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Abstract

The y-secretase (GS) complex is critical for regulating the processing of amyloid precursor
protein (APP), which is intricately associated with the development of Alzheimer's disease
(AD). The presenilin-1 (PS1) subunit, central of GS, contains the catalytic core necessary
GS's proteolytic activity. Understanding PS1's structural and functional dynamics within the
GS is crucial for elucidating PS1's role in AD.

Recent developments in protein engineering, especially the site-specific incorporation of
unnatural amino acids (UAAS) like p-Benzoyl-L-phenylalanine (pBpa) through genetic code
expansion, have improved the capacity to examine these dynamics. pBpa, can form covalent
bonds with nearby residues when activated by ultraviolet (UV) light making it essential for
investigating protein interactions and conformational changes.

This study aims to develop a Cell-Free Protein Synthesis (CFPS) system to incorporate the
pBpa at the 190th amino acid position in PS1 using an amber stop codon and an orthogonal
aminoacyl-tRNA synthetase (aaRS)/tRNA pair within an E. coli lysate-based CFPS system.
This includes designing and optimizing of DNA templates, preparing of the required
components, and refining of the CFPS system for efficient protein labeling and expression.

Methanococcus jannaschii tyrosyl-tRNA (tRNAcua®™) was produced in BL21 Star™ (DE3)
and isolated using the phenol-chloroform extraction method. Modified Methanococcus
jannaschii tyrosyl-tRNA synthetase (Bpa-RS) was expressed in BL21y::DE3 and purified
using immobilized metal affinity chromatography (IMAC). The CFPS system was optimized
using enhanced green fluorescent protein (eGFP) as a reporter. Agarose gel electrophoresis,
sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and western blot
were used for analysis.

Key plasmids and proteins for CFPS system were successfully verified. Double digestion and
electrophoresis verified the existence of the Bpa-RS, tRNAcua®", PS1-N190-amber, and GFP
genes. Bpa-RS and TEV protease were successfully expressed and purified with the correct
size bands verified by SDS-PAGE and western blot. The optimal volume ratio of Bpa-RS to
TEV protease was established for effective His-tag cleavage. tRNA was effectively expressed



and isolated. The truncated PS1 version resulted from the CFPS system, indicating a need for
further optimization to incorporate pBpa efficiently.

Key aspects of the CFPS system for PS1 protein synthesis, including plasmid verification,
expression and purification of Bpa-RS, tRNA isolation, and plasmid amount optimization,
were successfully addressed in this study. However, further optimization is required in order
to yield full-length PS1. The outcomes underscore CFPS's potential in protein synthesis and
its applications in drug discovery, industrial biotechnology, and synthetic biology, especially
in developing treatments for diseases like AD.

This study was conducted in the laboratories of the Centre for Structural Systems Biology
(CSSB) in Hamburg, Germany, from October 2021 to June 2022, with funding from the
Palestinian-German Science Bridge (PGSB).

Key words: y-secretase, presenilin-1, p-Benzoyl-L-phenylalanine.
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Chapter One: Introduction

This chapter introduces the research topic and provides the necessary background
information to understand the study and its key aspects. Also, it defines the research
objectives. This section is laying the groundwork for an obvious understating of the scope
and importance of the study. This chapter will address the research problem, the study's
objective, the specific goals, research questions, and the hypotheses that underpin this
research. The significance and impact of research will be highlighted. Key terminology will

be defined.

The topic in general term

Designing a small-scale cell-free protein synthesis system (CFPS) of protein synthesis for a
photo reactive amino acid site- specifically incorporated, namely p-Benzoyl-L-phenylalanine

(pBpa), at presenilin-1 (PS1) sequence.

Briefly description of the research topic:

Site-specific incorporation of unnatural amino acids into proteins through CFPS is an
efficient and less expensive means which enables precise protein structural modifications for
a range of scientific purposes, among them the study of protein function and interactions
(Majekodunmi et al., 2024). Recent studies show many advantages of CFPS compared with
in vivo systems. The CFPS is a fast method that yields recombinant protein due to the open
environment, which means first, to get high-throughput protein, there is no need to clone the
gene and to do many steps that consume the time. Second, fast expression of recombinant
proteins in just a few hours using the appropriate DNA templates. Third, there is no need to
think about the transportation of the unnatural amino acids (UAA) and their cytotoxicity (L.
Zhang et al., 2021). Moreover, CFPS, especially Escherichia coli (E. coli) systems for the

recombinant proteins, have more advantages over in vivo systems (Smolskaya et al., 2020).



In this study, a CFPS system will be designed to introduce pBpa, which is a photoreactive
amino acid called at a specific site of PS1 using the expanded genetic code. This approach
requires a unique codon (the amber codon), which is the least-used stop codon in E. coli.
UAA is reassigned at the amber codon using an engineered pair of orthogonal aminoacyl-
tRNA synthetase (aa-RS) and its corresponding tRNA. This aa-RS and its tRNA pair were
designed to precisely identify and attach UAA to tRNA, that subsequently incorporates the
UAA at the site of amber codon during the translation process. The final expected product is

an insoluble, full-length PS1-mutant, that has photocross-linker UAA, pBpa.

CFPS systems of UAAs site-specific incorporation face the problem of the endogenous
competition of the natural amino acids because the rate of the incorporation of UAAs charged
orthogonal aa-RS is slow, leading to disincorporation of the endogenous aa-RS and resulting
in a truncated protein because the codon is recognized as a stop signal in the translation

process (Cui et al., 2020).

When the unnatural amino acid pBpa site-specific is incorporated successfully into
recombinant proteins, it will help photocross-linking which studies and helps in mapping and
identifying the structure of proteins like y-secretase (GS) and its subunits (Hino et al., 2005).
GS plays a key role in producing the amyloid beta-protein (AB) by cleaving the amyloid
precursor protein (APP) (Zhang et al., 2023). A decrease in the GS activity leads to AP
accumulation in the brain, a hallmark for Alzheimer's disease (AD) (H. Zhang et al., 2021),
this highlight the importance of studying this enzyme's complex and structure.
Photocrosslinking can be combined with mass spectrometry (MS) and other techniques of
structural biology to obtain a deeper understanding of the enzyme’s complex, function, and

potential drug targets in the enzyme (Leitner et al., 2016).



The research problem

The main challenge of this study is to successfully establish a CFPS system capable of

incorporating a photo-crosslinker unnatural amino acid, pBpa, at the 190" amino acid

position of PS1 (as a test case) using a specific orthogonal pair of aa-RS and its

corresponding tRNA (Bpa-RS and tRNAcua®"), alongside with the strategy of using an

amber codon to mediate the site-specific introduction of UAA into the protein sequence

within an E. coli lysate. So the research questions are:

1.

3.

4.

Is it possible for Bpa-RS and its tRNAcua®" to effectively facilitate the pBpa
incorporation into the target site of the PS1 sequence?

How effective is the protein expression system when using the photocross-linker
UAA to produce full-length PS1?

What is the efficiency of the IMAC purification protocol to isolate pure Bpa-RS?

How effective is the phenol-chloroform extraction method to isolate tRNA?

Obijectives of the study

Many goals have to be achieved to solve the study's problem.

Gene conformation and testing the transformation efficiency of plasmids

Confirm the presence of the essential genes for the experiments (Bpa-RS, tRNAcua®",
PS1-N190-amber, and GFP gene) within their plasmids.

Test the effectiveness of the plasmid transformation on their host cells.

Perform double digestion using the appropriate restriction enzymes, followed by

agarose gel electrophoresis to verify the plasmid content.

Plasmid extraction and the alcohol precipitation of DNA

Extract the target plasmids using the extraction protocols of the Plasmid Kit Jel Gene
mini prep and Plasmid Kit Jel Gene maxi prep.

Determine the concentration of DNA using a nanodrop device (A260/A280 ratio).



Concentrate the DNA using the alcohol precipitation protocol.

Expression and isolatation of tRNA

Induce the expression of tRNA by 0.02% arabinose and express within BL21 Star™
(DEJ) E. coli.

Isolate tRNA by the phenol-chloroform extraction method.

Determine the concentration of tRNA using a nanodrop device (A260/A280 ratio).
Conduct urea polyacrylamide gel electrophoresis (UREA-PAGE) to confirm the

purity of tRNA.

Induction and expression of target proteins

Express and induce the proteins under the study (Bpa-RS and TEV protease).

Ni-Indigo purification and dialysis for proteins under the study

Purify Bpa-RS and TEV protease by IMAC technique.

Perform dialysis with the appropriate solutions, pH, and temperature conditions.

Detection of protein presence and purity

Conduct SDS-PAGE to determine the presence and purity of protein.

Follow up with western blotting and Coomassie blue staining.

. Characterization of CFPS for the production of pBpa Photo-labeled PS1

Construct an effective CFPS system for the synthesis of PS1 mutant.

Apply a continuous exchange (dialysis) approach for CFPS.

Evaluate the performance of three different setups: The pET15b-PS1 plasmid with
orthogonal Bpa-RS and its corresponding tRNA, the pET15b-PS1-N190 with
orthogonal Bpa-RS and its corresponding tRNA, and a control group.

Analyze the expression of protein using SDS-PAGE and western blot



8. Optimization of CFPS for production of pBpa Photo labeled PS1 and quantification
by eGFP

e Determine the optimal plasmid amount for expression using the pET28a-GfP-PS1
plasmid and test different plasmid concentrations ranging between 0.6 and 1.5 ug.

e Set up a calibration curve for eGFP quantification using 10-fold serial dilutions of
eGFP.

e Use a fluorescence plate reader to determine the fluorescence intensity of the samples

of eGFP.

Hypothesis

This study hypothesizes that pure Bpa-RS is expected to be obtained after applying the IMAC
purification and following the protein expression protocol. the suppressor tRNA is also

expected to be isolated after using the phenol-chloroform extraction method.

Moreover, the site-specific incorporation of pBpa at the 190" site of the PS1 sequence, using
the desired mutant of Bpa-RS and its tRNA pair into E. coli cell lysates, will successfully
produce an insoluble, pure, folded, and full-length PS1 mutant with the photocross-linker

unnatural amino acid, pBpa.

Briefly description of Methodology:

Both quantitative and qualitative research methodologies will be followed in this study. All
methods are needed to achieve the study objectives described in the methodology chapter. In

summary, the methods will be used to achieve the study objectives.

1. CFPS reaction in a continuous exchange (Dialysis):

The simplicity of the dialysis E. coli CFPS system makes them the most commonly used for

protein production that contains the essential components of the translation machinery.

2. Phenol/chloroform RNA extraction method



To separate and purify RNA from BL21 Star™ (DE3) using this method by adding acidic

phenol to a sample containing the nucleic acid.
3. sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
The separation of proteins will have been done based on proteins' molecular weight.
4. IMAC purification of His-tagged proteins

After the expression of the protein in Escherichia coli, a technique gives high purity for the

protein by binding to the IMAC resin.
5. Western blotting

Technique for interest protein detection using specific antibodies and analysis after transfer of

the denatured proteins by SDS-PAGE into a Polyvinylidene fluoride (PVDF) membrane.
6. Electrophoresis

A method used to separate DNA and RNA with different sizes.

For the results, they will be analyzed by

1. Western blot analysis using specific antibodies for detection of the protein of interest.
The analysis of data is quite easy by comparing the bands of protein to molecular
weight markers depending on size, and the target protein could be known according to
its size. The bands with unexpected sizes or multiple bands for one sample are
considered as wrong data. The intensity of the band shows the amount of protein.

2. Coomassie brilliant blue stain to make the proteins separated by SDS-PAGE visible as
bands, and according to the molecular weight markers used in the SDS-PAGE, the
protein under interest will be detected, and this method helps to examine the purity

level of the protein after IMAC.



3. Gel electrophoresis technique, which uses an RNA or DNA ladder containing RNA or
DNA fragments of known lengths, the samples of interest could be known.

Key Terminologies

Amyloid Plaques:

Abnormal accumulation of amyloid-beta (Ap) protein that aggregates between neurons in the

brain interferes with communication and harms cells.
y-secretase (GS) complex:

An intramembrane multi-subunit protease complex which is highly conserved and
responsible for integral membrane protein cleavage that influences many biological

processes.

Notch Signaling Pathway:
A cell signaling mechanism that controls cell proliferation, differentiation, and survival in
multicellular organisms. Notch signaling impacts various developmental and adult processes,

such as neurogenesis.
Alcadein:

A protein played in neuronal functioning and development. GS processes this protein. It plays

a role in synaptic function and is associated with neurodegenerative disorders.
TREM2 (Triggering Receptor Expressed on Myeloid Cells 2):

A receptor implicated in immunological responses, specifically microglial activation, which
has been connected to many neuroinflammatory conditions and AD. TREM2 is processed by

GS, which influences interactions of neuroimmune.



Tyrosinase:

An enzyme plays a role in the production of pigment, specifically melanin. GS processes

tyrosinase. This affects pigmentation and associated biological functions.

Amyloid Precursor Protein (APP):

A transmembrane protein cleaved by GS. After cleavage, it produces amyloid beta (A)

peptides. They aggregate to form plaques in AD.

AP40 and AB42 amyloid beta:

Amyloid beta peptide variants, which are produced by cleavage of GS. AB42 is more likely to

aggregate, and this leads to formation the amyloid plaques, which is a halimark of AD.
Non-Amyloidogenic Pathway:

One of the APP processing pathways that prevents the amyloid beta peptide formation. a-
secretase cleaves APP to create sSAPPa and C83 in this pathway, which GS then processes

into P3 peptides and the APP intracellular domain (AICD).

Amyloidogenic Pathway:

A APP processing pathway where B-secretase (BACE1) breaks down APP, producing sAPPf
and C99. sAPPp and C99 are subsequently cleaved by GS to produce AP peptide variants,

such as the pathogenic AB42, which is linked to AD.

a-Secretase:

An enzyme breaks down APP in the non-amyloidogenic pathway to create SAPPa and C83.

B-Secretase:

In the amyloidogenic pathway, -Secretase is an enzyme that cleaves APP, producing soluble

APPp and C99. APPP and C99 are further broken down by GS. This produce A peptides.

8



Presenilin 1 (PS1):

A central catalytic unit of the GS complex. This unit is believed to be the responsible for the

cleavage of APP and other substrates.

