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Abstract

This work focuses on the design, production and structural characterization of the recombinant
protein Bio-S and its amyloid fibrils for use in tissue engineering, as biomaterials.
Briefly, in this work the design and the heterologous expression of the recombinant protein
Bio-S is shown, through PCR cloning, utilizing an already studied construct as a base. Also, the
production and purification of the protein by affinity chromatography, as well as, its “re-
naturation” and self-assembly into amyloid fibrils. Subsequently, chemical and optical
characterization of these fibrils was conducted in order to ascertain their conformation and
properties. Finally, the functionalization of the amyloid fibrils with gold metallization was

attempted as application proof-of-principle and was observed by electron microscopy.

More specifically,

In the beginning the basic characteristics and properties of amyloid fibrils and their
applications as biomaterials are stated. Then, the fiber of adenovirus is presented as a self-
assembly model and the production of the recombinant protein MetShaft61.Bio-S was
designed in order to combine the self-assembly ability of MetShaft61 into amyloid fibrils, with
the advantages of a histidine tail and a 16-peptide that can bind biotin. Demonstration of the
aim of this work follows, explaining the design of Bio-S, based on MetShaft61, and the main
followed strategy for its production. Lastly, the technique and reason of functionalizing the
amyloid fibrils with gold nanoparticles is explained.

Materials and methods analysis follows, by mentioning every reagent, solution and
mixture used and describing processes and protocols followed. Subsequently, the processes of
amplification of the gene of interest by PCR, its excision and insertion into the proper plasmid
and the transformation of E. coli cells with it via heat shock are described. The processes of
overexpression of the Bio-S by IPTG, isolation after cell lysis and purification by affinity
chromatography follow. Moreover, , the protocols for characterization techniques through
electron microscopies and methods for validation of the products by immuno-recognition and
agarose and polyacrylamide gel electrophoresis are showcased and analyzed.

Demonstration of the results follows, by evaluating cloned and cut products
electrophoresed on agarose gels and expressed and purified products electrophoresed on
polyacrylamide gels. Then, the results of immuno-staining Bio-S for biotin and histidine tag
detection are presented, followed by amyloid fibril detection by Congo Red dying. Lastly,
evaluation and commentary of the images taken with FESEM and TEM microscopy is done, and
reaching and drawing the overall conclusions.




Introduction

Biotechnology belongs to a broad area of biology, in which living organisms, cells and
their components as well as biological systems and processes are researched for the
development of technologies, tools and products, in fields like research, industry, environment,
agriculture and medicine?. Tissue engineering is an interdisciplinary field that combines the
principles of biology, engineering and material science in order to improve or replace the whole
or parts of the tissue(i.e. skin, bone, etc.). The aim is to understand the basic functions of
normal and pathogenic tissues and control cell and tissue responses to injuries and natural
stimulators as well as the interactions with biomaterials, through chemical, pharmacological,
mechanical and genetic modification handling®®..

As defined by the American National Institutes of Health, biomaterial is: “any substance
or combination of substances, other than drugs (synthetic or natural in origin), which can be
used for any period of time, and can augment or replace (partially or totally) any tissue, organ
or function of the body, in order to maintain or improve the quality of life of the individual™".
Therefore the extensive and continuous research on the development and use of biomaterials
is considered of major importance for tissue engineering.

Mimicking natural and biological functions, materials and their properties has always
been one of the best and most efficient approaches in developing biomaterials, techniques and
systems for biotechnology. Studying and understanding of the mechanical and chemical
properties and inherent abilities of biological materials is the key for such an approach.
Thorough studying of organisms and cells derivatives and components, as well as their rational
modifications have brought to light a vast amount of useful ‘tools’” for countless applications;
from hyper-molecular biostructures, organelles, biofibers to oligo-peptides, proteins and
nucleic acids and their vast range of properties, functions, structures, interactions, etcllel,

Recently, amyloid fibrils and their intrinsic properties have attracted the focus of interest
for the development of biomaterials that can be applied in the tissue engineering area. Studies
revealed the complexity, stability, unique inherent abilities of these supramolecular assemblies,
thus giving them prospects for multi-functional applications!”.




|. Theoretical background

[. 1. Amyloid fibrils

Proteins are essential building blocks of a cell’s environment and take part in a variety of
cell’s chemical reactions. In order for a protein to assume its functional or structural role, it
should acquire its specific conformation and proper folding. Under various circumstances,
some proteins fail to assemble properly into their unique fold and they aggregate into highly
ordered fibrillar assemblies, termed amyloid fibrils 8. Amyloid fibril formation is associated with
serious cellular malfunctions that lead to pathological disorders such as Alzheimer’s disease ),
Parkinson’s disease % and diabetes type Il 1. In some cases, such fibrils are produced and
functionally used by organisms, such as the curli fibrils formed in E. coli, Salmonella and other
bacterial*?, melanosomes (pmel) formed in mammalian melanophores*3 and many more®4,

Amyloid fibrils are structures, comprised by amino acid sequences that form distinctive
beta sheet conformations (cross-B), that tend to self-assemble into long fibril like structures.
Every mature fibril is a quaternary hyper-molecular structure, usually consisting from several
protofilaments packed one next to the other, presenting high structural polymorphism,
dependent mainly from the main-chain protein interactions (beta sheet hydrogen bonds) and
secondarily from side-chain (hydrophobic interactions, hydrogen bonds, Van der Walls). Every
protofilament’s diameter is usually around 6-12A wide, consists of thousands of proteins
arranged in crystal like pattern, perpendicular to fibril axis and forming two parallel beta sheet
conformations (characteristic intersheet distance approximately 10A). Beta strands of each
protein (characteristic interstrand distance approximately 4,7A) are aligned perpendicular to
the fibril axis and form a strong network of hydrogen bonds parallel to the fibril axis®>1116],
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Figure 1: Stages of amyloid fibril formation from secondary to quaternary level of structure. Beta strands take either parallel
or antiparallel B-sheet form, that spontaneously organize into cross-8 structures. Accumulation of these structures self-
assemble into proto-filament, that over time tend to form mature amyloid fibrils!16l,
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Figure 2: Increase in the number of protofilaments per fibril can give increased width twisted-ribbon fibrils (left);
Untwisting twisted-ribbon fibrils results to amyloid crystals, or grow of their width can result in helical ribbons and further
evolve into nanotubes (right)el.

Their high organizational order and structure, as well as the plethora of hyper-molecular
attractive interactions they consist of, makes amyloid fibrils i) extremely strong and resilient,
having mechanical properties comparable to steel, ii) thermodynamically stable, and iii)
resistant to chemical and biological degradation[®I1>1116],

Optical observation of amyloid fibrils by microscopy is a typical method for their
characterization. Electron microscopy, like Field Emission Scanning Electron Microscopy
(FESEM) and Transmission Electron Microscopy (TEM), as well as Atomic Force Microscopy
(AFM), can provide high resolution, nano-scale images and have proved to be important
techniques to measure and observe the conformation, architecture and magnitude of the
amyloid fibrils®1],
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Figure 3: Atomic force microscopy topography of insulin amyloid fibrils17I,

X-ray fiber diffraction of aligned fibrils can provide structural information and precise
distance measurements among lateral levels. X-ray diffraction on amyloid fibrils is considered
a typical method to detect the characteristic cross-B conformation, where a distinct cross beta
diffraction signal appears in the equator (corresponding to fibril’s intersheet (around 10A)
spacing) and in the meridian (corresponding to fibril’s interstrand (around 4,7A) spacing)!®1°].




Moreover, amyloid fibrils can be easily detected by amyloid binding dyes such as the
sodium salt Congo Red and benzothiozole salt Thioflavin T. When excited at 450nm, unbound
Thioflavin T emits around 527nm, but once bound to amyloid fibrils, a strong fluorescence
signal is produced at 482nm. Basic Congo Red aqueous solution (pH > 5.2) has a deep blood red
hue, that once is bound to amyloid fibrils, its absorbance peak shifts from 490nm to 512nm,
while producing a relative maximum emission at 540nm. When placed under polarized light,
Congo Red stained amyloid fibrils exhibit a characteristic birefringence, that shifts its red colour
to apple green-yellow!*®l.
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Figure 4: Fiber x-ray diffraction to amyloid fibrils gives the corresponding distinctive cross beta diffraction pattern (left figure)29l.
Right: Congo red stained amyloid fibrils (red colour) of cardiac tissue with systemic amyloidosis (top) and the characteristic apple
green-yellow birefringence it exhibits under polarized light (x400 original images)!29.,

[. Il. Amyloid fibrils as biomaterials

A wide range of synthetic and natural materials can be used as biomaterials, scaffolds and
surfaces for tissue engineering. Generally, in order to be used as biomaterials and be able to
safely interact with cells, biomolecules and tissues, materials need to fulfil some requirements,
such as:

i) high biocompatibility and non-toxicity,

ii) chemical stability (e.g. Sterilizable without changes in form and composition) and/or
biodegradability in non-toxic products,

iii) mechanical properties suitable to the tissue it simulates or supports,

iv) sufficiently long shelf-life2%.

