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Abstract

Cell-free systems provides a cost-effective and versatile platform for biosensor applications,
offering rapid responses, simplified workflows, and enhanced stability compared to cell-based
systems. However, despite these advantages, their regulatory flexibility (especially at the level
of transcriptional repression) remains limited, limiting their dynamic range and robustness. To
address this gap, this study investigates post-transcriptional control strategies based on RNA-

binding proteins (RBPs) to enhance translational repression in vitro.

I designed and characterized genetic circuits regulated by the RBPs MS2-CNOT7 and L7Ae to
assess their repression efficiencies in different cell-free systems, including rabbit reticulocyte
lysate, E. coli lysate, and the reconstituted cell-free system. MS2-cNOT7 exhibited minimal
repression in these contexts, while L7Ae showed measurable but variable repression,
particularly in RRL. Based on these findings, I evaluated different genetic architectures and
expression protocols in both E.coli lysate and the PURE system. My findings identified that as
the most consistent platform for potent RBP-mediated suppression, particularly when

combined with optimized backbone design and pre-incubation strategies.

Finally, I created an additional layer of translational control capable of responding to viral
protease activity by integrating engineered L7Ae to make the protease-responsive module. This
work provides a foundation for the development of in vitro protease biosensors and contributes
to next-generation diagnostic platforms based on programmable, genetically encoded editing

in cell-free systems.
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Introduction

1.1 Synthetic Biology — Overview and Significance

The rise of synthetic biology at the beginning of the 21st century marked a significant
transition to combining engineering and the life sciences, and it allowed us to view biological
systems as programmable quantities (Cameron et al. 2014). It has become a rapidly growing
field that is rooted in turning biological processes into mathematical models and using the
concepts of electrical circuits in biological pathways (Khalil and Collins 2010). In contrast to
classical genetic engineering, which typically focused on single-gene modifications, this new
field pointed out the rational design of complex biological systems with predictable functions
(Purnick and Weiss 2009). Synthetic biology focuses on engineering biological circuits,
metabolic processes, and entire genomes in a predictable and modular manner (Weber and
Fussenegger 2009). It is a discipline that combines the concepts from biology, engineering, and
computer science to modify and reprogram living cells and systems for novel applications

(Garner 2021).

The genetic switches and the oscillator represent some of the advancements in the field
of regulatory circuits in synthetic biology. The circuits demonstrated the possibility of
engineering cellular behavior in a logic of electrical circuits (Elowitz and Leibler 2000;
Gardner et al. 2000). Over time, the applications of synthetic biology have diversified,
extending from metabolic pathway engineering to disease treatment and environmental and

healthcare solutions (Ruder et al. 2011).

Recent advancements in DNA synthesis, high-throughput sequencing, and
computational modeling have sped up the design-build-test cycle, which is core to synthetic
biology (Kelwick et al. 2014; Xiang et al. 2018). This acceleration enables the construction of

more complex genetic systems.

Important achievements in the field include the production of pharmaceutical and
important compounds such as the antimalarial precursor artemisinin, which shows the
translational impact of engineered pathways (Paddon et al. 2013). Beyond industrial
applications, synthetic biology has also provided a deep understanding of the design principles
of natural regulatory networks, offering new insights into the complexity of cellular systems
and helping to understand the biological systems (Cameron et al. 2014). Taken together, these

advances highlight that integrating molecular biology and engineering is transforming
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biotechnology and medicine in favour of humanity and the environment. (Alberts 2011) (Fig.

L.1).
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Figure 1.1 Design strategies for deploying synthetic biology systems outside the laboratory. This
schematic illustrates system types (whole-cell, cell-free, and biotic/abiotic interfaces) and application
areas (bioproduction, biosensing, living therapeutics, and probiotic delivery) in synthetic biology.
Adapted from (Brooks and Alper 2021).

Synthetic biology offers a versatile framework that facilitates the early detection and
prevention of diseases, along with the development of targeted and personalized treatments
(Tan et al. 2021; Jain 2013). Lage and colleagues' development of a synthetic vaccine to help
prevent infection with Leishmania infantum, which has an annual infection rate of about one
million and a global death toll of up to 50,000 this is an important example of how synthetic
biology can benefit healthcare as a prevention(Lage et al. 2020). In the field of diagnostics,
synthetic biology presents considerable advancements and innovative tools that significantly
improve detection capabilities. Synthetic biology facilitates the availability of diagnostic
systems that function across various regulatory levels, including transcriptional and
translational biosensors(Wang and Tan 2023). Additionally, it allows for the integration of

dynamic behaviours, such as genetic oscillators, to improve signal processing capabilities, and
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one recent example is Martorell and colleagues recently developed a biosensing platform for

detecting norovirus in fecal samples (Martorell et al. 2025).

Biosensors are not only considered a diagnostic tool for disease but also widely used
for environmental concerns. In environmental monitoring, these devices play an important role
by identifying contaminants and pollutant substances, as a result, helping to assess ecological
health more effectively (Fdez-Sanroman et al. 2025; Xiao et al. 2025). Biosensors, for instance,
have been used extensively for the purpose of detecting pollutants in water and soil and food
safety (Huang et al., n.d.; Zhang et al. 2022). These pollutants include heavy metals, pesticides,
and pathogens. Biosensors offer a number of benefits, including sensitivity, portability, and
real-time measurement technology (Rojas-Villacorta et al. 2022). Technological progress, such
as the use of nanomaterials and microfluidic systems, has made biosensors work even better,
allowing for continuous and on-site assessments of environmental quality(Siavashy et al.

2024).

Synthetic biology plays a key role in developing therapies such as chimeric antigen
receptor (CAR) therapy. This approach involves engineering a patient’s own immune cells and
reintroducing them into the body, thereby minimizing the toxicity associated with
immunotherapy(Clubb et al. 2023). In addition to this strategy, using and engineering
microorganisms represents another important topic in synthetic biology, offering novel
possibilities for treatment development. In addition to all those, synthetic biology also enables
scientists to develop platforms for testing these preventive, diagnostic, and therapeutic products

(Rooke 2013).

Synthetic biology offers a powerful advantage through the design of cellular systems
that are capable of manufacturing important pharmaceuticals (Yan et al. 2023). Rather than
relying on extraction from limited natural resources or complex chemical synthesis, these
engineered systems redirect simple substrates toward the production of biologically active
compounds by biotransformation (Sokolova et al. 2023). An example is the use of
Saccharomyces cerevisiae, in which researchers have introduced an artificial biosynthetic
pathway composed of multiple tailored genes to enable hydrocortisone biosynthesis (Feng et
al. 2022). Approaches like this not only provide a more sustainable way to drug development
but also expand access to molecules that are difficult to obtain. Advances in pathway
engineering have made it possible to generate a wide range of pharmaceutical products with

improved yield and scalability, showing the versatility of synthetic biology in therapeutic
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innovation, in addition to supporting drug development, synthetic biology also helps

researchers with drug delivery (Khalil and Collins 2010).

1.2 Cell-Free Systems: Principles and Development

Cell-free systems (CFS) have emerged as a significant platform in biotechnology and
synthetic biology, providing a regulated environment for protein synthesis and metabolic
reactions independent of living organisms. These systems offer an open and adjustable setup
for studying gene expression, constructing biosensors, prototyping genetic circuits, and
producing useful and important biomolecules by removing the complexities of cellular

physiology (Garenne et al. 2021; Vilkhovoy et al. 2020).

In the middle of the 20th century, Nirenberg and Matthaei used crude E. coli extracts
to decipher the genetic code, thereby demonstrating the potential of in vitro transcription and
translation systems. This was the beginning of cell-free translation and transcription systems.
(Nirenberg and Leder 1964). Over the following decades, cell-free extracts from rabbit
reticulocytes, wheat germ, and E. coli became increasingly used for the purpose of conducting
research on molecular biology. Later advancement was on protein synthesis using purified and
defined components rather than crude lysates, which was made possible by the development of
the PURE (Protein Synthesis Using Recombinant Elements) system in 2001 (Shimizu et al.
2001). It was a significant milestone in the field of protein synthesis. These improvements
turned cell-free systems from basic research tools into flexible platforms for use in

biotechnology and industry (Fig. 1.2).

The essential transcriptional and translational machinery, such as ribosomes, tRNAs,
RNA polymerases, and translation factors, is supplied in vitro by cell-free systems in order for
them to function(Cui et al., n.d.). Since they are not limited by the viability of the cell, they
enable great flexibility in the control of reaction conditions, and they also allow us to
incorporate unnatural factors. (Gao et al. 2019; Zhang et al. 2021). In addition, toxic proteins,
membrane proteins, and other challenging products to express can be synthesized within cell-
free systems compared to traditional living host organisms (Hodgman and Jewett 2012).
Moreover, the open nature of these systems facilitates direct manipulation of metabolic fluxes,
energy regeneration pathways, making them an attractive tool for systems biology and

synthetic biology research (Kim and Swartz 2001; Silverman et al. 2020).

In recent years, cell-free systems have evolved into a robust technology with

applications across multiple areas. Their application allows us to rapidly prototype genetic
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circuits and reduces the optimization time from days to hours (Caschera 2025). And it greatly
accelerates the design-build-test cycle in synthetic biology (Sun et al. 2013). There have been
encouraging developments in the use of cell-free systems in industry, particularly due to their
scalability and cost-efficiency, which make them valuable for optimizing the production of
pharmaceuticals, therapeutic proteins, beneficial chemicals, and proteins that are difficult to
express in cell-based systems (Vilkhovoy et al. 2020; Zawada et al. 2011). Moreover, the
integration of automation and computational methods promotes the development of high-
throughput, miniaturized systems, which leads to new possibilities for more sustainable and

flexible biomanufacturing (Brookwell et al. 2021; Silverman et al. 2020).

These advancements are based on the critical processes of transcription and translation,
which are performed in vitro outside of the cellular environment. A deep understanding of in
vitro transcription and translation is critical to work with cell-free systems and their potential

adaptation for a variety of biotechnological applications.
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Figure 1.1 A chronological overview of cell-free gene expression systems. Emphasizing key

practical improvements and innovations achieved in the last 20 years, adapted from (Silverman et al.
2020).
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1.2.1 In Vitro Transcription (TX)

In vitro transcription (IVT) is a technique used to produce RNA from a DNA template
outside the cell. This technique was first developed by the discovery of bacteriophage RNA
polymerases like T7, T3, and SP6, and in a short time, it became one of the important molecular
techniques (Milligan and Uhlenbeck 1989). IVT is decoupling the complexity of in vivo
conditions and offering an independent system to produce RNA in a more controlled manner.
This property is making the IVT widely used, particularly in research fields that require the
synthesis of functional RNA, such as aptamers or the production of guide RNA in CRISPR-
Cas studies (Gao and Zhao 2014; Famulok et al. 2007)

In recent years, advancements in mRNA vaccines and therapeutics have positioned IVT
in a strategically significant role within the field of biomedicine. Investigation and inquiry into
a specific subject matter (Sahin et al. 2014). During the COVID-19 pandemic, mRNA vaccines
were rapidly introduced for clinical use, and it showed that it is possible to produce mRNA on
an industrial scale with high purity. These developments also showed that IVT is not only
useful for basic scientific research but also it is critically important for clinical studies and
industrial applications. However, even if it’s widely used, the method has several limitations
in terms of purity and efficiency, such as contamination of double-stranded RNA (dsRNA) and
possible by-products produced during the transcription, which may cause incomplete transcript
production (Perenkov et al. 2023; Lenk et al. 2024). To overcome these limitations, different
strategies are tested, such as designing RNA polymerase binding sites, optimizing the promoter
sequences, and, most importantly, the reaction conditions (e.g., Magnesium ion concentration,
temperature) make it possible to have increased yields and improved purity for IVT reactions
(Samnuan et al. 2021; Perenkov et al. 2023; Kartje et al. 2020; Youssef et al. 2023). In addition,
improving the purification step after the IVT (e.g., HPLC, cellulose-based chromatography)
especially improves the dsSRNA contamination (Weissman et al. 2013; Baiersdorfer et al.
2019). Also, implementation of computational methods, like in the other fields, is used to

improve and optimize the IVT reaction (McMinn et al. 2024).

To deeply understand the IVT workflow, it starts with designing the DNA template.
The stability and efficiency of synthesized RNA are strongly dependent on designing the
structural elements. It can be defined by main structural elements, which are the promoter
selection, 5° cap, UTRs, the open reading frame (ORF), and the 3’ poly(A) tail. Depending on

the RNA polymerase used, a proper promoter should be selected. 5° and 3’ untranslated regions
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(UTRs) should be designed carefully since they are critically important for initiation of the
transcription and the stability of mRNA (Jia and Qian 2021).

57 UTR is a critical element that affects and regulates translation. In eukaryotic systems,
it changes between 100 and 200 nt. It is also stated that GC content and codon usage are
effective in transcription initiation, stability, and the formation of secondary structure
(McClellan 2000; Mordstein et al. 2020). Certain modifications, capping, can be implemented
at the 5’ end of the transcripts, which is suggested to be necessary to obtain efficiently
functioning RNA. The synthesized RNA can be capped with different methods. 5’ cap can be
introduced via enzymatic reaction, post-transcriptionally, or the cap can be introduced co-
transcriptionally with cap analogs. Enzymatic capping facilitates the addition of a m7G cap to
the 5'-triphosphate ends of RNA through the action of vaccinia or Faustovirus Capping Enzyme
(FCE) virus capping enzymes (VCE)(Ogino 2013; Chan et al. 2023). But it has the risk of
reverse incorporation (Kuhn et al. 2010). To eliminate this risk, there are several synthetic caps,
including an anti-reverse Cap analog known as ‘ARCA’ and a Cap dinucleotide referred to as

CleanCap®(Tusup et al. 2019).

The 3' (UTR) is also crucial to increase the mRNA stability and translation efficiency.
Poly (A) tail is also an important component of the 3’ UTR. The poly(A) tail plays a crucial
role in providing stability to mRNA molecules, thereby significantly improving the efficiency
of translation processes. It can be incorporated into the gene of interest while designing the
DNA template, or it may be introduced after the transcription process through an alternative

protocol (Sahin et al. 2014; Youssef et al. 2023). (Figure: Jia and Qian 2021)
1.2.2 In Vitro Transcription-Translation (TX/TL) Platforms

In vitro translation is a powerful biotechnological tool that translates RNA into DNA.
Since it is an in vitro system, it doesn’t have the concerns that arise from cell-based systems’
complexity, such as the production of toxic proteins, hard-to-translate membrane proteins, or
integration of unnatural amino acids to protein production (Gregorio et al. 2019). In addition
to all these, it also enables us to have a fast and controlled protein synthesis (Sawasaki et al.
2002). Consequently, various parameters, including pH levels, ion concentrations, energy
regeneration systems, and the presence of chaperone proteins, can be readily manipulated,
allowing for studying the protein synthesis process. The in vitro translation system can be
classified into lysate-based and reconstituted systems. Lysate-based systems can be cell lysates
prepared from E. coli, rabbit reticulocytes, wheat germ, and human cells. Prokaryotic lysates

generally offer higher yields, while eukaryotic lysates allow for post-translational
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modifications (Thoring et al. 2019). A common challenge faced in lysate-based systems is the
degradation of DNA or RNA templates, which occurs due to the activities of endogenous
nucleases and proteases (McSweeney and Styczynski 2021; Schinn et al. 2016). Purified
(Reconstituted) systems, also known as PURE (Protein Synthesis Using Recombinant
Elements), provide a more regulated experimental setting since it is a recombinantly
reconstituted systems, and they consist of defined and purified components, and the system is
free from undesirable activities such as nucleases and proteases. This feature is particularly
advantageous for sensitive experiments requiring high purity and controllability (Shimizu et
al., 2001). Purified PURE systems offer higher purity and easier manipulation compared to
lysate-based systems (Gregorio et al. 2019). Additionally in vitro translation system can be
used to design an experiment in a couple or linked format. Coupled systems mean that
transcription and translation can be performed in the same system (Starting from

DNA—->RNA—Protein). Linked systems use RNA as a starting template (RNA—Protein).

1.2.3.1 E. coli Cell-Free Lysates

The E. coli cell-free system is among the most commonly used and well-characterized
platforms in the field (Garenne et al. 2021; Hunt et al. 2025). Its advantageous system stems
from its rapid growth, ease of culture, and high protein production. The lysate was mostly
produced using the BL21 strain, which is optimized for protein production, but recently
different strains have been tested and optimized for lysate preparation (Henrich et al. 2015;
Krinsky et al. 2016). In comparison to other cell-free lysates, particularly those derived from
eukaryotic sources, the preparation process is more straightforward (Gregorio et al. 2019).
Lysates are typically generated through S30-based methodologies, which use the polymerases,
ribosomes, and other internal components derived from E. coli. Moreover, lysates can be
further enhanced by incorporating additional T7 polymerase, which serves to elevate the
transcription rate, particularly when utilized alongside robust promoter elements. (Shrestha et
al. 2012). E. coli lysate not only contains molecular machinery, but also necessary enzymes
related to energy metabolism. While protein synthesis quickly stops when ATP is depleted in
traditional systems, energy regeneration systems in modern lysates keep ATP and GTP levels
stable for several hours by using, e.g. the reuse of phosphoenolpyruvate, creatine phosphate, or

glycolysis pathways, allowing for efficient protein production (Calhoun and Swartz 2005).

The ionic conditions in a cell-free system play a crucial role in many aspects, such as
controlling the crowding (Ge and Xu 2020; Cross et al. 1999). The concentration of

magnesium ions serves as a crucial factor influencing the balance between transcription and
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translation within a cell-free system derived from E. coli (Kapasiawala and Murray 2024). In
addition to ions, lysates also contain amino acids, nucleotides, coenzymes, and polyamines
(e.g., spermidine) to improve translational activity(Atkins et al. 1975). However, some factors
can reduce translation efficiency, such as nuclease and protease activity. These factors can
cause degradation of mRNA or protein. RNAse and protease inhibitors can be used to prevent
such damage. Another approach is to use genetically modified strains to remove the protease
and RNAse genes to prepare more stable and high-yield lysate preparations.(Hong et al. 2015;
Jiang et al. 2002). The full range of possible additions to cell-free lysates demonstrates the
potential for improvement in these systems. For example, one of the drawbacks of the E. coli-
based system is its inability to reproduce post-translational modifications. However, these
limitations can be addressed by adding supplements such as chaperones or microsomes (Jin et

al. 2019).

