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Abstract

The use of synthetic messenger RNA (mRNA) in the fields of medicine and
biotechnology is becoming increasingly prevalent, due to the well characterised
advantages of the molecule as a means of transferring genetic information. The rapid
expansion of synthetic mMRNA related applications necessitates the development of
new technologies for the manufacturing of the molecule in a more cost efficient and
less resource intensive manner. Presented in this thesis are two approaches for
improving the manufacture of synthetic mRNA, in addition to a novel usage of the

synthetic mRNA molecule itself.

Firstly, a new method is described for identifying RNA polymerases that could be used
in existing in vitro transcription processes. Current manufacturing methods suffer from
poor product related impurity profiles, as a result of off-target activity from T7 RNA
polymerase. Using a novel cell free coupled transcription-translation system, a library
of 10 new RNA polymerases is introduced, with diverse yield profiles. The nature of
active polymerase and promoter pairs discovered in this study allow for conclusions

to be drawn on which RNA polymerases are optimal targets for future characterisation.

Secondly, a new manufacturing platform for the production of synthetic mRNA is
introduced, with E. coli being used as a cellular chassis for the accumulation of
recombinant mRNA. The use of a cell as a factory for mRNA production reduces raw
material costs, due to the ability of E. coli to synthesise the components of the
transcription reaction endogenously from inexpensive media. Coordinated mRNA,
DNA, cell and media engineering, primarily focussed on disrupting interactions
between synthetic mMRNA molecules and host cell RNA degradation machinery,
increases product yields 40-fold compared to standard ‘unengineered’ E. coli

expression systems.



Finally, synthetic mRNA is used as a means of identifying rate limiting bottlenecks in
the production of monoclonal antibodies (mAb) in Chinese Hamster Ovary (CHO)
cells. This novel biotechnology application is achieved through transfection of a panel
of mMRNA ‘control nodes’, encoding transcription factors regulating pathways known to
be implicated in the production of recombinant proteins. Control nodes which impact
the titre of the monoclonal antibody being produced allow for identification of genes
critical to the production of that mAb. The use of chemical modulators targeting control
node implicated genes is shown to be a viable strategy for increasing mAb titre. Taken
together, the work presented in this thesis provides a basis for the manufacturing of
the next-generation of mMRNA therapeutics, and shows the applicability of synthetic

mRNA technology outside the field of medicine
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Chapter 1 — Introduction

The work presented in this study aims to provide novel tools to advance the
manufacture of synthetic mRNA, in addition to introducing a new utilisation of synthetic
MRNA in the field of biopharmaceutical production. This introductory chapter provides
a contextualisation of the tools introduced in this thesis, within the field of synthetic
MRNA. Much of the research interest in synthetic mMRNA focuses on the use of MRNA
as a therapeutic molecule. An overview of mMRNA therapeutics is given, in the context
of their initial development, current approved therapeutics, and future directions for the
field. Additionally, current non-therapeutic usages of synthetic mRNA are discussed.
A commentary is also given on the design of synthetic mRNA, and efforts to improve
its functionality. Finally, a summary of methods for producing synthetic mRNA is given,
both in terms of well-established in vitro transcription based manufacturing, and novel

methods for the production of diverse RNA species.

1.1 Synthetic mRNA as a functional molecule in medicine and biotechnology

1.1.1 - Synthetic MRNA as a therapeutic molecule

Messenger mRNA (mRNA) is one of the fundamental components of the central
dogma of molecular biology, facilitating the flow of genetic information from DNA into
functional protein (Crick, 1970). Since its discovery in 1961, mRNA has been the focus
of extensive research, both in terms of its fundamental role in all domains of life, and
more recently its functionality in the field of biopharmaceuticals and biotechnology
(Brenner et al., 1961). Much of the recent attention on synthetic mMRNA has stemmed
from its authorisation as a vaccine in the Covid-19 pandemic, the culmination of
decades of pre-clinical development (Baden et al., 2021; Chung et al., 2020; Sahin et

al., 2014).

15



The concept of injecting nucleic acids directly into cells was first demonstrated by Wolff
et al. in 1990, when both mRNA and plasmid DNA was used to stimulate reporter gene
expression in mouse skeletal muscle (Wolff et al., 1990). At this time, DNA was
believed to be the more promising therapeutic format, as a consequence of its
increased stability over mRNA. Indeed, a number of DNA-based therapies are now
approved, utilising a variety of delivery formats (Aiuti et al., 2009; Ginn et al., 2018;
Kulkarni et al., 2021; Opalinska and Gewirtz, 2002). In recent years however, interest
in mMRNA-based therapies has risen exponentially, a result of several key advantages
existing when using mRNA as a therapeutic agent over more traditional DNA based

vectors.

Firstly, there is no need for the mRNA to enter the nucleus, as transcription is able to
proceed immediately upon access to the cytoplasm (Zou et al., 2010). This is in
contrast to DNA based technologies, whereby entry into the nucleus is required,
facilitated by nuclear envelope breakdown (Tavernier et al., 2011). It has also been
observed that RNA transfection is more efficient than DNA transfection in quiescent
cells (Zou et al., 2010). Secondly, unlike DNA based gene therapeutics, there is no
risk of genome integration when using mRNA. Integration into the genome can lead to
insertional mutagenesis, potentially disrupting tumour suppressor genes, activating
proto-oncogenes, or causing abhorrent splicing of gene products (Cesana et al., 2012;
Mitchell et al., 2004). The safety of DNA based gene therapies has previously been
called into question, with cases of patients contracting Leukaemia, or, in one example,
producing a fatal immune response to the treatment (Hacein-Bey-Abina et al., 2008;
Yarborough and Sharp, 2009). Furthermore, the expression of proteins produced by
MRNA delivered to the cell is transient, leading to higher levels of control of protein

dosage (Wang et al., 2013). Finally, the production of in vitro transcribed (IVT) mRNA

16



is cost effective and simple compared to complex DNA delivery formats such as

adeno-associated virus, and is easily scalable (Pascolo, 2017).