As previously mentioned, due to their highly organized architecture and strong hyper-
molecular stability, amyloid fibrils exhibit suitable biomaterial properties, such as mechanical
strength, chemical and biological stability. Their self-assembly ability and natural origin gives
them advantage against other materials and assures their high biocompatibility. The




polymorphism of amyloid fibrils derives from their amino acid sequence, meaning that by
specific changes in their sequence one is able to tune their conformation, architecture and
mechanical properties for wide range of application. Furthermore, by introducing proper
sequence mutations to certain positions, additional abilities and properties can be given to
amyloid fibrils (e.g. metal binding). Therefore, a vast amount of amyloid fibrils applications has
emerged in tissue engineering, including:

= Scaffolds for cell support, growth and direction[22-24

» Targeted drug and gene transfer carriers!?>-27]

* Nanocircuits and electronics as metal nanoparticle templates!?8!29]

* |norganic bio-mineralization (Ca?*)B3%

* Environmental applications (capturing Cs and CO,)31B2

= Platforms for biosensors and minimal versions of enzyme catalysts and more!33l.

[. Ill. Fiber of adenovirus type 2 as self-assembly model

Fibrous proteins are a significant part of structural biology, found in a huge number of
biological materials and tissues. Many viruses and phages are using fibrous structures as
anchors and bridges to attach and infect their host cells. Adenovirus type 2 is medium size (90-
100 nm) non-enveloped virus with unique fiber proteins projected out of its capsid. Its
icosahedral nucleocapsid contains its double stranded DNA genome. One fiber protein
protrudes from each of the 12 vertices435],

Figure 5: Transmission electron microscopy images showing adenovirus virions’ size, capsid structure and
fibers (left) B3¢l Illustration of adenovirus virion (right)!37!.




Its 20 faced capsid consists of two main proteins called hexons and pentons respectively.
Hexons are placed in the center of every triangle shaped face. The icosahedral virions have 12
vertices, containing a penton base and the fiber attached to it. 3435,

The adenovirus fiber protein is composed of the shaft (main fiber body) anchored on a
penton base of virion capsid, projecting outwards and a distinct globular head, at the tip of the
shaft, that interacts with the host cells’ Coxsackie and Adenovirus Receptors (CARs)!3®). Every
fiber is a homo-trimeric protein, where each monomer spirals with the other two forming a
tightly packed fiber. Each homo-trimer comprises a globular head, a long fibrous shaft body,
and a tail anchored to the penton base of the capsid. The homo-trimer globular head is
responsible for the docking and activation of CAR cell receptors, that triggers the virion
endocytosis®®. Studies have shown that elimination of capsid as well as the penton, allows
transfer by attachment to CAR receptor, but internalization through an unknown
mechanismB,
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Figure 6: Adenovirus fiber homo-trimer illustration (every colour represents a different monomer) (left)
and binding to the CAR receptor (right) [40],

Adenovirus fiber is an approximately 35nm hyper-molecular structure and as mentioned
before is a homo-trimeric structure, where every monomer contains 582 amino acids and is
composed of three distinctive areas, the C-terminal knob, the fibrous spiral shaft and the N-
terminal tail. The globular head is not only responsible for CAR receptor binding, but also for
the self-assembly of the fiber in its trimeric state. The shaft, the main body of the fiber, is about
30nm long and consists of 22 pseudo-sequence repeats made out of hydrophilic and
hydrophobic amino acid sections, with an exposed loop connecting them. Two beta strands
with a beta turn in the middle are formed, where one is parallel and the other one is 45° angle
to fiber’s axis, followed by a loop. A dense network of hydrogen bonds, as well as ionic bridges,
reinforce the conformation of this structure conveying high chemical and mechanical
stability,

There have been many studies, where adenoviruses are used as vectors for cell targeting
and development of gene therapy techniques and drug delivery systems. These include
modifications of the homo-trimeric globular head (increased probability of attachment),




replacement or addition of other virus fibers (different receptor targeting) to penton bases, as
well as molecule/complex addition (specific cell/receptor targeting) on the fiber head or around
the virion capsid! 211441,
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Figure 7: Modification of adenovirus for CAR- independent transduction. Such modifications include fiber modification,
switching between serotypes, chimeric or mosaic fiber placement, and molecule-based targeting/#4.

Other studies have aimed to utilize isolated aden ovirus fibers and recombinants variants
of them, as drug/nucleic acid delivery carriers. Replacement of fiber’s globular head with other
trimerization motifs, like the C-terminal of the fibritin’s phage T4, can produce a recombinant,
hybrid homo-trimeric conformation of the fiber, with enhanced chemical stability as well as
higher expression yield!“>-48],

Absence of the globular head or any other trimerization motif results to amyloid fibril
formation resulting to a completely different self-assembling conformation and architecture.
Previous studies have shown that the GAITIG peptide is the shortest sequence responsible for
amyloid aggregation of the adenovirus fiber sequences!“®). The pentapeptide GAIIG has also
been shown to be a small self-assembling block, found in amyloid fibrils of Alzheimer’s disease
and HIV-1 V3 loop of gp120 protein!*®. Based on these minimal self-assembling building blocks
many oligo- and polypeptides can be designed and synthesized, forming amyloid fibrils with a
vast range of structural conformations, chemical properties and abilities targeted for a plethora
of tissue engineering applications!?21231(29130],

— 50 nm — 100 nm

Figure 8: Transmission electron microscopy images of adenovirus fibers (left) and amyloid fibrils (right)[4150]




[. IV. Protein inspired from the adenovirus fiber - MetShaft61

A recombinant protein has been previously designed, produced and studied in our lab.
MetShaft6l is composed of a 332 aa, starting from Methionine 61 (61-392 aa) of the natural
shaft, with molecular weight Mw:34,38295 kDa and isoelectric point pl:7,77. The globular head

was removed?®,
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MetShaft61l has been successfully expressed in E.coli and proved to be able to self-
assemble into amyloid fibrils. The abundant production of this protein resulted in the formation
of a dense network of amyloid fibrils with fibrous architecture, that can be used as a scaffold

for cell attachment and proliferation towards tissue engineering purposes%,
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Figure 9: Scanning electron microscopy images (left) and Transmission electron microscopy images (right) of MetShaft61
amyloid fibrils ( 0,5mg/ml Metshaft61 in 20mM ethanolamine)>1




[. V. Aim of the present work

The present thesis focuses on the development of a protein that can produce amyloid
fibrils in a conformation and architecture that can be potentially used as scaffold in tissue
engineering, support of cell growth and/or serve as an implant or platform for detection (e.g.
biosensor). Such scaffolds are essential to possess a plethora of properties and be
multifunctional. For instance, they should not just support cell growth but also be able to induce
certain cell responses (e.g. differentiation). This can be achieved by designing recombinant
proteins with sites that can be “decorated” with molecules (e.g. cytokines) or atoms/
nanoparticles (e.g. metals) serving in a wide range of applications.

The aim of this work was the design and production of a new recombinant protein based
in the MetShafts61 sequence, thereafter named Bio-S. Bio-S was designed in order to combine
the self-assembly ability of MetShaft61 into amyloid fibrils, with the advantages of a histidine
tail and a 16-peptide that can bind biotin. Moreover, the protein’s potential applications are
being explored through the functionality conveyed by its modifications.

Specifically, the addition of a histidine hexa-peptide and a biotin binding 16-peptide at
the N-terminus of the MetShaft61l sequence was achieved with the use of the appropriate
plasmid. Poly-histidine tail has a high affinity to metals like copper, nickel, and zinc, so it can be
used as a metal binding site. His-tag addition to a recombinant protein usually serves as an easy
affinity purification method, when it bounds to Nitrilotriacetic acid (NTA) seeded beads through
Ni?* coordination. By the same principle, any desirable NTA seeded molecule can be attached
by the His-tag of the recombinant protein. His — tagged proteins are also resistant to
degradation, making them ideal parts of drug/gene delivery proteins 2.