1.2.3.2 Rabbit Reticulocyte Lysates

Rabbit reticulocyte lysate (RRL) is a commonly used system containing mammalian
translational machinery. RRL is prepared by using precursor rabbit erythrocytes and contains
tRNAs, aminoacyl tRNA synthetase, and other translational machinery (Jackson and Hunt
1983). Since the lysate contains translational machinery such as elF4, elF2, and eIF3, this
allows the system to start the translation by recognizing the 5’ cap structure of the eukaryotic
mRNAs (Pelham and Jackson 1976). This makes the system more efficient and proper for the
translation of eukaryotic mRNA compared to prokaryotic systems. For the translation in RRL,
ATP and GTP are necessary and supported with creatine phosphate and creatin kinase system
for the energy regeneration (Favre and Muellhaupt 2005; Merrick 2010). This improves the
translation time and yield. Endogenous mRNA is eliminated by treating the lysate with
micrococcal nuclease, an endo-exonuclease that selectively degrades single-stranded nucleic

acids (Pelham and Jackson 1976; Zemella et al. 2015).

Since RRL consists of eukaryotic machinery, it has better protein folding than
prokaryotic lysates but still requires the addition of microsomes in order to support complex
post-translational modification such as glycosylation (Shields and Blobel 1978; Dougherty and
Parks 1991).

Rabbit reticulocyte lysate (RRL) cell-free systems ins an in vitro translation system,
meaning that the system requires mRNA templates for translation. This requirement needs an
extra step for RNA transcription and purification. The instability of mRNA significantly

reduces protein yield, therefore RRL is considered a less efficient systems available compared
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to the other cell-free lysates (Gregorio et al. 2019). Furthermore, RRL lysate production
necessitates a complex and time-consuming extraction process, making large-scale synthesis

challenging (Jackson and Hunt 1983).
1.2.3.3 PURE Systems

The PURE (Protein Synthesis Using Recombinant Elements) system is a significant
advancement in the field since it is a cell-free protein synthesis system that is reconstructed
from the individually produced components from E. coli (Shimizu et al. 2001). Shimizu and
his colleagues developed this new system in 2001, contributing significantly to our
understanding of protein synthesis processes. This system has a well-defined structure, with
each component, around 36, going through a purification process, and the exact composition
of these components is adjusted (Grasemann et al. 2021). The PURE system is made up of
several essential components, including ribosomes, tRNAs, and aminoacyl-tRNA synthases. It
also contains translation factors like T7 RNA polymerase, elF2, and elF3 (Whittaker 2013).
Additionally, the system includes energy regeneration systems such as creatine kinase, creatine
phosphate, and adenylate kinase, as well as purified components from E. coli (Whittaker 2013).
Considering that all components must be reconstituted by combining them synthetically rather
than using the living organism resources, it is a more labour-intensive and expensive system
than the lysate-based system (Lavickova and Maerkl 2019; Grasemann et al. 2021).
Additionally, proteins can be synthesized with modifications such as N-terminal acetylation
and myristylation in PURE (Matsumoto et al. 2023). This process is possible with the addition
of a modifying enzyme into to PURE system (e.g., N-acetyltransferase or N-
myristoyltransferase) and allows the production of a modified protein in a controlled and one-

step reaction (Matsumoto et al. 2023; 2025).

Recent studies show that the PURE system is evolving from a traditional energy system
to more efficient, modular, and sustainable systems. The progress made in pyruvate-based ATP
regeneration, the utilization of single-enzyme polyphosphate kinase, the incorporation of
glycolysis, and the conversion of plastic waste into amino acids make these systems especially
attractive for both foundational research and biotechnological studies and fully autonomous
artificial cell construction (Rothschild et al. 2024; Yadav et al. 2025; Doerr et al. 2019;
Nishikawa et al. 2024).
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1.2.3.3 Other Cell-free systems

There are several lysate-based cell-free systems used for studies, such as wheat germ
and CHO lysates. Depending on the purpose of the study, different lysates can be used and
modified.

1.2.3.3.1 Wheat Germ Lysate

Wheat germ lysate is one of the cell-free systems that most closely resembles eukaryotic
cell translation mechanisms. Its high throughput makes it ideal for producing difficult proteins,
such as membrane proteins. It is also used extensively in protein labeling and structural
genomics research(Harbers 2014). The benefits of this system include high success rates and
rapid protein production.
1.2.3.3.2 Chinese Hamster Ovary Lysate

Lysates from Chinese Hamster Ovary (CHO) cells can perform post-translational
modifications, particularly glycosylation. These systems are used for a variety of applications,
including therapeutic protein production and antibody synthesis. Because CHO lysates contain
microsomal structures, they can also be used to produce membrane proteins(Thoring et al.

2016)

1.2.3.3.3 Leishmania tarentolae Lysate

Leishmania tarentolae, a nonpathogenic protozoan, makes an ideal platform for cell-
free protein expression. It is simple to culture and can be used to produce large protein libraries
at a high rate (Kovtun et al. 2011). This system is ideal for the rapid production and labeling
of eukaryotic proteins.
1.2.3.3.4 Hela Lysate

The cell-free lysates obtained by using HeLa cells are mostly used to synthesize human-
based proteins. This system can perform post-translational modifications and is suitable to
produce therapeutic proteins. On the other hand, additional components may be required to
make modifications, such as glycosylation (Yadavalli and Sam-Yellowe 2015)
1.2.3.3.5 Pichia pastoris Lysate

Pichia pastoris cell-free lysates are particularly well-suited for eukaryotic protein
production. This system promotes eukaryotic traits like post-translational modifications and
disulfide bond formation. Furthermore, its high-throughput protein synthesis makes it ideal for

use in biotechnology and structural biology(Spice et al. 2022).
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1.2.3.3.6 Vibrio natriegens Lysate

Vibrio natriegens' lysate can produce a large amount of protein due to its rapid growth.
It offers an alternative platform for rapid prototyping and high-throughput protein expression
in cell-free environments. Furthermore, its short production times and high ribosome density

give it an advantage over E. coli lysate in some applications(Wiegand et al. 2018).

1.2.4 Limitations of Cell-free Lysates

Cell-free systems are gaining attention in synthetic biology due to their ability to allow
biological processes to occur without the need for the complex structures found in living cells.
However, with advantages, there are several problems that restrict their broad application. If
we follow the limitations that extend from the preparation of the lysate to the characterization
of the components, the DNA or RNA template has an important impact on the reaction.
Because the reaction results in the production of by-products, accumulation becomes a concern.

Quantification of the small molecules will be the final step of discussing the limitations.

One of the major challenges is the difficulty in characterizing the lysates both
structurally and functionally (Hunt et al. 2025; Swartz 2018). Cell lysates consist of multiple
enzymes and metabolites, which make them complex and often difficult to understand,
especially when the conditions are changed while preparing the lysates, such as stress, changes
in lysis method, and growth media, or usage of engineered strains (Hunt et al. 2025;
Falgenhauer et al. 2021; Contreras-Llano et al. 2020; Henrich et al. 2015). Even when
following the same protocol, there can be notable differences in yield between extracts
prepared at different times or by different people (Piorino et al. 2023). This creates challenges
in standardization and complicates the understanding of reproducibility and scalability of the

systems.

A further limitation is the impact of DNA templates on the system. The quality and
preparation of the templates used have a direct impact on the efficiency of protein production
(E. Romantseva et al. 2022; McManus et al. 2021; E. F. Romantseva et al. 2022). Additionally,
when several genetic cassettes are included in the same reaction, the available transcription and
translation resources need to be shared. This competition results in unpredictable changes, even

without any regulatory connection between genes.

Another limitation of these systems is the duration of the reaction. Reactions often stop

quickly because of changes in pH, by-product production, or fast depletion of crucial energy
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molecules (Silverman et al. 2019; Karim et al. 2020; Garamella et al. 2016). Although generally
protocols have been created to prolong reaction times, these solutions may not be appropriate
for all applications (Burrington et al. 2021). This issue specifically creates a problem for

applications requiring long-term stability.

Quantification is another important concern. Measuring the amount of small molecules
accurately is still difficult, such as toxins (Silverman et al. 2020). The differences among
various extract batches, the presence of inhibitory substances in samples accumulated through
the reaction, might reduce the accuracy of measurements (Chipman et al. 2025; Dudley et al.

2015; Borkowski et al. 2020).

In summary, although cell-free systems have considerable potential, they encounter
important challenges. The complexity, unpredictability, and difficulties in measurement restrict
the wide use of this technology. Cell-free systems should be considered not only as simplified
extracellular environments, but also as independent systems that have their own unique

regulations and functioning mechanisms.

1.3 Biotechnology Applications of Cell-Free Systems

1.3.1 Protein Synthesis

Cell-free system is widely used to produce difficult-to-express proteins like toxins and
complex proteins, membrane proteins, and virus-like particles (VLP) and proteins that are
incorporated with non-canonical amino acids (Gregorio et al. 2019; Khambhati et al. 2019).
Virus-like particles are gaining importance since they are playing an important role in vaccine
development, drug delivery, gene therapy, and immunotherapies (Bundy et al. 2008).
Production of these particles requires long and complex optimization and characterization
processes when they are produced in cell-based systems(Spice et al. 2020). Thus, Armero-
Gimenez and colleagues manufactured hepatitis B core antigen (HBc) variants in tobacco BY-
2 lysate (BYL) and successfully scaled the reaction from 50 pL to 1L without having any
decrease in production yield(Armero-Gimenez et al. 2023). Another example is the production
of norovirus VLPs for the first time in E.coli-based lysates. Norovirus particles are produced
in 4 hours to assemble the Human noroviruses (Sheng et al. 2017). In summary, cell-free
systems have become attractive due to their structural stability, rapid production, and high

optimizability (Hu and Kamat 2023).

Cell-free systems provide a directly controlled environment, a more flexible and

efficient platform to produce therapeutic proteins that can be toxic, difficult to express, or that
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require high purity. It also provides advantages by eliminating time-consuming steps in the
transfection, clone selection, and expansion protocol (Dondapati et al. 2020). Cell-free
platforms support drug analysis by facilitating labeling applications (Zemella et al. 2015;
Dondapati et al. 2020). Cell-free system platforms with the integration of artificial intelligence
and machine learning (AI/ML) methods offer powerful technology in the field areas of
proteome engineering, prototyping acceleration, and de novo biotherapeutic designs (Caschera

2025).

CFPS enables the incorporation of non-canonical amino acids (ncAA) other than the 20
natural amino acids into the protein, thanks to the direct intervention in the reaction (Hunt et
al. 2025). This enables the redesign of protein functions. The precise control of peptide
sequence modifications, whether natural or synthetic, is critical to the efficacy of many protein-
based therapeutic developments (Tinafar et al. 2019). On the other hand, the whole codon table
could be reprogrammed, which would make it possible to add non-natural amino acids and

make completely new codon tables (Tinafar et al. 2019).

Membrane proteins are found in the cell membrane and are critical for biological
functions. However, their production can be challenging because they function within the
membrane lipid environment and have low water solubility, and they can be toxic to produce
in cellular systems. (Seddon et al. 2004). CFPS offers an alternative production system for
these specific protein groups (Steinkiihler et al. 2024). To enable the membrane proteins to
properly fold in the CFPS, model membranes and a detergent-based system are used
(Benedicto et al. 2024). Nanodiscs are a new model membrane to use for membrane protein
studies and are composed of synthetic lipid rings and apolipoproteins arranged into small lipid
disks (Nath et al. 2007). These disks act like their natural lipid environment, helping to stabilize
membrane proteins and proteins remain properly folded and processable while binding to the
nanodiscs. If they don't have their native membrane structure, they often fold incorrectly or
aggregate, and these membrane models help proteins to fold properly. (Benedicto et al. 2024).
Production of membrane proteins is important for drug development, vesicle-based biosensors,

and synthetic cell studies (Nath et al. 2007; Jacobs et al. 2019; Kuruma and Ueda 2015).
1.3.2 Synthetic Biology and Genetic Circuits

Since cell-free system usage is widely expanding, the design of the genetic circuits
gains importance for the system. Characterizing genetic components, including promoters,
ribosome binding sites, and terminators, is crucial, and this process is labour-intensive and

time-consuming in living cells (McManus et al. 2021). CFPS may significantly fasten the
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design-test-build process by allowing high-throughput screening. High-throughput
characterization of genetic fragments is possible by screening libraries containing thousands of

variants in 96- or 384-well plates(GAN et al. 2022).

By incorporating genetic circuits, these systems gain programmability. Another
exciting application of cell-free systems is the development of artificial cells, which hold
potential in diverse areas ranging from biosensors to space exploration (Rothschild et al. 2024).
Recently, a circuit operating on a single DNA molecule in a biochip was presented, which they
considered an important step for the development of a miniaturized biological system (Hunt et
al. 2025; Greiss et al. 2024). However, it has to be noted that cell-free systems still suffer from

resource competition and batch-to-batch variability (Hunt et al. 2025).
1.3.3 Drug Discovery and Development

Given the cell-free system’s capacity for rapid production, it makes it possible to
produce protein within hours (Caschera 2025). This gives an advantage for the identification
and validation of drug targets. With the high-throughput screening, thousands of protein
variants can be expressed in parallel (GAN et al. 2022). This makes protein engineering and
enzyme screening faster than cell-based systems. For example, in one study for discovering
antimicrobial peptides, more than 3,000 variants of salivaricin B were tested with cell-free
systems (Park et al. 2024). Cell-free systems also offer new opportunities in biological drug
development in addition to identifying. In E. coli-based cell-free system, unnatural amino acids
can be added to produce site-specific and uniform antibody-drug conjugates(Tinafar et al.

2019; Zimmerman et al. 2014).

In combinatorial biosynthesis, they make it possible to test different biosynthetic
pathways together, which speeds up the design of new molecules (Bogart et al. 2021). Cell-
free systems can also be combined with genetic circuits and membrane-based vesicles to design
programmable drug production and delivery systems (Kim et al. 2025). The main advantages
of cell-free systems include speed, flexibility, lower cost, reduced risk of contamination from
cells (like endotoxins), and suitability for structural studies with isotopic or fluorescent

labeling.
1.3.4 Biosensors

Biosensors are analytical tools that take the biological elements, such as enzymes,
antibodies, or nucleic acids, and combine them with a proper transduction mechanism to detect

the target molecule’s existence, concentration, or activity (Wang and Lu 2022; Alil et al.
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2017). They are becoming an important focus of synthetic biology due to their portability, low
cost, rapid response, and real-time monitoring (Xing et al. 2025; Zhang et al. 2022). Biosensors
are generally composed of 3 main parts: the recognition part, the transducer, and the signal
processing unit (Shafiee et al. 2018). The recognition elements interact with the target
molecule, triggering a specific reaction that is converted into a physical, measurable signal

(optical, electrical, fluorescent, colorimetric, or luminescent (Wang et al. 2025).

The living cells have been used to develop biosensors for decades, since they are
capable of self-sustaining systems (Green et al. 2025). With all the advances of cell-based
biosensors, they also have some limitations, such as requiring continuous viability and
membrane transport (Green et al. 2025; Zhang et al. 2020). Cell-free systems are adding

advantages here since they are free from these limitations.

Cell-free biosensors operate through different recognition mechanisms, which can be
categorized into transcriptional regulation-based systems, aptamers, CRISPR-based systems,

and toehold switches(Zhang et al. 2020).

The transcriptional regulation-based systems detect the input molecule with the
transcription factors and activate or block reporter gene activity, and produce a detectable
output with the help of shifting gene activity(Jeon et al. 2022). In one study, Pellinen and
colleagues used transcription regulation-based biosensors in E. coli lysate in order to detect

mercury, which is toxic for living cells (Pellinen et al. 2004).

The aptamers are short, single-stranded, designed nucleotide sequences that bind to a
target molecule with high affinity (Duchardt-Ferner et al. 2020; Zhang et al. 2019). Comparing
this feature with antibodies, which also bind the target molecule with affinity, aptamers are
advantageous in terms of stability, faster and cheaper synthesis, size, and flexibility in
modifications(Zhang et al. 2019). Harbaugh and colleagues generated RNA aptamers against
dopamine and integrated them directly into a riboswitch scaffold to create a cell-free biosensor

to detect dopamine in urine samples as a proof of concept (Harbaugh et al. 2022).

CRISPR-Cas systems have become an important tool for cell-free biosensors with their
ability to recognize target nucleic acids with high specificity and their cleavage
features(Kellner et al. 2019; K. Chen et al. 2022). After recognizing target genetic material,
enzymes such as Cas12 and Cas13 can activate a signal production mechanism with secondary
"collateral cleavage" activity (Li et al. 2023; Cecchetelli, n.d.; Wu et al. 2024). This feature,
when combined with cell-free systems, enables the development of biosensors that provide

rapid and cost-effective field-applicable diagnostics. Cell-free CRISPR biosensors are
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especially useful in the diagnosis of infectious diseases (Kellner et al. 2019; B. Chen et al.
2022; Huang et al. 2023). For example, the SHERLOCK and DETECTR platforms can detect
RNA or DNA targets in a cell-free environment in minutes and visualize the results using
simple fluorescence or colorimetric readout systems(Kellner et al. 2019; Cecchetelli, n.d.). This
approach is used not only in clinical diagnosis, but also in a variety of other applications, such
as food safety, environmental monitoring(B. Chen et al. 2022). Mahas and colleagues have
designed a Casl2a-based cell-free biosensor in order to detect small molecules and as a proof

of concept, they detect the different levels of tetracycline(Mahas et al. 2022).