AICD (APP Intracellular Domain):

A fragment generated from APP cleavage by GS. AICD has roles in gene regulation and

cellular signaling.
Presenilin Enhancer-2 (Pen-2), Nicastrin (NCT), anterior pharynx-defective 1 (Aph-1):

GS complex's components that aid in its formation and function. Stability of the complex and

its activity may be affected by alteration in any of these subunits.

Neurotoxicity:

Toxic effects on neuron are often induced by the buildup of AP peptides in AD. This leads to

damage and death to neurons.

Photoaffinity Labeling:

A method employs chemical probes to bind to a target protein specifically. A photoactive
group forms a covalent bond with the target protein upon exposure to UV light, allowing

analysis and identification of the target protein.

Unnatural Amino Acids (UAAS):

Synthetic amino acids with a chemical structure distinct from the 20 natural amino acids.

pBpa (p-benzoyl-p-phenylalanine):

An unnatural amino acid used in photo-crosslinking research.

Cryo-Electron Microscopy (Cryo-EM):



A technique that determines of the 3D structures of proteins and complexes at near-atomic

resolution.

X-ray Crystallography:

A method used for determining the atomic structure of a protein by examining the X-rays

diffraction pattern created when X-ray pass through a crystallized protein sample.

Mass Spectrometry:

An analytical technique used for determining an ion's mass-to-charge ratio.

Site-Directed Mutagenesis:

A method for studying the function of individual amino acids or protein domains by

introducing specific changes into a gene sequence.

Genetic Code Expansion (GCE):

A technique of incorporating UAASs into proteins in order to extend the standard genetic
code. It employs orthogonal aminoacyl-tRNA synthetase and tRNA pairs to insert UAAs at

designated codons in the protein sequence.

Orthogonal Aminoacyl-tRNA Synthetase (aa-RS):

An engineered enzyme designed to identify and attach a particular unnatural amino acid
(UAA) to its matching tRNA, enabling the UAA to be integrated into a protein at the target

site.

Amber Stop Codon (UAG):

A termination codon (UAG) is typically employed to signal the end of protein synthesis.

Cell-Free Protein Synthesis (CFPS):

10



An in vitro protein production method and a controlled environment for protein expression
and manipulation that employs the cellular machinery extracted from cells to produce

proteins outside of a living organism.

Transcription and Translation:

The processes by which genetic information encoded in DNA is transformed into proteins.
Transcription is the process of the synthesis of messenger RNA from DNA, while translation

is the process which by which ribosomes synthesis of proteins from mRNA.

11



Chapter Two: Literature Review

Gamma-Secretase: A Crucial Intramembrane Protease

GS is a transmembrane enzyme, consists of PS1, nicastrin (NCT), anterior pharynx-defective
1 (APH-1) and presenilin enhancer 2 (PEN-2) (Kedia et al., 2021) (Fig. 2.1). These
components cross-regulate each other, and the absence of one destabilizes others and alters
their cellular trafficking. The overexpression of all four components increases the activity of
this enzyme (Zhang et al., 2014). The total size of the GS complexes is approximately 230

kDa, and the glycosylation mass of NCT ranges from 30 to 70 kDa (Zhang, Li, Xu, & Zhang,

i

Presenilin Nicastrin Aph-1 Pen-2

2014).

Figure 2. 1. Components of the GS complex and their membrane topology.
(Modified from Wolfe & Miao, 2022).

PS1 is the core catalytic unit within the GS complex, pivotal in the cleaving of
transmembrane proteins like APP and the Notch receptor (S. Zhang, Zhang, Cai, & Song,
2013). Mutations in PS1 are linked to onset forms of FAD at an early age (Berezovska et al.,
2005). Such mutations typically alter the production of AP peptides, favoring the formation
of the AB42 form (Verdile, Gandy, & Martins, 2007). Recent research suggests that PS1
serves a variety of functions, not all of which rely on the proteolytic activity of GS. These

activities include roles in B-catenin signaling regulation, protein trafficking, calcium
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homeostasis, and turnover, highlighting PS1 and GS as promising drug targets for AD and

possibly other conditions (Oikawa & Walter, 2019).

This enzyme is a highly conserved intramembrane protease that participates in many critical
biological activities through cleaving functionally important proteins (Fraering, 2007). GS is
essential for the Notch receptor-mediated signaling pathway, which is important for
regulating cell differentiation processes in all multicellular organisms, from embryogenesis
through adulthood (van Tetering & Vooijs, 2011). GS also processes proteins such as
alcadein, TREMZ2, and tyrosinase, each involved in many biological functions, including

neural development, pigmentation, and immune response (Zhang et al., 2014).

GS contributes to APP processing. There are two main pathways for APP processing: The
non-amyloidogenic pathway and the amyloidogenic pathway (Zhou et al., 2018) (Fig. 2.2. A
& B). In the non-amyloidogenic pathway, a-secretase cleaves APP initially, yielding sAPPa,
a soluble fragment, and C83, a membrane-bound fragment (Chow et al., 2010). Subsequently,
GS processes C83, generating P3 peptides and the non-pathogenic APP intracellular domain

(AICD) (Urban et al., 2021) (Fig. 2.2.A).

In contrast, in the amyloidogenic pathway, AB peptides are produced, which are associated
with AD (Wang et al., 2017). APP is cleaved by B-secretase, producing sAPPp, a soluble
fragment, and C99, a membrane-bound fragment. Subsequently, GS cleaves C99 into various

lengths of AP peptides (AB40, AB42, and others) and AICD (Fig. 2.2.B).

While APP is necessary for neurons to develop, communicate, and maintain their health
(Zhou et al., 2011), certain types of amyloid, especially Ap42, can become harmful (Vadukul
etal., 2017). Because AP42 is longer than the more common AB40 and tends to clump

together, it is more toxic to the brain (Murphy & LeVine, 2010).
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Normally, the brain has systems to remove excess amyloid and preserve balance (Tarasoff-
Conway et al., 2015). In AD, these mechanisms malfunction, causing plaque to form. When
AP42 builds up, it creates small aggregates called oligomers. These oligomers are thought to
be extremely toxic because they interact with surrounding brain cells, reducing their
functionality and accelerating the disease's progression. Eventually, these oligomers unite to
form dense, insoluble plagues that impair cell communication, induce inflammation, and

cause damage to cells (Roda et al., 2022).

Several pathological processes in AD are linked to the accumulation of AB42, including
neurotoxicity, inflammatory responses, vascular damage, and the formation of amyloid
plaques (Nasb et al., 2024). The amyloid plaques interfere with neuronal transmission and

cause cognitive decline (Hampel et al., 2021).

A B
sAPPg SAPPf
c-secretase p-secretase
-— — AB»
P3
Aou

| |
APP

ACID APP ACID

Non-amyloidogenic Amyloidogenic

Figure. 2. 2. Two main pathways for APP processing:
(A) The non-amyloidogenic pathway. (B) The amyloidogenic pathway.
(Modified from Y. Zhao et al., 2022)
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Integrating Site-Specific Incorporation of Unnatural Amino Acids with Genetic Code

Expansion

Several techniques have been employed to study the molecular architecture of GS, including
Cryo-EM (Yang et al., 2021) (Yang, Zhou, & Shi, 2017), X-ray crystallography, biochemical
and biophysical methods (Wolfe, 2013), site-directed mutagenesis (Kornilova, Bihel, Das, &
Wolfe, 2005), nuclear magnetic resonance (Li, Liew, Li, & Kang, 2016), spectroscopy (Li et
al., 2016), and computational modeling and molecular dynamics simulations (Aguayo-Ortiz,

Chévez-Garcia, Straub, & Dominguez, 2017).

Chemical probes, particularly through photoaffinity labeling, allows for the site-specific
tagging of proteins, is providing practical and valuable insights into the mechanistic and
structural aspects of GS (Smith & Collins, 2015). A photoaffinity probe typically consists of
three components: A ligand that binds to the target protein, a photoactive group which
covalently reacts with the target upon UV irradiation, and a reporter that is used to isolate the
target complex. The ligand guarantees specificity by identifying and binding to the active site
or other region of the target protein. UV light activates the photoactive group, typically
diazirine or benzophenone. This leads the group to form a covalent bond with nearby amino
acid residues. Lastly, the reporter—such as a biotin or fluorescent tag, for example —allows
the target protein and its interacting partners to be purified and analyzed afterward (Nie et al.,

2020).

By coupling photoaffinity labeling with the incorporation of UAASs into proteins, researchers
can create extremely specific probes to investigate GS (Smith & Collins, 2015). Moreover,
the use of photoaffinity probes in combination with UAAs creates novel avenues for studying
protein-protein interactions, protein conformational changes, and the effects of small

molecules on enzyme activity (Smith & Collins, 2015). Recent advancements in mass
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spectrometry (Li et al.) and other analytical methods have further expanded the capabilities of
photoaffinity labeling, enabling the characterization of intricate protein complex and the

high-resolution identification of labeled sites (Petrotchenko & Borchers, 2022).

Peter G. Schultz and his team successfully demonstrated that GCE for incorporating UAA
could work efficiently in E. coli and eukaryotic cells. They incorporated successfully an
UAA into a specific protein using the amber stop codon and an O-aaRS and its corresponding
tRNA system. The technique has been further developed and widely applied in protein
engineering, protein studies, biopharmaceutical development, and designing proteins with

novel functions(Wang et al., 2001).

Unnatural Amino Acids

UAA:s are artificial analogs of natural amino acids with special chemical characteristics that
are not found in nature, such as fluorescent tags, reactive moieties, metal-binding sites, and
photo-cross linkers (Guo & Cao, 2024). They play a crucial role in studying protein
dynamics, interaction, and structure. This process aims to improve stability, increase
therapeutic efficacy, alter catalytic activity, and reduce immunogenicity. They can be
incorporated into proteins at desired positions, facilitating the production of proteins with
novel functions and properties and the development of novel protein-based therapies (Lee et

al., 2019; Young & Schultz, 2010).

The synthesis of some unnatural amino acids starts with a modification of the side chain or
the backbone of a natural amino acid. Organic backbone blocks, like aldehydes, could serve
as the starting point for the synthesis of new UAAs. The choice of the precursor depends on
the structure and properties of the targeted UAA (Castro et al., 2023). For example, pBpa is a

widely used UAA (Information, 2024) (Fig. 2.3).

p-Benzoyl-L-phenylalanine (pBpa)
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pBpa is synthesized by attaching a benzoyl group to the para position of L-phenylalanine.
Through this modification, photo-crosslinkable properties were imparted to the resulting
amino acid, pBpa (Kauer et al., 1986). With regard to photo-crosslinking research, this
modification is essential because it enables pBpa to form covalent bonds with nearby
molecules when exposed to UV light (Forné et al., 2012) (Fig. 2.4). Umanah et al.
incorporated successfully pBpa into G Protein-coupled Receptor. This strategy enables site-
specific photo-crosslinking to investigate the receptor interactions and conformational
changes. This approach offers valuable insights into G Protein-coupled Receptor structure

and function (Umanabh et al., 2009).

0

Bpa HEN O ' O
HOOC

Engineered tRNA
& tRNA synthetase

B ]
mRNA 5’—#22_
Stop

‘ Translation
Bpa

Figure 2.3. Photo-crosslinking with a genetically encoded unnatural amino acid.

aa-tRNA

The photo-crosslinkable amino acid pBpa, and how it incorporates in the amino acid
sequence of protein using the GCE strategy.

(Modified from Forné et al., 2012).

Site-Specific Incorporation of Unnatural Amino Acids and Genetic Code Expansion

Site-specific incorporation of UAAs is a specialized method in protein engineering that
enables the exact introduction of UAAs into particular sites within a protein’s sequence. This

technique allows the production of proteins with particular chemical or structural properties
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for research and therapeutic applications. Moreover, this technique facilitates the study and
manipulation of detailed aspects of protein function, structure, and interactions (Peeler &
Mehl, 2012). GCE is employed to achieve this level of precision. GCE is a technique that
directly enables the insertion of UAAs into proteins in cell-free systems or living organisms.
This technique extends the genetic code to add new chemical properties to proteins at

targeted sites (Guo & Cao, 2023).

"‘Pa." y.é_f

Or

--3 Sﬂnm [ﬁ? .

Figure 2.4. Photoactivation of Bpa by UV light.
(Modified from Forné et al., 2012).

GCE provides the essential framework and tools to incorporate UAAs at the target sites
within proteins through several strategies, one of them is the amber suppression strategy. This

is how this strategy works:
A. Orthogonal aa-RS and tRNA Pair

The development of an orthogonal aa-RS and tRNA pair is the foundation of GCE. The
creation of an orthogonal aa-RS and tRNA allows UAAs to be precisely incorporated into
proteins (Melnikov & S6ll, 2019). Methanocaldococcus jannaschii, a thermophilic
methanogenic archaean which thrives in extreme conditions, plays an important role in GCE
by providing unique aa-RS and tRNA pairs (Wals & Ovaa, 2014). These orthogonal pairs are
particularly designed to avoid cross-reacting with the native translation machinery of the host

(Patel et al., 2024) (Fig. 2.5).
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In E. coli expression systems, the natural ability of Methanocaldococcus jannaschii to
incorporate tyrosine at UAG codons is modified for the precise insertion of UAAs (Wals &

Ovaa, 2014).

UUA
O;{'shg ?qrf' aminoacylation of

Genetically
encoded UAA

Translation

Figure 2.5. Genetic code expansion by orthogonal aa-RS /tRNA pairs. (Modified from Patel et
al., 2024)

The components of this system consist of:

1. aa-RS: This specific enzyme is engineered to identify and attach a UAA to its
appropriate tRNA. This enzyme is designed to avoid interaction with the host's
endogenous amino acids through strategies like directed evolution (Fig. 5). This
ensures that aa-RS preferentially binds UAA, activates it, and does not interfere with
natural amino acids that are needed by the host for protein synthesis (Lee et al., 2024)

(Fig. 2.5).
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2.

tRNA: This tRNA is made to be detected by the orthogonal aa-RS and to integrate the
UAA at the target site in the protein, directed by its anticodon sequence (Kim et al.,

2024) (Fig. 2.5&2.6&2.7).