Biotin and biotinylated molecules have an extremely high affinity to avidin and
streptavidin and the bond they form occurs rapidly and is the strongest noncovalent bond
known in nature. Thus, formation of biotin — streptavidin — biotinylated-molecule complexes is
a common strategy for attachment of any desirable molecule on a protein. A site on the protein
that can bind biotin, can convey to amyloid fibrils advantageous properties and prospects for a
wide range of biotechnological applications (e.g. binding of cytokines or drugs)®3/>4,

The S-G-L-N-D-I-F-E-A-Q-K-I-E-W-H-E sequence is a 16-peptide that can be recognized by
a birA enzyme and allow biotin attachment through its lysine. BirA is a trigger enzyme that
functions as a ligase to biotin-lysine conjugation, as well as a regulator of biotin gene
expression. This biotinylation process has already been shown to work successfully in the
cytoplasm of a bacterial cell, while the protein is produced®¥°. The advantages of this in vivo
biotinylation are i) comprehensive and uniform biotinylation of the proteins, ii) avoidance of
subsequent separation and purification of the modified ones, iii) removal of birA enzyme. This
process requires the simultaneous production of birA enzyme in the bacterial cells, thus, the
insertion of a birA plasmid, the simultaneous production of the ligase with the expressed
protein and the presence of the biotin in the cells!>31>4,




|. V. a. Studied protein: Bio-S

Successful design and production of the proper plasmid vector can heterologously over-
express Bio-S in Escherichia Coli. Bio-S is expected to have a sequence of 371 amino acids, with
Molecular Weight Mw:38,85k Da and theoretical isoelectric point pl:6,5.

1 11 21 31 41 51
| | |
1 IGS SHHHHHH SSGLVPRGSH 60
o6l 120
121 180
181 240
241 300
301 360
361 SEDNSGAITI 371

_ Histidine tag sequence

l. V. b. pET-28a-bio

Plasmid pET-28a-bio is a modified version of pET-28a-c(+) vector, where a 16-peptide
biotin binding nucleotide sequence has been inserted between Ndel and EcoRI restriction
endonuclease sites.

pET-28a-bio sequence

AGAAGGAGATATACCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGG
CAGCCATATGTCCGGCCTGAACGACATCTTCGAGGCTCAGAAAATCGAATGGCACGAAGAATTCGAGC
TCCGTCGACAAGCTTGCGGCCGCACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAA

Ndel site EcoRlsite  Xhol site Histag  16peptide of biotin  Start codon

The insertion of the MetShaft61 nucleotide sequence was designed to be placed between
the restriction enzyme sites of EcoRI and Xhol. To do that both the plasmid and MetShaft61
DNAs should be cut at the restriction enzyme sites, with the corresponding enzyme and ligated
through T4 DNA ligase. To increase the chances of successful ligation, plasmid vectors should
also go through a de-phosphorylation process.




[. VI. Functionalization of the amyloid fibrils by metallization with Gold nanoparticles

Gold nanoparticles are considered to be efficient delivery systems for nucleases and
bioactive molecules for therapeutic purposes®. Their ability to scatter light intensely and
absorb near infrared and X-ray radiation makes them ideal for diagnostic imaging. Thus,
attachment of Au nanoparticles on the surface of amyloid fibrils can functionalize them towards
a plethora of biological applications®”!.

Taking advantage of this affinity of poly-histidine sequence to cations of nickel (Ni%*), it is
relatively easy to trap NTA conjugates on ahis-tagged protein. The 5 nm Ni-NTA Au
nanoparticles (Nanogold) are designed for the detection or localization of Histidine (His)-tagged
recombinant proteins in protein complexes, tissue or cell samples using transmission electron
microscopy (TEM).
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Figure 10: Poly-histidine — Ni* — NTA complex attached to 5nm Au nanoparticles




[I. Materials and methods

[I. 1. Materials

All materials and reagents were purchased from Sigma-Aldrich, unless otherwise stated

[I. II. Methods

Il. 1. a. Design of the plasmid vector for Bio-S production

%  Polymerase Chain Reaction (PCR)

Production of the recombinant protein Bio-S requires its DNA construction, specifically
the incorporation of MetShaft61 gene in the proper vector.

A process like this requires the isolation of the gene of interest (MetShaft61 gene) from
the vector of origin and its subsequent insertion to the vector of interest. Therefore, the
amplification of the gene can be easily achieved by the method of polymerase chain reaction
(PCR). PCR is a method of amplification of nucleic acid sequences, that uses the ability of DNA
polymerase to synthesize new DNA strands complementary to the offered template strand. In
order to do so, DNA polymerase needs primers, small nucleic acid sequences designed to be
complementary to the beginning of the template strand, for polymerase to start adding
nucleotides. This process provides exponential gene amplification through sequential cycles
of three heating stages (n cycles of one double-stranded DNA molecule gives 2n dsDNA)P8).

i. Denaturation, where the double stranded DNA of interest separates (app. 94-96°C)

ii. Annealing, where forward and reverse primers attach to separated DNA strands (60-
70°C) (depends from the melting point (Tm) of the primer, which depends from the
length and percentage of CG/AT nucleotides)

iii. Elongation, where heat resistant DNA polymerase synthesizes the new DNA strand
(about 70-74°C)




< Primers

The forward primer was designed to have 22 nucleotides, 55% GC/AT ratio and melting
temperature (Tm): 63°C, where the reverse one has 29 nucleotides, 52% GC/AT ratio and Tm:
63°C. The annealing was calculated to happen at 61°C with the use of Deep Vent DNA
polymerase.

Forward primer (EcoRl): 5-GGCCGAATTCATGCTTGCGCTT-3
Reverse primer (Xhol): 5’-GCCCCTCGAGTCTATCCTATTGTAATGGC-3’
EcoRl site Xhol site

7

1X4 Reaction

To ensure that the amplification happens to MetShafts61l gene and only and not non-
specifically, two samples were prepared as well as one control without the addition of this gene.

Control Sample 1 Sample 2
+DNA polymerase +DNA polymerase +DNA polymerase
-MetShaft61 DNA +MetShaft61 DNA +MetShaft61 DNA

For this reaction, reagents were added in the following order (reaction volume: 50 pl)

Reagents Volume
10x Polymerase buffer 5ul
Sterile-distilled H,O 40 pul (40,5 ul for control)
10 mM dNTP mix 1l
100 mM MgS04 1ul
20 uM Forward primer 1l
20 uM Reverse primer 1ul
DNA (MetShaft61) 0,5 ul (except control)
Deep Vent polymerase 0,5 ul




PCR reaction was set for 30 cycles in the following sequence.

PCR reaction

PCR stages Temperature (°C) Time
Initial denaturation 95 5 min
DNA denature 95 30 sec
Annealing 30 Cycles 61 30 sec
Elongation 72 90 sec
Final elongation 72 5 min

Evaluation of the PCR product is important for the continuation of the experiments.

II. Il. b. Agarose gel electrophoresis

Agarose gel electrophoresis is a method that separates a mixed population of
macromolecules. It is usually used for the separation of DNA or RNA fragments according to
their length. Moreover, it is commonly used in order to evaluate and/or isolate the desired
products from PCR and cut reactions.

A 1% w/v agarose in Tris-Acetate-EDTA (TAE) buffer (pH:8) mixture was prepared. The
mixture was heated in a microwave until agarose was dissolved. Gel red stain (GelRed™ Nucleic
Acid Gel Stain— BIOTIUM) was also diluted 10000-fold. The agarose gel was deposited in a
horizontal electrophoresis apparatus, while the apparatus was filled with 1x TAE buffer.

For the evaluation of the PCR product, a DNA portion of each sample was mixed with Gel
Loading Dye (New England Biolabs) and then loaded into the wells of the gel. A 2-log DNA ladder
(New England Biolabs) was also mixed with the loading dye and loaded in the gel. An electric
field of 80 V was applied until the samples entered the gel and then the voltage was increased
to 100 V. Agarose gels were viewed using a UV-lamp, where UV light excites the gel red stain,
which is bound to DNA, rendering the samples visible.

Samples that correspond to the DNA’s molecular length, were isolated from the agarose
gel and purified with a PCR clean up kit (Macherey Nagel).




II. 1. c. Double digest (cut) and de-phosphorylation reactions

After the successful PCR reaction, DNA product and plasmid vectors have to be cut with
the same restriction endonucleases Xhol and EcoRI (High Fidelity).