Toehold switches are RNA-based regulators developed in synthetic biology that are
commonly used in cell-free biosensor applications (Green et al. 2014). Their structures include
a hairpin region and a ribosome binding site (RBS). In the absence of a target RNA molecule,
the hairpin structure prevents translation by closing the RBS and start codon (OFF state)(Pardee
et al. 2014). In the presence of target RNA, the hairpin opens, allowing the ribosome to access
the RBS and begin translation of the reporter protein (ON state)(Pardee et al. 2014). This
mechanism has high specificity and sensitivity because the signal is only generated when it
interacts with the specific target RNA. Another important feature of toehold switches is their
programmability; new switches can be created for various target RNAs, making the platform
modular and adaptable(Green et al. 2014). Toehold switch-based biosensors are useful in field
testing, viral RNA detection, and portable diagnostic kits because they allow for rapid and
controlled protein production in a cell-free environment(Pardee et al. 2014; Hoang Trung Chau

et al. 2020).
1.3.5 Metabolic Engineering

Cell-free systems provide a robust platform for metabolic engineering applications. In
these systems, metabolic pathways can be reconfigured and optimized independently of living
cells' complex regulatory networks(Karim and Jewett 2016). Thus, target metabolites can be
produced directly from cell lysates or purified enzymes (Dudley et al. 2015). Cell-free
metabolic engineering (CFME) is distinguished by its rapid prototyping capabilities;
researchers can quickly test the most efficient production scenario by adjusting enzyme
concentrations, cofactor balances, and reaction parameters (Caschera and Noireaux 2015).
Cell-free systems also eliminate limitations such as toxic metabolite accumulation and the
production of products that impair cell growth (Kay and Jewett 2015). Because of these
characteristics, CFME is increasingly being used in the manufacture of biofuels,

pharmaceuticals, natural products, and valuable chemicals (Hodgman and Jewett 2012). Cell-
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free metabolic engineering has significant potential for biofuel production. Biofuels like
ethanol, butanol, and isobutanol have been successfully synthesized in a cell-free environment
using reengineered metabolic pathways, offering an alternative and sustainable approach to
energy production (Krutsakorn et al. 2013). Another important application is bioplastic
production. Polylactic acid (PLA) and similar bioplastic precursors were enzymatically
synthesized from cell lysate, demonstrating the efficacy of cell-free platforms for the
development of environmentally friendly materials (Bujara et al. 2010). Furthermore, cell-free
systems are used in the pharmaceutical industry to produce high-value compounds. High-yield
synthesis of pharmaceutical intermediates, such as nucleotide analogs, in a cell-free
environment provides a valuable alternative for rapid prototyping and manufacturing in drug

development processes (Kay & Jewett, 2015).
1.3.6 High-throughput Screening

Cell-free systems provide support for high-throughput screening (HTS) applications.
These systems enable rapid testing of thousands of biosynthetic pathways, enzyme variants, or
genetic circuits to identify the best combinations (Sun et al. 2014). Screenings performed in a
cell-free environment produce faster and more flexible results than traditional in vivo methods
because they are not affected by cell growth or physiological barriers (Hodgman and Jewett
2012). Furthermore, using cell lysates or purified components makes it simple to test various
conditions (e.g., pH, temperature, and cofactor balance) in HTS applications (Karim and Jewett
2016). This method can be used to quickly screen large-scale libraries for functional candidates,
particularly in ribozyme, aptamer selection, and protein engineering (Martin et al. 2018). Cell-
free HTS has numerous applications, including industrial enzyme optimization, biosensor
design, and drug discovery (Nirenberg and Matthaei 1961; Laohakunakorn et al. 2020). Cell-
free systems are widely used in high-throughput screening applications, particularly in protein
engineering research. Large libraries of enzyme variants can be rapidly tested in cell-free
environments to identify enzymes with the highest activity or stability (Martin et al. 2018).
Ribozyme and aptamer selection are also important for application. Cell-free screening speeds
up the development of new biosensor platforms by rapidly identifying RNA-based structures
that can bind to specific ligands with high specificity (Laohakunakorn et al. 2020).
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1.3.7 Education

Cell-free systems are used as an effective learning tool in synthetic and molecular
biology education (Kelwick et al. 2014). Experiments in a cell-free environment enable
students to observe molecular processes without the biosafety and technical constraints
associated with working with living cells (Silverman et al. 2020). Fundamental concepts such
as gene expression, enzyme activities, and biosensor principles can now be tested in a
laboratory setting quickly and safely(Shin and Noireaux 2012). Furthermore, cell-free
platforms enable students to develop design-thinking and prototyping skills, allowing them to

learn the design and optimization of biotechnological circuits (Laohakunakorn et al. 2020).

1.4 Cell-Free Transcriptional Regulation-Based Biosensors:

Principles and Designs

1.4.1 Activator-Based Biosensors

Cell-free transcription-translation systems are a suitable platform for implementing
regulatory circuits based on activator components such as transcription factors, thus
circumventing the permeability limitations and biosafety concerns associated with living cells

(Lu 2020; Zhang et al. 2020).

In activator-based biosensors, the binding of a ligand to a transcription factor (or a
modified variant) induces a conformational change that allows RNA polymerase access to the
promoter region of DNA, thus converting target sequences into signals (D’Ambrosio and
Jensen 2017; Hossain et al. 2020; Lee and Maerkl 2024). Regulatory proteins (activators) in
this approach are typically composed of two functional modules: a DNA-binding domain
(DBD) and a ligand-binding or allosteric regulatory domain (LBD) (D’ Ambrosio and Jensen
2017; Hossain et al. 2020; Lee and Maerkl 2024). After the activator binds to the ligand, RNA
polymerase or the corresponding transcription machinery in the promoter region initiates or
activates transcription. Promoter activation is triggered when ligand samples are added to this
mixture; this occurs through the activator-ligand interaction, which produces a reporter (e.g.,
fluorescent protein, lacZ, luciferase) and thus generates a measurable signal(Lee and Maerkl
2024). Because the activator normally acts as a positive regulator, the signal exhibits a "turn-
on" response; in the absence of ligands, basal expression levels are low, whereas in their
presence they increase (Lee and Maerkl 2024; Guo et al. 2025). Such systems offer advantages

such as tunable sensitivity control, signal amplification, and reversible control. System
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dynamics can be studied and optimized, for example, by adjusting parameters such as the
activator concentration, the affinity between promoter and activator, the number of operators,
and the promoter architecture(Lee and Maerkl 2024; Mahas et al. 2022; Hossain et al. 2020).
Progress in the development of activator-based biosensors in cell-free environments has been
facilitated in recent years by automated, robotic liquid-handling platforms that enable faster
high-throughput screening and circuit optimization (Ekas et al. 2024). However, activator-
based systems can face several challenges, such as system leakage, nonspecific binding,

optimal signal-to-background ratio tuning, and stability (Wang and Lu 2022; Li et al. 2025).

Activator-based biosensors can also be toehold switches, which can use RNA
molecules as activating signal outputs. One of the main advantages of these switches is their
modularity which allows the designing biosensor for many different RNA targets (Hoang

Trung Chau et al. 2020; McSweeney et al. 2023).
1.4.2 Repressor-Based Biosensors

In repressor-based biosensors, the binding or removal of the ligand controls the binding
or removal of the transcription factor from the DNA; this regulation leads to negative control
of the reporter gene expression (Pellinen et al. 2004; Griawe et al. 2019). Generally, the
repressor binds to the operator region (either the promoter or the region near the promoter),
thus blocking RNA polymerase access to the promoter (Jung et al. 2022). Typically, the
repressor has a negative regulatory function; this structure allows for a negative signal-

silencing mechanism in the presence of the ligand.

The presence or content of the ligand influences the repressor-operator interaction,
resulting in negative regulation of the reporter gene(Barkley et al. 1975; Pellinen et al. 2004).
A common example is metal-ion-sensitive repressor proteins, such as metal-regulators, such as
ArsR and MerR (Pellinen et al. 2004). These repressors act as metal ion sensors in extracellular
environments by dissociating from the operator site upon metal ion binding, thus releasing
transcription. Repressor-based systems offer several advantages, such as low basal expression
levels, the ability to reverse the response (negative locking), and the development of signal
reduction modes(Karig et al. 2012). Parameters such as the number of operators, the affinity
between repressor and promoter, and the repressor concentration are crucial for the dynamic
range, boundary detection, and contrast performance of a repressor-based biosensor in a cell-

free system(Shin and Noireaux 2012; Karzbrun et al. 2014; Chappell et al. 2015).

To compare some characteristics of activator and repressor-based biosensors, see Table 1.1.
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Table 1.1 Comparison of characteristics of activator and repressor-based biosensors.

Characteristic Activator-based Biosensor Repressor-based Biosensor
Signal polarity “Turn-on” “Turn-off ”(or derepression)
Ligand binding activates the Repressor binds to operator; effects
activator promoter — reporter the translation— reporter decrease
increase.(Jung et al. 2022) (Grawe et al. 2019; Jeong et al.
2019).
Leakiness Leakage expression depends on It is usually possible to achieve

promoter and activator level; low
basal but high leakage has been
reported in well-designed
activator systems(Jung et al. 2022;
Zhou and Zhang 2023).

lower basal expression because the
repressor directly blocks translation;
however, leakage can still occur
because operator location/affinity is
critical (Grawe et al. 2019; Jeong et
al. 2019).

Dynamic range/
Fold-change

Generally, higher dynamic range
can be observed; strong promoter
activity upon activator triggering
produces large “ON” levels
(Voyvodic et al. 2019)

Although fold repression (ON/OFF
difference) can be optimized in
repressors, in some designs
expression of the repressor gene or
reporter redundancy may limit the
dynamic range(Pandi et al. 2019;
Lopreside et al. 2019; Silverman et
al. 2019).

Limit of detection

Activators provide good LOD if

The LOD is very sensitive to

(LOD)/ they can trigger low ligand repressor/promoter affinity and
sensitivity concentrations; however, the LOD | repressor level; pre-expressed
system can be further improved repressor or optimal
with amplification layers(Jung et | repressor:reporter ratio improves the
al. 2022; Li et al. 2024) LOD(Grawe et al. 2019; Saito et al.
2010b).
Optimization Dynamic range and can be easily | Repressors can be fine-tuned by
Flexibility adjusted by the promoter binding | operator number/position, repressor

strength of activators, the number
of activator copies, and the
amplification layers that can be
used(Voyvodic et al. 2019; Jung
et al. 2022).

affinity, and repressor expression
source (pre-expressed vs co-
expressed); competition for
resources (translation resources)
should be taken into
account(Mannan et al. 2017; Swank
et al. 2019; Siegal-Gaskins et al.
2014; Pandi et al. 2019)
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1.5 RNA-Binding Proteins

RNA-binding proteins (RBPs) are key regulatory proteins that participate in nearly
every stage of RNA metabolism in the cells. These proteins have a conserved structure that
allows them to bind specifically to RNA molecules through specific motifs and regulate their
processing, transport, stability, and translation (Gerstberger et al. 2014). These motifs are
usually found in RNA-interacting regions of proteins and recognize specific RNA sequences
or secondary structures. The most common motifs are the RNA Recognition Motif (RRM), the
K Homology (KH) region, Zinc Finger motifs, and the RGG box (Gerstberger et al. 2014;
Lunde et al. 2007). These structural domains allow RBPs to recognize both sequence and
structure-specific RNA. Many RBPs have multiple RNA-binding domains and can interact
with multiple RNA targets, which increases their functional diversity and specificity (Lunde et
al. 2007). RNA-binding proteins form riboprotein complexes with other proteins and RNA
(Glisovic et al. 2008). These complexes help to coordinate processes like RNA processing,
transport, and translation. For example, pre-mRNA splicing is carried out by the spliceosome,

a large complex in which numerous RBPs interact dynamically(Glisovic et al. 2008).

RBPs' ability to selectively interact with RNA enables post-transcriptional
programming of gene expression. This function is used in different applications, including
post-transcriptional regulation in synthetic biology, such as designing RNA sensors and
artificial circuits (Nguyen et al. 2022). For instance, by identifying particular RNA structural
motifs, classical RNA-binding proteins like MS2 coat protein (MS2-CP) have been utilized to
create artificial logic gates (like AND, OR, and NOT)(Yang and Ding 2021; Matsuura et al.
2018; Nguyen et al. 2022). Regulating RNA localization is one of the key applications of RBPs
in synthetic biology (Mattick 2004).

1.5.1 MS2-cNOT7 and MS2 Loops

The MS2 stem-loop structure consists of a stem region and a loop region. The
nucleotide sequence within the loop region typically contains the AUGAAC motif, which
serves as the key element that directly interacts with the recognition pockets of the binding
protein (Valegard et al. 1997). In terms of RNA folding, the MS2 hairpin exhibits a prefolded
conformation, maintaining its secondary structure even before protein binding (Helgstrand et

al. 2002). Upon protein binding, however, certain base pairings within the RNA stem undergo
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rearrangement, producing a more compact structure through an induced-fit mechanism

(Valegéard et al. 1997).

The coat protein of the RNA bacteriophage MS2 serves two functions: it is a major
structural protein of the viral particle and a translational repressor of the viral replicase gene
(Bernardi and Spahr 1972; Peabody and Lim 1996). These functions are based on highly
specific protein-protein and protein-RNA interactions. The system is widely used in RNA
engineering and molecular biology because the MS2 coat protein (CP or MCP) can specifically
bind to a certain RNA stem-loop motif (Johansson et al. 1997). With this specific binding
property, it became a great interest for synthetic biology applications, especially as a fusion

protein domain (Nakanishi 2021).

When the binding of an RBP does not functionally affect the translation, like in the case
with MS2, they can be combined with other proteins. The 5' cap structures and poly(A) tails
play an important role in both mRNA stability and translation. Targeted binding of RBPs to
mRNAs may promote their degradation and translational reduction by interacting with these
crucial structures in RNA (Nakanishi 2021). The cNOT?7 protein is an important example to
use in combination with the MS2 protein. It is the catalytic de-adenylase subunit of the CCR4-
NOT complex and works by shortening the mRNA poly(A) tail, which makes the mRNA less
stable (Mauxion et al. 2023). MS2-cNOT?7 fusions are used to direct the de-adenylation or
degradation of specific RNA through the MS2 domain (Wroblewska et al. 2015). This design
gives the possibility to control the translation levels over mRNA stability. To further enhance
this control, the fusion constructs include a protease-sensitive cleavage site, such as a TEV
protease recognition sequence. This allows the MS2 and cNOT7 domains to be separated in a
regulated manner, making repression by MS2-cNOT7 controllable as a protein—protein

interaction device (Cella et al. 2018).

1.5.2 L7Ae and Kink-Turn Motifs

The L7Ae protein is a very specific archaeal ribosomal protein that is found in archaeal
ribonucleoprotein complexes (Lenk et al. 2024; Suryadi et al. 2005). It is especially well-
known for its ability to bind to the RNA secondary structure motif known as kink-turn (k-
turn)(Watkins and Bohnsack 2012). L7Ae family proteins are conserved in both Archaea and
eukaryotes (e.g., the 15.5K homolog), suggesting that L7Ae has an evolutionarily highly stable
RNA recognition mechanism (Rozhdestvensky et al. 2003).
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The K-turn motif is characterized by a significant angle (approximately 50-60°) in the
RNA double helix, which arises from G-A base pair interactions (Klein et al. 2001). The
structure typically comprises three components: (i) the canonical stem (C-stem), characterized
by classical Watson-Crick base pairings; (ii) the non-canonical stem (NC-stem), featuring non-
standard base pairings such as G-A and A-G; and (iii) the kink region that links the two
branches (Turner et al. 2005; Goody et al. 2004).

The K-turn structure imparts an irregular conformation to the native RNA strand;
however, this motif alone does not contribute to a stable three-dimensional architecture (Nissen
et al. 2001). High-resolution X-ray crystallography studies indicate that RNA remains open
and flexible in the absence of L7Ae binding. Upon binding to RNA, L7Ae adopts a more
compact and twisted structure. Hydrogen bonds and electrostatic interactions between amino
acid residues on the positively charged surface of L7Ae and the RNA phosphate backbone
contribute to the stability of this binding (Moore et al. 2004; Vidovic et al. 2000). The RNA
recognition site is located on the surface, predominantly composed of positively charged

residues (Suryadi et al. 2005).

L7Ace's interaction with RNA alters the three-dimensional conformation of RNA,
facilitating a functional fold (Rozhdestvensky et al. 2003). L7Ae functions as a structural
chaperone. The interaction between L7Ae and kink-turn has been conserved across
evolutionary history in both archaeal and eukaryotic systems (Klein et al. 2001;
Rozhdestvensky et al. 2003). Analogous recognition motifs have been identified in archaeal
ribosomal RNAs and eukaryotic U4 snRNA(Klein et al. 2001; Moore et al. 2004). Recent
research has explored the application of this natural recognition mechanism in biotechnological
systems. The L7Ae-kink-turn interaction operates as an RNA-specific conformational switch
and is being evaluated as a structural signal transducer module in biosensor designs (Saito et
al. 2010b; Wroblewska et al. 2015). This methodology utilizes the structural alteration induced
by L7Ae's interaction with RNA as a specific molecular trigger for signal generation or
perception. The L7Ae—k-turn interaction is considered a conserved recognition model in nature

and serves as a modifiable molecular platform for bioengineering.
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1.6 Aim of the Project

In this project, I aimed to characterize genetic circuits based on RNA-binding protein
(RBP) repressive activity to investigate their performance in cell-free systems for biosensing

purposes.

Specifically, with this study I characterized the behavior of the MS2—cNOT7 and L7Ae
RNA-binding proteins by testing their repressive efficiency in different cell-free systems (RRL,
E. coli lysate, reconstituted TX-TL systems), genetic contexts, and expression protocols. I then
selected the best-performing system and experimental conditions in terms of robustness and
repression efficiency to implement an additional translational control layer responsive to viral
proteases. This work lays the foundations for the construction of in vitro protease biosensors
that could be incorporated into next-generation viral detection diagnostic platforms in clinical

setups.
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Results

2.1 Testing Mammalian Cell-Free Lysate for Optimization of Post-

Translational Control Devices

In the first part of this study, the functional capacity of the chimeric RNA-binding
protein MS2-cNOT7 was examined, specifically focusing on its ability to recognize and bind
target RNA molecules and subsequently repress their translation within the rabbit reticulocyte
lysate (RRL) system. This experimental setup was designed to evaluate whether MS2-cNOT7
could serve as a post-transcriptional regulatory mechanism in RRL, thereby providing a
controllable system for modulating gene expression at the level of translation in a mammalian

model of cell-free system.

The MS2-CNOTY7 is a fusion protein that integrates the RNA-binding characteristics of
the MS2 coat protein with the deadenylase functions of CNOT7, an essential element of the
CCR4-NOT complex. When the MS2 protein binds to the MS2 loops, this interaction leads
CNOTT7 to the poly-A tail of the transcript, resulting in the removal of the poly(A) tail. This
process destabilizes the mRNA and decreases the efficiency of translation of the reporter
transcript. Since de-adenylation and its downstream effects on RNA degradation are tightly
linked to eukaryotic RNA metabolism, a eukaryotic environment is essential to accurately
assess the activity of MS2-cNOT7 on poly(A) tail regulation. For this requirement, RRL was
selected as the experimental platform, as it represents a mammalian cell-free system that
preserves the core components of eukaryotic translational and post-transcriptional regulatory

pathways.