Whilst the use of mRNA for transferring genetic information to target cells has long
been theorised as a means of therapeutic intervention, several critical discoveries over
the last few decades have been key to unlocking the potential of this approach. The
presence of a eukaryotic mRNA cap structure was first identified in 1975, with the first
commercial m’GpppG cap analogues coming to market in 1983 (Muthukrishnan et al.,
1975; Sahin et al., 2014). Developments in capping technology now allow for the
production of low-immunogenicity transcripts, which are effectively all capped in the
correct orientation (Grudzien-Nogalska et al., 2007; Henderson et al., 2021). Methods
for introducing mMRNA more reliably into cells were also pioneered in the 1970s and
80s, culminating in the using of cationic lipids as a means of RNA transfection (Malone
et al., 1989). Current mRNA delivery methods still rely on lipid-based nanoparticles,
with novel chemistries that allow for efficient cellular uptake (Gote et al., 2023; Hou et
al., 2021). Despite several attempts to use mRNA in the fields of protein replacement
and cancer immunotherapy in the 1990s and early 2000s, progress was hindered by
the immunogenicity of such treatments (Alexopoulou et al., 2001; Heil et al., 2004;
Heiser et al., 2002; Zhou et al., 1999). The use of modified nucleotides as a means of
ablating toll-like receptor (TLR) activity was therefore a critical discovery; one that
earned the authors the 2023 Nobel prize for medicine (Karikd et al., 2005). Indeed,
Covid-19 mRNA vaccines were N1-methyl pseudouridine modified in order to prevent
immune activation (Morais et al., 2021). Such advances have been critical in the

approval of mMRNA vaccines against Covid-19, and underpin the development of future
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MRNA therapeutics. Further details on the design of functional mRNA is given in

section 1.2.
Initial discovery of
mRNA 1961
1963 MRNA can directly induce
interferons
Discovery of 5’ cap structure I—D 1975
1978 mRNA encapsulated in
liposomes delivered to cells
First commercial cap 1983
analogues
1984 Commercialisation of T7
- — RNA Polymerase
mRNA delivery by cationic
lipids 1989 —
1990 mRNA can be injected into
- ) mice and translated
Vaccination with mRNA
; : 1995
encoding cancer antigens -
1999 T cell response induced by
Clinical trials with ex-vivo MRNA injection
mRNA transfected into ~ je—fp{ 2001
dendritic cells 2005 Modified nucleotides reduce
mRNA immunogenicity
Zinc finger nuclease mRNA I—’ 2008
develaped 2009 CAR-T mRNA therapy
- developed
Induced pluripotent stems |—> 2010
cells generated by mRNA 2011 Initial protein replacement
mRNA pre-clinical studies
CRISPR-Cas9 mRNA gene |_» 2013
editing system 2017 Clinical trials with mRNA
personalised cancer vaccine
Approval of Pfizer and |—> 2020
Modema Covid-19 vaccines 2023 Pre-clinical trials of self-
amplifying mRNA and
\/ circular RNA vaccines

Figure 1.1 - Asummary of the key discoveries and developments in the field of mMRNA
therapeutics. The timeline begins with the initial discovery of mRNA by Brenner in
1961, and follows the development and commercialisation of critical enabling
technology such as cap analogues and modified nucleotides, up to the present day
where new mRNA formats are entering pre-clinical trials. Information adapted from
(Sahin et al., 2014; Vavilis et al., 2023a).
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1.1.1 - Synthetic MRNA as a vaccination against infection diseases

The area in which therapeutic mRNA has had the largest impact is vaccination against
infectious disease, including approved immunisations against Covid-19 and clinical
trials of MRNA-based vaccinations against Malaria and Zika Virus (Baden et al., 2021;
Erasmus et al., 2020; Ganley et al., 2023; Medina-Magues et al., 2021). The mRNA
vaccine is injected intramuscularly, and taken up by muscle and dendritic cells in the
vicinity. mRNA that enters the cell escapes from the lipid nanoparticle, and is
translated by the endogenous cellular machinery into antigens that are displayed to T
and B cells (Kwon et al., 2022). In the cases of Pfizer/BioNTechs approved BNT162b2
vaccine, this antigen is the SARS-CoV2 spike glycoprotein, featuring two proline

substitutions which keep the protein in a prefusion conformation (Walls et al., 2020).

At the time of writing, there are numerous mRNA vaccines in Phase 1 or 2 trials against
infectious disease other than Covid-19, as shown in Table 1.1 (Gote et al., 2023).
Three of these have progressed to Phase 3, the final stage before market approval.
Firstly, there is Moderna’s Influenza virus candidate, mMRNA-1010, which encodes
hemagglutinin from four separate influenza strains (Lee et al., 2023a). Recently
disclosed interim Phase 3 results show an improved immune response from mRNA-
1010 compared to the currently marketed vaccine Fluarix. Secondly is mMRNA-1345,
Moderna’s candidate vaccine for respiratory syncytial infection (RSV), encoding a RSV
glycoprotein. The vaccine has proved effective in Phase 1 and 2 trials, with the
expected completion of phase 3 being in November 2024. Finally, is another Moderna
candidate, mRNA-1647, a vaccine against cytomegalovirus (CMV). The vaccine
contains 6 MRNA species, 5 of which encode a membrane bound complex, with the

6" encoding CMV glycoprotein. mRNA-1647 already has been shown to be more
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effective than previous candidates (gB/MF59 vaccine — 50% efficacy), with phase 3

trials expected to conclude in late 2025 (Hu et al., 2023).