Genetic code Endogenous Sup-tRNA
expansion translation function

Noncanonical Canonical e
amino acid amino acid

Orthogonal Endogenous
aminoacyl tRNA aminoacyl tRNA
synthetase synthetase \

=
[ e |
Orthogonal cross react Engineered
nonsense Erdoasiie nonsense
suppressor {RNA suppressor
tRNA tRNA
/j\,

|

Figure 2.6. Genetic code expansion. (Modified from Porter et al., 2021).

B. Amber Stop Codon (UAG)

The optimal choice for GCE experiments is the amber stop codon (UAG), which is normally
a signal for stopping protein synthesis (Niki¢-Spiegel, 2020) and is less frequent compared to
the other two stop codons (Belin & Puigho, 2022). In GCE, the amber codon serves a
different purpose (Niki¢-Spiegel, 2020). Specifically, a mutation is induced at a specific site
in the protein's DNA sequence to change a sense codon to an amber codon. When this amber
codon is encountered, the orthogonal aa-RS/tRNA pair recognizes the UAG and incorporates
the UAA instead of terminating translation. The result is a protein with the UAA inserted at
the desired site (Porter et al., 2021) (Fig. 2.5 to Fig. 2.8). The efficacy of genetic code
expansion was improved, and the selectivity of structural modification of proteins was

increased by using the amber codon strategy (Bartoschek et al., 2021).
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Figure 2.7. The applications of suppressor tRNAs and their function in translation.
(A) Mechanism of genetic code expansion.
(B) Premature termination codons (PTCs).
(C) Rescue of full-length protein expression.

(Modified from Porter et al., 2021).

C. InVivo and in Vitro Applications of Genetic Code Expansion

GCE is a flexible technique that can be used in both living organisms and CFPS systems. The
choice between in vivo and in vitro systems depends on the properties of the protein, UAA,

and the particular application under study (Guo & Cao, 2024).
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Figure 2.8. The site-specific incorporation of pBpa into Ste2p using an orthologous tRNA/aa-
RS pair. (Modified from Umanah, 2009).

In Vivo Applications

UAA is incorporated into proteins during natural cellular processes using living organisms
such as genetically modified E. coli. This approach utilizes the internal machinery of the host
organism, which includes the aa-RS and tRNA pairs. These orthogonal components are
engineered to be expressed in E. coli and other host organisms, and the UAASs are supplied to
the media of cells. This engineering facilitates the GCE and allows for the study of protein
structure, interactions, and function within a biological framework (Guo & Cao, 2024) (Fig.
9).

In Vitro Applications

In vitro applications utilize CFPS systems, where essential cellular components are extracted
from organisms to carry out protein synthesis in a cell-free environment. CFPS systems offer
a versatile and controlled environment which can directly manipulate the components of the

transcription and translation processes.
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Figure 2.9. A schematic of UAA incorporation method. ( Modified from Zhao & Liu, 2023).

This approach enables the rapid and scalable synthesis of proteins, including the integration
of UAAs, without the limitations of in vivo systems. CFPS systems are particularly effective
for conducting structural analyses and studying protein folding and function. Moreover,
CFPS are also useful for producing toxic proteins and the proteins that are hard to express in

an in vivo environment (Khambhati et al., 2019) (Fig. 2.10).
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Figure 2.10. The CFPS system as a platform for basic scientific research, preliminary
screening and related applications.(Modified from Zhang et al., 2021).

Cell-Free Protein Synthesis (CFPS) System

Amino acids

The CFPS system is an effective and flexible technology for protein production without the
need for living cells. The essential cellular components are extracted from cells (E. coli) to

produce the protein in vitro (Fig. 2.10) (Zhang et al., 2021).

1. Key Components of CFPS

This system utilizes the critical components of the cellular machinery to produce proteins

directly in a test tube. The following are the key components of a CFPS system (Fig.

2.10&2.11):
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1. Cell Extract:

A CFPS system includes all factors necessary for transcription and translation, like tRNAs,

ribosomes, and aa-RS.

2. Energy Source:

ATP and other energy sources are provided to power the protein synthesis process.

3. DNA or mRNA Template:

The genetic material encoding the target protein is supplied, enabling the CFPS system to

synthesize the protein according to the given sequence.

4. Amino Acids:

All necessary amino acids for protein synthesis are present in the system, including any

UAA:Ss that are to be incorporated.

2. Advantages of CFPS

CFPS offers several benefits over in vivo expression, including rapid protein expression and
production within a few hours (Gregorio et al., 2019). In theory, CFPS is an open system,
which makes it easy to optimize the yield of protein and adjust the cellular components for
the reaction. Moreover, there are no concerns about the toxicity, harmful effects on cell
viability, or complications with the techniques of protein purification (Maharjan & Park,
2023). CFPS is an attractive choice over traditional cell-based systems, especially for the

production of toxic or hard-to-express proteins (Dondapati et al., 2020) (Table 1).

The technology could help in increasing the yield of proteins for screening assays and is vital

for UAA incorporation in structural studies (Khambhati et al., 2019).
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Figure 2.11. Cell-free protein synthesis systems.

( Modified from Zhang et al., 2021).

Table 2.1. The distinct advantages of CFPS compared to traditional cell-based systems (
Modified from Dondapati et al., 2020).

Feature

Efficiency

Adaptability

Protein Quality

Traditional Cell-Based CFPS (Cell-Free Protein
System Synthesis)
Often requires longer culture  Can achieve high expression
times for high yields. levels in a shorter time
frame.

Limited to specific cell types Can use various cell extracts
(E. coli, insect, mammalian). (e.g., wheat germ, rabbit
reticulocytes) depending on

needs.
May involve more Allows for the production of
contaminants and complex proteins with fewer
purification. contaminants and easier

purification processes.
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Chapter Three: Methodology

In this chapter, the methods that were applied to achieve the research goals will be detailed

along with the experimental design and procedural steps.

1. Double digestion for verification of the plasmid

To confirm the presence of the target genes within the plasmids, double digestion and
electrophoresis were conducted. The pattern of bands on the agarose gel verifies the presence
of the desired genes within the plasmid. Details of each plasmid and its corresponding

restriction enzymes used for the double digestion reaction are summarized in Table 3.1.

Each double digestion reaction had a volume of 20 L, consisting of water, plasmid, reaction
buffer, and restriction enzymes. The quantities of each component are outlined in Table 3.2.
The reaction mixture was then incubated for 30 minutes at 37°C to ensure complete digestion

(Sigma-Aldrich, 2024).

2. Transformation

All plasmids followed the same procedures for the transformation process. 100 pL of
competent cells were mixed with 2 puL of plasmid. The mixture was incubated on ice for 30
minutes, then subjected to heat shock for 90 minutes at 42°C using a thermomixer. Table 3.3
summarizes the host organism and its function for cloning or expression. 900 pl of Lysogeny
broth (Albright) media were added to the transformed cells in the laminar flow hood. Then,
the cells were incubated with shaking on the thermomixer for 1 h at 37°C and 700 rpm,
allowing the recovery and expression of the plasmid (Biolabs, 2012). Subsequently, 100 pl of
the mixture were plated on agar plates with appropriate antibiotics, as summarized in Table
3. 4. The plates were incubated overnight at 37°C, and the development of colonies was

monitored.
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Table 3.1. The plasmid and the restriction enzymes used for the double digestion.

Plasmid Restriction enzyme
1 PET2Vb-TEV-Bpa-RS Xhol and Ndel
2 PETVOL-tRNAcua™ BamH1 and Ncol
3 pET15b-PS1-N190 Xhol and Ndel
4 pET28aGFP-PS1 Ndel and Ncol
5 pPET15b-PS1 Xhol and Ndel

3. Alcohol precipitation of DNA and RNA

To concentrate the DNA and RNA, alcohol precipitation was used (Protocols.io, n.d.).
Initially, 1/10 volume of cold 3 M sodium acetate (pH = 5.2), previously stored at -20°C for
30 minutes, was added. Then, 2 volumes of cold 100% ethanol were added and mixed before
being stored at -80°C overnight. This was followed by thawing and centrifuging at maximum

speed in a microcentrifuge at 4°C for 20 minutes.

Table 3.2. The components and amounts for the double digestion reaction.

The component The amount
1 Plasmid 1puL
2 Restriction enzyme (1%) 0.5 uL
3 Restriction enzyme (2% 0.5 uL
4 Reaction buffer 2 pL
(10x Fast Digest Green Buffer)
5 H.0 16 pL

70% cold alcohol was employed to wash the pellet, followed by centrifugation at maximum
speed in a microcentrifuge at 4°C for 20 minutes. Then, the pellet was washed with 100%
cold alcohol. After air-drying for 2 minutes at room temperature, the DNA was suspended in

MilliQ water using a vortex and then spun down (Protocols.io, n.d.).
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Table 3.3. The host organism and their function for cloning or expression.

Type of cells Its function
E. Coli Top 10 Cloning hosts
BL21y::DE3 Expression hosts for Bpa-RS
BL21 Star™ (DE3) Expression hosts for tRNA
BL21 DE3 RIL Expression hosts for TEV

4. The extraction of plasmid

For the extraction of plasmids, one or more of those colonies was selected and inoculated into
either 4 mL or 1 L of LB media, as determined by the extraction protocol that was used. A
1:1000 dilution of the appropriate antibiotic relative to the volume of media was added. Then,
the inoculated cultures were incubated overnight at 37°C with shaking. The extraction
method followed the protocols provided in the user guide: GeneJET Plasmid Miniprep Kit,
K0502 (Scientific, 2024b) and the user guide: GeneJET Plasmid Maxiprep Kit, KO491
(Scientific, 2024a). The concentration of DNA and RNA samples was measured using a
NanoDrop spectrophotometer (A260/A280 ratio), and the extracted DNA and RNA were

stored at -80°C for further tests.

5. Induction and expression of tRNA

To express tRNA, LB-T media and Z media were used to prepare the pre- and main-culture
media, respectively (Kiyoshi Ozawa & Choy Theng Loh, 2014). LB-T media is comprised of
10 g/L tryptone, 5 g/L yeast extract, 5 g/L sodium chloride, 2.5 ml/L of 1 M sodium
hydroxide and 0.5 mg/L thymine. While Z media consisted of 165 mM potassium dihydrogen
phosphate, 664 mM dipotassium hydrogen phosphate and 40 g/L yeast extract (Kiyoshi

Ozawa & Choy Theng Loh, 2014).
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Table 3.4. The name of the protein or polypeptide, bacterial expression vector, gene of
interest, vector name, bacterial resistance, and its concentration.

Name of Bacterial expression Gene of Vector Bacterial resistance
Protein\ vector interest name (control) and its
Polypeptide concentration
Bpa pET2b-TEV-Bpa-RS Bpa-RS pET2b Kanamycin
synthetase (50 mg/mL)
tRNAcua®  pEVOL-tRNAcuA®™  tRNAcua™ pEVOL Chloramphenicol
(30 mg/mL)
TEV Protease pRK93-TEV TEV Protease pRK93 Ampicillin
(200 mg/mL) and
Chloramphenicol
(30 mg/mL)
GFP-PS1 pET28a-GfP-PS1 GFP PET28a Kanamycin
(50 mg/mL)
Wild PS1 pET15b-PS1 PS1 pET15b Ampicillin
(200 mg/mL)
PS1 mutant PET15b-PS1-N190X PS1-n190- pET15b Ampicillin
amber (200 mg/mL)

Following the successful transformation, one colony of BL21 Star™ (DE3) E. coli was
inoculated in 4 mL of LB-T media with 0.4 pL of 30 mg/mL chloramphenicol and cultivated

overnight at 37°C and 200 rpm shaking (Kiyoshi Ozawa & Choy Theng Loh, 2014).

The main culture was prepared by inoculating 1% of the pre-culture into fresh Z media with
the addition of 2 M glucose, 1 mg/mL thiamine and a 1:1000 dilution of 30 mg/mL
chloramphenicol. The culture was incubated at 37°C and 120 rpm shaking for 4 h (Kiyoshi

Ozawa & Choy Theng Loh, 2014).
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Table 3.5. The volume ratios of Bpa-RS to TEV protease that were used to test the TEV
protease protein activity.

No.  Volume Ratio of Bpa-RS: TEV Bpa-RS (23.05 TEV protease

protease mg) (uL) (3.55mg) (uL)
1 11 3 3
2 1:2 6
3 1:3 9
4 1:4 12
5 15 15
6 1:0 15 0
7 0:1 0 15

When the optical density (O.D.) at 600 nm of the cells reached 0.5, the expression of tRNA
was induced by adding 0.02% arabinose, followed by incubation at 37°C and 200 rpm for 4
h. The media was then centrifuged at 5000 xg for 25 minutes at 4°C and the pellet was

collected and stored at -80°C (K. Ozawa & C. T. Loh, 2014).

Table 3.6. The components of the inhibitor cocktail.

Inhibitor cocktail Working concertation Dilution 1000X

E64 1uM 0.001

Pepstain A 1uM 0.01

Leupeptin 1uM 0.01

AEBSF hydrochloride 1mM 0.001

(500 mg)

PMSF 1ImM 0.01

Benzamine 1ImM

6. The phenol-chloroform extraction for tRNA

The extraction of tRNA was done following the protocol described in (Avcilar-Kucukgoze et
al., 2020). After the thawing of cells, they were suspended in 0.9% NacCl, then collected by

centrifugation for 15 minutes at 5,000 x g at 4°C. The pellet was collected and disrupted by a
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mortar and pestle after being frozen in liquid nitrogen. During the disruption process, 10 mL
of two solutions were added: a 50 mM sodium acetate (NaOAc) solution at pH=5 and a 10

mM magnesium acetate (MgOAC) solution at pH=5 (Avcilar-Kucukgoze et al., 2020).