Since RRL is derived from cytoplasmic extracts of reticulocytes and functions as an in
vitro translation system, experimental constructs must be supplied as RNA. This requires in
vitro transcription of the DNA templates prior to their use in translation assays. For this
purpose, MS2-cNOT7 and a luciferase reporter containing eight tandem MS2-binding hairpin
loops were cloned into a destination vector under the control of a T7 promoter (Fig. 2.1). In
addition, the plasmid backbone was designed to include a 30-nucleotide polyadenine (poly(A))
tail, allowing amplification of a template by PCR that preserves the poly(A) tail.
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Figure 2. 1 Vector map used for generating MS2-cNOT7 related constructs for in vitro
transcription. For the MS2-cNOT7 experiments, MS2-cNOT7, MS2™-cNOT7, LUCX8MS2-polyA,
and Lucx8MS?2 constructs; for the L7Ae experiments, L7Ae, L7Ae™" and kt-nLuc constructs were
cloned between the T7 promoter and poly(A) in the multiple cloning site (MCS) for flexible cloning of
constructs used as templates for in vitro transcription. ori= origin of replication; AmpR=Ampicillin
resistance

In addition to wild-type MS2-cNOT7, we added as a control a version of the MS2
domain that was modified with missense mutations (K56D and K58E) to abolish its RNA-
binding property, as previously demonstrated in mammalian cells (Peabody 1993). The K-to-
D mutation changes the local electrostatic potential in the RNA-binding pocket from positive
to negative. This alters the shape of the protein, disrupting the hydrogen bonding interactions
required for RNA recognition. Similarly, the K-to-E mutation removes an important positive
charge, rendering it less compatible with the negatively charged RNA backbone and
significantly reducing its binding to RNA. These mutations prevent MS2 from binding MS2
hairpin loops and, as a result, prevent cNOT7 from getting close proximity to the poly-A tail
of the reporter RNA. Equal amounts of the mutant construct were added to the assays to
eliminate resource competition as a cause of differences. This design allowed a direct
comparison between wild-type MS2-cNOT7, which is expected to repress reporter translation,
and mutated MS2-cNOT7 (MS2™"-cNOT?7), as a negative control. These mutant variants were

cloned into the same plasmid backbone as the wild-type MS2-cNOT7 construct to ensure
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comparability. The mutations were verified by Sanger sequencing, and these mutations are

taken from an earlier work in the literature.

In vitro transcribed RNA can be generated using different components. To identify the
RNA species that are most efficiently translated in in vitro translation, transcription of the
templates was performed either with or without the Anti-Reverse Cap Analog (ARCA) and
using either unmodified or chemically modified nucleotides. To compare the translation level
of the produced RNA, the control RNA was supplemented by Promega. The experiments
showed that RNA transcribed with uncapped and modified nucleotides resulted in the lowest
protein translation efficiency (Fig. 2.2). The RNA produced with a cap and unmodified
nucleotides showed the closest translation efficiency to that of the control RNA. Next, all
constructs were subjected to in vitro transcription using an Anti-reverse cap Analog (ARCA)

together with unmodified nucleotides.
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The transcribed RNAs were subsequently purified and analyzed by agarose

electrophoresis to assess their integrity and confirm the absence of degradation (Fig. 2.3).

a. b.

e

1500 k

199K

Figure 2. 3 Agarose gel images showing the in vitro transcribed RNA integrity. Representative 1%
agarose gel used to assess the integrity of in vitro transcribed RNA. M: molecular marker; cont: control
RNA; MC-1 to MC-4: four different RNA preparations for MS2-cNOT7; Luc: luciferase reporter
containing MS2 loops.

An agarose gel was run to assess potential degradation, as observed in Figure 2.3 for
MC-1 and MC-2. If the bands appear sharp, as in MC, MC-3, MC-4, and Luc, the samples are

then used for testing in the translation system.
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Figure 2. 4 Testing the MS2-cNOT7 repression of the reporter with 8xMS2 loops in RRL.
Translation of a luciferase reporter containing MS2 loops in the presence of either MS2-cNOT7 or
MS2™—cNOT7 RBP. The bar graph presents the mean luminescence values from five independent
experiments, with error bars representing the standard error of the mean. Each data point corresponds
to one experiment. ns: not significant; RLU: relative light units; n = 5.

The MS2-cNOT7 showed a trend, but not a robust translational repression of the
luciferase reporter in the RRL system (Fig. 2. 4) compared to the mutMS2-cNOT7 control,
suggesting that it is not a reliable system to carry out these RBP-RNA regulatory experiments.
We investigated whether, at the molecular levels, there might be bottlenecks that prevented
robust exploitation of RRL for this application (Michel et al. 2000b). Literature reports suggest
that RRL can support translation of RNAs lacking a poly(A) tail (Michel et al. 2000a). We thus
first analysed the poly(A) effect, by transcribing and testing MS2-cNOT constructs with and
without a poly(A) tail in the RRL (Fig 2. 5). A slight but not significant repression was
observed, indicating that cNOT7 protein activity was negligible in RRL. Additionally,
constructs without a poly(A) tail appeared to be translated more efficiently (Fig. 2. 5), then
their polyadenylated counterparts. The fact that removing the poly(A) tail did not result in a
measurable decrease in translation of the reporter suggests that the repression observed in some
replicates with the MS2-cNOT?7 is most likely due to an alternative mechanism rather than
poly(A)-tail-dependent regulation. Thus, due to the lack of effective and robust repression, we

stopped testing the MS2-cNOT?7 system.
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Figure 2. 5 Analysis of reporter RNA repression by MS2-CNOT?7s in RRL, with and without a
poly(A) tail. Translation of a luciferase reporter including MS2 binding loops, with or without a poly(A)
tail, in the presence of either MS2-cNOT7 or MS2™-¢cNOT7 RNA-binding protein (RBP). The bar
graph displays the mean luminescence values with error bars representing the standard error of the
mean. Each data point corresponds to one independent experiment, and for statistical analysis, ANOVA
followed by Tukey’s multiple comparison tests, ns: not significant; RLU: relative light units. n=6

I next tested repression of L7Ae in the RRL system. L7Ae is an archaecal RNA-binding
protein (RBP) that binds the kink-turn structure on RNA and blocks the ribosome binding,
resulting in translation repression. Since this system had previously been tested in mammalian
cells using two kink-turn (k-turn) structures in the 5’ UTR (Cella et al. 2018), the same construct
was cloned into our destination vector for testing in RRL. Initially, L7Ae and the 2 k-turn
luciferase reporters were used at a 1:1 molar ratio; we also added a condition to keep the
resource competition and added a control RNA. The control RNA encodes nanoluciferase and
was used at equimolar or fourfold higher concentrations than the reporter RNA, depending on
the experimental condition. Nanoluciferase activity is not detectable using the substrate for

Firefly luciferase, which serves as our reporter.

48



2000 - 2000 -
s
=0 n
1500 - 1500 -
—
-
= 1000 - = 1000 A o
o 4
500 - 500 -
0 0
L7Ae control-RNA L7Ae(x4) control-RNA(x4)
+2kt-Luciferase +2kt-Luciferase

Figure 2. 6 Repression of 2xkt-Luciferase by L7Ae in RRL. a) Bar graph showing the mean
luminescence values from two independent experiments, with error bars representing the standard error
of the mean. A luciferase reporter containing two kink-turn motifs in the 5'UTR was translated either
in the presence of L7Ae encoding RNA or a control RNA which is encoding nanoluciferase protein.
The reporter and repressor constructs were mixed in an equimolar ratio (1:1) based on their molar
amounts, corresponding to equal femtomole quantities. Each data point corresponds to one experiment.
b) Bar graph showing the mean luminescence values from two independent experiments, with error
bars representing the standard error of the mean. The same reporter was in the presence of L7Ae
encoding RNA or a control RNA which is encoding nanoluciferase protein. In the L7Ae(4x) and
control-RNA(4x) conditions, the repressor was added at a fourfold excess relative to the reporter
plasmid. Each data point corresponds to one experiment, RLU: relative light units.

The luciferase reporter with two k-turn structures at 5° showed no difference in
translation in the presence or absence of L7Ae (Fig. 2.6a). To increase the expression of the
repressor protein, the concentration of L7Ae was increased fourfold relative to the reporter.
However, even with an increased repressor, only a slight decrease by L7Ae repression was

observed when compared to the control reactions (Fig. 2.6b).

In cell-free systems, positioning the kink-turn structure immediately downstream of the
start codon results in stronger translational repression (Saito et al. 2010b). Based on this
information, we cloned the k-turn directly after the start codon and replaced the reporter with
the smaller luminescent protein nanoLuciferase. Nanoluciferase offers several advantages.
First, it is smaller in size and requires fewer resources for translation. Additionally, it is an
ATP-independent luciferase, meaning it does not consume ATP during its activity, which

leaves more ATP available for other processes.
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Figure 2.7 Repression of an in-frame kink-turn reporter RNA by L7Ae in RRL Translation of the
kt-nLuc or kt™"-nLuc reporter containing the kink-turn structure in the presence of the L7Ae. The bar
graph displays the mean luminescence values from nine independent experiments, with error bars
representing the standard error of the mean. Each data point corresponds to one experiment. Statistical
significance was determined using a one-tailed paired Student’s t-test p < 0.01, n=9.

The optimized kturn-nanoluc (kt-nLuc) reporter was then tested in RRL. As a control
to compare the L7Ae repression, a mutated kink-turn (kt™*'nLuc) was cloned with the reporter
and used with the L7Ae RBP (Fig. 2.7). Although multiple biological replicates showed
biological significance of the L7Ae repression, the level of repression was highly variable

between replicates (Fig. 2.7).

In the Siciliano Lab, an engineered version of L7Ae was previously developed to
include a short amino acid sequence sensitive to the tobacco virus protease(Cella et al. 2018).

Specifically, a protease recognition and cleavage sequence (ENLYFQ | G) was added

immediately after residue K77 of L7Ae. This design allows for protease-mediated regulation
of L7Ae activity through site-specific cleavage. The overall system, based on the interaction
between the protease and RNA-binding protein, has previously been shown to effectively
modulate target mRNA in the final step of the regulatory cascade in mammalian cells. To
further define this regulatory mechanism, I examined its behavior in the rabbit reticulocyte

lysate (RRL) system.
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Although L7Ae did not exhibit the same robust level of repression in the RRL system as
observed in mammalian cells, data showed a significant downregulation of the reporter
expression mediated by L7Ae in RRL. Based on this result, I next sought to investigate whether
more complex regulatory designs involving protease-RBP and RBP-RNA interactions could
be explored. However, it did not exhibit high repression of the reporter, similar to the wild-
type L7Ae (Fig. 2. 8). While previous data in mammalian cells were showing reduced
repression of the target mRNA, the L7Ae-TCS still retained a discrete ON-OFF induction,

which we did not observe in the RRL cell-free system.
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Figure 2. 8 Testing the L7Ae-TCS repression of the kt-nLuc reporter in RRL. Translation of the
kt-nLuc or kt™-nLuc reporter containing the kink-turn structure in the presence of the L7Ae-TCS RBP.
The bar graph represents the mean luminescence values from nine independent experiments, with error
bars indicating the standard error of the mean. Each data point corresponds to one experiment. Statistical
analysis performed using a one-tailed paired Student’s t-test (n =9). RLU: relative light units.
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2.2 Testing E. coli Cell-Free Lysate for Optimization of Post-Translational

Control Devices

Since the RRL cell-free systems did not show robust results, I tested whether L7Ae
results in target transcript repression using S30 E. coli extract for circular DNA. This system
is a transcription/translation (TX/TL) system, meaning that it can transcribe the input DNA
into RNA and translate the produced RNA into protein in one reaction. To this end, I employed
two different plasmid backbones to understand if there are plasmid-related effects impacting

on the results (Fig. 2.9).
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Figure 2.9 Plasmid maps used to test the L7Ae-kt system in E.coli Lysate: a) BB1 plasmid map.
This backbone has a T7 promoter, RBS, and T7 Terminator sequence. Additionally, there is an
Ampicillin resistance gene, Lacl operator, ROP, and bom gene sequences on the backbone. b) BB2
plasmid map. This backbone has the same T7 promoter and RBS as the BB1 backbone and a similar T7
terminator sequence to a of BB1 just with one nucleotide different. Additionally, there is an ampicillin
resistance gene on the backbone

These backbones differ in both their overall lengths and genetic components. Although
both backbones contain the same T7 promoter and the same ribosome binding site (RBS), BB1

is approximately 6 kb in size, whereas BB2 is about 3 kb (Table 1).
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Table 2.2 Component sequences on BB1 and BB2 backbones.

Component name/ | BB1 Backbone BB2 Backbone
Backbone
T7 promoter taatacgactcactatagg taatacgactcactatagg

RBS

tttgtttaactttaagaaggaga

tttgtttaactttaagaaggaga

T7 Terminator

Sequence

ctagcataaccccttggggcctet
aaacgggtcttgaggA gttttttg

ctagcataaccccttggggcctctaaacgggtcttga
ggGgttttttg

Additionally, the distances between the encoded components differ between the two

constructs (Fig. 2.10).

a b.
T7P T7T T7P T7T
L7Ae-BB1: RBS CDS L7Ae-BB2: RBS CDS
39 bp 7 bp 28 bp 13 bp 8 bp 147 bp
c.
T7P T7T
KtNLUC-BB1: —|:| RBS |— |i
34 bp 5bp 99 bp
d. e
T7P T7T T7P T7T
kt-EGFP-BB1: RBS CDS kt-EGFP-BB2: RBS CDS
~ ~— S~ ~ - —~—
39 bp 10 bp 84 bp 13 bp 8 bp 147bp

Figure 2. 10 The design of expression cassettes for E.coli and PURE system experiments. a) The
expression cassette encoding L7Ae in BB1. b) The expression cassette encoding L7Ae in BB2. ¢) The
expression cassette encoding ktNLUC in BB1. d) The expression cassette encoding kt-EGFP in BB1.
e) The expression cassette encoding kt-EGFP in BB2. T7P=T7 promoter sequence; RBS= Ribosome
binding sites; CDS=Coding sequence; T7T T7 terminator sequence.

First, L7Ae and kturn-nanoluc constructs are inserted into the BB1 backbone with
infusion cloning and confirmed via Sanger sequencing. Then, the repression activity of L7Ae
on kt-EGFP inserted in backbone BB1 was tested in E. coli S30 lysate with a one-step protocol
in which the repressor L7Ae was added to the reaction and incubated for 10 minutes. After 10
minutes of incubation, the reporter construct was added, and they were incubated at 37 °C for

1 hour (Fig. 2.11).
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Figure 2. 11 One-step reaction protocol flow for S30 coli E. coli lysate experiment. In one one-step
reaction, the repressor-coding construct is introduced into the reaction and incubated for 10 minutes.
After this incubation reporter construct is introduced to the reaction, and the complete system is
incubated in a thermocycler at 37 °C for an hour. Reaction mixtures are moved to the 96-well plate to
measure the reporter activity.

While the repression was observed in some experiments (Fig. 2.12a), it was not robust,
and similarly to what was shown in RRL lysates in some replicates, luciferase expression was

lower in the mutated control condition (Fig. 2.12b).
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Figure 2.12 Testing L.7Ae repression of kt-nLuc reporter encoding in the BB1 backbone in E.coli
Lysate, a) Bar graph representing the mean luminescence values of four independent experiments,
illustrating the repression mediated by L7Ae in comparison to the L7Ae™" on kt-nLuc. Each data point
corresponds to one experiment. Statistical significance was assessed using a one-tailed paired Student’s
t-test p < 0.02, (n = 4). b) Bar graph representing the mean values of the other three independent
experiments showing the activity of L7Ae compared to the L7Ae™". Each data point corresponds to one
experiment: ns: not significant; RLU: relative light units.
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To better control experimental reproducibility and ensure that a sufficient amount of
L7Ae protein was already synthesized and present in the reaction prior to the introduction of
the reporter I implemented a two-step protocol (Fig. 2.13). To achieve this, L7Ae was added
to the reaction mixture and allowed to undergo transcription and translation for 1 hour. After
this first incubation step, the kt-nLuc reporter and fresh lysate were introduced, enabling the

L7Ae to bind the kink-turn structure on the reporter mRNA immediately upon its transcription.

Fresh Lysate }

\ A4 /

Two step reaction

60 min 60 min
37°C :: 37°C "'

Figure 2. 13 Two-step reaction protocol flow for S30 E.coli lysate experiment. In a two-step
reaction, the repressor-coding construct is introduced into the reaction and incubated for 1 hour. After
this incubation reporter construct is introduced to the reaction with a fresh lysate, and the complete
system is incubated in a thermocycler at 37 °C for 1 additional hour. Reaction mixtures are moved to
the 96-well plate to measure the reporter activity.

While testing L7Ae-mediated repression on the kt-nLuc and kt™'-nLuc reporter using
the two-step reaction with the BB1 backbone, I observed that single reporter constructs

exhibited markedly different translation levels (Fig. 2.14).
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Figure 2.14 Translation of single reporters with the BB1 backbone in E. coli lysate. Single reporter
constructs encoded in the BB1 backbone were translated in E. coli lysate to evaluate their expression
levels. The wild-type reporter consistently exhibited higher translation compared to the mutant reporter;
however, both constructs showed variability in their expression levels across experiments. Experiments
done with one-step protocol, n=3.

To better understand this behavior, I compared the sequence of the k-turn motif I used
so far that was demonstrated to be effective in mammalian cells (Cella et al. 2018; Wroblewska
et al. 2015) with the sequence that was proven to work in cell-free systems (Saito et al. 2010b),
and found pointed nucleotide differences in the motif (Table 2.2). Both sequences encode
mutated kink-turn structures, each generated by substitutions at two nucleotide positions.

Mutated kink-turn sequence 1 was validated in cell-based experiments, whereas mutated kink-

turn sequence 2 was tested in a cell-free system.

Table 2. 3 Sequence comparison of the mutated kink turn encoded in the reporter construct

Mutated kink-turn sequence 1 GGGCGTCATCCGAAAGGTGCCCCG
Mutated kink-turn sequence 2 (Saito et al. | GGGCGTCATGCGAAAGCTGCCCCG
2010b)

Both mutated constructs retained the expected disruption of the kink-turn motif;
however, the construct [ used translated with lower efficiency. To further investigate this, RNA
secondary structures were predicted using RNAfold, revealing distinct folding patterns for the

two mutant reporters (Fig. 2.15 and Fig. 2. 16).
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Figure 2.15 Reporter RNA folding prediction encoding the mutation sequence 1 via Vienna
RNAWebsuite. a) RNA folding prediction of the reporter construct encoded in BB1 with the NLUC
coding sequence with a mutated kink turn sequence 1. b) A closer look at the prediction of the mutated
k-turn sequence shows two G-U Wobble base pairs and five G-C canonical base pairs. Results have
been computed using RNAfold 2.6.3
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Figure 2. 16 Reporter RNA folding prediction encoding the mutation sequence 1 via Vienna
RNAWebsuite. a) RNA folding prediction of the reporter construct encoded in BB1 with the NLUC
coding sequence, with a mutated kink turn sequence-2 b) A closer look at the prediction of the mutated
k-turn sequence shows one G-U Wobble base pair and five G-C canonical base pairs. Results have
been computed using RNAfold 2.6.3

For subsequent experiments, the first step was to confirm that the mutated kink-turn-2
sequence is expressed comparably to the wild-type kink-turn sequence. To this end, the mutated
kink-turn-2 was cloned into the BB2 backbone containing a EGFP reporter, and single-reporter
constructs encoding the wild-type k-turn and optimized mutated k-turn were translated to

assess and compare their expression levels (Fig. 2.17)
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Figure 2. 17 Translation of single reporters with the BB2 backbone in E. coli lysate. Single reporter
constructs encoded in the BB2 backbone were translated in E. coli lysate to evaluate their expression
levels. kt-EGFP and kt™-EGFP were expressed at the same level when the mutated sequence 2 was
used. n=4. . Statistical significance was assessed using a one-tailed paired Student’s t-test, p < 0.5, (n =
4).
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Figure 2. 18 Testing L7Ae repression of kt-nLuc reporter encoding in the BB1 backbone with a
one-step reaction protocol in E.coli Lysate. a) Bar graph representing the mean values of
luminescence of three independent experiments, illustrating the translation of kt-nLuc and kt™nLuc
reporters with L7Ae using a one-step protocol. Each data point corresponds to one experiment.
Statistical analysis did not show significance (n = 3). b) Bar graph representing the mean values of three
independent experiments, showing the repression of kt-nLuc by either L7Ae™" or L7Ae using a one-
step protocol. Each data point corresponds to one experiment. ns: not significant; RLU: relative light
units. Statistical significance was assessed using a one-tailed paired Student’s t-test.