Table 1.1 (overleaf) — mRNA vaccines against infectious diseases in clinical trials.
Adapted from (Vavilis et al., 2023a).
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Infectious disease

Clinical

Vaccine Name targeted Trial
9 Phase
Autologous dendritic cells electroporated with WT1 mRNA Leukemia 2
BG505 MD39.3 mRNA, BG505 MD39.3 gp151 mRNA, and HIV 1
BG505 MD39.3 gp151 CD4KO mRNA
BNT111 Melanoma 2
BNT113 Head and Neck 1-2
Cancer
Core-g28v2 and eOD-GT8 HIV 1
DC-006 vaccine loaded with amplified cancer stem cell mMRNA Ovarian Cancer 1-2
Dendritic cells loaded with mRNA Prostate Cancer 1-2
eOD-GT8 60mer mRNA HIV 1
Human CMV pp65-LAMP mRNA-pulsed autologous dendritic Glioblastoma 2
cells
Individualized Cancer RNA Immunotherapy (IVAC®) Personalised Cancer 1
vaccines: IVAC_W _bre1_ulD and Vaccine
IVAC_W_bre1_ulD/IVAC_M_ulD
Influenza vaccines (MRNA-1020, mRNA-1030, and mRNA- Influenza 1-2
1010)
Langerhans-type dendritic cells with mRNA Melanoma 1
Lipo-MERIT Melanoma 1
mMmRNA -1215 Nipah Virus 1
mMmRNA-1189 Epstein-Barr virus 1
MmRNA-1345 RSV 2-3
MRNA-1345 and mRNA-1273.214 RSV
MRNA-1647 Cytomegalovirus
MRNA-1653 Metapneumovirus 1
and Parainfluenza
mRNA-1893 Zika Virus 1
MmRNA-4157 Melanoma 2
National Cancer Institute (NCI)-4650 Personalised Cancer 1-2
Vaccine
RNA-lipid particle (RNA-LP) vaccines Adult Glioblastoma 1
Self-amplifying ribonucleic acid (saRNA) vaccines (PF- Influenza 1
07852352, PF-07836391, PF-07836394, PF-07836395, PF-
07836396, and PF-07867246)
W_ova1 vaccine Ovarian Cancer 1
WT1 mRNA-loaded autologous monocyte-derived dendritic Glioma 1-2

cells
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1.1.2 - Synthetic MRNA as a cancer immunotherapy

Cancer immunotherapies using mRNA have now been in development for over 25
years (Beck et al., 2021; Boczkowski et al., 1996). Cancer vaccinations function by
inducing a T-cell response in a tumour specific manner, through encoding tumour
associated antigens or antigen receptors (Beck et al., 2021). One approach for
achieving this is ex-vivo delivery, where dendritic cells, an antigen presenting cell type,
are loaded with tumour antigen by mRNA delivery, and then reintroduced back into
the patient (Perez and De Palma, 2019). A second ex-vivo approach is to introduce
chimeric antigen receptor (CAR) mRNA to T cells. CAR-T cells are able to redirect
patient T cells to target and Kkill cancer cells upon reintroduction to the patient (Lin et
al., 2021a). In vivo therapy has also been shown to be feasible, by delivery of CAR or
T cell antigen receptor mRNA directly to the patient. The main challenge with the
approach is ensuring the mRNA reaches the T cells at required levels. Antibody or
small molecular ligand targeting has been used to enhance this approach (Cafri et al.,

2020; Chung et al., 2020).

A multitude of candidate mRNA cancer immunotherapies have entered clinical trials
over the last 15 years (Beck et al., 2021). Many recent trials are in combination with
antibodies or chemotherapy drugs for improved overall efficacy (Kong et al., 2023). 23
mMRNA cancer vaccines have entered clinical trials in the last 5 years, with the field
dominated by BioNTech and Moderna. A wide variety of cancers are being targeted,
including breast cancer, melanoma, and glioblastoma (Hong et al., 2020; Piper et al.,
2021; Sahin et al., 2020). One such candidate therapy has entered phase 3 trials, a
potential vaccine for glioblastoma. Glioblastoma stem cells (GSC) are targeted by

dendritic cells loaded with GSC mRNA, in combination with survivin, an anti-apoptotic
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peptide, and human telomerase reverse transcriptase. Progression free survival rates
in patients have been improved 3-fold in early trials compared to the current treatment,

bevacizumab (Piper et al., 2021).

1.1.3 - Synthetic mMRNA as a protein replacement therapy

Synthetic MRNA has been posited as a potential means of protein replacement
therapy, whereby a deficient or absent protein in a patient can be supplemented from
a recombinant source. This has traditionally been achieved through administering
purified protein, however this is costly to produce, and the recombinant protein is
rapidly degraded within the cell (Vavilis et al., 2023a). The use of nucleic acids as a
means of encoding replacement proteins has consequently been investigated

extensively.

DNA can be delivered through either viral or non-viral delivery methods. Viral delivery
methods, such as adeno-associated viruses, use a viral capsid to carry the DNA to the
target cell, where it can integrate into the genome and be expressed (Bulcha et al.,
2021). As with all integrative methods, the risk of oncogenesis is high, and in some
cases, neutralising antibodies emerging during prior viral infection can reduce the
effectiveness of such treatments (Vavilis et al., 2023a). Non-viral delivery of plasmid
DNA has an improved safety profile, however transfection efficiency is low, reducing
the dosage of the therapy (Ramamoorth and Narvekar, 2015). The negligible risk of
insertional mutagenesis when using mRNA, combined with higher transfection

efficiencies due to there being no requirement to enter the nucleus, make it an
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attractive molecule for protein replacement therapy. This is not without challenges,

however, due to the reduced stability of mMRNA when compared with DNA.