PCR product Plasmid Vector
(MetShaft61 DNA) (pET-28a-bio)

For this reaction, reagents were added in the following order (reaction volume: 50 pl)

Double digest reaction

Reagents PCR product Plasmid vector
DNA 10 pl 15 ul
Sterile-distilled H,O* 33 ul 28 ul
10x CutSmart buffer 5ul 5ul
Xhol 1l 1 ul
EcoRI—HF 1ul 1ul

(Xhol, EcoRI — HF, CutSmart® buffer were purchased from New England Biolabs)

*After the H,O addition to DNA, the mixture was heated at 70°C for 10 min, then cooled
down for 1 min on ice and spun down, before the addition of the remaining reagents.

When both restriction enzymes were added, the samples were incubated at 37°C for 30
mins to react. After 30 min, the samples were loaded to 1% agarose gel in the same process
mentioned before and 80V of electric field was applied to achieve proper band separation. This
process allows the isolation and extraction of clean DNA products from the agarose gel. Bands
with the DNA of the corresponding MW are cut with scalpel from the rest of the gel, gel is
melted and DNA is extracted from a series of processes described in plasmid extraction
kit(Macherey Nagel).

Next, de-phosphorylation reaction of the plasmid vector pET-28a-bio follows, where
reagents were added in the following order (reaction volume: approx. 20 pl)

De-phosphorylation reaction

Reagents Volumes
DNA of pET-28a-bio 19 ul
10x Antarctic buffer 2,2 ul
Antarctic phosphatase 1ul

(Antarctic phosphatase and Antarctic buffer were purchased from New England Biolabs)

The reaction was conducted at 37°C for 15 min and then placed at 70°C for 5 minutes for
heat-deactivation of the phosphatase enzyme. Then, the sample was cooled for 1 min on ice
and spun down.




II. 1l. d. Ligation reaction of MetShaft61 DNA and pET-28a-bio plasmid with T4 ligase

After measuring the concentrations of both DNA samples, with the Nanodrop instrument,
the volumes of the proper ratio of plasmid to inserted gene was calculated, since the ratio
should be 50ug/ml plasmid DNA for 37,5ug/ml insert DNA.

Subsequently, reagents were added in the following order (reaction volume: 20 pl)

Ligation reaction

Reagents Volume
(50ug/ml) DNA of pET-28a-bio 4,16 pl
(37,5ug/ml) DNA of MetShaft61 3,13 pl
Sterile-distilled H,0 9,17 ul

10x T4 Ligase buffer 2 ul

T4 Ligase 1l

(T4 ligase and T4 ligase buffer were purchased from New England Biolabs)

The reaction was conducted for 18 to 24 hours at 16°C.

Il. 1. e. Competent cell preparation (for E. coli DH5a and BL21(DE3))

In order to yield transformed colonies, E. coli cells were prepared following a variation of
the protocol described by Sambrook91. For the preparation of competent cells, 5ml of LB
medium were inoculated with the desired strain and the cells were incubated overnight at 37°C.
Then 50-100ml LB medium were inoculated with 0.5-1ml of the overnight cultures. The cells
were incubated at 37°C while shaking at 250 rpm, until the optical density at A=600 nm
(0.D.600) was 0.4-0.6. The cultures were then centrifuged in falcon tubes at 2500 rpm for 10
min at 4°C. Cells were gently re-suspended in 15-30 ml Tfbl buffer and cooled on ice for 30 min.
The suspension was centrifuged again at 3500 rpm for 10 min at 4°C and the cells were
resuspended gently in 2-4 ml Tfbll buffer. Aliquots of 100ul were transferred to pre-cooled
eppendorf tubes, frozen in liquid Nitrogen or dry ice and stored at -80°C.

Buffer name Components

30mM CH3COOK, 50mM MnCl;,
100mM KCI, 10mM CacCl,, 15% glycerol
Tfbll buffer 10mM MOPS pH:7, 75mM CaCl,, 10mM KCl, 15% glycerol

Tfbl buffer




Il. 1I. f. Amplification and isolation of Bio-S plasmid

In order to confirm the successful cloning and insertion of gene into the plasmid as well
as isolate and amplify this plasmid, competent cells DH5a E. coli cells were transformed with
10 ul of the ligation products. A small amount of cell solution was plated onto LB/agar plates
with kanamycin and left to incubate at 37°C for 20 hours. The produced colonies were
inoculated overnight at 37°Cin 4ml LB with kanamycin. Plasmid isolation followed for 8 colonies
with mini-preps. The successful cloning was verified by the digestion of the plasmid with the
corresponding restriction endonucleases, by the appearance of not one but two bright bands
at the expected kb in an 1% agarose gel, after electrophoresis.

II. Il. g. Heterologous over-expression of recombinant protein Bio-S in Escherichia Coli

s Transformation of competent E. coli BL21 (DE3) with Bio-S and birA plasmid DNAs

The first step in heterologous over-expression of Bio-S protein is the transformation of
the cells by inserting both Bio-S protein and birA ligase plasmid DNAs, in susceptible E. coli BL21
(DE3) strain. A variation of the Sambrook described protocol was followed, where competent
cells were transfected with plasmid DNA.

100ul of competent cells were taken out from -80°C and placed in ice. After a few
seconds, 1ul of both plasmid solutions was added and left for 30 minutes. The plasmid insertion
was achieved by causing heat shock to the cells at 42°C for 90 seconds, following their
placement in ice for 2 minutes. After heat-shock, 700ul of LB medium was added and left to
incubate at 37°C for 1 hour, while shaking at 250 rpm. Subsequently, the suspension was
centrifuged at 10k rom for 1 min and most of the supernatant was removed. The pelleted cells
were re-suspended in the remaining supernatant (about 100 pl) and plated onto a petri dish
with LB and agar, containing 50 pg/ml kanamycin (for Bio-S plasmid DNA) and 34 pg/ml
chloramphenicol (for birA plasmid DNA) as selection antibiotics, and left to incubate at 37°C for
12-18 hours.




0,

%  Heterologous over-expression of recombinant Bio-S protein in E.Coli BL21.

The next step consisted in the cultivation of one transformed bacterial colony, with the
over-expression of Bio-S following. A pre-culture was made by re-suspending one of the
colonies in 5ml of LB medium with 50 pg/ml kanamycin and 34 pg/ml chloramphenicol and was
incubated at 37°C for 5 hours, while shacked at 250 rpm.Subsequently, , the cell mixture was
introduced to 50 ml LB medium (with kanamycin and chloramphenicol) and incubated at 37°C
overnight, while shacked at 250 rpm. 1lt of LB medium was added in the culture (with
kanamycin and chloramphenicol), and incubated at 37 °C, until the absorbance (0.D.) of the
solution at 600nm was between 0,6 to 0,8. Protein expression from both plasmids started by
adding 1mM of Isopropy! B-d-1-thiogalactopyranoside (IPTG) and biotinylation by subsequently
adding 1,2 mg/ml biotin (in 10mM bicine solution, pH=8).

IPTG binds to lac repressor and inhibits its attachment to lac operon, resulting to the
activation of the lac gene, which initiates the heterologous over-expression of Bio-S protein and
BirA enzyme. By adding the biotin in the beginning of protein and ligase production, biotin is
inserted in the bacterial cytoplasm and attaches to the lysine of the 16peptide sequence of the
produced protein, by the produced ligase.

IPTG
and
Biotin

Figure 11: Double IPTG induced plasmids in BL21 cells. The plasmid pBirAcm contains the gene of BirA biotin ligase (orange).
pET-28a-bio contains the gene of the protein of interest to be biotinylated (blue) along with its biotinylation sequence (red)/>l.

The culture was left in the incubator at 37°C for 4 hours, where the overexpression’s yield
peaks. After 4 hours the cells were harvested by centrifugation at 7k rom for 20 minutes at 4°C.
The cell pellet was dissolved in 20ml of cell lysis buffer (20mM tris-HCI pH=9, 0,1M NaCl, 2%
Triton, 2mg/ml lysozyme and 1x protein inhibitor solution) left for 30 minutes at 37°C and kept
at -20°C for future use.




Il. 1I. h. Cell lysis and Bio-S purification by affinity chromatography

s Celllysis

In order to collect and purify the overexpressed protein produced in the bacterial
cytoplasm, a cell lysis procedure has to be followed. Cell lysis began with the degradation of
cellular membrane by lysozyme in lysis buffer and by successively freezing the cell solution in
liquid nitrogen to -195°C and thawing it to a bath at 40°C. The freeze-thaw process was
repeated 3 times.

After that, the cell solution was placed in a French press, where a hydraulic cylindrical
press forces the solution out of a narrow valve, resulting to high pressures of 1000 psi and the
disruption of most cell membranes. After repeating this process twice, and in order to be sure
that all cell membranes were broken, the solution was placed in an ice bath and was sonicated.
The solution was sonicated for 30 seconds and left to cool for other 30 seconds, in order to
prevent thermal degradation of the protein of interest. After cell lysis, 100ug/ml DNase |
(Roche) and 100mM MgS0O4 was added to the solution to degrade DNA molecules.