Before this extraction process, acidic phenol was prepared by warming the phenol to room
temperature and then melting it at 68°C. After that, 0.1% w/v 8-hydroxyquinoline was added
to the phenol. A solution with a ratio of 25:24:1 of phenol, chloroform, and isoamy! alcohol
was prepared and added in a ratio of 1:4 to the weight of the opened cells. The mixture was
shaken for 1 minute, then centrifuged at 5,000 xg for 15 minutes at 4°C. The supernatant was
saved for the next steps of the tRNA extraction (Avcilar-Kucukgoze et al., 2020). After that,
20.8 pl of 5 M NaCl and 1 volume of isopropanol were added to the collected supernatant to
precipitate nucleic acids. After being stored for 30 minutes at room temperature, the mixture
was centrifuged at 14,500 xg for 15 minutes at -20°C. The nucleic acid pellet was washed
with cold 70% ethanol, then 100% ethanol, followed by centrifugation at 4000 xg for 20
minutes at -20°C. The nucleic acid pellet was air-dried for 5 to 10 minutes (Avcilar-

Kucukgoze et al., 2020).

Table 3.7. The components of the feeding mix buffer and their stock and final concentrations
for CFPS reaction of the three groups: the pET15b-PS1 plasmid with orthogonal Bpa-RS and
its corresponding tRNA, the pET15b-PS1-N190 with orthogonal Bpa-RS and its
corresponding tRNA, and the control group.

Component Stock concentration Final concentration
Tris-acetate, pH 8.2 1M 10 mM
Magnesium acetate 1M 14 mM

Potassium acetate 10M 60 mM
DTT 1M 0.5 mM
H20 872.1 uL

To remove rRNA, the pellet was resuspended in 10 mL of cold 1 M NaCl, vortexed, and then

centrifuged at 9,500 xg for 20 minutes at 4°C. The supernatant was collected, and to
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precipitate the remaining nucleic acids (including DNA and tRNA), two volumes of cold
ethanol were added to the supernatant, followed by 30 minutes of incubation at -20°C. The
mixture was then centrifuged at 14,500 xg for 5 minutes at -4°C. The pellet was washed with
cold 70% ethanol, followed by a wash with cold 100% ethanol, and then allowed to air-dry

for 5 to 10 minutes (Avcilar-Kucukgoze et al., 2020).

Table 3.8. The components of the feeding mix and their stock and final concentrations for
CFPS reaction of the three groups: the pET15b-PS1 plasmid with orthogonal Bpa-RS and its
corresponding tRNA, the pET15b-PS1-N190 with orthogonal Bpa-RS and its corresponding

tRNA, and the control group.

Component Stock concentration Final concentration\ volume
Master Mix 476.21uL
Feeding mix buffer 1X 0.35X
Amino acid mix 40 mg/mL 0.5 mg/mL
H20 531.79 uL

To ensure the removal of DNA, the pellet was dissolved in 83.11 pL of 0.3 M NaOAc, pH
5.0. Then, 47.22 pL of cold isopropanol was added to the nucleic acid solution and incubated
for 10 minutes at -20°C. The supernatant was then collected after centrifugation at 14,500 xg
for 5 minutes at -20°C (Avcilar-Kucukgoze et al., 2020). For the final precipitation of
tRNAs, 31.94 uL of cold water-isopropanol (1.00:0.95) solution were added to the
supernatant and incubated for 30 minutes at -20°C. The suspension was then centrifuged at
14,500 xg for 15 minutes at 4°C. The pellet was washed with cold 70% ethanol and then
allowed to air-dry for 5 to 10 minutes. Finally, the pellet was dissolved in 50 uL of DEPC-

treated water and stored at -80°C (Avcilar-Kucukgoze et al., 2020).

7. UV-Vis Spectrophotometric Measurement Using Nanodrop (A260/A280 ratio)

The ratio of A260/A280 at wavelength 260 nm was used to determine the purity of RNA, and

the protein concentration was measured at 280 nm ((NEB), n.d.). The measurements for both
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RNA purity and protein concentration were facilitated by the software (Nanodrop

2000/2000c).

8. Gel electrophoresis technique

The gel electrophoresis technique is a method used to separate DNA and RNA based on size.
In order to conduct gel electrophoresis, the extracted tRNA and the mixture from the double
digestion, which was incubated for 30 minutes at 37°C, need to be mixed with 6x loading

buffer, then heated for 2 minutes at 95°C (Lee et al., 2012).

Table 3.9. The components of the master mix buffer and their stock and final concentrations
for CFPS reaction of the three groups: the pET15b-PS1 plasmid with orthogonal Bpa-RS and
its corresponding tRNA, the pET15b-PS1-N190 with orthogonal Bpa-RS and its
corresponding tRNA, and the control group.

Component Stock concentration Final concentration
6 Amino acid mix 16.7 mM 1mM
Amino acid mix 25 mM 0.5mM
Li+,K+ ACP 1M 20 mM
PEP M 20 MM
75X NTP mix 90 mM ATP; 60 mM 1.2 mM ATP; 0.8 mM
G/C/UTP G/CIUTP
DTT 500 mM 2 mM
Folinic acid (Ca2+) 10 mg/mL 0.1 mg/mL
Complete protease 100 X 1X
inhibitor
HEPEA/EDTA buffer 24 X 1X
Magnesium acetate 1M 16 mM
Potassium acetate 4 M 270 mM
PEG 8000 40% (w/v) 2% (wiv)
Sodium Azide 10% (w/v) 0.05% (w/v)
H20 54.4 uL

A 1% agarose gel was prepared for electrophoresis by dissolving agarose in 50 mL of 1X

TAE. The 1X TAE buffer was prepared using the 50X TAE stock solution, which is
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composed of 242 g of Tris base, 100 mL of 0.5 mM EDTA, and 57.1 mL of glacial acetic
acid, adjusted to pH 6.1 (Scientific, n.d.). To enhance the visualization of the bands, 2.5 pl of
Gel Red dye were added to the gel solution. The resultant mixture was then loaded into wells

of gel, alongside a 1 KB ladder as a molecular marker.

A 1X TAE running buffer was used to conduct electrophoresis for 30 minutes at 180 volts,
allowing the proper migration of DNA or RNA fragments (Scientific, n.d.). After
electrophoresis, the Bio-Rad ChemiDoc Imaging System, which was operated with Image

Lab Touch software, was used to visualize the DNA bands and analyze the outcomes.

Table 3.10. The components of the reaction mix and their stock and final concentrations for
the CFPS reaction of the groups contain the pET15b-PS1-N190 with orthogonal Bpa-RS and
its corresponding tRNA to produce the PS1 mutant.

Component Stock concentration Final concentration\ amount
Master Mix 14.88 uL
Pyruvate kinase 10 mg/mL 0.04 mg/mL
tRNA 40 mg/mL 0.5 mg/mL
T7 RNA polymerase 20 U/mL 0.5 U/mL
Protein inhibitor 100 X 1X
PET15b-PS1-N190X 1 ng
E. coli lysate 1X 0.35 X
Bpa-RS 2.15 mg/mL
pBpa 50 mM 0.5 mM
HCI 50 mM 0.5mM
tRNA%'cya 19649.1 pg\ uL

9. Urea Polyacrylamide Gel Electrophoresis (Urea-PAGE)

Urea-PAGE was performed on a 6% acrylamide gel suitable for separating tRNA sizes
between 60 and 75 base pairs (bp) (Albright, n.d.). The total volume of the prepared gel was
60 mL, using the following components: 28.8 g of urea (ultrapure), 13.75 mL of boric acid,

10 mL of 0.5 M EDTA, 60 uL of N, N, N’, N'-Tetramethylethylenediamine (TEMED), 0.6
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mL of 10% ammonium persulfate, and 2.4 pl of Gel Red. For sample preparation, 6x loading
buffer was used, and samples were heated for 2 minutes at 95°C. A 100-bp DNA marker was

used as a reference. The gel was run at 100 volts for 30 minutes (Albright, n.d.).

10. Induction and Expression of Bpa-RS

To enable the expression of Bpa-RS, the same type of media was used to prepare the pre- and
main cultures, the Traffic Broth (TB) medium. A 1L of TB was composed of 10 g/L
Tryptone, 24 g/L yeast extract, 4 mL glycerol, and 900 mL water. Before use, 100 mL of

potassium phosphate buffers (KPI) (0.72, 0.17) M were added to the autoclaved medium.

Table 3.11. The components of the reaction mix and their stock and final concentrations for
the CFPS reaction of the group contain the pET15b-PS1 plasmid with orthogonal Bpa-RS
and its corresponding tRNA produce wild PS1 as a positive control.

Component Stock concentration Final concentration
Master Mix 14.88 uL
Pyruvate kinase 10 mg/mL 0.04 mg/mL
tRNA 40 mg/mL 0.5 mg/mi
T7 RNA polymerase 20 U/mL 0.5 U/ml
Protein inhibitor 100 X 1X
pET15b-PS1 1 ng
E. coli lysate 1X 0.35 X
Bpa-RS 2.15 mg/mL
Bpa 50 mM 0.5mM
HCI 50 mM 0.5 mM
tRNA%'cya 19649.1 pg\ uL

Pre-culture was initiated by inoculating one or two colonies of BL21y::DE3 cells carrying the
PET2Vb-TEV-Bpa-RS plasmid in 500 mL of TB. This medium was supplemented with 50
mL of each of the two buffers of KP1 and 0.5 mL of 50 mg/mL kanamycin. 4L of TB media

for the main culture were prepared with the addition of 400 mL of each of the two buffers
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(KPI) and 4 mL of kanamycin. The cultivation process was continued until the O.D. at 600

nm became 0.5 at 37 °C with agitation at 150 rpm. Protein induction was then started.

Table 3.12. The components of the reaction mix and their stock and final concentrations for
the CFPS reaction of the group contain the pET15b-PS1 plasmid without orthogonal Bpa-RS
and its corresponding tRNA as the control group to produce mutant PS1.

Component Stock concentration Final concentration
Master Mix 14.88 L
Pyruvate kinase 10 mg/mL 0.04 mg/mL

tRNA 40 mg/mL 0.5 mg/mL
T7 RNA polymerase 20 U/mL 0.5 U/mL
Protein inhibitor 100 X 1X
pET15b-PS1 1 ng
E. coli lysate 1X 0.35 X
Bpa-RS 0
Bpa 50 mM 0.5mM
HCI 50 mM 0.5 mM
tRNAPcya 0

The induction process for expression of Bpa-RS was initiated after adding a 1:1000 dilution
of 1 mM isopropyl-B-D-1-thiogalactopyranoside (IPTG) (K. Ozawa & C. T. Loh, 2014). The
process continued for 4 hours at 28°C with shaking at 200 rpm. Following that, the cells are

collected by centrifugation at 5000 xg for 30 minutes at 4°C and stored at -80°C.

Table 3.13. The components of feeding mix buffer and their stock and final concentrations
for the CFPS system in the optimization of plasmid amount experiment.

Component Stock concentration Final concentration
Tris-acetate, pH 8.2 1M 10 mM
Magnesium acetate 1M 14 mM

Potassium acetate 10 M 60 mM
DTT 1M 0.5mM
H20 1744.2uL
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11. Induction and Expression of TEV Protease

Pre-and main cultures were prepared with 25 g of LB broth powder per 1 L. After the
transformation, a pre-culture was prepared by selecting one or more colonies of BL21 DE3
RIL E. coli that grow successfully on an agar plate with ampicillin and chloramphenicol.
These colonies were inoculated with 1:1000 dilutions of 200 mg/mL ampicillin and 30

mg/mL chloramphenicol in 100 mL of LB media.

Table 3.14. The components of feeding mix buffer and their stock and final concentrations
for the CFPS system in the optimization of plasmid amount experiment.

Component Stock concentration Final concentration
Master Mix 1428.63 uL
Feeding mix buffer 1X 0.35 X
Amino acid mix 40 mg/mL 0.5 mg/mL
H20 531.79 uL

10 mL of pre-culture were used to inoculate 1L of LB with the appropriate antibiotics for the
main culture. The cells were cultivated at 37°C under shaking at 180 rpm. When the O.D. at
600 nm of cells reached 0.6-0.8, they were transferred to the cold room for 15 minutes. 1 mM
IPTG was then added to the cultivated cells, and they were incubated for 4 h at 30°C. The
cells were then harvested by centrifugation at 6000-9000 rpm for 30 minutes and stored at -

80°C.

12. TEV protease activity

To confirm that the purified TEV protease could cleave the His tag of the Bpa-RS protein,
small-scale experiments were carried out. A constant amount of the Bpa-RS with varying
amounts of TEV protease was present in each 200 pl sample in volume ratios of 1:1, 1:2, 1:3,
1:4, 1:5, 1:0, and 0:1 (Bpa-RS to TEV protease) (Table 3.5). Each sample was supplemented
with water (Table 3.5), and the reaction buffer was composed of 50 mM Tris-base, 25 mM

NaCL, 10% glycerol, 2 mM DDT, and 0.5 mM EDTA at pH 8 (Table 3.5). The activity tests
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were carried out in small tubes overnight at room temperature with shaking. The results were

analyzed by SDS-PAGE, followed by western blotting analysis.

Table 3.15. The components of the master mix and their stock and final concentrations for the
CFPS system in the optimization of plasmid amount experiment.

Component Stock concentration Final concentration
6 Amino acid mix 16.7 mM 1 mM
Amino acid mix 25 mM 0.5mM
Li,K ACP 1M 20 mM
PEP 1M 20 mM
75X NTP mix 90 mM ATP; 60 mM 1.2 mM ATP; 0.8 mM
G/C/UTP G/C/UTP
DTT 500 mM 2mM
Folinic acid (Ca2+) 10 mg/mL 0.1 mg/mL
Complete protease 100 X 1X
inhibitor
HEPEA/EDTA buffer 24 X 1X
Magnesium acetate 1M 16 mM
Potassium acetate 4 M 270 mM
PEG 8000 40% (w/v) 2% (w/v)
Sodium azide 10% (w/v) 0.05% (w/v)
H20 54.4uL

13. Opening cells

Opening cells was a critical step in proceeding with the purification of TEV protease and
Bpa-RS. This procedure was performed in both experiments identically, except for the

alterations in the lysis buffer used
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Table 3.16. The components of the reaction mix and their stock and final concentrations for
the CFPS system in the optimization of the plasmid amount experiment for Group 1.

Component Stock concentration Final concentration\amount
Master Mix 14.88 uL
Pyruvate kinase 10 mg/mL 0.04 mg/mL
tRNA 40 mg/mL 0.5 mg/mL
T7 RNA polymerase 20 U/mL 0.5 U/mL
Protein inhibitor 100 X 1X
Plasmid (GFP-PS1) 0
E. coli lysate 1X 0.35 X
H20 15.45

Table 3.17. The components of the reaction mix and their stock and final concentrations for
the CFPS system in the optimization of the plasmid amount experiment for Group 2.