Several active phase 1 and 2 trials have proceeded using mRNA encased in LNPs as
a protein replacement. Moderna are running trials with candidate drug mRNA-3927,
for the treatment of propionic acidemia. MRNA-3927 encodes two subunits of the
mitochondrial enzyme propionyl-CoA carboxylase (PCC) (Attarwala et al., 2023). Early
data from studies involving small numbers of patients showed a reduction in serious
symptoms after biweekly dosing. Several other phase 1 or 2 have concluded without
significant positive results. AstraZeneca’s candidate AZD8601, encoding vascular
endothelial growth factor A (VEGF-A), was in development as a treatment for heart
failure and type Il diabetes (Anttila et al., 2023). Despite promising early results, the
drug was removed from AstraZeneca’s pipeline during phase 2 trials in 2022.
Translate Bio have recruited patients for 2 mRNA candidates. The first, MRT5201,
encodes ornithine transcarbamlyase for the treatment of ornithine transcarbamlyase
deficiency, however trials were withdrawn before any patients were injected (Vavilis et
al., 2023a). Trials did proceed for the second candidate drug MRT5005, encoding
cystic fibrosis transmembrane regulator protein for the treatment of cystic fibrosis,

however no beneficial effect was seen from the treatment (Rowe et al., 2023).

1.1.4 - Synthetic mMRNA for genome engineering and reprogramming

Genome editing is a method whereby programmable nucleases are delivered to cells
in order to precisely alter the DNA sequence, in order to treat genetic diseases. These
nucleases can be grouped into four classes: meganucleases (MNs), zinc-finger

nucleases (ZFNs), transcription activator-like effector nucleases (TALENs) and
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clustered regularly interspaced short palindromic repeat (CRISPR) associated
nucleases (Zhang et al., 2019b). Genome editing nucleases specifically recognise
target DNA sequences, and cause double strand breaks which can then be repaired
by non-homologous end joining (NHEJ), or homology directed repair (HDR), causing
the insertion of a donor DNA sequence (Ceccaldi et al., 2016). MNs, TALENs and
ZFNs rely on protein-DNA interactions for nuclease targeting, whilst the CRISPR-
associated method uses a guide RNA sequence to target specific regions of the
genome (Gaj et al., 2013). Whilst DNA or protein based transfer of genome editing
nucleases have been the predominant methods of delivery, the use of mRNA for

transient nuclease expression is becoming more prevalent (Zhang et al., 2019b).

Clinical trials have proceeded using mMRNA as a method of genome engineering. In
one example, Sangamo Therapeutics attempted to treat HIV (human
immunodeficiency virus) through the deletion of the HIV-1 co-receptor CCR5 by ex-
vivo delivery of ZFN encoding mRNA (DiGiusto et al., 2016). Long terms trials are still
ongoing for this genome editing mMRNA, in addition to a version targeting T-cells, with
initial results being promising in terms of reducing the HIV viral load long term (Zeidan
et al., 2021). CRISPR-Cas9 components delivered through lipid nanoparticle
encapsulated mRNA, developed by Intellia Therapuetics, are also in clinical trials for
the treatment of a number of liver diseases, such as primary hyperoxaluria type |
(PH1), and transthyretin amyloidosis (ATTR). A single administration of LNP-mRNA
encoding CRISPR-Cas9 components targeting the transthyretin gene was able to
achieve a knockdown in protein levels of >97% after 12 months in mice (Finn et al.,
2018). Numerous other mMRNA based genome engineering strategies are in the

preclinical stage, targeting diseases such as glycogen storage disease, acute
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intermittent porphyria, galactosemia, and muscular dystrophy (Cao et al., 2021; Jiang

et al., 2018a; Roseman et al., 2018; Stadelmann et al., 2022).

Synthetic mMRNA has also been used in the context of the reprogramming cell fate,
whereby external stimuli can be used to alter cellular phenotype. This was first
achieved with mRNA encoding Yamananka stem cell factors, allowing for the
reprogramming of multiple human cell types to induced pluripotent stem cell (iPSCs)
(Takahashi and Yamanaka, 2006; Warren et al., 2010). More recently this strategy
has been used to generate antigen specific CD8* T cells, hepatocyte like cells, and
tumour-associated macrophages (Garcia-Llorens et al., 2023; de Mey et al., 2023;
Zhang et al., 2019a). Reprogramming cell fates using synthetic mMRNA has proven
especially effective, due to high transfection efficiencies and no risk of genomic
integration. Complex mixtures of mMRNAs can be simultaneously delivered, such as in
the case of CD8* T cell generation where a mix of four mRNAs are used — toll-like
receptor 4, CD70, interferon gamma, and interleukin-10 receptor a (de Mey et al.,

2023).

1.1.5 - Other functions of synthetic mRNA in biotechnology

Whilst the vast majority of synthetic mRNA research is focused in the therapeutic field,
a number of applications have been developed using the molecule in a biotechnology
or fundamental research context. Firstly, synthetic mRNA devices have been
developed that bind to endogenous proteins and allow for distinguishing between
different cell types. In one example, mRNA is engineered to bind in its 5’ untranslated
region (UTR) region to LIN28A, a protein marker of iPSCs. Binding of LIN28A prevents
translation of encoded GFP, meaning that in fully differentiated cells a fluorescent

signal is seen post-mRNA transfection, whereas cells with the IPSC phenotype
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produce no signal (Kawasaki et al., 2017). In addition, synthetic mMRNA devices are
described in the literature in the context of gene circuits, that selectively activate
translation based upon levels of miRNA that are present endogenously (Kameda et
al.,, 2023; Tan et al.,, 2023). Such mRNA devices have function in the field of
biopharmaceutical production in mammalian cells, whereby the gene circuit allows for
upregulation of protein expression at defined points in a manufacturing process, such

as a temperature shift in fed-batch culture (Donaldson et al., 2022).