+*  Collection and purification of Bio-S using Ni-NTA seeded sepharose beads

Due to the high yields and rapid expression of our protein, the protein tends to aggregate
into big clusters of protein known as inclusion bodies, inside the bacterial cytoplasm. After cell
lysis, in order to isolate and purify the protein in its native state, inclusion bodies should be
washed and further dissociated .

In order to wash them, low concentrations of chaotropic agents and mild detergents are
used successively to dissolve and easily remove most of the impurities. Initially, the cell lysed
solution was centrifuged at 10krpm for 10 minutes at 4°C, the pellet was reconstituted with
1M Urea and placed in circular shaking for 15 minutes. After another centrifugation at 10krpm
for 10 minutes, the inclusion bodies were washed using the same method with 1% Triton
followed by an additional washing with Tris-HCl buffer. After each washing, a sample from both
solubilized pellet and supernatant was collected to ensure the successful washing.

The dissociation of the inclusion bodies is easily achieved by using high concentration of
a strong chaotropic agent, such as magnesium chloride, guanidinium chloride, phenol or urea,
that can disrupt inclusion body’s stability and solubilize it. Such a process though demands the
subsequent removal of the chaotropic agent in order to restore the native folding of the
protein. After another centrifugation at 10krpm for 20minutes at 4°C the pellet was
reconstituted with urea buffer and solution was left stirring for 20 hours.

Affinity chromatography is a really efficient way to isolate and purify a certain protein
from a protein mixture. NTA seeded sepharose beads can easily immobilize Ni?*, which has high




affinity to poly-histidine sequences. Taking advantage of this affinity of poly-histidine sequence
to cations of nickel, it is relatively easy to trap and isolate poly-his tagged proteins. The elution
of the protein is achieved by introducing another molecule in the column with high affinity to
Ni%*, such as imidazole that acts as a competitor, and in high concentrations can
displace/detach and therefore elute our protein.

Nitrilotriacetic acid (NTA) Poly-Histidine tag
f I [ |

Sepharose
bead

Figure 12: Poly-histidine - Nickel - NTA complex attached to sepharose bead of affinity chromatography column.

For the purification process Ni Sepharose™ high performance (GE Healthcare) was used
and 2ml of this solution was placed in a chromatographic column and washed with distilled
sterile H,O (5x the volume of chromatographic material), following a wash with 10ml urea
buffer. Then, the cell lysed sample was added to the column and left to interact for 1 hour at
4°C in motion. Afterwards, the solution was left to pass through the column and the flow
through was collected. The column was then washed twice with 2ml imidazole wash buffer,
before starting the elution of the protein.

The elution phase started by adding twice 2ml imidazole elution buffer 50mM and
collecting the elutions in different eppendorfs/falcons. Same process followed with imidazole
elution buffers 100mM and 250mM. In every stage of washing and elution, samples of 50ul
were collected. After that the column was washed successively with 2ml imidazole 1M, 10ml|
distilled H,0 and 10ml 30% v/v aqueous ethanol solution.

Buffer name Components
Tris-HCI buffer 20mM Tris-HCl pH=9, 0,2M NaCl
Urea buffer 20mM Tris-HCl pH=9, 0,1M NaCl, 6M Urea

20mM Tris-HCl pH=9, 0,1M NaCl, 2% Triton, 2mg/ml lysozyme
and 1x protein inhibitor solution
Imidazole wash buffer 20mM Tris-HCl pH=9, 0,1M NaCl, 6M Urea, 5mM Imidazole
Imidazole elution buffer 50mM 20mM Tris-HCl pH=9, 0,1M NacCl, 6M Urea, 50mM Imidazole
Imidazole elution buffer 100mM  20mM Tris-HCl pH=9 , 0,1M NaCl, 6M Urea, 100mM Imidazole
Imidazole elution buffer 250mM  20mM Tris-HCl pH=9 , 0,1M NaCl, 6M Urea, 250mM Imidazole

Lysis buffer




Il. 11. i. Dialysis

As previously mentioned, after the purification and the collection of Bio-S, the presence
of Urea keeps the protein in the denatured state, so, in order to allow it fold properly, removing
of this solvent is mandatory. A quite efficient way to do that is by dialysis, where the protein
solution is placed in a porous semi-permeable membrane, and submerged in a appropriate
buffer. Solvent molecules can pass by through membrane pores by diffusion, resulting to
significant reduction of molarity of the non-favorable/chaotropic solvent in protein solution
and allowing the proper folding of the protein. Therefore, the protein solution was placed in a
cellular dialysis membrane (molecular weight cutoff: 14kDa) and into 2It of Tris-HCl buffer for
2 hours, while stirring. After that, the membrane with the protein solution was submerged once
more to into 2It of Tris-HCl buffer and left under stirring for 15-20 hours. The dialyzed solutions
were concentrated using Amicon centrifugal filters (30 kDa cut-off) in order to achieve increase
of protein concentration. After dialysis the samples were kept in room temperature to
spontaneous self-assemble into amyloid fibrils for more than a week.

II. 1l. j. Sodium Dodecyl Sulfate — Polyacrylamide Gel Electrophoresis (SDS-PAGE)

SDS-PAGE is a method used for the separation of proteins according to their molecular
mass. In this study, this method was used to monitor the expression of the protein as well as
its condition after each processing step (e.g. possible impurities, degradation products). In
order to denature the protein boiling, SDS and B-mercaptoethanol are used. SDS binds to the
linear protein molecules and confers a uniform negative charge. Then, the protein mixture is
loaded on the SDS polyacrylamide gel and migrates across the gel in the presence of an electric
field. The migration is size-dependent, where larger proteins migrate slower than smaller
proteins, since they cannot fit easily into the pores of the gel.

In this study, the separating and stacking polyacrylamide gels were used with an
acrylamide content of 7.5% and 4.5%, accordingly . The separating gels were prepared by
mixing acrylamide with water and separating buffer. Polymerization was induced when APS and
TEMED were added and the mixture was deposited between glass plates for electrophoresis.
Isopropanol was added on top and the mixture was left to polymerize for approximately 1h.
After gel polymerization, isopropanol was removed and the stacking gel mixture was deposited
on top of the separating gel. Gel combs were placed on top of the stacking gel mixture for the
formation of wells. The stacking gel was also left to polymerize for 30 min and the gel was
transferred in the electrophoresis apparatus, which was filled with running buffer (1x).




The samples studied were mixed with loading buffer for SDS-PAGE, boiled for 5 min at
100 °C and loaded in the wells. Protein molecular weight marker (Precision Plus Protein™ Dual
Color Standards — BIORAD) was also loaded in a well and electrophoresis was performed at 200
V for about 1h. After their rinse with distilled water, the gels were stained with Coomassie
Brilliant Blue R-250 stain, which binds to protein molecules. After destaining the gels, only the
protein bands remained colored.

Buffer name Components
Lower Separating buffer 187 g/| Tris-HCl pH:8.8, 0.4% w/v SDS
Upper Stacking buffer 60.5 g/l Tris-HCl pH:6.8, 0.4% w/v SDS
10x Running buffer 30.3 g/l Tris, 144.1 g/l glycine, 10 g/I SDS

18.8 ml 1M Tris-HCl pH:6.8, 6 gSDS,
15 ml B-mercaptoethanol, 30 ml glycerol,
a pinch of Bromophenol blue

3x SDS-PAGE Loading buffer
(for 100ml stock)

Coomassie Brilliant Blue R- 50% v/v methanol, 10% v/v acetic acid,
250 stain 0,1% Coomassie Brilliant Blue
Destaining buffer 10% v/v acetic acid 5% v/v methanol

[I. Il. k. Dot Blot for biotin detection

In a strip of a PVDF membrane, are blotted 10 ul of different concentrations of the
recombinant protein Bio-S and 10 ul of 100 pg/ml of antibody — streptavidin alkaline
phosphatase (from Streptomyces avidinii diluted 2000-fold) onto membrane as control. The
membrane is incubated 1 hour at room temperature. The membrane and the spots should be
dry before proceeding to the next step. The membrane is blocked with 5% dry milk in TTBS (50
mM Tris, 0.5 M NaCl, 0.05% Tween-20, pH:7.4) for 1 hour at room temperature. The blocking
buffer is removed after this period but the membrane should be kept wet at all times for the
remainder of the procedure. Incubation of the membrane with antibody — streptavidin alkaline
phosphatase, followed, for 1hr at RT in TTBS. The membrane is then washed 3 times (10
minutes each) in TTBS on rocker followed by chemiluminescent detection with the 176ul/10ml
of BCIP-NBT.




