTGTATGCACAAATGGTACGTTGGGGTCAGACTGCGC

TGGCGCCGGACGGCGTTAAGACCGCGATGGCGGTCTTTCGTCCAGACCTATACGAC

GCCGCGCTGGGTTCCCGTGCGGCACCGTCTGAAGCTCCGGCTGCCTTCGGCGCATTC

GCTGGTCCGGTGTTCGATCCGGACAACATTCGTGGTCATCTTGAGGCGTTTGAGGTG

GGTCGCTGGAAAGCGCTGCCGGATAATCATTACCTGAGCTATCAAAGCGCGCTTAGC

AAGGACCCGAATGAGAAGCGCGACCACATGGTGCTGCTGGAGTTCGTGACCGCAGC

GGGGATTACCTTAGGCATGGATGAACTGTACAAGGGTGGTTCCGGCGGCATGGTTTC

CAAGGGCGAGGAACTGTTCACCGGTGTGGTGCCGATCCTCGTAGAGCTGGATGGTG
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ATGTGAACGGCCACAAATTCTCCGTGTCTGGTGAAGGCGAAGGCGACGCGACGTAC

GGCAAACTGACGCTGAAACTCATCTGCACCACAGGTAAATTGCCAGTGCCGTGGCC

TACGCTGGTGACCACGTTGGGTTATGGTCTGCAGTGTTTTGCTCGTTACCCGGACCAT

ATGAAACAACATGATTTCTTCAAGAGCGCTATGCCGGAGGGCTATGTTCAAGAAAG

AACAATTTTTTTTAAAGATGATGGTAATTACAAAACCCGTGCGGAGGTTAAGTTCGA

GGGCGATACCCTCGTCAACCGCATTGAGCTGAAGGGCATCGACTTCAAAGAAGATG

GCAACATCTTGGGCCACAAGTTGGAGTATAACTACAATTCACATAACGTTTACATCA

CCGCTGACAAGCAGAAAAACGGCATTAAGGCGAACTTTAAGATCCGCCACAACATC

GAGGACGGAGGTGTTCAGCTGGCCGACCACTACCAACAAAACACCCCGATCGGGGA

CGGTCCGGTTCTGAGATCTCATCACCATCACCATCACTAAGCTTAATTAGCTGAGCT

TGGACTCCTGTTGATAGATCCAGTAATGACCTCAGAACTCCATCTGGATTTGTTCAG

AACGCTCGGTTGCCGCCGGGCGTTTTTTATTGGTGAGAATCCAAGCTAGCTTGGCGA

GATTTTCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAATCACTGGATATACCACC

GTTGATATATCCCAATGGCATCGTAAAGAACATTTTGAGGCATTTCAGTCAGTTGCT

CAATGTACCTATAACCAGACCGTTCAGCTGGATATTACGGCCTTTTTAAAGACCGTA

AAGAAAAATAAGCACAAGTTTTATCCGGCCTTTATTCACATTCTTGCCCGCCTGATG

AATGCTCATCCGGAATTTCGTATGGCAATGAAAGACGGTGAGCTGGTGATATGGGA

TAGTGTTCACCCTTGTTACACCGTTTTCCATGAGCAAACTGAAACGTTTTCATCGCTC

TGGAGTGAATACCACGACGATTTCCGGCAGTTTCTACACATATATTCGCAAGATGTG

GCGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTGAGAATATGTTT

TTCGTCTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGTGGCCAATA

TGGACAACTTCTTCGCCCCCGTTTTCACCATGCATGGGCAAATATTATACGCAAGGC

GACAAGGTGCTGATGCCGCTGGCGATTCAGGTTCATCATGCCGTCTGTGATGGCTTC
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CATGTCGGCAGAATGCTTAATGAATTACAACAGTACTGCGATGAGTGGCAGGGCGG

GGCGTAATTTTTTTAAGGCAGTTATTGGTGCCCTTAAACGCCTGGGGTAATGACTCT

CTAGCTTGAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGT

TTTATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCGCTCTAGA

GCTGCCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGG

AGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGC

GCGTCAGCGGGTGTTGGCGGGTGTCGGGGCGCAGCCATGACCCAGTCACGTAGCGA

TAGCGGAGTGTATACTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTG

CACCATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCAG

GCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGA

GCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAA

CGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAG

GCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAAT

CGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTT

TCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATAC

CTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGT

ATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCG

TTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAA

GACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGG

TATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGA

AGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTT

GGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGC

AAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCT
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ACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAG

ATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATC

AATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGA

GGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTC

GTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATA

CCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGG

AAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAA

TTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGT

TGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGC

TCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCG

GTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCA

CTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCT

TTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGAC

CGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTT

TAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTAC

CGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCAT

CTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAA

AAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAAT

ATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTAT

TTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTG

ACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGA

GGCCCTTTCGTCTTCAC
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Appendix Figure C.4 Plasmid map of pQE60-CFP-NasS-YFP

DNA sequence

CTCGAGAAATCATAAAAAATTTATTTGCTTTGTGAGCGGATAACAATTATAATAGAT
TCAATTGTGAGCGGATAACAATTTCACACAGAATTCATTAAAGAGGAGAAATTAAC
CATGGTGTCAAAAGGAGAAGAGCTATTTGGGGGGATCGTGCCGATCCTGGTTGAAT
TAGAGGGCGATGTCAACGGCCACAAATTCAGCGTGTCCGGTGAAGGCGAGGGCGAC
GCTACCTATGGTAAACTGACGCTGAAGTTCATTTGCACGACCGGTAAATTGCCAGTT
CCGTGGCCGACCCTGGTCACCACCTTGACCTGGGGTGTTCAATGTTTTAGTCGCTATC
CGGACCACATGAAACAGCACGATTTTTTCAAGAGCGTTATGCCGGAGGGCTACGTA
CAAGAGAGAACAATTTTTTTCAAGGATGATGGCAACTACAAGACCCGTGCGGAAGT
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GAAGTTCGAAGGTGATACCTTAGTTAATCGTATCGAATTGAAGGGCATCGACTTCAA
GGAGGACGGTAACATTCTGGGTCATAAATTGGAGTACAATTACATTAGCCATAATGT
TTATATCACCGCGGATAAACAAAAAAACGGCATTAAAGCGAATTTTAAGGCGCGTC
ATAACATCACTGACGGCAGCGTCCAACTGGCTGATCACTACCAGCAGAACACCCCG
ATCGGTGATGGTCCAGTGATCCTGCCGGACAACCACTACCTGAGCACCCAGTCCAA
GTTGTCCAAGGACCCGAATGAAAAGCGCGACCACATGGTTCTGTTGGAGTTCGTGAC
TGCGGCGGGTATCACGCATGGTATGGACGAACTGTATAAAATGACAGGGCCCCTAA
GGATAGGATTTATTCCGCTGGTGGACGCAGCCGCCCTGATCGTTGCGGTAGACAAAG
GATTTACTGCGGCGGAAGGCCTGGATGTCGAGTTGGTGAGAGAAGTGAGCTGGAGC
AATGTTCGTGACAAGTTGAACATTGGCCTGTTTGATGCCGCCCATCTGCTTGCTCCG
GTGGCGATCGCCTCTTCCCTGGGTCTGGGTCACGTTAAGGTTCCGATTGCTGCTCCAT
TCAACCTGGGCATTAACGGCAACGCAATCACCGTTTCGCCGACTCTTCACGCGGCGT
TAATGGAAGAAATCGATGGCGATCGTTTTGATCCATTAGTCACCGCCAAAGCGCTGG
CGCGTGTTGTAGCTCGCCGTCGTAAATTGGGTGCTGACCCGTTGACCTTCGGTATGA
CCTTTCCGTTTAGCACCCATAATTACCAGCTGCGTTTCTGGATGGCGGCGGCAGGTG
TGGACCCGGACGAGGATGTCCGGCTGGTCGTTCTGCCTCCGCCGTATATGGTCGACA
GCCTGGCAAACGGTCACGTGGATGCGTTCTGCGTTGGTGCGCCGTGGAATAGTATTG
CGGTTGATCTGGGTATCGGCCACATTTTGCACTTTGTTAGCGATATCTTGGTGCACGC
GGCTGAGAAAGTGCTGGCAGTGCGCCAGACCTGGGCAGATAAAAACCCGGATGTTG
TTGCTTCGTTGGTTCGTGCAGCCGTGAAAGCGGCGGAATTTATCGAACATCCGGAAA
ATCGCATCGAAGCAGCGCGTATCTTGGCGCAGCCGGAGCGTATAGGCGTGGACGCC
GAGGTGATTCAGCGTACCCTTACCGGTAGGCTGAAGATTAGCCCGGACGGCACGTTC
CGCGAAAGCGGCCGCTATCTGCTCGTGGGCCGTGAAGGTGCGGGTCGTCCGGACCC
GGTGCAGGCAGCGTGGCTGTATGCACAAATGGTACGTTGGGGTCAGACTGCGCTGG
CGCCGGACGGCGTTAAGACCGCGATGGCGGTCTTTCGTCCAGACCTATACGACGCC
GCGCTGGGTTCCCGTGCGGCACCGTCTGAAGCTCCGGCTGCCTTCGGCGCATTCGCT
GGTCCGGTGTTCGATCCGGACAACATTCGTGGTCATCTTGAGGCGTTTGAGGTGGGT
CGCTGGAAAGCGCTGCCGGATAATCATTACCTGAGCTATCAAAGCGCGCTTAGCAA
GGACCCGAATGAGAAGCGCGACCACATGGTGCTGCTGGAGTTCGTGACCGCAGCGG
GGATTACCTTAGGCATGGATGAACTGTACAAGGGTGGTTCCGGCGGCATGGTTTCCA
AGGGCGAGGAACTGTTCACCGGTGTGGTGCCGATCCTCGTAGAGCTGGATGGTGAT