In addition to the gene circuits described above, other uses of synthetic mRNA in the
field of biopharmaceutical manufacturing are described in the literature, in the context
of Chinese hamster ovary (CHO) monoclonal antibody (mAb) production. Large
amounts mMRNA can be transfected in to CHO cells, to replicate conditions that are
present in high productivity manufacturing scenarios (Bydlinski et al., 2020; Coats et
al., 2020). Using mRNA transfection as a means of mimicking a high productivity
scenario allows for the detection of rate limiting steps in the production of a mADb,
without needing to go through the costly and time consuming process of generating
stable cell lines for initial screening experiments. Chapter 5 in this thesis describes a
further method for identifying rate limiting steps in CHO cell mAb production. The focus
of this chapter however, is on the elucidation of rate limiting steps in stable cell lines

that have already been generated, where product titre may be lower than anticipated.
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1.2 - The structure & optimisation of functional synthetic mRNA

Conventional linear synthetic mMRNA has several key features, essential for the
functionality of the molecule in vivo (Gote et al., 2023; Sahin et al., 2014). Firstly, the
5’ cap structure is essential for translation in eukaryotic cells, and a range of cap
analogs have been developed in order to improve capping efficiency and mRNA
performance (Kocmik et al., 2018; Su et al., 2011). The 5’ and 3’ untranslated regions
(UTRs) are also critical to mRNA function, with secondary structure in these
sequences conferring stability to the molecule by preventing degradation (Asrani et
al., 2018; Leppek et al., 2018, 2022). The coding region of the mRNA has also been
engineered to improve function, with codon optimisation algorithms being employed
to increase both translation rate and stability (Presnyak et al., 2015; Zhang et al.,
2023). Finally, synthetic mRNA features a poly-A tail region, normally comprising 120-
150 nucleotides, which functions as a platform for poly-A binding proteins, and
prevents degradation of the mRNA molecule (Tavernier et al., 2011). The design of
synthetic mMRNA is crucial to its function in vivo. Multiple strategies for improving the
design of synthetic mRNA have been described in the literature, with a view to

improving the translatability, stability, or immunogenicity of the molecule.
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The coding region can be optimised to not
feature rare codons, improving translation
rate. Modified nucleotides are also used to
reduce stimulation of the innate immune
system, a major challenge when utilising
therapeutic mMRNA

5Cap 5 UTR 3' UTR -

The 5' Cap is added co- The 5 and 3' UTRs The Poly-adenosine tail

transcriptionally, or in a influence the translation can be encoded in the
separate enzymatic and degradation rates of DNA template, or added
reaction. A range of the mRNA. This impact on enzymatically post

synthetic caps have been rates originates from transcription. The optimal

developed which improve secondary structure within tail length for therapeutic

mRNA capping efficiency the UTR region. applications is 120-150
and translation rate nucleotides

Figure 1.2 — Features critical to the function of synthetic mRNA in vivo. The 5’ cap, &’
and 3’ untranslated regions, open reading frame and poly(A) tail all play a role in
allowing the mRNA molecule to be translated upon introduction to the cell. As
described in section 1.2.1, development of each of these features allows for increased

product dosage due to increased rate of translation, and enhanced mRNA stability.

1.2.1 - Features of Conventional Linear Synthetic mRNA

1.2.1.1 - The 5’-Cap Structure

A 5’ cap is found on nearly all eukaryotic mRNA, with the naturally occurring cap
having a m’GpppNmpNNm structure (also known as Cap-0) (Furuichi, 2015). The cap
is essential to a variety of mRNA processing events, including the initiation of
translation. The cap interacts with the initiation factor elF4E — a process which is rate
limiting and essential for efficient protein synthesis (Carroll and Borden, 2013).
Therefore, when producing functional synthetic mRNA, a cap structure must be

incorporated into the mature molecule. Two strategies exist for the addition of the &’
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cap. Firstly, the cap may be added co-transcriptionally by providing the cap
dinucleotide in the transcription reaction, alongside the four nucleoside triphosphate
(NTPs) (Su et al., 2011). One of the major challenges when using a co-transcriptional
capping is that the RNA polymerase is able to incorporate the cap structure in the
reverse orientation, producing Gpppm’GpNpN instead of m’GpppGpNpN. This occurs
as nucleophilic attack of the a-phosphate of the transcript is equally likely to be initiated
by either guanosine at the ends of the cap structure (Kocmik et al., 2018). The result
of this is a pool of capped transcripts, of which approximately half are capped in the
reverse orientation, rendering them unable to interact with elF4E, significantly

reducing the rate of protein synthesis (Rhoads, 2016).

To address the issue presented by reverse cap incorporation, anti-reverse cap
analogs (ARCAs) have been developed that feature m’-guanosine modifications
including a 2’-O-methyl and 3’-O-methyl group that ensures correct cap orientation
(Jemielity et al., 2003; Shanmugasundaram et al., 2022; Stepinski et al., 2001).
Various additional modifications have been made to ARCAs, such as the introduction
of methylene groups between phosphate moieties, with a view to shielding the
transcript from Dcpl/Dcp2 decapping enzymes (Grudzien-Nogalska et al., 2007).
Improvements to translation efficiency have also been observed when incorporating
benzyl or 4-methoxy-benzyl at the N2 position of the cap analog (Kocmik et al., 2018).
A further consideration that must be made when co-transcriptionally capping the
MRNA is the ratio of cap analog to GTPs in the transcription reaction. The cap analog
and guanosine compete for the first position at the 5’ end of the mRNA, resulting in
the presence of a population of uncapped, and therefore translationally inactive
MRNA. It is therefore necessary to use an excess of cap analog in proportion to

guanosine, with a ratio of 4:1 being commonly utilised (Hadas et al., 2019; Loomis et
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al., 2018). When using such ratios, 20% of transcripts will remain uncapped, reducing
overall product quality. More recently, novel technologies such as CleanCap,
developed by TriLink, has been shown to achieve in excess of 98% capping efficiency,
whilst adding a cap-1 structure co-transcriptionally, as shown in Figure 1.3 (Henderson
et al., 2021; Senthilvelan et al., 2023). Cap-1 is a commonly utilised modified cap
structure, featuring methylation of the 2’-O of the ribose on the nucleotide which
immediately follows the cap (Ghosh and Lima, 2010). CleanCap is a trimeric molecule,
which binds to the +1 and +2 nucleotides of the transcription template through
complementary base pairing, followed by incorporation of the complementary NTP at

the +3 position (Henderson et al., 2021).