Il. 1. I. Western Blot — Immuno-recognition

Western blot is a method that involves the immunological recognition of a protein using
monoclonal antibodies. In the present study, monoclonal anti-His and anti-biotin antibodies
were used. A Polyvinylidene fluoride (PVDF) membrane (Westran S - Whatman) was activated
by submerging it in methanol. An electrophoresed polyacrylamide gel and the membrane were
sandwiched between Whatman paper and sponges soaked in 1x Transfer buffer (18.8g/I
glycine, 3 g Tris). All these were tightly packed and submerged in the transferring apparatus,
which was filled with 1x Transfer buffer. An electrical field of 35V was applied for about 2.5 h
for the protein transfer onto the PVDF membrane.

The membrane was blocked by mild shaking in 5% w/v skimmed milk in 1x phosphate-
buffered saline (PBS) for 1 hour at room temperature. After blocking, the PBS-milk was removed
and the membrane was soaked in a solution of PBS-milk containing the primary antibody,
mouse anti-His (Qiagen) or streptavidin alkaline phosphatase from Streptomyces avidinii
diluted 2000-fold. The membrane remained in this solution overnight at 4°C under mild
shaking. The next day, the membrane was washed three times by shaking for 15 min in a
solution of 1x PBS with 0.04% Tween 20. After washing again with PBS-milk, the membrane was
soaked in a solution of PBS-milk containing the secondary antibody (anti-mouse IgG-alkaline
phosphatase) diluted 20000-fold. The membrane remains in the solution of the secondary
antibody for 2 h at room temperature under mild shaking. After the addition of the secondary
antibody, the membrane was washed three times by shaking for 15 min in PBS-Tween 20 and
then quickly washed with 1x alkaline phosphatase buffer. The protein bands detected by the
antibodies were colored when 176pA/10ml NBT-BCIP in 1x alkaline phosphatase buffer was
added. Alkaline phosphatase dephosphorylates BCIP reacts with NBT to form an indigo-blue
precipitate.

For biotin identification the antibody streptavidin alkaline phosphatase needs only 1h
incubation in room temperature and subsequent washing with PBS-Tween 20 and 1x alkaline
phosphatase buffer, followed by the NBT-BCIP color detection.

II. Il. m. Congo Red staining of Bio-S amyloid fibrils — birefringence

Congo Red staining, as mentioned before, is an optical technique, used for the verification
of the presence of amyloid fibrils, where the Congo Red dye binds on amyloid fibrils and exhibits
a apple green-yellow birefringence under polarized light.

A solution of 1mgr/ml Congo Red dye was prepared in 50% ethanol/water solution.
Before the use, 0,01% v/v of 0,25M NaOH was added in the solution. For every 10ul of non-
dense amyloid solution of Bio-S, 2ul of this solution was used. After 5 minutes the sample was
placed on a glass coverslip for drying and for observation under optical microscope.




Il. 1I. n. Field Emission Scanning Electron Microscopy (FESEM)

Field Emission Scanning Electron Microscopy (FESEM) was used to observe Bio-S after its
spontaneous self-assemble into amyloid fibrils in micro-scale level.

FESEM is a type of electron microscopy that scans the examined specimen with a very
narrow high-energy focused electron beam. The signals of the interaction between this
electron beam and the surface of the sample are gathered by a special detector, producing the
sample’s surface topography and, if needed, revealing its composition. This electron
microscope provides a big range of magnifications and high resolution, while at the same time
have a large depth of field that allows quite big focusing depth. Sample observation usually
happens in high vacuum chambers and the samples have to be dry and electrically conductive.
If not, the samples have to get dehydrated, fixed and sputter-coated with an electrically
conductive material, such as gold or gold/palladium alloy.

After the deposition of 10 ul of the desirable sample concentration on glass coverslips,
samples were left to air dry overnight. The next day, the samples were placed into the wells of
a 36 well plate for the dehydration process. The samples were initially rinsed twice with double
distilled H,0. Then, in order to replace all water with ethanol and dehydrate the samples,
successive rinses with 30%, 50%, 70%, 90%, 100% ethanol and 100% dry ethanol were followed
for 7 minutes for each rinse. Samples then, are submerged in Bis(trimethylsilyl)Jamine (HMDS)
overnight and left to air dry and kept in a glass desiccator.

One day prior observation, samples were sputter-coated with a 15 nm thick layer of gold.
This was achieved by Physical Vapor Deposition (PVD) method where argon in plasma state is
able to etch a gold target and catapult gold atoms onto the specimen and apply thin coatings
of a single atom layer with extreme purity.

II. 1. 0. Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) was used to observe Bio-S after its spontaneous
self-assembly into amyloid fibrils in nano-scale level.

TEM is an electron microscopy where a narrow high-energy focused electron beam is
transmitted through an ultrathin layer of a specimen. The signals of the interaction between
this electron beam and the sample are gathered by a special detector beneath the sample,
producing the sample’s outline topography and interior if it is thin and hollow. This electron
microscope provides big magnifications and captures high resolution and fine detail pictures,
as TEM owns the smaller de Broglie wavelength of electrons. Sample observation happens in
high vacuum chambers using special sample support meshes, called "grids".




A sample solution of 8ul was deposited onto a copper grid covered with carbon. The
sample solution was left onto the grid for 2 min and the excess solution was removed using a
filter paper. Subsequently, 8ul of 1% Uranyl acetate (for sample pH<7) negative stain was
applied, left for 3 min and the excess solution was removed using a filter paper.

IIl. 1. p. Functionalization with gold nanoparticles

Ni-NTA-Nanogold nanoparticle mixture was firstly sonicated for a few seconds. A sample
of 0,1mg/ml of Bio-S amyloid fibrils in 20 mM Tris pH:8 and 150 mM NaCl was prepared. Gold
nanoparticles solution in 10 times molar excess of amyloid fibrils was added to the Bio-S protein
sample. The mixture was incubated for 30 minutes at 4°C. The solution was then centrifuged in
Amicon centrifugal filters (30 kDa cut-off) to remove the unbound gold nanoparticles and the
isolated labeled protein conjugates were re-suspended to the initial concentration.

For TEM observation, 8ul of this solution was loaded onto a carbon coated EM grid, left
for 2 minutes and then was negatively stained with 8ul of 1% Uranyl acetate (for sample pH<7)
for 3 minutes. Control samples were also made of only Ni-NTA-Nanogold and only amyloid
fibrils in the same way and concentration, for comparison.




[Il. Results

lll. 1. Cloning

[Il. 1. a. PCR Product

Following the PCR cloning the two samples (including MetShafté1l gene), the control
sample and 2-log DNA ladder were loaded on a 1% w/v agarose gel for electrophoresis and the
evaluation of the PCR product. The gel’s red stain binds to the nucleic acid, gets excited by UV
radiation and makes the samples visible to the naked eye.

1 2 3 4

Figure 13: Electrophorised PCR products on 1% w/v agarose gel

Lanes: 1: Markers/DNA ladder + gel loading dye
2: control + gel loading dye
3:sample 1 + gel loading dye
4: sample 2 + gel loading dye

The PCR product of the 2 samples in lanes 3 and 4 are looking almost identical, presenting
both a big band of nucleic acid close to the expected desirable length (theoretical MetShaft61
gene length: 999 bases). This ensures that MetShaft61 gene was successfully amplified in both
samples. In the control sample, on the other hand, no distinguishable product seems to be
amplified, confirming the specificity of the process.




lll. 1. b. Double digestion reaction - cut products

Double digestion with restriction enzymes Xhol and EcoRI (HF) on both the PCR product
(MetShaft61 gene) and plasmid pET-28a-bio followed. The products were loaded on a 1% w/v
agarose gel for electrophoresis for the evaluation of the reaction as well as the extraction of
the clean DNA products.