Component Stock _ Final concentration\amount
concentration
Master Mix 14.88 uL
Pyruvate kinase 10 mg/mL 0.04 mg/mL
tRNA 40 mg/mL 0.5 mg/mL
T7 RNA polymerase 20 U/ml 0.5 U/mi
Protein inhibitor 100 X 1X
Plasmid (GFP-PS1) 0.6 ug
E. coli lysate 1X 0.35 X
H20 12.345

Cells were suspended in a lysis buffer tenfold greater than the cell volume, in addition to 0.1
mg/g of cells of DNase, 10 mg/g of Lysosome, and an inhibitor cocktail that includes E64,
Pepstain A, Leupeptin, AEBF AEBSF hydrochloride, PMSF, and Benzamine at the working
concentration listed in Table 3.6. Opening cells were performed using an Emulsi Flex-C

(Boulder, 2018), followed by centrifugation at 2000 rpm for 30 minutes at 4°C.
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14. Ni-Indigo purification for TEV protease

Ni-Indigo purification for TEV protease was performed using specific prepared buffers. Lysis
buffer is composed of 20 mM Tris base, 0.5 M NaCl, 10% glycerol, 100 mM imidazole, and

a pH of 8 with a total volume of 200 ml.

Table 3.18. The components of the reaction mix and their stock and final concentrations for
the CFPS system in the optimization of the plasmid amount experiment for Group 3.

Component Stock Final concentration\ amount
concentration
Master Mix 14.88 uL
Pyruvate kinase 10 mg/mL 0.04 mg/mL
tRNA 40 mg/mL 0.5 mg/mL
T7 RNA 20 U/mL 0.5 U/ml
polymerase
Protein inhibitor 100 X 1X
Plasmid (GFP- 0.8 ug
PS1)
E. coli lysate 1X 0.35 X
H20 11.445

Moreover, the purification process employed two other buffers: ETI-EVI was composed of
20 mM Tris base, 0.5 M NaCl, 10% glycerol, and 300 mM imidazole at a pH of 8 with a
volume of 200 mL, and EVII was composed of 20 mM Tris base, 0.5 M NaCl, 10% glycerol,
750 mM imidazole at a pH of 8 with a volume of 50 mL. The bed volume was 20 mL of Ni-

Indigo agarose.

The method used to purify TEV protease was as follows: Initially, the purification system
was rinsed with water and lysis buffer. The lysed cell solution was then mixed with the beads
and incubated on a shaker for 4 h at 4°C. After the incubation, the bead suspension was

loaded onto a column and allowed to drain by gravity.
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Table 3.19. The components of the reaction mix and their stock and final concentrations for
the CFPS system in the optimization of the plasmid amount experiment for Group 4.

Component Stock concentration Final concentration\ amount
Master Mix 14.88 pL
Pyruvate kinase 10 mg/mL 0.04 mg/mL

tRNA 40 mg/mL 0.5 mg/mL
T7 RNA 20 U/mL 0.5 U/mL
polymerase
Protein inhibitor 100 X 1X
Plasmid (GFP- 1 pug
PS1)
E. coli lysate 1X 0.35X
H20 10.625

ETI-EVI buffer was added to the column and followed by EVII buffer, which was used to
elute the TEV protease. The concentration of the elution sample was determined using a
nanodrop device (A260/A280 ratio), and the presence of protein in the elution sample was

visualized by SDS-PAGE with western blot analysis.

15. Ni-Indigo purification of Bpa-synthetase

Ni-Indigo purification of Bpa-RS, both with and without the His tag, follows the same steps
and is similar to Ni-Indigo purification for TEV protease but differs in the buffers. Lysis
buffer includes 50 mM HEPES, 300 mM NacCl, 5% (w/v) glycerol, 10 mM imidazole, and a
pH of 7 with a total volume of 200 ml. The washing buffer contains 50 mM HEPES, 300 mM
NaCl, 5% (w/v) glycerol, and 20 mM imidazole at a pH of 7 with a volume of 200 ml. The
elution buffer consists of 50 mM HEPES, 300 mM NacCl, 5% (w/v) glycerol, and 500 mM
imidazole at a pH of 7, with a volume of 50 ml. The bed volume is 20 mL of Ni-Indigo

agarose (K. Ozawa & C. T. Loh, 2014).
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Table 3.20. The components of the reaction mix and their stock and final concentrations for
the CFPS system in the optimization of the plasmid amount experiment for Group 5.

Component Stock concentration Final concentration\ amount
Master Mix
Pyruvate kinase 10 mg/mL 0.04 mg/mL
tRNA 40 mg/mL 0.5 mg/mL
T7 RNA 20 U/mL 0.5 U/ml
polymerase
Protein inhibitor 100 X 1X
Plasmid (GFP- 1.2 ug
PS1)
E. coli lysate 1X 0.35 X
H20 9.635

16. Cleavage reaction

According to the activity test, the dialysis bag had a 1:2 volume ratio of Bpa-RS to TEV
protease that was then immersed in a buffer solution composed of 50 mM Tris base, 25 mM
NaCl, 10% glycerol, 2 mM DDT, and 0.5 mM EDTA at a pH of 8. After that, the mixture

was incubated at room temperature overnight with shaking.

Table 3.21. The components of the reaction mix and their stock and final concentrations for
the CFPS system in the optimization of the plasmid amount experiment for Group 6.

Component Stock concentration Final concentration\ amount
Master Mix 14.88 uL
Pyruvate kinase 10 mg/mL 0.04 mg/mL

tRNA 40 mg/mL 0.5 mg/mL
T7 RNA 20 U/mL 0.5 U/ml
polymerase
Protein inhibitor 100 X 1X
Plasmid (GFP- 1.5 pug
PS1)
E. coli lysate 1X 0.35 X
H20 8.285 uL
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17. Dialysis of Protein

Dialysis buffer (50 mM Tris HCI (PH = 8), 25 mM NaCL, 10% Glycerin, 2 mM
Dithiothreitol, 0.5 mM EDTA), pre-treatment buffer (2% (w/v) NaHCOs, 1 mM EDTA), and
storage buffer (50% ethanol, 1 mM EDTA) were prepared. 50 mL of protein after the
purification process (Bpa-RS/TEV protease) was added to the dialysis bag. Then, the filled
dialysis bag was placed in 1 L of dialysis buffer. The dialysis buffer was changed every 2-3

hours for 2-3 times at 4°C.

The dialysis bag was immersed in pre-treatment buffer and then boiled for 10 minutes. It was
followed by immersing in water and boiling for 10 minutes, then stored for further
experiments by submerging it in the storage buffer at 4°C. The treated bags before use were
submerged in H20 and then in the dialysis buffer. The samples containing the protein were

pipetted into the bag and left at 4°C overnight with shaking.

Volume (ml) of Components Required to Cast Gels of Indicated
Volumes

Components Gel Volume= 1ml 2ml 3ml 4ml Sml 6ml g, 10 ml
H>O 0.68 1.4 21 2.7 34 4.1 5.5 6.8

@® Tris-Cl(1.0M,pH6.8) 013 025 038 05 063 075 10 125

@ @ sDs (10%) 0.01 002 003 004 005 006 008 0.1

@ ® ammonium persulfate 001 002 0.03 004 005 006 008 0.
(10%)

® TEMED 0.001 0.002 0.003 0.004 0.005 0.006 0.008 0.01

Figure 3.1. The components and their volume needed to prepare a 5% staking gel for tris-

glycine SDS-PAGE
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18. Cell-free protein expression reaction in a continuous exchange (Dialysis)

For the in vitro protein expression experiment, three set-ups were tested: The pET15b-PS1
plasmid with orthogonal Bpa-RS and its corresponding tRNA, the pET15b-PS1-N190 with

orthogonal Bpa-RS and its corresponding tRNA, and the control group.

The protocol described in (Kiyoshi Ozawa & Choy Theng Loh, 2014) was being followed for
cell-free protein expression reaction in a continuous exchange (dialysis) setting. Moreover,
this system was constructed following the cube Biotech protocol of cell-free protein
expression reaction in a continuous exchange (dialysis) (Biotech, 2014) (Roos et al., 2014).

E. coli S30 was used as part of the CFPS system (Adachi et al., 2019).

Tables 3.7 through 3.12 detail the parameters under that the experiments were conducted.
The results were analyzed by western blot after 16 h of reaction and incubation at 30°C and
300 rpm using a shaker-incubator. The cell-free system for protein expression was used at an

analytical scale (100 pL) for parameters such as concentration of all components and DNA

templet.
Volume (ml) of Components Required to Cast Gels of Indicated
Volumes and Concentrations
Components Gel 5 ml 10m 1Sml 20ml 25ml 30ml 40ml S0 ml
Volume =>
H20O 1.1 2.3 34 4.6 5.7 6.9 9.2 11.5
@ @ 300 acrylamide mix 2.5 5.0 7.5 10.0 12.5 15.0 20.0 25.0
@Tris-Cl(l.S M, pH 1.3 2.5 3.8 5.0 6.3 7.5 10.0 12.5
3.8)
@ SDS (10%) 0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5
@ @ 10% ammonium 0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5
persulfate
TEMED 0.002 0.004 0.006 0.008 0.01 0.012 0.016 0.02

Figure 3.2. The components and their volume needed to prepare 15% resolving gel for tris-

glycine SDS-PAGE
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19. Optimization of the amount of Plasmid in CFPS using eGFP

For optimization of the amount of plasmid in CFPS, the pET28a-GfP-PS1 plasmid (221.6
pg/uL) was used. pET28a-GfP-PS1 plasmid was plated on a 1.5% agar plate with a 1 mg/mL
Kanamycin antibiotic, expressed in the Top 10 competent cells, and extracted with Plasmid

Kit Jel Gene Maxi prep (Scientific, 2024).

According to the protocol for cell-free protein expression reactions in continuous exchange
(dialysis) (Biotech, 2014), the plasmid amount should be varied between 0.6 and 1.5 pg in 50
ML tubes. The following amounts were tested to determine the optimal amount of plasmid

required for expression: 0, 0.6, 0.8, 1.0, 1.2, and 1.5 pg, respectively.

Tables 3.13, 3.14, and 3.15 display the components of the feeding mix buffer, feeding mix,
and master mix for all groups (1-6). Tables 3.16 through 3.21 show the reaction mix for

each of the six groups.

To set up the calibration curve, eGFP was used at a concentration of 1.64 mg/mL. The
purification buffer consisted of 50 mM Tris, 200 mM NacCl, and a pH of 7.5. The experiment
was done in two parts. For part A (to detect the optimal amount of protein), 10-fold serial
dilutions of eGFP at a concentration of 1.64 mg/mL were prepared. The dilutions used were
1.26 mg/mL, 0.126 mg/mL, 0.0126 mg/mL, 0.00126 mg/mL, 0.000126 mg/mL, 0.0000126

mg/mL, and 0.00000126 mg/mL, respectively.

Part B focused on the measurement of the amount of eGFP protein produced by the in vitro
system. For this part, 70 pL of eGFP purification buffer were added to 30 pL of each sample
(1 through 6) in a 96-well plate. The samples were incubated for 16 h at 300 rpm at 30°C on a
shaker-incubator. Post-incubation, a fluorescence plate reader was used to determine the

fluorescence of each sample, and the results were plotted on a calibration curve to depict the
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relationship between the fluorescence intensity and protein concentration, allowing for

precise quantification of the eGFP synthesis in the CFPS system under different conditions.

20. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) is a technique
used to separate proteins according to their molecular weight (BioMart; H. Biotech;
Research). In this study, SDS-PAGE was used to analyze Bpa-RS, TEV protease, and mutant

PS1, followed by western blot and Coomassi blue staining.

Sample preparation was done by adding 5X loading buffer (500 mM DTT, 10% SDS, 50%
glycerol, 0.5% bromophenol blue dye, and 250 mM Tris-HCL, pH= 6.8). The samples were
heated to 95°C in a heating block for 10 minutes, then centrifuged for 10 minutes to collect

the supernatants.

For gel preparation, 5% stacking gel and 15% resolving gel were prepared and allowed to
polymerize for 30 minutes for each. Figures 3.1 and 3.2 show the solutions for preparing 5%

staking gels and 15% resolving gels for tris-glycine SDS-Polyacrylamide Gel electrophoresis.

1x SDS Running buffer was prepared by diluting 10x SDS buffer that consisted of 60.4 g
Tris-base, 20 g SDS, and 288 g Glycine to a total volume of 2 L. The prepared running buffer

was then poured into the electrophoresis apparatus (Bio-Rad mini protean tetra cell).

The same amount of protein, 30 pug per lane, was loaded into the wells of the SDS-PAGE gel,
with one well containing a protein ladder (BLUelf Prestained Protein Ladder) as the
molecular weight standard. The gel was then run for 30 minutes at 80 volts until the samples
migrated from the staking gel into the resolving gel. Then it was continued to run almost for 1

hour at 120 volts for further separation.
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21. Western blot

Western blot analysis was conducted using specific antibodies (Abcam; Bio-Rad; Mahmood
& Yang, 2012). His tag antibodies at a 1:1000 dilution were used to detect the protein of

interest according to its molecular size.

PVDF membrane was prepared and wetted in methanol for 30 seconds, then soaked with the
filter papers in 1x transferring buffer consisting of 39 mM glycine, 48 mM Tris-base, and

20% methanol.

The gel was removed from the SDS-PAGE apparatus, washed with water, and then soaked in
1x transferring buffer. The transfer sandwich was prepared, and semi-dry transferring was
done using a blotting apparatus (Trans-Blot Turbo Transfer System). After the transfer, the
PVDF membrane was incubated in a blocking solution (0.5% m/v non-fat milk dissolved in
T-BST) for 1 hour at room temperature with gentle shaking. Antibodies were then added, and

the PVDF membrane was incubated for 2 hours at room temperature with gentle rocking.

After the incubation with antibodies, the PVDF membrane was washed two times with T-
BST (10% of 10X TBS, 0.1% of Tween 20) for 20 minutes at room temperature and once
with 1X TBS (10X TBS composed of 3M NaCL, 35 mM Tris base, and 165 mM Tris-HCL)

for 1 hour at room temperature with gentle shaking.