136



GTGAACGGCCACAAATTCTCCGTGTCTGGTGAAGGCGAAGGCGACGCGACGTACGG
CAAACTGACGCTGAAACTCATCTGCACCACAGGTAAATTGCCAGTGCCGTGGCCTAC
GCTGGTGACCACGTTGGGTTATGGTCTGCAGTGTTTTGCTCGTTACCCGGACCATAT
GAAACAACATGATTTCTTCAAGAGCGCTATGCCGGAGGGCTATGTTCAAGAAAGAA
CAATTTTTTTTAAAGATGATGGTAATTACAAAACCCGTGCGGAGGTTAAGTTCGAGG
GCGATACCCTCGTCAACCGCATTGAGCTGAAGGGCATCGACTTCAAAGAAGATGGC
AACATCTTGGGCCACAAGTTGGAGTATAACTACAATTCACATAACGTTTACATCACC
GCTGACAAGCAGAAAAACGGCATTAAGGCGAACTTTAAGATCCGCCACAACATCGA
GGACGGAGGTGTTCAGCTGGCCGACCACTACCAACAAAACACCCCGATCGGGGACG
GTCCGGTTCTGAGATCTCATCACCATCACCATCACTAAGCTTAATTAGCTGAGCTTG
GACTCCTGTTGATAGATCCAGTAATGACCTCAGAACTCCATCTGGATTTGTTCAGAA
CGCTCGGTTGCCGCCGGGCGTTTTTTATTGGTGAGAATCCAAGCTAGCTTGGCGAGA
TTTTCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAATCACTGGATATACCACCGT
TGATATATCCCAATGGCATCGTAAAGAACATTTTGAGGCATTTCAGTCAGTTGCTCA
ATGTACCTATAACCAGACCGTTCAGCTGGATATTACGGCCTTTTTAAAGACCGTAAA
GAAAAATAAGCACAAGTTTTATCCGGCCTTTATTCACATTCTTGCCCGCCTGATGAA
TGCTCATCCGGAATTTCGTATGGCAATGAAAGACGGTGAGCTGGTGATATGGGATA
GTGTTCACCCTTGTTACACCGTTTTCCATGAGCAAACTGAAACGTTTTCATCGCTCTG
GAGTGAATACCACGACGATTTCCGGCAGTTTCTACACATATATTCGCAAGATGTGGC
GTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTGAGAATATGTTTTTC
GTCTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGTGGCCAATATG
GACAACTTCTTCGCCCCCGTTTTCACCATGCATGGGCAAATATTATACGCAAGGCGA
CAAGGTGCTGATGCCGCTGGCGATTCAGGTTCATCATGCCGTCTGTGATGGCTTCCA
TGTCGGCAGAATGCTTAATGAATTACAACAGTACTGCGATGAGTGGCAGGGCGGGG
CGTAATTTTTTTAAGGCAGTTATTGGTGCCCTTAAACGCCTGGGGTAATGACTCTCTA
GCTTGAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTA
TCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCGCTCTAGAGCT
GCCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAG
ACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGC
GTCAGCGGGTGTTGGCGGGTGTCGGGGCGCAGCCATGACCCAGTCACGTAGCGATA
GCGGAGTGTATACTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGC
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ACCATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCAGG
CGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAG
CGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAAC
GCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGG
CCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATC
GACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTT
CCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACC
TGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTA
TCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGT
TCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAG
ACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGT
ATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAA
GGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTG
GTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCA
AGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTA
CGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGA
TTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCA
ATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAG
GCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCG
TGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATAC
CGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGA
AGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAAT
TGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTT
GCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCT
CCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCG
GTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCA
CTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCT
TTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGAC
CGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTT
TAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTAC
CGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCAT
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CTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAA
AAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAAT
ATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTAT
TTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTG

ACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGA

GGCCCTTTCGTCTTCAC
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