To compare the one-step and two-step protocols in E. coli, both were tested using the
BBI1 backbone, and the following three conditions were tested: L7Ae with kt-nLuc, L7Ae with
kt™'mnLuc, and L7Ae™" with kt-nLuc. While three biological replicates with the one-step
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protocol showed different levels of repression with the L7Ae when comparing the wild-type
and mutated reporters, the differences were not statistically significant (Fig. 2.18a).
Additionally, the kt-nLuc was tested, either the L7Ae or L7Ae™". The results did not show

repression (Fig. 2. 18b).
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Figure 2. 19 Testing L7Ae repression of kt-nLuc reporter encoding in the BB1 backbone with a
two-step reaction protocol in E.coli Lysate. a) Bar graph representing the mean luminescence values
of three independent experiments, illustrating the translation of kt-nLuc and kt™nLuc reporters with
L7Ace using a two-step protocol. Each data point corresponds to one experiment. Statistical analysis did
not show significance (n = 3). b) Bar graph representing the mean values of three independent
experiments, showing the repression of kt-nLuc by either L7Ae or L7Ae™" using a two-step protocol.
Each data point corresponds to one experiment. ns: not significant; RLU: relative light units. Statistical
significance was assessed using a one-tailed paired Student’s t-test

The BB1 construct was also tested using the two-step protocol to determine whether it
could improve variability and repression. However, testing the BB1 backbone in E. coli lysate
with the two-step protocol did not reduce variability or enhance repression; in fact, it resulted
in even more variable outcomes (Fig 2.19a). When the activity of L7Ae and L7Ae™" is
compared with wild type reporter, L7Ae™" conditions was showing lower luciferase activity
than the wild-type conditions (Fig 2.19b). It was expected that the L7Ae™" would have a higher

RLU value than L7Ae, and with the two-step protocol, it did not show the expected outcome.
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Figure 2. 20 Testing L7Ae repression of the kt-EGFP reporter encoding in the BB2 backbone
with a one-step reaction protocol in E.coli Lysate. a) Bar graph representing the mean fluorescence
values of three independent experiments, illustrating the translation of kt-EGFP and kt™'-EGFP
reporters with L7Ae using a one-step protocol. Each data point corresponds to one experiment.
Statistical analysis did not show significance (n = 3). b) Bar graph representing the mean fluorescence
values of three independent experiments, showing the repression of kt-EGFP by either L7Ae or L7Ae™
using a one-step protocol. Each data point corresponds to one experiment (n = 3). ns: not significant.
Statistical significance was assessed using a one-tailed paired Student’s t-test

To determine whether a different plasmid would exhibit similar behavior or show better
response, plasmid BB2 was also tested in E. coli lysate using both one-step and two-step
reactions. With the one-step reaction, three biological replicates showed repression, but it was
not significant. Comparing the wild-type L7Ae and the L7Ae™" the observed different

repression was not significant (Fig. 2.21).
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Figure 2. 21 Testing L7Ae repression of the kt-EGFP reporter encoded in the BB2 backbone with
a two-step reaction protocol in E.coli lysate. a) Bar graph representing the mean fluorescence values
of kt-EGFP and kt™-EGFP reporters with L7Ae using a two-step protocol. b) Bar graph representing
the mean fluorescence values of kt-EGFP with either L7Ae or L7Ae™" using a two-step protocol. ns:
not significant. Statistical significance was assessed using a one-tailed paired Student’s t-test. n=3

The repression of the k-turn-EGFP reporter by L7Ae, encoded in the BB2 backbone,
was examined via a two-step protocol. Contrary to expectations, this protocol produced an
inversion of the reporter’s repression behavior (Fig. 2.21). Like the BBI1, the BB2 results
showed different behavior with the two-step protocol. Neither the one-step protocol nor the
two-step protocol produced robust and significant repression required to conclude with
confidence that L7Ae blocks reporter translation in this system across both backbones and
wild-type and mutated reporters. These results showed that rather than the constructions
themselves, the variability may be due to restrictions or uncontrollable elements present in the

lysate-based system, such as creating byproducts and interfering with the L7Ae-kt system.

As a result, I switched to the PURE cell-free system, a recombinantly generated

platform where every component is purified and combined. The PURE system provides a more
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regulated biochemical environment than crude lysates, which lowers background variability

and makes it easier to control L7Ae-mediated repression.

2.3 Testing the PURE system for Optimization of Post-Translational Control

Devices

To evaluate the system in a more controlled and more precise context, I employed a
purified and reconstituted cell-free system (PURE), characterized by its precisely and
predefined purified components. This defined composition should minimize metabolic side
reactions, reduce protease and nuclease contamination, and eliminate the risk of endogenous
gene expression, thereby providing a cleaner and more reproducible environment for assessing

our control devices (Whittaker 2013; Ohashi et al., n.d.).
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Figure 2. 22 One-step reaction protocol flow for the PURE system experiment. In one-step reaction,
the repressor-coding construct is introduced into the reaction and incubated for 10 minutes. After this
incubation reporter construct is introduced to the reaction, and the complete system is incubated in a
thermocycler at 37 °C for 2 hours. Reaction mixtures are moved to the 384-well plate to measure the
reporter activity.
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Figure 2. 23 Testing the L7Ae repression of the kt-EGFP reporter encoded in BB1 in the PURE
system with a one-step protocol. a) Bar graph representing the mean fluorescence values of kt-EGFP
and kt™"-EGFP reporters with L7Ae using a one-step protocol. b) Bar graph representing the mean
fluorescence values of kt-EGFP by either L7Ae or L7Ae™" using a one-step protocol. Statistical
significance was assessed using a one-tailed paired Student’s t-test, p < 0.01. (n=3)

When comparing the repression levels of kt-EGFP and kt™'-EGFP reporters, no significant
repression was observed when the constructs were encoded in the BB1 backbone with the one-step
protocol (Fig. 2.23a). Different from the BB2 backbone in the PURE system, when L7Ae and
L7Ae™" repression of the kt-EGFP tested system with BB1, experiments showed significant
repression (Fig. 2.23b).
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Figure 2. 23 Two-step reaction protocol flow for PURE system experiment. In a two-step reaction,
the repressor-coding construct is introduced into the reaction and incubated for 2 hours. After this
incubation reporter construct is introduced to the reaction, and the complete system is incubated in a
thermocycler at 37 °C for 2 hours. Reaction mixtures are moved to the 384-well plate to measure the
reporter activity.
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To determine whether pre-translation of the repressor protein could increase the repression
fold, a two-step procedure was tested (Fig. 2.24). Here, we first incubated L7Ae in the reaction for

2 hours to enable its translation; we then added the reporter and incubated the reaction for 2 more

hours.
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Figure 2. 25 Testing the L7Ae repression of the kt-EGFP reporter encoded in BB1 in the PURE
system with a two-step protocol. a) Bar graph representing the mean fluorescence values of
independent experiments, illustrating the translation of the kt-EGFP and kt™-EGFP reporters with
L7Ace using a two-step protocol. Statistical significance was assessed using a one-tailed paired Student’s
t-test, p < 0.05. b) Bar graph representing the mean fluorescence values of independent experiments
showing the repression of kt-EGFP by either L7Ae or L7Ae™" using a two-step protocol. Statistical
significance was assessed using a one-tailed paired Student’s t-test, p < 0.02. (n=3)

Next, L7Ae repression of the kt-EGFP reporter in the BB1 backbone was tested with
the two-step protocol. The results indicate significant differences between the wild type and
mutkt (Fig. 2. 25a), and confirm significant repression of reporter translation by wild type

L7Ae as compared to mutL7Ae (Fig. 2. 25b).

I further evaluated the system, with the same constructs encoded in the BB2 backbone
both with the one-step and two-steps. First, L7Ae repression of the reporter encoded in the BB2
backbone using a one-step protocol (Fig. 2.22) and observed a consistent and significant
reduction of EGFP expression when embedding the k-turn in the 5’UTR as compared to kt™"'-
EGFP (Fig. 2.26a). However, when the L7Ae and L7Ae™ repression levels of the kt-EGFP
reporter were compared, we did not observe any difference in EGFP levels. This was

unexpected, since L7Ae™" should not bind to the kink turn structure (Fig. 2.26b)
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Figure 2. 26 Testing the L7Ae repression of the kt-EGFP reporter encoded in BB2 in the PURE
system with a one-step protocol. a) Bar graph representing the mean fluorescence of three independent
experiments, illustrating the translation of kt-EGFP and kt™"-EGFP reporters with L7Ae using a one-
step protocol. Statistical significance was assessed using a one-tailed paired Student’s t-test (p < 0.04,
n = 3). Each data point corresponds to one experiment. b) Bar graph representing the mean fluorescence
values of three independent experiments, showing the repression of kt-EGFP by either L7Ae or L7Ae™
using a one-step protocol (n = 3). ns: not significant.

With the two-step method, we obtained a significant improvement of the repression that
was greater than fivefold (Fig. 2.26). When the repression of L7Ae was tested by comparing
the wild-type and mutant L7Ae constructs, experimental data showed a trend of reduced EGFP

expression with wild-type L7Ae, although not statistically significant (Fig. 2.26b).
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Figure 2. 24 Testing the L7Ae repression of the kt-EGFP reporter encoded in BB2 in the PURE
system with a two-step protocol. a) Bar graph representing the mean fluorescence of kt-EGFP and
kt™-EGFP reporters with L7Ae using a two-step protocol. Statistical significance was assessed using
a one-tailed paired Student’s t-test, p < 0.01 (n = 3). b) Bar graph representing the mean fluorescence
of kt-EGFP by either L7Ae or L7Ae™" using a two-step protocol. (n=3) ns: not significant

Overall, T developed a reliable, optimized protocol that enables robust detection of

RNA-regulatory circuits in the PURE system using genetically encoded constructs.
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2.4. Testing the Purified Repressor Proteins in the PURE system for
Optimization of Post-Translational Control Devices

Using the optimized protocol I developed, I aimed to test whether the PURE system
can be used to evaluate the functionality of purified proteins. As a model, I used the L7Ae-
ktEGFP reporter system. For this purpose, I first overexpressed the L7Ae protein in E. coli and
purified it using a 6xHis affinity tag. The purified L7Ae protein was then tested for its ability
to repress the translation of its target mRNA. The following sections (Fig. 2.28 and 2.29)

describe each experiment in detail.

The experimental setup included several conditions designed to assess whether the

purified L7Ae protein can effectively repress translation in the PURE system.

Functional test of purified L7Ae: In this part of the experiment, reporter DNA
constructs were added to the PURE system together with the purified L7Ae protein. Translation
was carried out to determine whether the presence of L7Ae represses reporter expression,

confirming that the purified protein remains functional.

Buffer control experiments: To ensure that any observed effects were due to the protein
itself and not the buffer used during purification, additional control reactions were performed.
In these controls, only the buffer (without protein) was added to the system. Two buffer types
were tested: Buffer 1: 20 mM Hepes-KOH (pH 7.4), 150 mM KCI, 1.5 mM MgCl., and 40%
glycerol; Buffer 2: 10 mM Tris-HCI, 20% glycerol. These controls allowed evaluation of

whether the buffer components influenced the translation efficiency in the PURE system.

Purified protein test conditions: Finally, to examine the repression effect of purified
L7Ae protein, different concentrations of purified L7Ae (ranging from 2.5 uM to 10 uM).
Testes with kt-EGFP and kt™' EGFP reporter constructs.
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Figure 2. 25 Testing the effectiveness of purified repressor proteins in the PURE system a) Bar
graph representing the mean fluorescence of three independent experiments, illustrating the translation
of kt-EGFP and kt™"-EGFP reporters with L7Ae using a one-step protocol. b) Bar graph representing
the mean fluorescence values of three independent experiments, showing the repression of kt-EGFP by
either L7Ae or L7Ae™" using a one-step protocol. ¢) Testing L7Ae repression of the kt-EGFP and kt™'-
EGFP reporters with the addition of Buffer-1. Different buffer concentrations were used: Buffer(2.5) =
2.5 uM, Buffer(5) =5 uM, Buffer(10) = 10 uM. All conditions contained the same concentration of the
L7Ae plasmid. d. e. f. Translation of the kt-EGFP-BB2 reporter in the presence of purified proteins.
The kt-EGFP-BB2 plasmid is added 25 fmol for all conditions. Different concentrations of purified
L7Ae and mutant L7Ae were tested: L7Ae(2.5) =2.5 uM of purified L7Ae, L7Ae(5) =5 uM of purified
L7Ae, L7Ae(10) = 10 uM of purified L7Ae; mutL7Ae(2.5) = 2.5 uM of purified L7Ae™", mutL7Ae(5)
=5 uM of purified L7Ae™", mutL7Ae(10) = 10 uM of purified L7Ae™".

For the first experiment, the purified protein in Buffer-1 was used. Initially, repression
by L7Ae was tested using genetic constructs to confirm the repression level by the DNA
constructs (Fig. 2.28a and Fig. 2.28b). To evaluate whether the buffer used for protein
purification had any effect on repression, L7Ae-mediated repression was tested with genetic
constructs under conditions that included the buffer. Since different concentrations of purified

protein were tested, corresponding volume of buffer were also added to maintain consistency.

Data showed that when the buffers are added to the reaction, it boosts the translation of
the reporter approximately 20-fold (Fig. 2.28¢). Later on, purified proteins are tested for
repression of the reporter kt-EGFP and kt™'-EGFP under different conditions. For all the
protein concentrations (2,5 uM, 5 uM, and 10 uM), purified L7Ae did not show any
downregulation of the reporter was not (Fig. 28d, Fig. 28e, Fig. 28f).
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Figure 2. 26 Testing the effectiveness of purified repressor proteins in the PURE system with
different buffers. a) Translation of the kt-EGFP reporter with Buffer-1 and Buffer-2 b) Translation of
the L7Aetkt reporter system from DNA constructs to verify repression, serving as a control c: Testing
L7Ae repression of the kt-EGFP and kt™-EGFP reporters with the addition of Buffer-1. L7Ae(5) =5
uM of purified L7Ae, L7Ae(10) = 10 uM of purified L7Ae; mutL7Ae(2.5) = 2.5 uM of purified
L7Ae™, mutL7Ae(5) = 5 uM of purified L7Ae™", mutL7Ae(10) = 10 uM of purified L7Ae™". d:
Testing L7Ae repression of the kt-EGFP and kt™-EGFP reporters with the addition of Buffer-2.
L7Ae(5) =5 uM of purified L7Ae, L7Ae(10) = 10 uM of purified L7Ae; mutL7Ae(2.5) = 2.5 uM of
purified L7Ae™", mutL7Ae(5) =5 uM of purified L7Ae™", mutL7Ae(10) = 10 uM of purified L7Ae™".

Next, purified proteins were buffer exchanged into Buffer-2, which does not contain
any additional salt ions and only contains Tris-Cl and glycerol, hypothesizing that additional
salt amounts in Buffer-1 can be the reason for boosted translation. The system was initially
tested using genetic constructs to confirm the repression; however, no repression was observed
with the genetic constructs (Fig. 2. 29a). This implied that there may have been an issue during
the experimental process. Subsequently, the kt-EGFP reporter was employed as a control to
test Buffer 1 and Buffer 2 individually. Findings showed that Buffer 1 had a greater degree of
translational boosting than Buffer 2 (Fig. 2. 29b). The purified protein was subsequently tested
at varying concentrations in Buffer 1 (Fig. 2. 29¢, d, e) and Buffer 2 (Fig. 2. 29f, g, h).
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Translational boosting was observed in both buffer conditions. L7Ae did not exhibit any
repression at any of the concentrations that were tested. The absence of repression with the
genetic constructs, despite the fact that repression had been observed in previous experiments,
led to the conclusion that an experimental issue had likely occurred. Although no definitive
conclusion could be reached, it was postulated that the buffer's inclusion may have obscured

the repression effect by improving translation.