The alternative strategy to co-transcriptional capping is to cap the transcript
enzymatically, post-transcription. This reaction proceeds utilising a Vaccinia virus
derived capping enzyme, adding a cap-1 structure to the mRNA (Zarghampoor et al.,
2019). The Vaccinia virus capping enzyme is a heterodimeric complex of a 97 kDa D1
protein and 31 kDa D12 protein (Fuchs et al., 2016). All the catalytic activity of the
enzyme is localised to the D1 subunit, which features RNA triphosphatase,
guanylyltransferase and methyltransferase activity. D12 acts as an allosteric
stimulator of the D1 methyltransferase activity (Kyrieleis et al., 2014). More recently,
a Faustovirus capping enzyme system has become commercially available, and
displays activity at a broad range of temperatures, on mRNA substrates with higher
levels of secondary structure (Chan et al., 2023). These enzyme complexes can be
readily overexpressed and purified, or purchased from a commercial vendor, however
the amounts of enzyme required to produce high levels of capped mRNA render the

process costly (Fuchs et al., 2016). Furthermore, post transcriptional capping requires
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an extra step in the mRNA synthesis process when compared with co-transcriptional

capping, increasing manufacturing timescales.
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Figure 1.3 — The structure of the Trilink CleanCap AG reagent, commonly used in
mRNA manufacture, achieving capping efficiencies >98%. The 7-methylguanosine
structure is attached through a 5 O to 5’ O linked triphosphate bridge to the first
adenine residue. This adenine residue is 2’-O methylated, forming a cap-1 structure
that allows for the evasion of the cellular innate immune response, and is followed by
a guanosine residue. The Clean cap reagent binds to the first and second transcribed
nucleotides on the DNA template, acting as the site therein of transcription initiation
for the addition of the third nucleotide. Also shown is the site of methylation found in
anti-reverse cap analogues (ARCAS), which ensure incorporation of the cap analogue

in the correct orientation for translation.
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1.2.1.2 - 5’ and 3’ Untranslated reqgions

5 and 3’ UTR regions are known to be key determinants of the translatability and
stability of mMRNA molecules in vivo. Not contributing to the protein coding sequence,
the 5 and 3’ UTRs can feature extensive canonical and non-canonical base pairing
and complex secondary structure, able to influence protein interactions and ribosome
recruitment (Leppek et al., 2018). The average human 5 UTR ranges from between
100-200 nucleotides, with the 3° UTR being considerably longer at approx. 800
nucleotides (Pesole et al., 2001). The length of the 3’ UTR is critically important, with
shorter 3’ UTRs having reduced translational efficiency, and longer 3’ UTRs often
being degraded more rapidly (Orlandini von Niessen et al., 2019). Utilising UTRs in
the production of synthetic mMRNA has focused on incorporating sequences that
increase the translatability and stability of the molecule. For this purpose, the UTRs of
a and B-globin mRNAs have often been used due to the well-established high stability
and translation rate of such transcripts (Ross and Sullivan, 1985). Indeed, the
Pfizer/BioNTech SARS-nCov2 vaccine utilises the human a-globin 5 UTR, whilst the
Moderna Covid vaccine features 110 nucleotides of the human a-globin 3’ UTR (Xia,
2021). Further enhancements to stability have been observed when two consecutive
human beta-globin 3° UTR sequences have been utilised in the production of antigen

encoding mRNA (Holtkamp et al., 2006).

Various additional 5’ and 3’ UTR sequences have now been screened for their ability
in vivo to modulate stability and translation efficiency (Kim et al., 2022b). Recently, a
cell culture based systematic evolution of ligands by exponential enrichment (SELEX)
method has been used to select 3 UTR motifs displaying favourable properties
(Orlandini von Niessen et al., 2019). Several of the best performing sequences in this

study originated from mitochondrial mRNAs featuring a low number of predicted
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MiRNA binding sites — a feature believed to increase translation rate (Jackson et al.,
2010). Furthermore, attempts to construct a minimal 5 UTR have yielded a 14
nucleotide sequence containing a consensus Kozak sequence and T7 promoter, that
has shown higher expression levels than the human a-globin in multiple cell lines
(Trepotec et al., 2019a). Deep learning algorithms now allow for optimisation of UTR
sequences that mimic sequence patterns seen in endogenous human UTRs (Gong et
al., 2023). In certain cases, if the mRNA is being used for immune stimulation, for
example, it may be advantageous for mRNA stability to be low, leading to the mRNA
having a short half-life in vivo. For this purpose, AU rich elements (ARES) have been
used which are able to recruit ARE binding proteins which upregulate degradation

(Kramer and Carrington, 2014).

1.2.1.3 — mRNA Coding Seqguence Optimisation

The degenerate nature of the genetic code provides a means to optimise the coding
region of an mMRNA sequence, both in terms of translation efficiency and stability, by
substituting synonymous codons. Codon optimality is determined by the numbers of
charged transfer RNA available, and the demand for each tRNA from translating
ribosomes. Optimal codons are more readily available in the cytoplasmic pool, and
can therefore be decoded faster reducing delay to translation elongation (Novoa and
Ribas de Pouplana, 2012). Increased protein expression when using optimised
codons has been widely reported in the production of recombinant biotherapeutics,
with a >1000-fold increase reported in one case (Mauro, 2018). Additionally, it has
been demonstrated that replacement of non-optimal codons with optimal codons leads

to a significant increase in mRNA stability. mRNAs with less than 40% optimal codons
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were shown to have a median half-life of 5.3 minutes, in contrast to 20.1 minutes when

the optimal codons level was above 70% (Presnyak et al., 2015).