For the detection, the ECL substrate was prepared just before the detection step. The PVDF
membrane was then incubated with ECL substrate for 1 minute. Following this, the Bio-Rad
ChemiDoc Imaging System, utilizing Image Lab Touch software, was used to analyze the

results.

22. Coomassie Blue Staining

The gel after SDS-PAGE was stained with 10% Coomassi Blue Stain (G-Biosciences;

University, n.d.) overnight at room temperature with gentle shaking. Coomassi Blue Stain
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(1L) was composed of 118 mL of 85% phosphoric acid, 100 g of ammonium sulfate, and 1.2
g of Coomassie G-250 dissolved in 200 mL of methanol. The volume was then brought to 1L
with water. Once the gel is stained, a destaining solution was added to the gel for 4 hours.
The destaining solution was prepared by combining 400 mL of methanol with 100 mL of
acetic acid and bringing the volume to 1 L with water. A ChemiDoc Imaging System,

programmed with Image Lab Touch software, was used to analyze the results.
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Chapter Four: Results

This chapter details the results of the experimental procedures and analytical methods

employed in this study.

1. Double digestion and electrophoresis of plasmids

In this study, four plasmids were analyzed using double digestion and electrophoresis with
the appropriate restriction enzymes, buffers, and conditions specific to each double digestion
system (Tables. 3.2 and 3.3). A 1 KB ladder was used as a molecular weight marker during

electrophoresis to ensure the measurements were accurate and to analyze the results.

1.1. Analysis of pET2b-TEV-Bpa-RS plasmid

For the pET2Vb-TEV-Bpa-RS plasmid that had the fragment of the Bpa-RS gene, | applied
the restriction enzymes Xhol and Ndel, both singly and in combination. Surprisingly, when
Xhol and Ndel were used independently, no particular band correlating to the Bpa-RS gene

was observed.

When the restriction enzymes were combined, the scenario changed, and a distinct band of
921 bp was observed, indicating successful detection of the Bpa-RS gene. The appearance of
these bands together with another band of 5327 bp, which refers to the entire plasmid. This
confirmed the presence of the Bpa-RS gene within the pET2Vb-TEV-Bpa-RS plasmid (Fig.

4.1).
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Figure 4.1. Restriction enzyme digestion of the pET2Vb-TEV-Bpa-RS plasmid carrying Bpa-
RS gene.

Lane 1: Molecular weight ladder (1 KB ladder). Lane 2: pET2Vb-TEV-Bpa-RS plasmid
digested by Xhol and Ndel, showing a band of 921 bp for Bpa-RS. Lane 3: pET2Vb-TEV-
Bpa-RS plasmid digested by Xhol. No band was observed. Lane 4: pET2Vb-TEV-Bpa-RS

plasmid digested by Ndel. No band was observed. A 5327 bp band was observed in all lanes
indicating the intact plasmid. Table 1 details the double digestion process and components.
1% agarose gel electrophoresis was used to confirm the presence of the gene. DNA sample
mixed with 6x loading buffer, heated 95°C. Bands were visualized using a Bio-Rad
ChemiDoc Imaging System with Image Lab Touch software. Green box: A band of ~6000
bp. Yellow box: A band of ~1000 bp. Size of Bpa-RS: 921 bp.

1.2. Verification of the tRNAcua® gene in a pPETVOL-tRNAcua® plasmid

To confirm the presence of the tRNAcua®" gene in the pETVOL-tRNAcua® plasmid, double
digestion was performed using BamH21 and Nco1l, both individually and in combination.
Electrophoresis results showed that no specific band related to the tRNAcua®" gene appeared
when the digestion was performed with only one enzyme, but a band for the entire plasmid
(approximately 3859 bp) was observed. The outcomes of the combined double digestion
efficiently demonstrated the presence of the tRNAcua®" gene within the plasmid, as indicated

by an 882 bp band (Fig. 4.2).
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Figure 4.2. Restriction enzyme digestion of the pPETVOL-tRNAcua®" plasmid carrying
tRNAcua® gene.

Lane 1: pETVOL-tRNAcua®" plasmid digested by BamH1 and Ncol, showing the correct
band of 882 bp for tRNAcua®. Lane 2 and 3: pETVOL- tRNAcua®" plasmid digested by
BamH1 and Ncol separately. No specific band was observed in lane 2 and 3. A 5327 bp band
was observed in all lanes indicating the intact pETVOL-tRNAcua®" plasmid. Table 1 details
the double digestion process and components. 1% agarose gel electrophoresis was used to
confirm the presence of the gene. DNA sample mixed with 6x loading buffer, heated 95°C.
Bands were visualized using a Bio-Rad ChemiDoc Imaging System with Image Lab Touch
software. Green box: A band of ~6000 bp. Yellow box: A band of ~1000 bp. Size of

tRNA,,,”™ gene: 882 bp.

1.3.Confirmation of PS1-N190-amber in pET15b-PS1-N190-amber plasmid

Double digestion was conducted by Xhol and Ndel to confirm the presence of the PS1-N190-
amber gene (PS1 mutant gene) within the pET15b-PS1-N190-amber plasmid. The pET15b-
PS1 plasmid, which contained the PS1 gene, was used as a reference. The electrophoresis
results of the reference showed a faint band at 1401 bp, indicating the presence of the PS1
gene, alongside another band for the whole plasmid (approximately 6000 bp). The outcomes
for pET15b-PS1-N190-amber were particularly crucial; the band 1401bp was more obvious

and clearer, indicating that the mutated PS1 gene was present in this plasmid (Fig. 4.3).
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Figure 4.3. Restriction enzyme digestion of pET15b-PS1-N190-amber plasmid contains PS1-
N190-amber gene (PS1 mutant gene).

Lane 1: Molecular weight ladder (1 KB ladder). Lane 2: pET15b-PS1 digested by Xhol and
Ndel, showing a faint band at 1401 bp for PS1. Lane 3: pET15b-PS1-N190-amber plasmid
digested by Xhol and Ndel, a clear band at 1401 bp for the PS1-N190-amber gene was
obvious. Approximately 6000 bp bands were observed in lanes 2 and 3 indicating the intact
pET15b-PS1-N190-amber plasmid and pET15b-PS1 plasmid. Table 1 details the double
digestion process and components. 1% agarose gel electrophoresis was used to confirm the
presence of the gene. DNA sample mixed with 6x loading buffer, heated 95°C. Bands were
visualized using a Bio-Rad ChemiDoc Imaging System with Image Lab Touch software.
Green box: A band of ~6000 bp. Yellow box: A band of ~1500 bp. Size of PS1-N190-amber:
1401 bp.

1.4. Examination of GFP and PS1 genes in the pET28aGFP-PS1 plasmid

The pET28aGFP-PS1, which contained both the GFP and PS1 genes, was analyzed using two
double digestion systems. The first digestion used the restriction enzymes Ndel and Ncol to
confirm the presence of the GFP gene within the pET28aGFP-PS1 plasmid. A 717 bp band
was produced as a result, indicating the presence of the GFP gene. The second digestion
system used BamH1 and EcoR1 to identify the PS1 gene within the plasmid. This yielded a
band at approximately 1404 was observed, indicating the presence of PS1 in the pET28aGFP-
PS1 plasmid (Fig. 4.4).

53



4

2 3

Pm——

1000 b g

Figure 4.4. Restriction enzyme digestion of pET28aGFP-PS1 plasmid.

Lane 1: Molecular weight ladder (1 KB ladder). Lane 2: pET28aGFP-PS1 digested by Ndel
and Ncol, showing a clear band at 717 bp for GFP. Lane 3: pET28aGFP-PS1 plasmid
digested by BamH1 and EcoR1, a clear band at 1404 bp for the PS1 gene was obvious.

Lane4: pET15b-PS1 plasmid digested by Xhol and EcoR1, showing an obvious band for the

PS1 gene. Approximately 6000 bp bands were observed in lanes 2, 3, and 4 indicating the
intact pET28aGFP-PS1 plasmid. Table 1 details the double digestion process and
components. 1% agarose gel electrophoresis was used to confirm the presence of the gene.
DNA sample mixed with 6x loading buffer, heated 95°C. Bands were visualized using a Bio-
Rad ChemiDoc Imaging System with Image Lab Touch software. Green box: A band of
~6000 bp. Yellow box: A band of ~1500 bp. Blue box: : A band of ~1000 bp. Size of GFP
gene: 717 bp. Size of PS1 gene : 1404 bp.

A third double digestion with Xhol and EcoR1 was employed on the pET-15bPS1 plasmid to
confirm that the 717 bp band belonged to the GFP gene but not the PS1 gene (Fig. 4.4).

Distinct bands corresponding to the plasmid sizes (pET28aGFP-PS1 and pET-15bPS1) were

observed in each double digestion system (Fig. 4.4).
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Establishment and Optimization of an In Vitro Protein Expression System for Full and

Functional PS1 Production

An in vitro protein expression system required several steps for set-up and expression of full

and functional PS1.

First: Bpa-RS expression and purification

The initial step was to gain the pure Bpa-RS protein through a four-step process as outlined

below, ensuring its readiness for downstream experiments.

Step 1: Initial expression and purification of Bpa-RS

The first step was Bpa-RS expression and purification. After the successful expression of the
protein in BL21y::DE3 cells, the initial weight of the cells used was 8 g. IMAC purification
was applied with appropriate pH, temperature, and buffers. In addition, dialysis was also
performed using a 50 mL volume of liquid, resulting in 23.05 mg of protein. The success of
Bpa-RS expression and purification was confirmed by SDS-PAGE, western blot, and staining

with Coomassie Brilliant Blue.

The pET2Vb-TEV-Bpa-RS plasmid had a His tag, which helped to indicate Bpa-RS during
the purification process through western blot analysis using the appropriate antibodies. A ~35
KD band was observed, matching the expected size of Bpa-RS. Moreover, Coomassie
Brilliant Blue staining displayed a band of the same size, confirming that this band was

related to the Bpa-RS (Fig. 4.5).

Step 2: Expression and purification of TEV protease

The second step focused on expressing and IMAC purification for the TEV protease. The
BL21 DE3 RIL expression system with a pPRK93-TEV plasmid was used. The initial weight

of the cells used was 13 g.
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Figure 4.5. Western blot and Coomassie Brilliant Blue staining of IMAC purification of Bpa-
RS with His Tag.

Purification of Bpa-RS with His Tag. A. western blot results, indicating the successful
purification of Bpa-RS in BL21y::DE3 with a clear band at ~35 KDa, matching the expected
size of Bpa-RS. IMAC purification of Bpa-RS, followed by dialysis, yielded 23.05 mg of
protein. Buffers included Lysis buffer includes 50 mM HEPES, 300 mM NacCl, 5% (w/v)
Glycerol, 10 mM Imidazole, PH =7. The washing buffer contains 50 mM HEPES, 300 mM
NaCl, 5% (w/v) Glycerol, and 20 mM Imidazole, at pH =7. The elution buffer consists of 50
mM HEPES, 300 mM NacCl, 5% (w/v) Glycerol and 500 mM Imidazole at pH =7. Dialysis
buffer (50 mM Tris HCI (PH = 8), 25 mM NaCL, 10% Glycerin, 2 mM Dithiothreitol, 0.5
mM EDTA). B. Coomassie Brilliant blue staining results of IMAC purification further
confirm the 23.9 KDa band. A ChemiDoc system was used to validate the success of
purification of Bpa-RS with His Tag. The Bio-Rad ChemiDoc Imaging System, utilizing
Image Lab Touch software, was used to analyze the results. Lane 1: A protein ladder (BLUelf
Prestained Protein Ladder). Lane 2: the protein sample. Size of Bpa-synthetase: 34,8KD.

The final yield was 3.55 mg post-dialysis using a 50 mL volume of liquid. SDS-PAGE
followed by western blot and staining with Coomassie Brilliant Blue confirmed the
successful expression and isolation, with clear bands in both techniques. A 26.8 KD band,

corresponding to the expected size of the TEV protease protein, was observed (Fig. 4.6).
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Step 3: Determining the effective ratio of Bpa-RS to TEV protease

In the third step, the ideal ratio of the effective activity of TEV protease was determined to
proceed with the downstream processing and study of Bpa-RS protein to be ready for use in

the CFPS system.

This involved testing several volume ratios of Bpa-RS to TEV protease (1:1, 1:2, 1:3, 1:4,
1:5, 1:0, and 0:1) (Table 3.4). The Bpa-RS volume was consistent at 3 pLL and 0.747 mg of
protein. To analyze the outcomes, western blot and specific antibodies were used to detect the
effective ratio for His-tag-cleaved Bpa-RS. For all tests volume ratios, a visible band
corresponding to the size of the TEV protease protein and no bands for the Bpa-RS protein

was observed, indicating the loss of the His tag (Fig. 4.7).

Step 4: Large-scale application of Bpa-RS and TEV protease

The fourth step involved scaling up the use of the chosen volume ratio of Bpa-RS and TEV
application, attempting to remove His Tag from a larger amount of Bpa-RS, which was

planned to be used in the CFPS system.

The volume of Bpa-RS was 15 to 30 mL of TEV protease. The yield amount of Bpa-RS with
cleaved His Tag was 1.82 mg using a 45 mL volume of liquid (Bpa-RS and TEV protease).
Western blotting was also applied to ensure the removal of the His tag from Bpa-RS. The
outcomes showed successful cleavage, as there were no bands related to His-tagged Bpa-RS

protein (Fig. 4.8).

Second: Isolation of tRNA

The CFPS system for the synthesis of PS1 is also required to express and isolate tRNA. The
expression of tRNA was done using the pETVOL-tRNACUAopt plasmid with the BL21

Star™ (DE3) expression host.
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Figure 4.6. Western blot and Coomassie Brilliant Blue staining of IMAC purification of TEV
protease protein.