2.5. Testing the TEV protease Rescue of the LL7Ae repression in the PURE
system for Optimization of Post-Translational Control Devices

L7Ae-mediated repression of the kt-reporter was confirmed in the PURE system. The
repression efficiency was further optimized by introducing an incubation step, which enhanced
the repression fold-change. To examine repression control at the post-translational level, the
activity of L7Ae (TCS) was assessed in the PURE system. Since all PURE reactions were
initially performed at 37 °C, the repression efficiency of L7Ae(TCS) was first evaluated under
these conditions. L7Ae(TCS) exhibited significant repression of reporter expression at 37 °C

(Fig. 2. 30).
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Figure 2. 27 L7Ae(TCS) repression of kt-EGFP-BB2 in the PURE system at 37 °C Bar graph
representing the mean fluorescence values of three independent experiments, illustrating the repression
of the engineered L7Ae with an insertion of the TEV protease cleavage site was evaluated in the PURE
system at 37 °C by comparing the translation level of kt-EGFP-BB2 and kt™'-EGFP-BB2. Statistical
significance was assessed using a one-tailed paired Student’s t-test, p < 0.05. (n=3)
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Figure 2. 28 L7Ae(TCS) repression of kt-EGFP-BB2 in the PURE system at 30 °C. Bar graph
representing the mean fluorescence values of three independent experiments, illustrating the repression
of the engineered L7Ae with an insertion of the TEV protease cleavage site was evaluated in the PURE
system at 30 °C by comparing the translation level of kt-EGFP-BB2 and kt™'-EGFP-BB2. Statistical
significance was assessed using a one-tailed paired Student’s t-test. (n=3)

TEV protease requires a temperature of 30 °C for optimal activity; the repression
activity of L7Ae(TCS) was also analyzed at 30 °C to confirm its functionality under these

conditions. L7Ae(TCS) also significantly repressed reporter translation (Fig. 2.31).
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Figure 2. 29 L7Ae(TCS) repression of kt-EGFP-BB2 in the PURE system with or without TEV
protease buffer. Bar graph representing the mean fluorescence values of three independent
experiments, illustrating the repression of the engineered L7Ae with an insertion of the TEV protease
cleavage site was evaluated in the PURE system at 30 °C by comparing the translation level of kt-
EGFP-BB2 and kt™-EGFP-BB2. The first two columns represent the translation of the reporter without
any additional buffer. The last two columns represent the repression of the reporter in the presence of
TEV protease buffer. Statistical significance was assessed using a one-tailed paired t-test. (n=4)

Once the repression of kt-EGFP by L7Ae(TCS) at 30 °C was established, the next step
was to test if TEV protease activity could restore the reporter expression. First, the effect of the
TEV protease buffer on repression was tested since TEV protease requires a specific buffer for
its activity. To assess this, L7Ae(TCS)-mediated repression of kt-EGFP and kt™'-EGFP was
tested in the presence and absence of the TEV protease buffer. The results showed that adding
the TEV protease buffer reduced the fold change of repression but maintained the overall

repression trend (Fig. 2.32).
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Figure 2. 30 Rescue of the L7Ae(TCS) repression of kt-EGFP-BB2 in the PURE system with 5
units of TEV protease. Bar graph representing the mean fluorescence values of 4 independent
experiments, illustrating the repression of the engineered L7Ae with an insertion of the TEV protease
cleavage site was evaluated in the PURE system at 30 °C by comparing the translation level of kt-
EGFP-BB2 and kt™-EGFP-BB2. The first two columns represent the translation of the reporter without
any protease. The last two columns represent the repression of the reporter in the presence of 5 units of
TEV protease. Statistical significance was assessed using one-way ANOVA with the Tukey multiple
comparison test. (n=4).

After confirming that the addition of the buffer did not alter the repression pattern, TEV
protease was used to test its ability to rescue the L7Ae(TCS)-mediated downregulation of the
reporter. Specifically, 5 units of TEV protease were added to the L7Ae(TCS) + kt-EGFP
reaction (Fig. 2.33). The data indicated that while L7Ae(TCS) significantly repressed kt-EGFP
translation, the addition of 5 units of TEV protease led to an increased level of kt-EGFP
translation (Fig. 2.33). While the repression of the reporter was 2.7-fold when 5 units of TEV

were added, it was reduced to 2.3-fold.
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Figure 2. 31 Rescue of the L7Ae(TCS) repression of kt-EGFP-BB2 in the PURE system with 10
units of TEV protease. Bar graph representing the mean fluorescence values of 3 independent
experiments, and each experiment’s values are the mean of 2 technical replicates, illustrating that the
repression of the engineered L7Ae with an insertion of the TEV protease cleavage site was evaluated
in the PURE system at 30 °C by comparing the translation level of kt-EGFP-BB2 and kt™"-EGFP-BB2.
The first two columns represent the translation of the reporter without any protease. The last two
columns represent the repression of the reporter in the presence of 10 units of TEV protease. Statistical
significance was assessed using a one-tailed paired Student’s t-test. n=3

Aiming to enhance the rescue fold change, the amount of TEV protease was increased
to 10 units and tested for its ability to relieve the L7Ae(TCS)-mediated repression. Results
showed that the addition of the 10 units of TEV protease led to an increased level of kt-EGFP
translation (Fig. 2.33). While the repression of the reporter was 2.04-fold when 10 units of

TEV were added, it was reduced to 1.2-fold.

In this study, I assessed the activity of RNA-binding protein-based RNA regulation
circuits in various cell-free expression systems. The repression activities of the mS2-cNOT7
and L7Ae proteins were analysed using the RRL and E.coli-based and PURE systems. The
E.coli and RRL systems showed inconsistent regulatory response and variable repression
efficiencies under the tested conditions. Systematic optimization of the PURE system,
including adjustments to reaction parameters, genetic construct backbone, and genetic

construct concentration, provided a reproducible and reliable setup for measuring RBP-RNA
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regulatory interactions. This optimized PURE-based platform ensures reliable detection of
RBP-mediated regulation and provides a solid experimental basis for further quantitative and
mechanistic investigations of RNA circuits by using genetically encoded constructs.
Additionally, the functionality of the optimized repression system was also tested by adding
the RBP-protease interaction. The results confirmed that we established a reliable RBP-based
RNA regulatory system, which can be further expanded and layered in cell-free conditions by

adding an RBP-protease component.
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3. Materials & Methods

3.1 Materials

T4 DNA ligase, Q5 polymerase, and restriction enzymes were purchased from New
England Biolabs (Ipswich, MA, USA). Plasmid Mini, Midi, Maxi, and PCR Purification Kits
were purchased from QIAGEN.

Enzymes Related Experiment #Catalog number

BamHI- HF Cloning of the constructs RO111S, NEB

EcoRI-HF Cloning of the constructs R3101S, NEB

Ndel Cloning of the constructs ROI111S, NEB

Notl-HF Cloning of the constructs R3189L, NEB

RNasin inhibitor, | RRL and PURE experiment | N2511, Promega

recombinant

T4 ligase Cloning of the constructs M0202S

TEV protease TEV rescue experiment P8112S, NEB

Xbal Cloning of the constructs RO145S

Kits and Chemicals Related Experiment #Catalog number

Amicon® Ultra-15 | Protein purification UFC900308

Centrifugal  Filter  Unit,

Ultracel-3 Membrane

ARCA Cap In vitro transcription assays | S1411L

D-luciferin potassium salt RRL and E.coli lysate | 122799, PerkinElmer
experiment

Glycerol Protein purification 15514011, ThermoFisher

Hepes-NaOH Protein purification L0180, Biowest

In-Fusion Snap Assembly

Cloning of the construct

638949, Takara Bio

Isopropyl B-D-

thiogalactoside (IPTG),

Protein purification

16758, Sigma-Aldrich
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Powder, >99% (TLC),
<0.1% Dioxane
KCl Protein purification 15514011, Invitrogen
MEGAclear  Transcription | In vitro transcription assays | AM1908, Thermo Scientific
Clean-Up Kit
MEGAscript™ T7 | In vitro transcription assays | AM1334, Thermo Scientific
Transcription Kit in vitro
trascription
MgCla Protein purification AM9530, Invitrogen
Mini, midi and MaxiPrep kit | Cloning and plasmid DNA | QIAGEN
preparation
Nano-Glo Endurazine Live | RRL and E.coli lysate | N2570, Promega

Cell Substrate

translation experiments

PURExpress

PURE experiments

E6800L, NEB

Qubit™ dsDNA

Quantification Assay Kits

E.coli and PURE translation

experiments

Q32850, Thermo Scientific

Rabbit Reticulocytes Lysate

RRL translation experiment

L4960, Promega

S30, E. coli Lysate for | E. coli translation | L1020, Promega
Circular DNA experiment
Bacteria Strains Related Experiment #Catalog number

E. coli TOP10

Plasmid DNA preparation

C404006, Thermo Scientific

E. coli Stellar

Cloning experiment

636763, Takara Bio
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3.2 Strains and plasmids

Escherichia coli Stellar and TOP10 strains were employed for routine cloning and

plasmid DNA amplification.

3.3 Cloning and construct assembly

3.3.1 Cloning design and procedure for Rabbit Reticulocyte Lysate
Experiment

For cloning the target gene into an appropriate expression system, a destination vector
was used that was specifically designed to include essential regulatory elements, such as a T7
promoter, a multiple cloning site (MCS), and a poly(A) sequence. Because RRL provides only
the translational machinery and lacks transcriptional capacity, constructs must be delivered as
RNA. To generate these RNAs, in vitro transcription was performed using T7 RNA
polymerase, which was selected due to its high transcriptional efficiency. For this reason, the
gene of interest was cloned downstream of the T7 promoter, ensuring that PCR-amplified
templates were immediately compatible for transcription. The MCS was utilized to insert the
target gene downstream of the T7 promoter, enabling efficient transcription of the construct.
The poly (A) was an important element for different reasons. First, because RRL provides a
eukaryotic translation system, the presence of a poly(A) tail enhances the efficiency of
translation initiation and overall protein synthesis. Second, the MS2-cNOT?7 fusion protein
interacts with the reporter RNA through the specific binding of the MS2 protein to the MS2-
binding loops on 3’ of reporter RNA. This interaction recruits the cNOT7 deadenylase into
close proximity to the poly(A) tail of the reporter transcript. The resulting deadenylation leads
to the removal of the poly(A) tail, promoting RNA destabilization and degradation, thereby
reducing the translation efficiency of the reporter. After the vector design, the insert genes were
started to be cloned into the destination vector using the MCS. Some of the cloning was created
via T4 ligation. To clone with T4 ligation, first, the target gene was amplified by PCR using
specifically designed primers from the plasmid that was used in earlier studies in our
laboratory. The resulting products were digested with the appropriate restriction enzymes. The
digested products were visualized on 1% agarose gel and extracted. In parallel, the carrier
vector was digested with the same enzymes to prepare it for ligation and run on 1% gel and
extracted. The T4 ligation reaction was then set up at a 1:3 vector-to-insert ratio by mixing 2

uL of 10x T4 ligation buffer and 1 pL of T4 ligase. The final volume was adjusted to 20 puL
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with nuclease-free water, and the mixture was incubated at 16 °C for 15 minutes. For bacterial
transformation, 2 pL of the ligation reaction was added to 50 pL of Stellar E. coli competent
cells. The cells were incubated on ice for 30 minutes, heat-shocked at 42 °C for 45 seconds,
and then cooled on ice for 2 minutes. Subsequently, SOC medium was added to the cells, which
were incubated at 37 °C for 1 hour to allow recovery and bacterial growth. After incubation,
bacteria were spread on an LB Agar plate with a proper antibiotic. Incubated at 37 °C for 16

hours to obtain colonies.

For the cloning with InFusion cloning, the target gene was either amplified with PCR
or ordered as gblock (ThermoScientific). If amplification was necessary, the target gene was
first amplified by PCR using specifically designed primers. PCR products are run on 1%
agarose gel and extracted. The cloning reaction was then set up at a 1:3 vector-to-insert ratio
by mixing 2 pL of 5X In-Fusion HD Enzyme Premix and adjusting the volume to 10 uL with
nuclease-free water. The reaction was incubated at 50 °C for 15 minutes. Then, the reaction
was cooled down at room temperature for 5 minutes. For bacterial transformation, 2.5 puL of
the In-Fusion reaction was added to 50 pL of Stellar E. coli competent cells. The cells were
incubated on ice for 30 minutes, heat-shocked at 42 °C for 45 seconds, and then cooled on ice
for 2 minutes. Subsequently, SOC medium was added to the cells, which were incubated at 37
°C for 1 hour to allow recovery and bacterial growth. After incubation, bacteria were spread

on an LB Agar plate with a proper antibiotic. Incubated at 37 °C for 16 hours to obtain colonies.

Correct cloning of inserts was confirmed by Sanger sequencing.

Sequencing Primers

Fw: 5> AGTCAGTGAGCGAGGAAGC 3’

Rv: 5 AGGAATGGTGCATGCAAGGAG 3’

Additional internal primers for MS2-cNOT7

Fw: 5> CGGAGGACATGTATGCCCAG 3°

Fw: 5> CCGCATGGCGTTCGTACT 3’
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3.3.2 Construct design for S30 E. coli Lysate and PURE Experiment

To clone the construct into backbone-1 (BB1) for the E. coli experiments, all inserts
L7Ae, mutated L7Ae, kt-NLUC, mutated kt-NLUC, kt-EGFP, and mutated kt-EGFP were
ordered as gene blocks, as each sequence was codon-optimized for E. coli expression. The
constructs were also designed with appropriate overhangs to facilitate In-Fusion cloning. As
described before, the BB1 backbone was digested with restriction enzymes (Xbal and EcoRI)
and extracted from agarose gel to prepare for cloning. Ordered gene blocks are dissolved in
nuclease-free water according to the manufacturer’s recommendation and incubated at 50 °C
for 10 minutes to obtain properly dissolved gene blocks. Later on, the infusion cloning protocol

was followed as it is described above.

To clone the constructs to BB2, the backbone was digested with Ndel-BamHI enzymes
and extracted from agarose gel. Later on, the infusion cloning protocol was followed as it is

described above.

Constructs are sent for Sanger sequencing and confirmed by sequencing.
Sequencing Primers
Fw: 5 TAATACGACTCACTATAGGG 3’

Rv: 5 GCTAGTTATTGCTCAGCGG 3’

3.4 Design, production, and purification of L7Ae protein

To test the purified repressor protein in the system, L7Ae proteins are cloned into the
BBI1 backbone with a 6x His tag on the N-terminal of the coding sequence. Brief protocol flow

is visualized in Figure 3.1.
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1. Transformation into BL21 2. Selection 3. Overnight Inocula 4. Protein production 5.Cell lysis
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Figure 3. 2 Illustration of the recombinant protein production in BL21 pLys E.coli bacteria cells.

The plasmid was transformed into E. coli BL21 (DE3) (pLysS) cells with a heatshock
transformation. The cells were incubated on ice for 30 minutes, heat-shocked at 42 °C for 45
seconds, and then cooled on ice for 2 minutes. Subsequently, SOC medium was added to the
cells, which were incubated at 37 °C for 1 hour to allow recovery and bacterial growth. After
incubation, bacteria were spread on an LB Agar plate with a proper antibiotic and incubated at
37 °C for 16 hours to obtain colonies. First to assess the better expressing colonies, single
colonies were selected for protein production and growth in 3 mL of LB broth medium
overnight at 37 °C. To induce protein expression, 50 mL of LB broth was prepared with 50 pL
of antibiotic and 50 pL of overnight inoculum. The culture OD is measured hourly until it
reaches 0.2, then it is measured every 30 minutes until it reaches 0.4 at Absorbance at 600 nm.
Protein expression was induced with 1 mM IPTG, and the culture was incubated overnight at

25°C.

For purification of the histidine-tagged protein, the MagneHis™ Protein Purification
System (V8500) was used. Briefly, cells were lysed in 1X lysis buffer and incubated with
DNase I for 15 minutes at room temperature. The lysate was then sonicated for 10 minutes (10
seconds on, 20 seconds off). After sonication, the suspension was incubated at 80°C for 15

minutes and centrifuged at 17,000xg for 30 minutes at 4°C. The supernatant, which contained
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the whole cell proteins, was isolated, and this supernatant was used to assess the better
expressing colonies at the beginning (Fig. 3.2). Before running on the SDS-Page gel, protein

concentrations were calculated vis the BCA Assay.

M_C1- C1+ C2- C2+ M
—

Figure 3.3 SDS Page image of isolated whole-cell proteins from E.coli pLys. Two colonies were
selected to express the L7Ae protein and protein is 14 kDa. M= Marker, C1-= colonyl culture no
induction with IPTG, C1+ = colony1culture induction with IPTG, C2- = colony?2 culture no induction
with IPTG, C2+ = colony2 culture induction with IPTG.

Isolated proteins from two different colonies showed that colony-1 expressed the target
L7Ae protein, and it was selected to continue with protein purification. The resulting
supernatant was used for protein purification with Ni particles. Ni particles are vortexed
carefully to obtain a uniform suspension, and 30 uL of particles is added to the supernatant
obtained. The mix is inverted 10 times carefully and incubated for 2 minutes to bind the
proteins onto Ni particles. Tubes were placed in a magnetic stand to separate the Nickel resin.
After waiting for 30 seconds, the supernatant was carefully removed and stored as ‘supernatant’
for SDS-Page analysis. The tubes were removed from the magnetic stand, and the particles
were resuspended in 150 pL of binding/wash buffer. After resuspension, the tube was placed
on the magnetic stand for approximately 30 seconds to allow the particles to be captured, and
the supernatant was carefully removed. This washing procedure was repeated three times in
total, and the supernatants removed are stored as ‘flow-through’ for SDS-Page analysis.
Subsequently, the tube was removed from the stand, and the particles were resuspended in 100
uL of elution buffer for protein elution. To compare the protein purified, [IPTG non-induced
and induced cultures were both purified (Fig. 3.3). All the stored samples and eluted protein
were run on an SDS-Page gel to see the purified protein. For the eluted proteins from the IPTG

non-induced culture, protein concentration was very low and did not run on the gel (Fig. 3.3).
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M S- FT- S+ FT+ EL+

Figure 3.4 SDS Page image of purified proteins from E.coli pLys. S- = Supernatant of the non-
induced culture. FT- =Flow-through of the non-induced culture, S+ Supernatant of the IPTG induced
culture, FT+ Flow through of the IPTG induced culture. EL+ =Eluted proteins from the [PTG-induced
culture.

After confirming the eluted protein via SDS-Page gel analysis, the purified proteins
were buffer exchanged using the 3 kDa cut-off columns. First, columns were washed with
nuclease-free water by adding the water and centrifuging at 4500xg for 15 minutes at room
temperature. Then, purified proteins were added onto the column and centrifuged at 4500xg
for 1 hour at 4 °C. Later on, 500 uL of exchange buffer, either 10 mM Tris-HCI buffer or
storage buffer, was added and centrifuged again at 4500xg. This step is repeated twice to make
sure the elution buffer is removed as much as it is possible. Storage buffer prepared as follows:

20 mM Hepes-KOH (pH 7.4), 150 mM KCI, 1.5 mM MgCIl2, containing 40 % glycerol.
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Figure 3.5 SDS Page visualization of buffer exchange recombinant L7Ae protein. Other wells
represent different samples. M= marker. L7Ae is a 14 kDa protein.

Buffer exchanged L7Ae, run on SDS-Page after calculating the protein concentration
via BCA assay (Fig. 3. 4). After producing the wild type L7Ae successfully, different variants

of the protein were also purified.

To purify different variants of L7Ae for testing post-translational control in the cell-
free system, the L7Ae(TCS) variant was also produced in E. coli BL21(DE3)pLysS cells.
Purified proteins were run on SDS-Page gel to confirm, and purified proteins contained

unspecific protein contamination (Fig. 3.5).
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Figure 3.5 SDS Page visualization of purified proteins in elution buffer. M= Marker, WT= purified
wild type L7Ae, MUT= purified mutated L7Ae protein, TCS= purified L7Ae(TCS) protein.