1 2 3

Figure 14: Electrophorised PCR product and plasmid

Lanes: 1: Marker/DNA ladder + gel loading dye
2: PCR product digested gene (MetShadt61 gene) + gel loading dye
3: plasmid pET-28a-bio digested gene + gel loading dye

The digested gene of PCR product (MetShadt61 gene) in lane 2 shows an almost distinct
band close to 1k bases, close to the expected length (theoretical MetShaft61 gene length: 999
bases). The digested gene of plasmid pET-28a-bio in lane 3, appears as a very distinct solid band
migrating quite higher compared to the PCR product, corresponding to the vector nucleic acid
length. Unfortunately, the DNA ladder print is quite dim at this range of molecular mass and
fails to disclose the exact length of the plasmid digested gene. Nevertheless, the band looks
uniform and migrates in the expected length position , around 5k bases (pET-28a-bio plasmid :
5.4k bases).




ll. 1. c. Ligation products

After the extraction of both digested PCR product and Plasmid genes, ligation of the
nucleic acids with T4 ligase followed. For amplification and isolation of the ligated plasmid,
competent DH5a E. coli cells were transformed with the plasmid mixture and plated in a petri
dish with LB/agar and kanamycin. Incubation of 8 of the produced colonies and extraction of
the plasmids followed, using mini-preps. After digestion with the restriction enzymes, the gene
samples were loaded in a 1% agarose gel for electrophoresis. Samples with double bands in
their lanes would correspond to successfully ligated plasmids.

Figure 15: Electrophoresed products after ligation on 1% w/v agarose gel

Lanes: 1: Marker/DNA ladder + gel loading dye (GLD) 6: Marker/DNA ladder + GLD

2: ligation product from colony No.1 + GLD 7: ligation product from colony No.5 + GLD
3: ligation product from colony No.2 + GLD 8: ligation product from colony No.6 + GLD
4: ligation product from colony No.3 + GLD 9: ligation product from colony No.7 + GLD

5: ligation product from colony No.4 + GLD 10: ligation product from colony No.8 + GLD

Samples from colonies No. 2,6,7 and 8, corresponding to lanes 3,8,9 and 10 respectively,
appear as only one band in their lanes, around 5k bases, indicating the presence of only the
pPET-28a-bio plasmid and thus, unsuccessful ligation and insertion of the desirable gene. On the
other hand, ligated products from colonies No. 1,3,4 and 5, corresponding to lanes 2,4,5 and 7
respectively, appear as two bands; one around 5k bases, corresponding to the plasmid’s gene
and another one approximately to 1k bases, corresponding to the PCR product, indicating the
successful ligation and insertion of the desirable gene.




[Il. 1. Over-expression products

[ll. Il. a. Bio-S production

When optical density of cell culture was approximately 0,6, a sample was taken and
subsequently IPTG and biotin were introduced in the mixture and kept in the incubator at 37°C
for the over-expression of the protein. After 4 hours a sample was collected again and the cell
culture was centrifuged for the isolation of cells. Those two samples were loaded on a 7,5%
polyacrylamide gel for electrophoresis, in order to verify the successful over-expression and
production of the Bio-S recombinant protein.
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Figure 16: Bacterial cell protein production before and after IPTG induction. Electrophoresis on a 7,5% polyacrylamide gel

Lanes: 1: Marker
2: Before IPTG addition + SDS loading Buffer (SLB) / boiled
3: After 4 hours of IPTG induction + (SLB) / boiled

Lane 2 corresponds to the sample before IPTG addition and therefore no protein band is
observed at the expected height. In the sample after 4 hours of incubation with IPTG, in lane 3,
a band appears just around 37k Da that corresponds to Bio-S (Bio-S M:38,85882k Da),
indicating the successful production of the recombinant protein. The band is indicated by an
arrow.




. 1. b.Inclusion body washing

Before the dissociation of the inclusion bodies of Bio-S, inclusion bodies were washed
successively with 1M Urea, 1% Triton and 20mM Tris-HCl buffer. After every centrifugation and
reconstitution of inclusion body pellet, a sample was collected, mixed with SDS loading buffer
and boiled for 5min. Samples were loaded on a 7,5% polyacrylamide gel for electrophoresis, in
order to ascertain proper washing and removal of impurities.
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Figure 17: Inclusion body washing samples after electrophoresis on 7,5% polyacrylamide gel

Lanes: 1: Marker 5: Supernatant after Urea wash + SLB / boiled
2: Cell lysate + SDS loading buffer (SLB) / boiled 6: Cell pellet after Triton + SLB / boiled
3: Supernatant after centr. + SLB / boiled 7: Supernatant after Triton wash + SLB / boiled

4: Cell pellet after Urea wash + SLB / boiled 8: Supernatant after Tris-HCI buffer wash / boiled

The total mixture sample appearing in lane 2 shows the variety of bacterial proteins that
result after cell lysis. In the same lane, around 37k Da two closely migrating bands appear, one
corresponding to Bio-S and another one corresponding to an outer membrane protein
(assuming porin omp A, appears around 36k Da). Supernatant samples of each washing
corresponding to lanes 3,5,7 and 8 are indicating the proteins removed from the pellet after
every washing and centrifugation, including most of the outer membrane protein near Bio-S.
The protein pellet sample in lane 6 indicates significant purification compared to the cell lysate
(lane 2).




[ll. 1l. c. Protein purification

After the inclusion body dissociation with 6M Urea, the protein solution was loaded to a
Ni seeded NTA-sepharose column, left to interact and then washed twice. Elution of Bio-S
protein was induced by introducing imidazole solutions of 50mM, 100mM and 250mM in the
column and collecting the flow-through. Samples of collected elutions were mixed with SDS
loading buffer, boiled and loaded on a 7,5% polyacrylamide gel for electrophoresis, for
confirmation of successful purification.
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Figure 18: Electrophorised samples of purification process on 7,5% polyacrylamide gel

Lanes: 1: Marker 6: E1 50mM Imidazole + SLB / boiled
2: Cell lysate(Urea) + SLB / boiled 7: E; 50mM Imidazole + SLB / boiled
3: Flow-through + SLB / boiled 8: E3 100mM Imidazole + SLB / boiled
4: Wash 1 + SLB / boiled 9: E4 100mM Imidazole + SLB / boiled
5: Wash 2 + SLB / boiled 10: Es 250mM Imidazole + SLB / boiled

The sample before purification, appearingin lane 2, shows the presence of many proteins
in the mixture. In the same lane, around 37kDa two bands appear again, where one represents
Bio-S (Bio-S M\,:38,85882 kDa). After the solution interacts with the column, flow-through
sample in lane 3 shows the removal of some proteins, as with the two sequential washes
corresponding in lanes 4 and 5. Lanes 6 and 7 correspond to two elutions of Bio-S protein with
50mM Imidazole, where most of the protein seems to be eluted. Lanes 8, 9 and 10 show the
decreasing subsequent elution of the protein by two washes with 100mM and 1 with 250mM
Imidazole. Collected protein seems to be significantly purified.




[II. 1ll. Dot Blot for biotin detection

Small amounts of different concentrations of Bio-S were placed on forms of dots on a
PVDF membrane, as well as a dot of antibody to streptavidin conjugated with alkaline
phosphatase for positive control. The same antibody was introduced on the membrane, under
proper conditions, followed by the addition of NBT-BCIP in order to stain and verify the eventual
biotin attachment.

Figure 19: Immunostaining of different concentrations of Bio-S on PVDF membrane for biotin detection

Dots:  1:0,2mg/ml Bio-S
2:0,5mg/ml Bio-S
3: 1mg/ml Bio- S
4: 100mg/ml streptavidin alkaline phosphatase (antibody) — positive control

Staining of plain antibody streptavidin alkaline corresponding to dot No. 4 shows that the
darker and “bluer” the dot is, the more antibody was bound to the biotinylated protein. Gradual
increase of Bio-S concentrations corresponding to dots No. 1, 2 and 3 accordingly, shows the
gradual shifting from beige to blue, indicating the increase of antibody attachment and thus,
increase of biotin content. This result conforms the biotin attachment to Bio-S protein as well
as the direct correlation of Bio-S concentration to biotin concentration attached.




lIl. 1V. Immunological recognition through western blot

Figure 20 shows a Western blot of an electrophoresed polyacrylamide gel of Bio-S
sample, where the purified protein was transferred onto a PVDF membrane. Primary and
secondary (when required ) antibody-phosphatases were introduced to the membranes, under
proper conditions, followed by the addition of NBT-BCIP in order to stain and verify the
presence of histidine tag and biotin attachment.
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Figure 20: Immunostaining of Bio-S on PVDF membranes for biotin (left) and his-tag (right) detection

Lanes: 1: Marker 1: Marker
2: Test of another protein (ignore) 2: Test of another protein (ignore)
3: Bio-S + strept. Alk-pho/tase 3: Bio-S + mouse anti-his + anti-mouse Alk-pho/tase

In both biotin and his-tag detection blots, a distinct protein band appears just above 37k
Da, corresponding to the detection of both in Bio-S (Bio-S My:38,85 kDa), confirming the
successful and proper production of the recombinant protein with the additional
functionalities. Another faint band is noticeable, below 37k Da in both cases, attributed to a
degradation product of the protein from its C terminus.