Purification of TEV protease protein. A. western blot results, indicating the successful
purification of TEV protease protein in BL21 DE3 RIL with a 26.8 KDa band, corresponding
to the expected size of the TEV protease protein, was observed. IMAC purification of TEV
protease protein, followed by dialysis. The final yield was 3.55 mg post-dialysis using a 50
mL volume of liquid. The purification process employed two other buffers: ETI-EVI (20 mM
Tris base, 0.5 M NaCl, 10% Glycerol, Imidazole 300 mM, pH = 8) and EVII (20 mM Tris
base, 0.5 M NaCl, 10% Glycerol, Imidazole 750 mM, pH = 8). Dialysis buffer (50 mM Tris
HCI (PH = 8), 25 mM NaCL, 10% Glycerin, 2 mM Dithiothreitol, 0.5 mM EDTA). B.
Coomassie Brilliant blue staining results of IMAC purification further confirm the 26.8 KDa
band. A ChemiDoc system was used to validate the success of the purification of the TEV
protease protein. The Bio-Rad ChemiDoc Imaging System, utilizing Image Lab Touch
software, was used to analyze the results. Lane 1: A protein ladder (BLUelf Prestained
Protein Ladder). Lane 2: the protein sample. Size of TEV protease: 26,8KD.

Following the protocol of the Phenol-Chloroform extraction for tRNA method that was
described in the method, 196.491 pg was obtained. The initial weight of BL21 Star™ (DE3)
E. coli cells used was 5.3014 g. The extracted tRNA was subjected to analysis using Urea
PAGE, GelRed® Nucleic Acid Gel Stain, and a 100-bp DNA ladder. The result confirmed

that the isolation of tRNA was successful, as indicated by a clear band at approximately 70

bp (Fig. 4.9.A).

58



35KD L

25 KD

Figure 4.7. Western blot of TEV protease protein activity.

TEV protease protein activity test; various volume ratios of Bpa-RS and TEV protease (1:1,
1:2, 1:3, 1:4, 1.5, 1:0, and 0:1) with a constant amount of Bpa-RS of 0.747 mg are tested. The
samples were incubated in a reaction buffer (50 mM Tris-base, 25 mM NaCl, 10% glycerol, 2

mM DTT, 0.5 mM EDTA, pH 8) overnight at room temperature. The effective volume ratio

of Bpa-RS and TEV protease was detected by western blot. The 1:2 volume ratio was
identified as the first effective combination. A clear band for TEV protease was showen and
no band for Bpa-RS. Buffer solution of the cleavage reaction was composed of 50 mM Tris
base, 25 mM NacCl, 10% glycerol, 2 mM DDT, and 0.5 mM EDTA, pH = 8. After that, the
mixture was incubated at room temperature overnight with shaking. The Bio-Rad ChemiDoc
Imaging System, utilizing Image Lab Touch software, was used to analyze the results. Lane
1: A protein ladder (BLUelf Prestained Protein Ladder). Lane 2: The sample of 1:1 ratio.

Lane 3: The sample of 1:2 ratios. Lane 4: The sample of 1:3 ratios. Lane 5: The sample of 1:4
ratios. Lane 6: The sample of 1:5 ratios. Lane 7: The sample of 1:0 ratio. Lane 8: The sample
of 0:1 ratio. Table 3.4. shows the ratios of Bpa-RS to TEV protease, amounts of Bpa-RS, and

TEV protease amounts that were used in the experiment of TEV protease protein activity.
Yellow Box: BPA-synthetase. Size of BPA-synthetase: 34,8KD. Size of TEV protease:
26,8KD

To ensure that the protocols of tRNA expression and isolation were efficient, the same
protocols were applied in a second attempt to extract tRNA, and the yield of tRNA was 101.2
Hg. Then, agarose gel electrophoresis was used to analyze the efficiency of the extraction
method. The outcome was an obvious band with a size of 70 pb, corresponding to tRNA. The

result of the second extraction is identical to the first extraction (Fig. 4.9.B).
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Third: Optimization of the plasmid amount for in vitro protein expression

To determine the ideal amount of plasmid for efficient protein expression, various amounts of
pPET28a-GFP-PS1 were tested (0, 0.6, 1, 1.2, and 1.5 pg). A fluorescent reader and the
calibration curve of eGFP were used to determine the concentration of protein. The results
showed that the fluorescence vs. concentration curve for different amounts of the pET28a-
GFP-PS1 plasmid exhibited a direct relationship between the amount and the concentration;

as the amount increased, the concentration increased as well (Fig. 4.10).

Forth: CFPS system

After 18 hours of incubation at 30°C, and following the protocols (see the methods section),
results were analyzed by western blot. The results were not as expected; a truncated protein
version was produced in all groups of the experiment, regardless of whether the pET15b-PS1-
N190 or pET15b-PS1 plasmid was used or if the orthogonal Bpa-RS and its corresponding

tRNA were added. The three distinct 23.9 KD bands were clearly presented (Fig. 4.11).
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Chapter Five: Discussion
In this section, the outcomes of this experimental approach will be discussed, which is to
creating an effective CFPS system for the synthesis of PS1. PS1 is an important subunit of

protein that is associated with the development of AD.

Western blotting

Figure 4.8. Western blot result for IMAC purification of Bpa-RS after His tag cleavage.

The reaction system was established as described in the methods, followed by Ni-Indigo
IMAC purification and dialysis. According to the activity test, the dialysis bag had a 1:2
volume ratio of Bpa-RS to TEV protease that was then immersed in a buffer solution
composed of 50 mM Tris base, 25 mM NaCl, 10% glycerol, 2 mM DDT, and 0.5 mM EDTA,
pH = 8. After that, the mixture was incubated at room temperature overnight with shaking.
Ni-Indigo purification was performed using specific prepared buffers. Lysis buffer was
composed of 20 mM Tris base, 0.5 M NaCl, 10% Glycerol, Imidazole 100 mM, and pH = 8.
Moreover, the purification process employed two other buffers: ETI-EVI (20 mM Tris base,
0.5 M NaCl, 10% Glycerol, Imidazole 300 mM, pH = 8) and EVII (20 mM Tris base, 0.5 M
NaCl, 10% Glycerol, Imidazole 750 mM, pH = 8). Dialysis buffer (50 mM Tris HCI (PH =
8), 25 mM NaCL, 10% Glycerin, 2 mM Dithiothreitol, 0.5 mM EDTA). The amount of Bpa-
RS was 2.305 mg to 4.61 mg of TEV protease. The yield amount of Bpa-RS with cleaved His
Tag was 1.82 mg using a 45 mL volume of liquid (Bpa-RS and TEV protease). Western
blotting was also applied to ensure the removal of the tag from Bpa-RS. The outcomes
showed successful cleavage, as there were no bands related to the Bpa-RS protein, as the
results of western blot analysis showed. This indicated that the cleavage process was
successfully completed, and Bpa-RS no longer had its tag. The Bio-Rad ChemiDoc Imaging
System, utilizing Image Lab Touch software, was used to analyze the results. Lane 1: A
protein ladder (BLUelf Prestained Protein Ladder). Lane 2: a sample of 1:2 volume ratio of
Bpa-RS to TEV protease after The reaction system, Ni-Indigo IMAC purification and
dialysis. Yellow Box: Bpa-RS with cleaved His Tag. Size of Bpa-synthetase: 34,8 KD.
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Figure 4.9. Polyacrylamide Gel Electrophoresis (Urea PAGE) and Agarose Gel
Electrophoresis of Isolation of tRNA.

A. Polyacrylamide Gel Electrophoresis (Urea PAGE) results of Isolation of tRNA. B.
Agarose Gel Electrophoresis of Isolation of tRNA. Using the pETVOL-tRNA plasmid
and the BL21 Star™ (DE3) E. coli as host, the tRNA was expressed and extracted
using the Phenol-Chloroform extraction protocol. The yield was 196.491 ug. The
initial cell mass of 5.3014 g. Polyacrylamide Gel Electrophoresis (Urea PAGE) was
used to detect the tRNA, showing a clear band at approximately 70 bp. tRNA size is
approximately 70 bp ; this confirmed the successful isolation of tRNA. A second
extraction of tRNA was performed using the same extraction method, but agarose gel
electrophoresis was used instead to detecte tRNA. Its outcome is identical to the first
extraction. This indicated that the extracted tRNA is pure and usable for further
molecular experiments. The ratio of A260/A280 at wavelength 260 nm was used to
determine the purity of RNA and the protein via a nanodrop device. The Bio-Rad
ChemiDoc Imaging System, which was operated with Image Lab Touch software,
was used to visualize the tRNA bands. Lane 1: Molecular weight ladder (1 KB
ladder). Lane 2: tRNA sample. Yellow box: tRNA.

This study involved a meticulously planned series of experiments focused on plasmid
analysis, protein purification, tRNA isolation, and the creation and optimization of CFPS.
The main objective was to successfully express the target full-fold functional PS1 and

incorporated a specific mutation introduced by genetic engineering techniques.

This experimental approach involved the examination of extracted-plasmids harboring target

genes, including Bpa-RS, tRNACUAopt, eGFP, and PS1-N190-amber. This analysis was
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performed using double digestion and electrophoresis techniques. After that, Bpa-RS was
expressed and purified. IMAC purification and TEV protease-mediated tag cleavage were

applied to obtain tag-free Bpa-RS, which is suitable for downstream experiments.

Furthermore, this research project focused on isolating tRNA to bolster the functionality of
the CFPS system and then adjusted the plasmid amounts to optimize the efficiency of protein
expression. Ultimately, to test the CFPS system's capacity to produce full-length and
functional mutant PS1, its performance was examined via western blot analysis on PS1

variants.

1. Analysis of Double Digestion of Plasmid Results

Through this discussion, the study aims to clarify the significance of the outcomes of each

experimental step and suggest potential directions for further optimization and developments
to enhance the CFPS system's performance for PS1 protein expression. In this study, double
digestion and electrophoresis were used to examine a cohort of plasmids, which are essential
for establishing the CFPS system. Using this method allowed me to confirm that the plasmid

carried the target genes and that they were suitable for the downstream experiments.

1.1. pET2Vb-TEV-Bpa-RS Plasmid

The Bpa-RS gene was not detected by a specific band produced from individual double
digestion using Xhol and Ndel enzymes. Nevertheless, successful detection of the Bpa-RS
gene was confirmed by a clear band consisting of 921 bp when these enzymes were used in
conjugation (Fig. 4.1). This band, along with the band that represents the full plasmid,
confirmed the presence of the Bpa-RS gene in the pET2Vb-TEV-Bpa-RS plasmid, indicating

that the pET2VDb-TEV-Bpa-RS plasmid is appropriate for further protein studies.
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Figure 4.10. Optimization of the Plasmid amount for in vitro protein expression.

Various amounts of pET28a-GFP-PS1 were tested (0, 0.6, 1, 1.2, 1.5 ug) to determine the
ideal amount of plasmid for efficient protein expression. A fluorescent reader and the
calibration curve of eGFP were used to determine the concentration of protein. The results
showed that the fluorescence vs. concentration curve for different amounts of the pET28a-
GFP-PS1 plasmid exhibited a direct relationship between the amount and the concentration;
as the amount increased the concentration increased as well. Based on this, any tested amount
of plasmid could be used in further experiments. To set up the calibration curve, eGFP was
used with a concentration of 1.64 mg/mL. The purification buffer consisted of 50 mM Tris,
200 mM NaCl, pH =7.5. 10-fold serial dilutions of eGFP at a concentration of 1.64 mg/mL
were prepared to set up the calibration curve. The dilutions used were 1.26 mg/mL, 0.126
mg/mL, 0.0126 mg/mL, 0.00126 mg/mL, 0.000126 mg/mL, 0.0000126 mg/mL, and
0.00000126 mg/mL, respectively. For the fluorescence vs. concentration curve, the
measurements focused on the amounts of eGFP protein produced by the in vitro system. For
this part, 70 pL of eGFP purification buffer were added to 30 pL of each sample (1 through
6) in a 96-well plate. The samples were incubated for 16 h, 300 rpm, at 30°C on a shaker-
incubator. Post-incubation, a fluorescence plate reader was used to determine the
fluorescence of each sample and the results were plotted on a calibration curve to depict the
relationship between the fluorescence intensity and protein concentration, allowing for
precise quantification of the eGFP synthesis in CFPS under different conditions.
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Figure 4.11. Cell-Free Protein Synthesis (CFPS) system.

For the in vitro protein expression experiment, three set-ups were tested: The pET15b-PS1
plasmid with orthogonal Bpa-RS and its corresponding tRNA, the pET15b-PS1-N190 with
orthogonal Bpa-RS and its corresponding tRNA, and the control group. The results were
analyzed by western blot. After 18 h of incubation at 30°C, and following the protocols (see
the methods section). The results were not as expected. The three distinct 23.9 KD bands
clearly appeared. A truncated protein version was produced in all groups of the experiment,
regardless of whether the pET15b-PS1-N190 or pET15b-PS1 plasmid was used or if the
orthogonal Bpa-RS and its corresponding tRNA were added. Lane 1: A protein ladder
(BLUelf Prestained Protein Ladder). Lane 2: The sample of protein, which was produced in
CFPS system, using the pET15b-PS1 plasmid with orthogonal Bpa-RS and its corresponding
tRNA. Lane 3: The sample of protein, which was produced in the CFPS system, using the
pET15b-PS1-N190 with orthogonal Bpa-RS and its corresponding tRNA. Lane 4: The
sample of protein, which was produced in the CFPS system, using the pET15b-PS1-N190
without orthogonal Bpa-RS and its corresponding tRNA (control group). Yellow box: 23.9
KD bands. Truncated PS1 size: 23.9 KD.

1.2. pETVOL-tRNA Plasmid

The tRNAcua®" gene was not detected by a specific band after the single digestion with
BamHI and Ncol enzymes separately. However, the presence of the tRNAcua®" gene within
the plasmid was confirmed successfully by a band of 882 bp resulting from the combined
digestion (Fig. 4.2). This correct detection of the tRNA gene validates the suitability of the

PETVOL-tRNA plasmid for assisting the translation process in the CFPS system.
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1.3. pET15b-PS1-N190-amber Plasmid

The double digestions with Xhol and Ndel enzymes verified the presence of the PS1-N190-
amber gene within the pET15b-PS1-N190-amber plasmid and the PS1 gene's presence within
the pET15b-PS1 plasmid. The successful insertion of the target gene was indicated by a 1401
bp band corresponding to the PS1-N190-amber gene, along with a band for the full plasmid at
approximately 6000 bp. The same band was produced by the double digestions for the
PET15b-PS1 plasmid. This indicated that the PS1-N190-amber gene has the same length as
the PS1 gene (Fig. 4.3). This detection ensures the availability of the PS1-N190-amber gene
within the pET15b-PS1-N190-amber plasmid for subsequent experiments with the CFPS

system.