3.5 In Vitro transcription of templates

All the steps for in vitro transcription and translation were done under RNA-free sterile
conditions. The cloned templates were amplified using primers specifically designed for in
vitro transcription. These primers contained both a T7 promoter sequence and a poly(A) tail
and were designed to anneal to the backbone region. This design enabled the use of the same
primer set for amplification of all cloned constructs. PCR products were separated on a 1%
agarose gel. Although the working conditions were not strictly RNase-free, maximum
precautions were taken to ensure cleanliness for the agarose gel running. The gel tray and
cassette were thoroughly cleaned with RNaseZap, and the agarose gel was prepared in an
RNase-free space, and all the used equipment was only used in an RNase-free environment to
ensure the lowest RN Ase-free environment. Similarly, the loading dye was handled exclusively
in an RNase-free space to minimize the risk of RNase contamination. For gel extraction, the
kit was opened and maintained in an RNAse-free space and was used exclusively for in vitro
transcription experiments to further reduce the risk of RNase exposure, and all the tubes that
were used were nuclease-free. During elution, aliquots of nuclease-free water were used instead
of the kit-provided elution buffer to minimize nuclease contamination. The purified PCR

product was subsequently used as a template for in vitro transcription.
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For uncapped RNA synthesis with natural nucleotide, ATP, CTP, UTP, and GTP were
each added to a final concentration of 75 mM. A total of 2 puL of 10X reaction buffer was
added, and the DNA template concentration was used between 250—1000 ng. The final reaction
volume was adjusted to 20 pl. with nuclease-free water. The transcription reaction was

incubated at 37 °C for 4 h in a thermocycler.

To transcribe the RNA with a cap and natural nucleotide, ATP, CTP, and UTP were
added to a final concentration of 75 mM, while GTP was added to a final concentration of 15
mM. This reduction of GTP concentration is important since both Anti-Reverse Cap Analog
(ARCA) [3'-O-Me-m’G(5")ppp(5")G] (ARCA) and GTP can be equally incorporated in the
transcript. If there's too much GTP in the mixture, the polymerase will likely incorporate a
GTP as a starting nucleotide, while ARCA will bind to a smaller amount of transcript. This
increases the proportion of uncapped transcripts, resulting in a lower transcript stability in in
vitro translation reactions. After adding the nucleotides, 2 uL of 10X reaction buffer was added,
and the DNA template concentration was used between 250-1000 ng. Cap analog, ARCA
added to final concentration 6 mM. The final reaction volume was adjusted to 20 pL. The

transcription reaction was incubated at 37 °C for 4 h in a thermocycler.

To produce RNA containing modified nucleotides, with or without a cap structure, the
same protocol as described above was followed, except that the corresponding nucleotides were

replaced with the desired unnatural analogs.

After transcription, 1 pL of TURBO DNase was added to each reaction. The mixture
was gently mixed in an RNAse-free space and incubated at 37 °C for 15 min to remove the
DNA template. Subsequently, the RNA was purified to eliminate residual proteins and DNA
using the MEGAclear™ Purification Kit. Briefly, RNA samples were adjusted to a final
volume of 100 pL with the kit’s elution buffer and mixed gently. A total of 350 uL Binding
Solution was then added, followed by tmixing through gently pipetting. Next, 100 pL of 100%
ethanol was added and mixed gently before loading the entire mixture onto the filter cartridge.
The column was centrifuged at 10,000 x g for 1 min, and the flow-through was discarded. The
column containing in vitro transcribed RNAs was then washed twice with 500 uL wash
solution. Finally, RNA was eluted by adding 50 pL of preheated nuclease-free water (95 °C)
directly onto the column, followed by incubation at 65 °C for 5 min. Eluted RNA integrity was
checked on a 1 or 2% agarose gel. To evaluate RNA stability, samples were subjected to heat

treatment at 85°C for 3 minutes, followed by immediate cooling on ice for 5 minutes. RNA
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degradation was assessed by agarose gel electrophoresis, where the presence of smearing
patterns indicative of RNA degradation was evaluated. Only RNAs displaying a single, sharp
band on agarose gels were considered of sufficient quality in terms of integrity and used in

downstream in vitro translation reactions.

Fw Primer:
5" GAAATTAATACGACTCACTATAGGGAGACCCAAGCT 3’
RvPrimer:
S’TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGGGAGCTCGCCCCCTCGGAG 3’
Rv Primer for templates without poly-A sequence:

5’ TTGGGAGCTCGCCCCCT 3’
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In vitro transcription set-up

Step 1: PCR product preparation

T7P Forward Primer
Insert AN -
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:Reverse Primer

Gel-extraction under RNAse-free conditions

Step 2: Setting-up /n vitro transcription reaction
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Step 3: Clean-up the /n vitro transcribed RNA

Elution Buffer Wash Buffer Nuclease-free H,0

Binding Solution _ \
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Figure 3. 6 : In vitro transcription protocol. Step 1 illustrates the preparation of PCR products used as templates
for in vitro transcription. Constructs were cloned into a destination vector, and the gene of interest was amplified
by PCR. The resulting PCR products were analyzed on a 1% agarose gel and subsequently extracted. Step 2
depicts the setup of the in vitro transcription reaction. Step 3 outlines the RNA purification procedure following
in vitro transcription, which enables the use of the in vitro transcribed RNA in a cell-free system.
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3.5 In Vitro Translation in Rabbit Reticulocyte Lysate

In vitro translation assays were performed using nuclease-treated Rabbit Reticulocyte
Lysate (RRL) (Promega, 1.4960). Briefly, 35 uL of lysate was combined with 0.5 pL. of 1 mM
minus-methionine and 0.5 puL of 1 mM minus-leucine amino acids. To prevent potential
RNase-mediated degradation, 20 U of RNase inhibitor (RNasin, Promega) was added to each
reaction. For real-time monitoring of luminescence, two different luciferases are used in this
study: firefly luciferase and nanoluciferase. Since these two luciferases are orthogonal, they
require different substrates to be able to detect. 1 uL of 50 uM D-luciferin was added for firefly
luciferase assays, while 0.5 pL. of 100x Endurazine was used for Nanoluc-based experiments.
Following the addition of RNA templates, the final reaction volume was adjusted to 50 uLL with
nuclease-free water. To obtain a very well mixed reaction, more robust translation mixtures are
prepared in 0.2 uL nuclease-free PCR tubes, mixed well gently, and distributed into white 96-

well plates. The protocol flow is illustrated in Figure 3.6.

For the MS2—cNOT?7 experiment, each RNA was added at a final concentration of 70
fmol to establish a 1:1 molar ratio. In the experiment where the repressor MS2—cNOT7 protein
was used at a fourfold excess relative to the reporter, the final concentration of MS2—cNOT7
was adjusted to 280 fmol. About the addition of the templates first, MS2-cNOT7 RNA was
added to the reaction and translated for 10 minutes to allow the construct to be translated into
protein prior to the addition of the reporter. Subsequently, Luciferase reporter RNA was added,
and translation proceeded at 30°C for 60 minutes. Luminescence was recorded in real time

using a GloMax® Discover luminometer.

For the L7Ae—2kt-LUC or kt-NLUC assay, L7Ae was maintained at 70 fmol, while
ktNluc and its mutated variant were each used at 0.77 fmol. 70 fmol of L7Ae was pre-incubated
with lysate at 30°C for 10 minutes. Subsequently, ktNluc RNA was added, and translation
proceeded at 30°C for 60 minutes. Luminescence was recorded in real time using a GloMax®

Discover luminometer.
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Rabbit reticulocyte lysate
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Figure3. 7 : Illustration of in vitro translation assays in the RRL system.

3.6 In Vitro Translation in E. coli Lysate

DNA templates were prepared via midi or maxiprep and quantified with the Qubit™
dsDNA (BR) Quantification Assay Kit. S30 E. coli lysate (Promega 1.1020) is utilized for
coupled translation assays, meaning that input can be either DNA or RNA, and the system is
able to transcribe the DNA into RNA and translate the RNA into a protein. The protocol flow

is illustrated in Figure 3.7.

For the one-step reaction, each reaction includes 5 pL. of a complete amino acid mixture,
20 uL of S30 Premix Without Amino Acids, 15 pL of S30 Extract, and 0.5 uL of Endurazine,
with the final volume adjusted to 50 pL using nuclease-free water. The prepared master mix is

aliquoted into 0.2 mL tubes, and L7Ae (wild-type or mutated) is added.

For the one-step reaction, each reaction is set as described previously, with 535 fmol of
L7Ae (wild-type or mutated) added. The mixture is incubated at 37°C for 10 minutes. Then,

65 fmol reporter was added to the reaction and incubated at 37°C for an hour.

For the two-step reaction, each reaction is set as described previously, with 535 fmol

of L7Ae (wild-type or mutated) added. The mixture is incubated at 37°C for 60 minutes. To
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add the reporter, the same reaction was prepared as described earlier, and 65 fmol of reporter

was added to the reaction, mixed with the L7Ae-containing reaction, and incubated for another

hour at 37°C.

One-step protocol

S30 E. colilysate
Premix without aminoacid
Leucine

Methionine \
Mix gently lDistribute into 0.2 mL tubes
Repressor DNA templates

'\ 4

10 minlBTC

Reporter DNA templates
NN

60 minl37°C

Two-step protocol

S30 E. colilysate
Premix without aminoacid
Leucine

Methionine \

Mix gently iDistribute into 0.2 mL tubes

Repressor DNA templates

SO

60 minl37°c

Reporter DNA templates

pNEete

60 minlSTC

Figure 3.8 Illustration of in vitro transcription/translation assays in the E. coli system. The left
column depicts the setup of the one-step protocol, while the right column shows the workflow of the

two-step protocol.
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3.7 In Vitro Translation assay with the PURE System

All DNA templates used in this system were prepared using either Midi- or Maxiprep
procedures to ensure high-quality DNA isolation. The concentration of purified DNA was
determined using the Qubit™ dsDNA BR Assay Kit, which provides more accurate
quantification compared to spectrophotometric methods. This approach was chosen because
residual contaminants such as single-stranded DNA, RNA, proteins, or free nucleotides may
remain after DNA purification and can interfere with conventional DNA concentration
measurements. To measure DNA concentration using this assay, the Qubit™ working solution
was first prepared by diluting the Qubit™ dsDNA BR Reagent 1:200 in the Qubit™ dsDNA
BR Buffer. The working solution was then dispensed into RNase-free 0.5 mL thin-wall PCR
tubes to a final volume of 200 pL per tube. For calibration of the instrument (Qubit 4
Fluoremeter, ThermoScientific), 10 uL of each Qubit™ standard was added to the respective
tubes. For DNA quantification, 2 pL of each sample was added to individual tubes containing
the working solution. The tubes were gently mixed by pipetting without touching the tube
walls. After incubation at room temperature for 2 minutes, the standards were measured first
to calibrate, followed by measurement of the DNA samples. The protocol flow is illustrated in

Figure 3.8.

PURExpress (E6800, Promega) was used to test the L7Ae-kt system. Reactions were
prepared according to the manufacturer’s recommendations. Briefly, 5 pL Solution A was
dissolved carefully and mixed well to avoid the formation of precipitates. Solution B (3.75 pL)
was always added to Solution A, and it was not diluted unbuffered as per protocol
recommendation. 20 units of RNase inhibitor were also added to the reaction mix to reduce the
RNase contamination effect on the reaction. The final volume was adjusted with nuclease-free
water. L7Ae protein was prepared at a concentration of 75 fmol in a total volume of 2 puL to
facilitate accurate adjustment of the DNA template addition, while the reporter was 25 fmol in

a total volume of 2 pL.

For the one-step reaction, each reaction is set as described previously in 0.2 mL
nuclease-free PCR tubes, with 75 fmol of L7Ae (wild-type or mutated) added. Reaction
volumes were adjusted to 14.5 uL and mixed gently. After adjustment, tubes were spun down
and incubated at 37°C for 10 minutes in a thermocycler. Then, tubes were removed from the

thermocycler, and briefly centrifuged again to collect residual liquid in the bottom of tubes. 25
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fmol reporter was added to the reaction, centrifuged, and incubated at 37°C for 120 minutes in
a thermocycler. To measure the fluorescence, the reaction volume was adjusted to 30 pLL with

nuclease-free water and pipetted into a 384-well plate.

For the two-step reaction, each reaction is set as described previously in 0.2 mL
nuclease-free PCR tubes. 75 fmol of L7Ae (wild-type or mutated) were added to the mix, and
the reaction volume was adjusted to 12.5 uLL with nuclease-free water. Reaction mixes were
mixed gently, briefly centrifuged, and incubated at 37°C for 120 minutes in a thermocycler. To
add the reporter DNA, the same reaction was prepared with a final volume of 12.5 uL, and 25
fmol of reporter was added to the reaction. Tubes were briefly centrifuged again before adding
the L7Ae-containing reaction and spun down again before incubating them again for another
120 minutes at 37°C in the thermocycler. To measure the fluorescence, the reaction volume
was adjusted to 30 uL. with nuclease-free water and pipetted into a black 384-well plate.

Fluorescence was assessed with the GloMax® Discover luminometer using the
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Figure3. 9 Illustration of in vitro transcription/translation assays in the PURE system. The left
column depicts the setup of the one-step protocol, while the right column shows the workflow of the
two-step protocol.
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3.8 TEV rescue experiments in PURE System

Prior experiments in the PURE system were conducted to test if L7Ae was repressing
the reporter translation. The protocol flow is illustrated in Figure 3.9. After confirming the
repressing activity of L7Ae, engineered L7Ae(TCS) was tested. First, L7Ae (TCS) is tested at
37 °C to confirm it is repressing the translation at the temperature at which earlier experiments
were performed. The reaction was prepared in a 0.2 mL tube and spun down before incubating
in a thermocycler. To test the L7Ae (TCS) repression, 5 uL of Solution A, 3.75 uL of Solution
B were mixed with 20 units of RNasin inhibitor. Next, 75 fmol of L7Ae (TCS) was added.
DNA dilution used in the experiment was prepared accordingly to have 75 fmol DNA in 2 pL
of DNA solution. The reaction was incubated at 37 °C in a thermocycler for 10 minutes, and
after incubation, 25 fmol of reporter was added. After the addition of reporter, tubes were again

spun down and incubated in a thermocycler at 37 °C for 2 hours.
L7Ae (TCS) repression was tested at 30 °C using the same protocol described above.

To examine TEV protease rescue, 5 uL. of Solution A and 3.75 pL of Solution B were
mixed with 20 units of RNasin inhibitor. Subsequently, 75 fmol of L7Ae (TCS) was added to
the reaction, and the final volume was adjusted to 12.5 pL with nuclease-free water. After

briefly spinning down, the reactions were incubated at 30 °C in a thermocycler for 1 hour.

For the DNA-only condition, 1.95 pL of nuclease-free water was added. For the buffer
control, 1.45 pL of buffer and 0.5 pL of nuclease-free water were added. For the TEV and
inactive TEV conditions, 1.45 pL of buffer and 0.5 pL of protease (5 units) were added, mixed
gently, and briefly spun down. The reactions were then incubated for an additional hour.
Finally, the reporter mix was prepared as described above, with the total reaction volume

adjusted to 12.5 pL.

Inactivating the TEV protease was done by heat inactivation. Protease was incubated

at 65 °C for 1 hour and cooled down. Stored at -20 °C.
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Figure3. 10 Illustration of TEV protease—mediated rescue of L7Ae repression of the kt-EGFP reporter
in the PURE system.

3.9 Testing Purified L7Ae protein in PURE System

Purified protein concentrations were quantified using the Bicinchoninic Acid (BCA)
Protein Assay Kit (Thermo Fisher Scientific) following the manufacturer’s instructions.
Absorbance was measured at 562 nm using a microplate reader, and protein concentrations

were calculated based on a standard curve generated with bovine serum albumin (BSA).

After quantification, purified protein stocks were adjusted to a final concentration of
1000 ng/puL using the corresponding purification buffer. Working solutions were then prepared
at a concentration of 5 uM and used directly in PURE system reactions. The required protein

volume was calculated based on the desired final concentration in each reaction mixture.

For buffer control conditions, an equivalent volume of the protein purification buffer
was added to the reactions in place of the protein to account for any buffer-related effects. All
reactions were prepared on ice and gently mixed before incubation under standard PURE

system conditions, as described previously.
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3.10 Data Processing and Statistical Analysis

All statistical analyses were done on Biorender or Excel, and statistical tests were
chosen according to the experimental design. Excel is used when specifically left or right -or
right-tailed analysis is required. For comparisons between groups, statistical tests are
mentioned below the related figures. Results are reported as mean + standard error (SE). The

sample size (biological replicates) is indicated for each graph in the respective panel.

98



4. Discussion

In the RRL part of the study, I investigated the role of MS2-cNOT7 and L7Ae
translational repression in the rabbit reticulocyte lysate (RRL) system. MS2-cNOT?7 is known
to function primarily through de-adenylation of target RNAs, leading to a destabilization of the
target mRNA and a consequent reduction of the output protein. Briefly, MS2 protein binds to
the MS2 binding loops and brings the cNOT7 protein into close proximity to the poly-(A) tail,
and cNOT?7 deadenylates the RNA, causing the reduction of the translation. To test the MS2-
c¢NOT7 device in the RRL system, I compared the wild-type and MS2™"-cNOT?7 proteins with
the reporter containing the MS2 binding loop of 3’UTR. I observed that rabbit reticulocyte
lysate (RRL) translates reporter RNAs regardless of whether they have a poly(A) tail, and
cNOT7 activity is not effective in the system. These results were confirmed by a report
discussing that RRL works with a poly(A) independent mechanism (Michel et al. 2000a).
Given the lack of effective and reproducible repression observed in the assays, I conclude that

RRL is not a suitable system for investigating MS2-cNOT7 activity.

One of the critical factors underlying this result is the nature of RRL. Unlike many eukaryotic
cellular systems, where poly(A) tails play a central role in enhancing translation efficiency, our
findings support previous reports that poly(A) tails are not effective in RRL. This observation
is consistent with the fact that RRL supports poly (A)-independent translation and instead relies
on cap-dependent initiation mechanisms that bypass canonical poly(A)-tail-poly(A)-binding
protein (PABP) interactions (Michel et al. 2000a). Consequently, repression pathways that may
be due to the disruption of poly(A)-mediated translation are unlikely to be captured in this
system since RRL is optimized to rapidly produce maximum protein output from exogenous
RNA, which may mask subtle regulatory effects such as those mediated by cNOT7. Our
findings show that even in the absence of the reporter RNA's poly(A) tail, the RRL system
efficiently translates the RNAs. This suggests that the small decrease observed in the MS2-
CNOTY7 condition is not due to deadenylation, but rather to MS2 protein binding to RNA loops,
which might interfere with translation. This interference could be due to several mechanisms.
One possibility can be related to ribosome recycling. After the ribosome scans the RNA, it
releases the RNA and binds again. When the MS2 protein binds to the MS2 loops on the 3’UTR
of the RNA, this binding could affect the recycling process and slow down or block the

translation. Another possibility is that the 3> UTR is a region where many regulatory proteins
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bind. When MS2 proteins occupy the loops in this region, they might block the binding of these

regulatory proteins.