[ll. V. Congo red stained amyloid fibrils of Bio-S

Purified Bio-S was left for more than a week in room temperature to form amyloid fibrils,
following dialysis. Congo Red solution was prepared by adding to it NaOH, and then mixed with
1mg/ml of Bio-S protein. After deposition and drying on a glass coverslip, the sample was
observed under an opticalstereoscope. Observation under crossed polarizers can unveil the
characteristic birefringence that amyloid fibrils exhibit once dyed by Congo Red, and verify their
formation.

Figure 21: Congo red stained amyloid fibrils of Bio-S under white (left) and polarized light (right)

Figure 22: Birefringence of Congo Red stained amyloid fibrils of Bio-S after exposure to polarized light

Comparison of the images with and without polarizer can clearly show the cyan-yellow
birefringence of the amyloid fibrils. Cyan-yellow colors can be, also, easily seen after
magnification in different positions in the sample, indicating the presence and formation of
amyloid fibrils.




[ll. VI. FESEM images — Conformation verification of amyloid fibril formation

lll. VI. a. Dehydrated amyloid fibrils of Bio-S

Samples of 1mg/ml of amyloid fibrils were deposited on glass coverslips and got
dehydrated using ethanol and HMDS. Coating of 15nm thick layer of Au was deposited on every
specimen using PVD sputtering method to make it conductive, in order to be observed in
FESEM.
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Figure 23: FESEM images of conformation of Bio-S amyloid fibrils (1mg/ml) after HMDS dehydration
Amyloid fibrils of Bio-S seem to aggregate into big solenoid crystal like structures with

smooth surfaces that in first glance do not resemble to the typical fibril like images. By
magnifying close to the surface of these structures, bloating and cracking of the surface was
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observed, due to the high energy electron beam radiation. These structures consist of small
individual fibrils that tightly entangle with each other in an unoriented conformation. This
happens during the dehydration process, which abruptly evaporates any trapped water

molecules, shrinking and gluing these small fibrils together, resulting into this homogenous
“nanosheet” formation.

lll. VI. b. Air dried amyloid fibrils of Bio-S

The same experiment was repeated after several weeks with samples of 1mg/ml of
amyloid fibrils deposited on glass coverslips that left to dry in a glass desiccator for several days.
Again, 15nm thick layer of Au was deposited on every specimen using the PVD sputtering
method, in order to be observed in FESEM.
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Figure 24: FESEM images of conformation of air dried mature Bio-S amyloid fibrils (1mg/ml) and their magnifications
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Figure 25: FESEM images of conformation of air dried mature Bio-S amyloid fibrils (1mg/ml)

Mature air dried amyloid fibrils of Bio-S protein seem to aggregate and form long, thread-
like structures. Sometimes these creating long-range conformations, occasionally reaching the
scale of millimeters. At first sight the magnitude and shape of these structures do not remind
the usual “randomly oriented” image of amyloid fibrils. Tight and complex entanglement of
smaller individual fibrils makes these structures look uniform with smooth surface. However,
magnifying the surface of these structures unveils the formation and complexity of individual
smaller fibrils.

The difference between those two conformations can be attributed mostly to the
conditions under which the drying process was carried out, firstly with successive rinses with
ethanol and then HMDS submersion for dehydration. Another factor contributing to this
difference could be the time period amyloid fibrils were left to mature.




[Il. VII. Transmission electron microscopy images

. VII. a. Amyloid fibrils of Bio-S

Samples of 8ul of 0,2mg/ml Bio-S amyloid fibrils were deposited onto a carbon covered
copper grid for 2 min with excess removed and negatively stained with 1% Uranyl acetate in
the same way for 3 min. After several days of air drying the samples were observed by TEM.
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Figure 26: TEM images of conformation of mature Bio-S amyloid fibrils (0,1mg/ml) on micro and nano-scale

Mature amyloid fibrils of Bio-S can be easily observed using TEM. Fibrils under TEM
observation appear to have the typical fibril like conformation. They seem to be highly packed
and entangled in some areas and demonstrate collective direction in other areas.




. VII. b. Bio-S amyloid fibrils functionalized with Ni-NTA-Nanogold

Bio-S amyloid fibrils were incubated with Ni-NTA-Au nanoparticle solution while the
unbound excess was removed with amicon filter centrifugation. Samples of 0,1mg/ml
functionalized Bio-S were deposited onto a carbon covered copper grid for 2 min with the
excess of the sample being removed and then further negatively stained with 1% Uranyl acetate
in the same way for 3 min. Samples were observed after several days by TEM.

Figure 27: TEM images of conformation of Bio-S amyloid fibrils (0,1mg/ml) functionalized with Ni-NTA-Au nanoparticles

The abundant presence of Au nanoparticles (small black dots) coinciding with the Bio-S
amyloid fibrils verifies their successful attachment on the protein. Magnifications on the
specimen show un-even disperse of gold nanoparticles on their surface, indicating specific
attachment of the nanoparticles on the amyloid fibrils through the histidine tag.




[1l. VII. c. Ni-NTA-Gold nanoparticles

Ni-NTA-Gold nanoparticles corresponding to the amount used to functionalized
0,1mg/ml Bio-S amyloid fibrils were deposited onto a carbon covered copper grid for 2 min
with excess removed and left to air dry for several days before observed by TEM.

Figure 28: TEM images of unbound Ni-NTA-Au nanoparticles

Gold nanoparticles show to be evenly dispersed everywhere on the grid, indicating
random distribution on it. This verifies the specific attachment of Ni-NTA-Au nanoparticles on
the Bio-S amyloid fibrils and their successful functionalization.




I\V/. Conclusions

The present work aimed at the design, production and characterization of a new
recombinant protein, named Bio-S, towards its development as a multifunctional scaffold
suitable for biological applications. The design of this protein was based on an already well
studied protein MetShaft61, inspired from the fiber of Adenovirus type 2, that can produce
stable amyloid fibrils. Taking advantage of this ability, in combination with the introduction of
a histidine tag and a biotin binding sequences in its construct, Bio-S can form amyloid fibrils
able to be functionalized with a wide range of desirable decorations on their surface.

The expression and production of this protein’s gene was successfully achieved by
inserting the PCR amplified gene of MetShaft61 in pET-28a-bio plasmid. Transformation with
the ligated plasmid and BirA plasmid of E. coli cells, their proper incubation with the subsequent
induction with IPTG, by the presence of biotin, and their lysis, resulted to the heterologous
overexpression and production of Bio-S.

Due to the abundant overexpression rate and aggregating nature of the construct, the
expressed protein is stored within the bacterial inclusion bodies. Washing of proteins’” inclusion
bodies and their subsequent dissociation was achieved by introducing them to Urea solutions
with different concentrations. Protein isolation and purification was completed through
successive washing and elution using affinity chromatographic material, based on his-tag’s
affinity to Ni%*. Amyloid fibril formation was favored after removing the denaturing agent (urea)
from the protein solution through dialysis.

The presence of Biotin and histidine tag was verified through the methods of dot blot and
western blot, where immuno-staining recognition confirmed their presence. Amyloid fibril
formation was firstly indicated by the birefringence that the protein solution exhibited
following staining with Congo Red. FESEM observation of Bio-S confirmed the presence of long
fibril conformations of tightly packed and highly entangled individual amyloid fibrils of the
protein. Moreover, the formation of “nanosheet” conformations was also suggested from the
FESEM images. Images of amyloid fibrils of Bio-S observed under TEM microscopy sheds light
to the arrangement and details of conformation of these structures.

Comparison of functionalized amyloid fibrils with Au nanoparticles to non-functionalized
and plain/pure Au nanoparticles, proved the successful specific attachment of Au nanoparticles
on amyloid fibrils and therefore their functionalization.




V. Future work

Future work of this project would aim to form proper scaffold structures out of Bio-S
amyloid fibrils, from methods like freeze-drying or electrospinning. Cell cultivation on these
scaffolds and checking of their biocompatibility through tests of cell viability should also be
examined. More characterization experiments like mechanical and chemical characterization
of the amyloid fibrils should also be conducted for the better understanding of the limitations
of the use of this material.

Furthermore, functionalization with more diverse decorations can allow the use of Bio-S
amyloid fibrils to a wide range of possible applications. Such applications includes development
of biocompatible scaffold that carries therapeutical proteins, drugs signaling molecules on its
surface through biotin, streptavidin or his-tag conjugation. Other possible applications include
engineering of metal binding scaffolds or the attachment of growth factors towards the
development of fibrillar nanosheet scaffolds that can trigger and/or regulate specific cell
responses.
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