Whilst it is clear that in many cases there are obvious benefits to optimising codons
based on cytoplasmic tRNA availability, careful consideration must be used when
doing so for. The usage of certain codons in mMRNA can lead to the formation of
secondary structure, which has a profound effect on elongation rate. An example is
RD114-TR retroviral envelope protein, which when codon optimised produces an
inactive protein, as a result of insufficient glycosylation due to rapid elongation
(Zucchelli et al., 2017). Furthermore, codon optimisation has been shown to impact
proper protein folding, leading to inactive protein, or aggregation. One such example
is MDR1 gene, whose protein product, P-glycoprotein, folds incorrectly after codon
optimisation, and is unable to insert into the cell membrane (Kimchi-Sarfaty et al.,
2004). Algorithms have been developed to overcome such issues, that can identify
regions of slowly translated mRNA, and recommend codon replacements less likely
to have deleterious impacts on the protein product in a process known as ‘codon

harmonisation’ (Angov et al., 2008; Papamichail et al., 2018).

The most cutting edge mRNA design algorithms allow for the cooperative optimisation
of both codon usage and mRNA stability through increased levels of inherent
secondary structure, producing mRNA sequence that is both rapidly translated, and
has an extended half-life (Leppek et al., 2022; Zhang et al., 2023). It is important that
levels of secondary structure are balanced in order to not impede the cellular
translational machinery, whilst still conferring stability to the molecule. The recently
described LinearDesign algorithm, developed by Zhang and colleagues, has been
shown to output mMRNA sequences that increase antibody titre by 128-fold in mice
(Zhang et al., 2023).
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1.2.1.4 - Poly(A) Tail

The polyadenosine (Poly(A)) tail is an essential feature of eukaryotic mRNA,
enhancing translation and mediating the prevention of mMRNA degradation (Weill et al.,
2012). The poly(A) tail acts as a platform for poly(A)-binding protein (PABP), with
PABP able to interact with elF4G at the 5’ end, activating the translation of the mRNA
(Machida et al., 2018). The optimal tail length for synthetic therapeutic mMRNA has
been shown to be between 120-150 nucleotides (Sahin et al., 2014). When producing
IVT mRNA, the tail can be encoded in the DNA template, or added post-
transcriptionally by poly(A) polymerase. Enzymatic tail addition by poly(A) polymerase
allows for the addition of modified nucleotides, such as radiolabelled cordycepin
(Martin and Keller, 1998). This method of tail addition, however, is limited in its utility
as enzymatic polyadenylation produces a heterogeneous population of tail lengths.
For this reason, encoding the poly(A) tail in the DNA template is preferred in the
production of therapeutic mMRNAs, as tail length can be more closely controlled (Sahin
et al., 2014). One potential issue when using a template encoded poly(A) tail is that
plasmids encoding extensive poly(A) regions are difficult to maintain in E. coli, due to
rapid shortening of the tail through recombination. To overcome this, a segmented tail
containing spacer sequences that do not reduce translation efficiency is used, which

is more easily maintained in E. coli (Trepotec et al., 2019b).

1.2.1.5 - Modified Nucleotides

One of the most prominent issues when using mRNA for therapeutic applications is
the upregulation of the innate immune system through Toll-like receptors (TLRS)
(Kariké et al., 2008; Lee et al., 2023b; Takeda et al., 2003). TLRs are capable of
recognising molecular patterns and motifs related to pathogens, coordinating the

immune system in response (Kariké et al., 2005). A strategy for the reduction of such
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immune upregulation is the incorporation of derivatives of naturally occurring modified
nucleotides into the mRNA molecule. Modified nucleotides avoid upregulation of
certain components of the innate immune system by mimicking endogenous mRNA
(Freund et al., 2019). Eukaryotic mRNA contains a considerably larger number of
modified nucleotides when compared to prokaryotic mRNA, therefore allowing the
innate immune system to recognise endogenous mRNA based upon evolutionary
origin (Kariko et al., 2005). Nucleotide modifications can cause steric clashes in the
binding regions of innate immune system components, preventing recognition of the
mRNA. For example, 2’-O-methylated RNA has been shown to cause steric exclusion
from the Retinoic acid-inducible gene | (RIG-I) binding pocket, preventing downstream

responses (Hyde and Diamond, 2015).

Examples of modified nucleotides include pseudouridine, 2-thiouridine and 5-
methylcytidine (Hadas et al., 2019). The incorporation of the aforementioned modified
nucleosides into MRNA has been shown to reduce, or completely inactivate, the
activation of TLR3, TLR7 and TLR8 (Kariké et al., 2005). Furthermore, the use of
pseudouridine (W) has been shown to reduce activation of the RNA-dependent protein
kinase (PKR), a translational repressor (Anderson et al., 2010). Retinoic acid inducible
gene | (RIG-I) activity can also be ablated when N-6-methyladenosine or
pseudouridine are utilised (Durbin et al., 2016). Approved mRNA vaccines, such as
those against SARS-CoV-2, utilise N1-methylpseudouridine (m1%) in place of uridine
(Nance and Meier, 2021). m1W¥ elicits even less immunogenicity than W, whilst also

increasing that rate of translation (Kim et al., 2022a; Svitkin et al., 2017).
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Figure 1.4 — The structure of uridine, and the two most commonly utilised modified
nucleotides found in place of uridine in mRNA therapeutics, psuedouridine (V) and
N1-methyl-psuedouridine (N'W). W was originally shown to dramatically reduce the
levels of innate immune stimulation in vivo, with m1W¥ reducing the levels of immune
activation further, whilst also increasing the rate of translation. It is for these reasons

that approved mRNA therapeutics are currently fully m1¥ modified.
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1.2.2 Alternative synthetic mRNA product formats