Another critical point to the reliability of the experiment outcomes is RNA integrity and purity,
since RNA is the direct input. Taken together, these findings highlight the limitations of using
RRL to study post-transcriptional repression mechanisms involving MS2-cNOT7. While the
system is highly useful for investigating general aspects of translation, it does not fully reflect
the poly(A)-dependent regulation observed in vivo. Future experiments should therefore be
directed toward alternative systems that more faithfully recapitulate poly(A)-dependent

translation and post-transcriptional regulatory processes.

Next, the repression activity of the L7Ae RNA-binding protein on the kt-reporter was
tested in the RRL cell-free system. The initial reporter design included two kink-turn structures
in the 5" UTR, positioned at a 16 bp distance from the start codon. With this configuration,
L7Ae did not exhibit strong repression of the reporter. A previous study tested the L7Ae’s
repression of kt-reporter RNA in a PURE system, focusing on how the position of the kink-
turn structure influences repression (Saito et al. 2010b). This study showed that when the kink-
turn is placed immediately after the start codon, the repression efficacy of L7Ae is higher, and
when the distance is increased between the k-turn structure and ATG codon, repression
efficiency decreases proportionally. In light of this information, I designed and cloned the
reporter by placing the kink-turn structure right after the ATG codon and in frame with the

coding sequence of my reporter and kt-reporter construct.

The L7Ae-k-turn translational control system with newly designed constructs was tested in an
RRL cell-free system. In experiments with wild-type L7Ae protein, wild-type k-turn, and
mutated k-turn reporters, the repression efficiency was not as strong as anticipated, given the
results we had collected in mammalian cells (Wroblewska et al. 2015; Cella et al. 2018). The
L7Ae and reporter molar ratios (~90:1, 70 fmol L7Ae, 0.77 fmol reporter) and incubation time
(10 min with L7Ae first, followed by 60 min with the reporter) were used to ensure sufficient
binding in the system, but the measured translational repression was not robust. Even though
repression was not robust with wild-type L7Ae, I tested the engineered L7Ae in RRL to proceed
with the next steps of the project, aiming to assess whether it could rescue the repression of the
reporter. As observed with wild-type L7Ae, engineered L7Ae also exhibited variability in
repression, and overall, the system remained inconsistent. Several factors could explain this

variability.

100



Data from the two k-turn reporter constructs indicate that transcription and translation kinetics
in cell-free systems differ from those in mammalian cell-based systems. One possible
explanation for the lower repression observed when the k-turn is positioned further from the
start codon is that ribosomes scan more rapidly in cell-free systems due to reduced regulatory
constraints, allowing them to bypass the k-turn structure before initiating translation. Taking
into account this potential faster translation process, it might also be possible that L7Ae is not
robustly repressing the reporter in RRL. Because the L7Ae protein must be properly folded for
effective binding to the k-turn structure to repress translation, and this fast translation process
may cause improper folding of L7Ae. Furthermore, it is unknown whether the k-turn motif
adopts the expected structure within the reporter mRNA. Finally, k-turn stability is dependent
on ions such as Mg?" and K* (Turner et al. 2005); the buffer ion profile of the RRL may limit
the motif's stability and ion concentration. Since these ion levels are optimized in RRL to

translate the protein, it might be insufficient to support L7Ae-kturn binding.

The timing between the reporter and L7Ae may also be effective. In the current experimental
design, L7Ae is incubated for 10 minutes before the reporter is added; before the L7Ae protein
can bind to the k-turn motif, it needs to be correctly folded and in a stable conformation. The
binding is time-dependent because the complex can't form until the protein and RNA structures
interact and change, since the k-turn structure is forming only when L7Ae binds to it. If the
reporter RNA is added before the protein is fully folded or in a transient conformational state,

the complex may not form efficiently.

In the future, different methods such as electrophoretic mobility shift assay (EMSA) can be
used to directly measure the L7Ae-k-turn interaction. The results may help understand whether
the sensitivity problem arises because RNA-binding motifs do not always exert as strong
effects as predicted in in vitro translation systems and whether motif accessibility, binding

kinetics, and environmental conditions are critical.

In the E. coli lysate part of the study, RNA-binding protein L7Ae was tested in the S30
E. coli lysate. L7Ae functions by binding to the kink-turn structure located in the 5" UTR of
the reporter RNA, thereby blocking its translation. To test this activity, I cloned the related
construct into two different destination vectors. Both constructs share the same T7 promoter
and RBS, but the plasmid backbones in which they are cloned differ in other regulatory
elements. BB1 includes additional regulatory elements like the tet promoters, the lacl gene and

operator, the ROP, and the bom sequences. The tet promoter initiates the tetracycline resistance
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gene, and it controls tetracycline resistance. The lacl gene and operator encode the lac repressor
protein, which binds to the lac operator and suppresses the activity of the lac promoter, which
can be controlled by an inducer. The Rop (repressor of primer) sequence, the Rop protein
controls plasmid replication, preventing excessive copy number, and it regulates replication
initiation by interacting with RNA. The bom (basis of mobility) sequence is essential for
mobilization and allows conjugative transfer of the plasmid. Using different backbones allowed
me to evaluate the plasmid component factors that may have an impact on transcription and
translation efficiency in the cell-free system. Thus, the results obtained can be confirmed as

being specific to the L7Ae-kt interaction, independent of vector-related output.

I systematically examined the repressive effect of the L7Ae protein on the kt-reporter.
Experiments were designed to include wild-type and mutant versions of both L7Ae and the kt-
reporter. This allowed for a comparative assessment of the repressive capacity of the wild-type
and mutant versions of the protein. During the experiments, both the repressor (L7Ae) and the
reporter (kt-reporter) were encoded and expressed on the same BB1 backbone, thus controlling
for the influence of the genetic environment and allowing for the direct measurement of the
repressive effect of L7Ae. However, I observed inconsistent behaviour across the experiments,
which limits the suitability of this system with the adopted protocol for our studies on RBP-
RNA regulation. To address this problem, I tried to optimize the protocol and change the

plasmid backbone encoding the components of the system.

Protocol optimization: I reasoned that pre-translating L7Ae could increase the RBP to have
increased repression. I thus introduced a two-step variant in which I first pre-translated L7Ae
in the reaction, and then I added the reporter gene. However, the two-step protocol with E. coli
lysate still showed high variability and even reduced repression when compared to the one-step

reaction.

Backbone optimization: L7Ae repression was tested with the same one-step protocol with the
BB2 backbone. The BB2 backbone is relatively shorter and encodes fewer genes. In addition
to the T7 promoter, ribosome binding site (RBS), and T7 terminator sequence, the BB2

backbone also contains the ampicillin resistance gene along with its corresponding promoter.

However, having the RBP encoded in the BB2 vector resulted in the same behavior as BBI1.

This could be explained by different mechanisms relative to the lysate's environment.

One possibility is that endogenous proteins, RNAs, and other molecules in the lysate may
prevent L7Ae from folding correctly or accessing its target RNA. Since these cell-free systems

are optimized to translate protein in a short time with a high yield, testing a regulatory system
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that requires correctly folded protein and proper secondary structure conformation of RNA
might not be efficiently supported by the system. Translation issues in the cell-free system
may also arise from resource competition. The presence of these numerous factors can affect
translation dynamics; as reported, expressing multiple genes in a cell-free system may cause
unexpected variations in protein levels, even if they are not interacting components with each
other (Piorino et al. 2023). Possible causes of these results might be related to sharing
translational resources, such as ribosomes. However, ribosomes are not the only limiting
factors in the cell-free system, as lysates are not self-sustaining like a cell-based system, and
each component is present in limited amounts. Some interesting reasons for the unexpected
results in the cell-free system might be related to RNA-binding proteins or RNases that may
compete with the reporter RNA and reduce repression (Siegal-Gaskins et al. 2014; Piorino et
al. 2023). Furthermore, since E. coli lysate does not constitute a fully defined system like the
PURE system, macromolecular crowding effects may influence the translation of individual
components, potentially leading to unanticipated outcomes, such as the observed repression

activity of the mutated L7Ae in this lysate.

Furthermore, endogenous mRNA or genomic DNA fragments can contribute to reaction
heterogeneity. Also, input DNA molecules may have cryptic promoter activity, which can
cause off-target expression or unexpected protein production. Such undesirable products
interfere with the action of repressors or other regulators, which may indirectly limit observed

protein function.

The combination of these factors may explain why E. coli lysate reactions are more variable,
and why some regulatory proteins do not function properly. As a result, strategies such as
energy source optimization, metabolic waste management, and endogenous nucleic acid

clearance can be tested to improve experiment reproducibility in lysate-based systems.

We then examined the efficacy of the L7Ae-k-turn repression mechanism with the PURE
cell-free system and explored strategies to obtain robust and strong repression and optimize the
rescue of this repression. The PURE system, being entirely synthetic, should ensure a more
controllable setting to benchmark the RBP-RNA regulations. To ensure that vector-specific
factors did not cause the observed effects of the L7Ae-kt interaction, the system was tested on

two different plasmid backbones, BB1 and BB2, as for the E. coli lysate.
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Using a one-step protocol with the BB2 backbone, the wild-type L7Ae was able to repress
reporter expression, while the mutant L7Ae did not, albeit exhibiting minimal residual
repression. This outcome is consistent with the hypothesis that the introduced mutation
diminishes, albeit does not entirely eliminate the binding affinity of L7Ae to the k-turn
motif(Saito et al. 2010a). The low level of repression observed with the one-step protocol is
likely due to the fact that the repressor has not been translated sufficiently and efficiently before

the initiation of transcription and translation of the reporter.

To improve the ON-OFF ratio, I developed an optimized protocol based again on a two-step
reaction that includes (1) a pre-translation stage for L7Ae and (2) the addition of reporter DNA
afterward, with the addition of new translation resources. This protocol optimization resulted
in a sharp increase in repression with the BB2 backbone, exceeding five-fold compared to the
one-step protocol. This was presumably due to the increased availability of functional repressor
molecules at the start of reporter translation, as well as the addition of new translational
resources from PURE system components. It is important to note that the statistical analysis to
compare the wild-type and mutant L7Ae repression did not show any significance with either
of the protocols. However, the mutant version showed higher repression in the two-step
protocol. This finding suggests that longer incubation periods may influence the kinetics of

protein folding and stability in the PURE system.

I also tested an engineered form of L7Ae (TCS) in the BB2 backbone to determine if structural
alterations could yield alternate repression properties. The repression by TCS was
approximately 2.5-fold less than that of the wild-type, underscoring the known trade-off
between designing for novel functionality and preserving robust RNA-binding ability (Cella et
al. 2018). However, when the protein was engineered, it was expected to have lower activity
compared to the wild-type version, likely by affecting its structure, stability, and binding

efficiency.

We investigated further whether the efficiency of repression is affected by the plasmid
backbone. In the PURE system, the BB2 backbone consistently exhibited significant
repression, whereas the BB1 backbone did not with the one-step protocol. However,
implementing the two-step protocol improved the repression of the reporter within the BB1
backbone, which suggests that optimized reaction conditions can mitigate variations in the
PURE system. Another important finding was that when constructs were translated within the
BBI1 backbone, the mutant L7Ae showed the expected pattern of repression, whereas this was

not the case with BB2. This suggests that the context of the backbone influences repression,
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even though the possible causes of the differences have not been uncovered. These two
plasmids differ in their genetic context; the BB1 backbone is longer and contains additional
sequences such as the tet promoters, lacl gene and operator, ROP, and bom regions. In contrast,
BB?2 is shorter and includes only the T7 promoter, ribosome binding site (RBS), T7 terminator,
and the ampicillin resistance gene. Since there can be different mechanisms effective on the
L7Ae™" repression difference between BB1 and BB2 backbones. These additional sequences
on the BB1 backbone, tet promoters, the lacl gene and operator, the ROP, and the bom
sequences, may modify the overall transcriptional load. By another means, polymerases in the
reaction will be ‘distracted’ by other promoters in BB1, and it will slow down the transcription
from the T7 promoter. As a result, the system transcribes less RNA and decreases the
translation output. The effects observed are mitigated by regulatory proteins and metabolic
buffering in living cells; however, the cell-free system does not possess these compensatory
mechanisms. Consequently, even minor alterations can influence the processivity of T7 RNA
polymerase and the kinetics of RNA folding. All these points can be the answer to why L7Ae
did not show significant repression with the one-step protocol when it was encoded in the BB1
backbone, and the difference between L7Ae and L7Ae™"! comparison between BB1 and BB2
backbones. The L7Ae-kt interaction is based on both sequence and secondary structure. I
hypothesize that given this structural requirement, minor changes or structural differences in
RNA can affect the L7Ae-RNA interaction. Additionally, when the reporter is translated within
the BB2 backbone produces more protein than the BB1 backbone in the PURE system.
However, when comparing the L7Ae™" repression with L7Ae repression, the L7Ae™ protein
expressed from the BB1 backbone shows the expected translation outcome, and it does not
repress the kt-EGFP construct. This difference may be due to the variation in the distance
between the T7 promoter and the RBS in the constructs. The construct with a 39-bp T7-RBS
interval can improve protein co-translational folding by initiating translation more slowly and
intermittently. This reduces ribosome density, allowing the polypeptide chain to fold each
domain more quickly, increasing the correct folding of the protein. Slower synthesis also
reduces the risk of aggregation and misfolding because, during rapid production, polypeptides
tend to stick together. Furthermore, the different secondary structure of mRNA with a longer
5" UTR can create localized slowdowns during translation, facilitating the correct folding.
Thus, the resulting correctly folded proteins maintain their function better. As a result, the
quality, stability, and functional activity of the resulting proteins are enhanced, even if the total
production is low. Also, L7Ae-BB1 exhibited lower fluorescent output compared to the BB2

backbone experiment. This difference may also be related to the additional sequences in BBI.
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These extra sequences could be sequestering reaction resources, potentially slowing down
translation and affecting the allocation of resources between the system construct and the
additional regulatory components in the backbone.(Siegal-Gaskins et al. 2014) The difference
in repressive strength that depends on the backbone may not be caused by the L7Ae-kt pair
itself, but by small differences in the structure of the DNA, the background of transcription,
and the structure of the RNA that are unique to each plasmid. This finding suggests that vector

architecture can have a strong impact on the regulation of RNA-protein interactions.

These results confirm that the two-step protocol is broadly applicable and can be useful in the
PURE system, offering improved dynamics for post-transcriptional control. Collectively, my
results show the benefits of a stepwise reaction in cell-free systems and reveal that repression
efficiency is significantly affected by both the technique and the plasmid backbone. Through
the optimization of settings for repressor accumulation and resource availability, I obtained
substantial control over translation in vitro. Future research could focus on measuring the
kinetic characteristics of L7Ae—RNA interactions within different backbones, evaluating
additional backbones and regulatory elements, and ultimately incorporating the system into

more complex synthetic networks.

After optimizing the repression of the reporter by L7Ae in the PURE system, the next
step was the optimization of the rescue of the repression. In order to test the rescue, first,
L7Ae(TCS) repression was tested in the PURE System at 37°C, which was the reaction
temperature for all the experiments performed with the PURE System. L7Ae(TCS) showed a
significant repression of the reporter. Next, since TEV protease was the first protease will be
tested, repression was tested at 30°C. L7Ae(TCS) shows significant repression of the reporter
also at 30 °C. TEV protease was tested in the reaction for rescue. To test the TEV protease
activity, TEV protease buffer needs to be used in the reaction to obtain optimized TEV protease
activity. Notably, adding buffer alone reduced the repression fold change compared to samples
without buffer. This modest effect could be attributed to subtle changes in the chemical
environment, such as ionic strength or the presence of stabilizing agents in the buffer, which
could partially affect L7Ae-RNA interactions. This observation, although small, highlights the

sensitivity of the L7Ae-mediated repression mechanism to experimental context.

TEV protease treatment successfully alleviated L7Ae-induced translational repression.
Both 5-unit and 10-unit TEV protease treatments led to an increase in translation, indicating

that proteolytic cleavage effectively attenuates the repressive role of L7Ae.
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The findings indicate that L7Ae-mediated repression is reversible and can be modulated
through proteolytic cleavage. These findings further support the idea that L7Ae-mediated
translational regulation may depend on structural integrity or specific sites amenable to
selective targeting. Future research could continue with studies on optimizing TEV protease-

mediated rescue and testing different proteases to study orthogonality and multiplexity.

To obtain better repression by L7Ae of the kt-reporter in the PURE system, I produced
and purified the repressor protein L7Ae from E. coli BL21 cells. Adding the repressor protein
as a purified protein form leaves all the resources to translate the reporter and might eliminate

the possible disadvantages of translating two constructs in the cell-free system.

In experiments using purified L7Ae proteins, the k-turn reporter was not repressed; instead,
fluorescence output unexpectedly increased by approximately 10 to 25-fold. This result differs
markedly from the previous experiment conducted with DNA constructs. According to the
literature, purified L7Ae has been previously tested in the recombinant cell-free system
PUREfrex (Saito et al. 2010a). Several factors may explain the observed results. First, the
protein may have lost its proper folding or active conformation during purification or storage.
Additionally, differences in protein concentration and buffer composition, particularly those
affecting the ionic environment of the PURE reaction, could have influenced RNA-protein
interactions. It is also known that magnesium ions enhance translation efficiency in cell-free
systems up to a certain concentration. Therefore, elevated Mg?* levels that are contained in the
purified L7Ae buffer, might have overstimulated translation, counteracting the expected
repression of the reporter. In other words, the added buffers may have boosted translation
excessively, thereby masking the repression effect. However, the available data are not
sufficient to support any hypothesis. Therefore, those observations need to be examined in
more detail with additional analyses, such as using the commercial recombinant L7Ae as a
positive control to understand if the repression is happening in the reaction. Here, the purified
proteins are buffer exchanged into the buffer with MgCl; and later on exchanged into Tris-Cl
buffer, which can carry the residual buffer from the MgCl, buffer, and it can interfere with the

translation.

In this study, the performance of the RNA-regulatory circuits across different cell-free
systems is explored. The MS2-cNOT7 and L7Ae RNA-binding proteins were first tested for
their repression activities on reporter RNA in RRL, E.coli, and PURE systems. In rabbit lysate
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and E. coli-based systems, the regulatory responses were variable and lacked consistent
repression under the tested conditions. To address this, I optimized both the experimental
framework and the construct design within the PURE system. Through iterative adjustment of
reaction conditions, backbone architecture, and assay parameters, I developed a reliable and
reproducible protocol that enables robust detection of RNA-regulatory interactions using
genetically encoded constructs. This optimized PURE-based platform provides a controlled
environment for dissecting RNA-mediated regulation and establishes a foundation for future

quantitative and mechanistic studies of RNA circuits.
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