1.4. pET28aGFP-PS1 Plasmid

The presence of the GFP gene within pET28aGFP-PS1 was confirmed by a 717 bp band
corresponding to the GFP gene, using the double digestion technique with Ndel and Ncol
enzymes. The next double digestion with BamH1 and EcoR1 produced a band at
approximately 1404 bp related to the PS1 gene. This confirmed the presence of PS1 within
the pET28aGFP-PS1 plasmid. To verify that the 717 bp band was specific for the GFP gene,
a third double digestion system was done with Xhol and EcoR1 on the pET-15bPS1 plasmid
as a control lacking the GFP gene. The absence of a 717 bp band in this control indicated that
the band seen in pET28aGFP-PS1 is indeed for GFP gene. This result confirms that the
pPET28aGFP-PS1 plasmid was correctly constructed. The pET-15bPS1 plasmid serves as an
appropriate control to distinguish the GFP gene (Fig. 4.4). These outcomes validated that the

use of the pET28aGFP-PS1 plasmid was appropriate for further experiments.

The effective application of double digestion and electrophoresis to analyze the plasmids
affirmed the presence of the target gene, which is crucial for the CFPS system. This

confirmation guarantees the appropriateness and integrity of plasmids for further
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experiments, providing a solid basis for the successful expression and synthesis of the desired

protein.

2. Expression and purification of Bpa-RS

2.1. Initial expression and purification of Bpa-RS

In this stage of the study, the study aimed to achieve the optimal expression and purification
of Bpa-RS, an important protein for subsequent experiments within the CFPS system. The
expression process of Bpa-RS involved the use of BL21y::DE3 cells and the suitable
conditions for Bpa-RS induction. After the induction, the protein was purified via IMAC with
optimized conditions for temperature, pH, and buffer composition. The purification process
yielded 23.05 mg of Bpa-RS, which illustrates effective protein expression and purification.
SDS-PAGE followed by western blot was performed to evaluate the purity and molecular
weight of the purified Bpa-RS. The efficiency of the purification process was proved by a
distinct band after probing with the appropriate antibodies that matched the expected size of
Bpa-RS (Fig. 4.5). Moreover, the success of purification was confirmed by Coomassie
Brilliant Blue staining of the SDS-PAGE gel, that also showed a clear band at the expected
size of Bpa-RS (Fig. 4.5). The two techniques showed close results, enhancing the validity of
purification results and confirming that Bpa-RS was pure and could be used in further

experiments.

Functional and pure Bpa-RS was required for the CFPS system to produce PS1 variants,
serving as an important component in introducing site-specific UAA at the target site. This
meant Bpa-RS could be used as an important component to control the synthesis of PS1

variants, thus aiding in the study's progress.

2.2.Tag Cleavage Mediated by TEV Protease

In the preparation of Bpa-RS for further experiments, the cleavage of His-Tag using TEV
protease was a crucial step. A series of tests with different conditions were performed to
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determine the optimal Bpa-RS to TEV protease volume ratio to cleave His-tag efficiently,
ranging from 1:1 to 1:5. Successful cleavage was detected by western blotting with specific
antibody probing, which showed bands corresponding to TEV protease at its expected size
and the absence of bands for Bpa-RS. The analysis demonstrated that 1:2 was the most
effective ratio for tag removal (Fig. 4.7). The downstream application of this study depended
on achieving the optimal Bpa-RS to TEV protease volume ratio. Complete cleavage of the
His tag ensured that the Bpa-RS protein (Fig. 4.8) was devoid of any tags that could affect
the detection of the PS1 variant in subsequent experiments. This optimal condition formed a
vital foundation for the effective execution of the study's subsequent experiments, improving

the efficacy of study's experimental approach.

3. Isolation of tRNA

In preparing the CFPS system for the synthesis of functional PS1, the isolation of tRNA was
an important step. Both the yield and the efficiency of extraction had to be analyzed in order
to evaluate the process of isolating tRNA. In the first attempt, the yield of tRNA isolation was
196.491 ug of tRNA (Fig. 4.9.A), indicating the effectiveness of the isolation protocol in

producing a sufficient amount of tRNA for the subsequent experiments.

The successful isolation of tRNA was confirmed by gel electrophoresis using Urea-PAGE
and agarose gels (Fig. 4.9. A&B). The results were identical, showing a clear band at the
expected size of tRNA. This band confirmed the purity of the isolated tRNA and indicated its
suitability for assisting the translation machinery in the CFPS system for PS1 synthesis. Since
tRNAs are needed for the synthesis of proteins, they facilitate the transfer of amino acids to
the ribosome according to the sequence of mMRNA codons. The functionality of the CFPS

system depends on successful tRNA isolation and the presence of a pure and intact tRNA.
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The success of tRNA isolation ensures that the CFPS system has all the elements needed to
produce PS1. This enhanced the stability and consistency of the outcomes of the experiments,

allowing for more exploration into the synthesis of PS1 protein and its role in AD research.

4. The optimization of plasmid (pET28a-GFP-PS1) vield

The efficiency of the CFPS system for PS1 was directly affected by the amount of plasmid.
The plasmid amount impacts the rate of protein production by affecting the concentration of
MRNA transcripts. Therefore, determining the ideal plasmid amount was a crucial step to

increasing the amount of protein at the maximum point while minimizing resource usage.

According to the protocol for cell-free protein expression reactions in continuous exchange
(dialysis) (Biotech, 2014), the plasmid amount should be varied between 0.6 and 1.5 pg in 50
ML tubes. The following amounts were tested to determine the optimal amount of plasmid
required for expression: 0, 0.6, 0.8, 1.0, 1.2, and 1.5 pg, respectively. In this part of the study,
a fluorescence versus concentration curve was generated to determine the relationship
between the amount of pET28a-GFP-PS1 plasmid and the expressed protein concentration
(Fig. 4.10). The curve showed a direct relationship, indicating a dose-dependent response; an
increase in the amount of pET28a-GFP-PS1 produces a higher concentration of expressed
protein (Fig. 4.10). By analyzing this curve, the optimal amount of plasmid would be
determined, as it is the amount that gave the maximum concentration of protein when using
the lowest amounts of components of translation (Fig. 4.10). The curve showed that the
highest concentration of protein was produced when 1.5 pg of the pET28a-GFP-PS1 plasmid

was used.

Determining the optimal plasmid amount has implications for the subsequent experiments. A
standard parameter for the reactions of protein expression must be provided according to the

optimal plasmid amount to ensure a constant and repeatable outcome from the experiments of
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study (Jiang et al., 2021; Kim et al., 2020). Moreover, the plasmid optimization step provides

a guide for the component amounts, allowing for cost and resource usage reduction.

The optimal plasmid amount condition serves as the foundational aspect for further
experiments into the synthesis of PS1 research, offering a reliable platform for investigating

the pathogenesis of AD and potential treatment approaches.

5. The Cell-Free Protein synthesis (CFPS) system

The western blot analysis of the CFPS system of PS1 protein gave significant observations.
Despite the optimization efforts, all experimental groups showed bands related to the
truncated protein (Fig. 4.11). This indicated incomplete synthesis of the protein, premature
translation termination, or limitation in the post-transitional modification, such as the lack of
essential modification co-factors or enzymes that prevent the generation of full-length protein
(Gao et al., 2018; Venkat et al., 2019). These issues prove that the in vitro system works
effectively, but the presence of the amber codon can cause significant complications. This
contrasts with the findings of Schultz et al. (2001), who effectively developed this system.
Schultz showed that the full-length expression of proteins is possible and the specific site
incorporation of UAA can be achieved. This contrast could be due to the differences in
experimental conditions or the components of the system, which may affect the efficiency of

the UAA incorporation at the site of interest.

Limitations:

The truncated protein bands indicated the complexity of the CFPS system to produce PS1

protein (Fig. 4.11). Various factors may cause this, including:

1) Challenges of optimization of the CFPS system

1. Optimization of Reaction conditions:
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Unfavorable reaction conditions, a reduction in the energy supply, or a limitation in the
translation machinery (Dondapati et al., 2020). Adjusting the parameters of the reaction, like
pH, temperature, and the concentration of magnesium, could enhance the ability of the

system to synthesize full-length PS1.

2. Optimization of Translation factors and cofactors:

The efficiency of protein expression could be enhanced by modifying the translation
machinery, including the supplementation of translation factors and cofactors (Batista et al.,
2021), ribosome engineering and recycling (Nurenberg-Goloub & Tampé, 2019), codon

optimization, or mMRNA modifications (Bae & Coller, 2022).

3. Optimization of Induction time:

Schultz et al.'s research (Young et al., 2010) suggested that induction timing could enhance
the efficiency of protein production. This involves optimizing the CFPS system, as the

protocol followed was excluded the induction step.

4. Optimization of Concentration of UAA:

The research by Schultz et al. (Young et al., 2010) suggested also optimizing the
concentration of the UAA, which is pBpa in this research. And the research of Fu et al. (Fu et
al., 2022) proposed developing aaRS\tRNA pairs to establish a reliable framework for many

applications of GCE.

2) tRNA isolation challenge:

The promoter of the pETVOL-tRNA vector was the araBAD promoter, and the pET15b-PS1
vector was the T7 promoter, and the T7 polymerase was induced in this system, which means
the T7 polymerase will not work to produce tRNA. Because of this, the tRNA was isolated

first and then inserted it into this CFPS system. This resulted in two limitations:
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1. The isolation process of tRNA:

The isolation process was performed on all tRNAs specific to BL21 Star™ (DE3) cells, along
with the target tRNA (tRNAcua®"). The concentration of tRNA that was introduced to this
system was related to tRNA, not just the tRNAcua®". This means that the concentration of
tRNAcua®' was unknown, and perhaps it is too low. As a result, the tRNAcua®" amount

might be insufficient to allow the insertion of UAA into the growing polypeptide.
2. The competition of tRNAS:

Adding all tRNAs could increase the competition of tRNAs for several important factors and
components involved in the processes of translation and expression of proteins within this
system, including amino acids, ribosomes, the resources of energy, aaRS, and elongation
factors. This leads to a reduction in the amount of proteins that were correctly translated, an
effect on the overall yield of proteins, a destabilization of the CFPS system, a decline in the

accuracy of the translation machinery, and the use of tRNA.

Following the findings of Schultz et al.'s research (Young et al., 2010) to constructe the
PETVOL-tRNAcua® plasmid with the T7 promoter and then inserting it into the CFPS

system may yield the expected results of this system.
3) Competition with release factor 1 (RF1):

one of the most important factors affecting the validity of CFPS systems is the competition
between the UAA and the release factor 1 (RF1) at the ribosome during the translation
process (Wals & Ovaa, 2014). When RF1 recognizes the amber codon, it terminates the
translation. As a result, the truncated protein is produced (Hong et al., 2014). Schultz et al.'s
research (Young et al., 2010) demonstrated that the standard lysate-based CFPS system is
robust and more efficient for incorporating UAA into proteins. Therefore, obtaining lysate

from an RF1-deficient engineered E. coli strain could solve this challenge. These strains are
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genetically modified to lack or carry mutations in the RF1 gene (Diago-Navarro et al., 2009).
Hong et al.'s research provided a technique to enhance the lysate-based CFPS system by
engineering an E. coli strain lacking RF1 (Hong et al., 2014). The development of a
gnomically engineered RF1-deficient E. coli strain represents an important milestone in
synthetic biology (Martin et al., 2018). Roy et al.'s research (Roy et al., 2020) suggested
modulating the levels of RF1 and altering the context of the sequence around the amber

codon would improve the incorporation of the UAA process at the interested site.

4) The activity of Bpa-RS:

The activity of Bpa-RS was not tested, which could be one of the causes leading to the failure
of the CFPS system. To counter this, utilizing the method of measuring the activity as

described by Cestari and Stuart (Cestari & Stuart, 2013) could be advantageous.

Solving those limitations is important to enhance the effectiveness of CFPS systems in a
range of applications, including protein engineering, pharmaceutical drug discovery, and

therapeutic protein synthesis (Brookwell, Oza, & Caschera, 2021).

The efficiency and fidelity of the production of pBpa-labeled PS1 protein can be enhanced by
employing the strategies suggested by Schultz et al. and other relevant research. This
progress will greatly advance the goals of this study and offer valuable information to the

larger scientific community.

6. Conclusion

CFPS needs carefully designed DNA templates and functional aa-RS capable of
incorporating pBpa with its tRNA. Moreover, it requires the addition and optimization of the

quantities and concentrations of all components required for the translation process.

This study solved several aspects of the CFPS system of PS1 protein synthesis. Crucial
findings include the following: Successful analysis of the plasmids; effective expression and
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purification of Bpa-RS; isolation of tRNA; optimization of the plasmid amount; and

evaluation of outcomes from the CFPS system for PS1 protein.

Despite the efforts of the optimization of the CFPS system, the incomplete synthesis of full-
length PS1 remains a major obstacle of this study. This limitation could be attributed to
difficulties in achieving effective transcription and translation processes under the
experiment's conditions. The reliability and efficiency of CFPS systems can be enhanced by

addressing the recognized limitations and adjusting the experimental parameters.

Since PS1 contributes to the onset of AD, its synthesis is particularly significant. This study
contributes to this discipline by emphasizing the potential of the CFPS system for generating

complex proteins.

Future research directions

Improving the CFPS system through more optimization steps will be useful to produce full-
length proteins labelled with UAA at the targeted site. When the unnatural amino acid pBpa
is site-specifically incorporated into recombinant proteins, it will help photocross-linking
between the PS1 and other subunit of the GS complex for example Pen2. This, in turn, helps
to obtain a deeper understanding of the enzyme’s complex, function, and potential drug
targets in the enzyme (Hino et al., 2005) by using MS and other structural techniques (Leitner
et al., 2016). Gaining functional and structural insights into GS could facilitate the designing

of novel therapies for AD and related conditions.
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