1.2.2.1 Self-Amplifying mRNA

Conventional linear mRNA, used in current approved mRNA therapeutics, is non-
replicative. The mRNA molecule is introduced to the target cell, causes translation of
the antigen or therapeutic protein, as is degraded by endogenous RNA turnover
pathways (Sahin et al., 2014). With conventional linear mRNA, target protein
expression is directly proportional to the amount of mMRNA that successfully enters the
cell. In contrast to this are self-amplifying mRNA species (saRNA), which encode viral
replication machinery, in addition to the open reading frame (ORF) of interest (Blakney
et al., 2021). This viral replication machinery leads to intracellular amplification of the
mRNA from a subgenomic promoter, meaning that a small amount of mRNA

introduced to the cell leads to high levels of expression (Vogel et al., 2018).

The replication machinery from alphavirus genomes encoding an RNA-dependent
RNA polymerase (RdRp) is commonly used for saRNA amplification. Examples
include Venezuelan equine encephalitis virus (VEE), Sindbis virus (SINV), and Semliki
forest virus (SFV) (Bloom et al., 2021). The replication machinery, comprising non-
structural proteins 1-4, is encoded on a long transcript upstream of the target protein
sequence. The encoded RdRp is able to drive transcription of the target protein mRNA
through transcription from the corresponding alphavirus subgenomic promoter
seqgeunce (Rupp et al., 2015). A COVID-19 vaccine is in development using saRNA
technology, however this is not without technical challenges (Maruggi et al., 2022).
The considerable length of saRNA (approx. 9-12 kb) makes it challenging to
manufacture, store and introduce efficiently to cells (Blakney et al., 2021). Despite this,
saRNA remains a highly promising therapeutic modality, due to the considerably lower

required dosage to elicit the same response as conventional mRNA.

39



A Subgenomic
Promoter

5'Cap 5 CSE 3'CSE

in Vivo
Translation

I
|
|
|
|
Ampification of vaccine antigen

B 5' Intron 3" Intron
Internal and Internal and
external homology Foldin external homology

sequences 9 sequences

ORF ORF
Circularisation
Introns
_+
Introns

IRES IRES

Figure 1.5 — The structure of novel mRNA formats. A) Self-amplifying mRNA is
transfected as a single long mRNA transcript, encoding alphavirus non-structural
proteins 1-4 (nsP1-4), and the ORF of interest. Conserved sequence elements (CSEs)
are also encoded, which are essential for viral replication. nsP1-4 encodes a RNA
dependent RNA polymerase (RdRp) which is able to amplify the ORF from a
subgenomic promoter in vivo. B) One method for RNA circularisation is by the
permuted intron-exon method, whereby intronic sequences can self-catalyse the
covalent ligation of the RNA molecule into a closed circle. Shown here is a schematic
of optimised sequences for this purpose, which feature regions of internal and external

homology which bring the intron sequence together in a more efficient manner.
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1.2.2.2 Circular mRNA

Circular RNA is drawing increasing interest as a potential therapeutic format. Circular
RNA species occur in nature in eukaryotic cells as a result of back splicing, and have
been shown to have regulatory function within the cell (Ebbesen et al., 2017; Salzman,
2016). The closed loop nature of circular RNAs confer a key advantage in the context
of synthetic mRNA; they are completely resistant to exonuclease degradation due to
not having exposed 5 and 3’ termini, and are therefore more stable in vivo
(Seephetdee et al., 2022; Wesselhoeft et al., 2018). Additionally, it has been shown
that circular RNA elicits considerably less immune stimulation than linear mRNA, even

without the use of modified nucleotides (Liu et al., 2022a; Wesselhoeft et al., 2019)

Several methods exist for producing synthetic circular RNA. Firstly, T4 RNA ligase can
be used to circularise a linear precursor molecule in vitro, often using a DNA oligo to
bridge the ligation junction to improve the efficiency of the reaction (Costello et al.,
2020; Petkovic and Muller, 2015). Secondly, and most commonly utilised, is the
permuted intron-exon method, which uses the activity of group | self-splicing introns
to ligate the RNA molecule (Wesselhoeft et al., 2018). Such group | self-splicing introns
are found in T4 bacteriophage thymidylate synthetase gene, or pre-tRNA from the
cyanobacteria Anabaena (Rausch et al., 2021). This method only requires the
presence of Mg?* and GTP for the self-ligation of the molecule in vitro or in vivo
(Meganck et al., 2021). It is also possible to use group Il self-splicing introns, however
their activity is less well characterised (Obi and Chen, 2021). ‘“Twister’ ribozyme
sequences have also been shown to function in a similar manner, circularising short

RNA aptamers (Litke and Jaffrey, 2019).

The lack of 5’-cap structure on circular RNA means that translation must be driven

through an internal ribosome entry site (IRES). Algorithms, such as DeepCIP, have
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been developed in order to optimise the IRES sequence in a circular context (Zhou et
al., 2023). The efficiency of circularisation by the permuted intron-exon method has
also been improved, in order to yield a higher proportion of circular molecules from the
input population of linear RNA. This is achieved through internal homology and spacer
sequences that cause formation of a splicing bubble, whereby all required splicing
machinery is in close proximity (Wesselhoeft et al., 2018; Zhu et al., 2022a). Utilising
these optimised sequences, circular RNA vaccine candidates have now been
described targeting SARS-CoV-2 (Qu et al., 2022), Staphylococcus aureus infection
(Zhu et al.,, 2022a), and stimulating T cell responses in tissues for cancer

immunotherapy (Amaya et al., 2023).
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1.3 Methods for the production of synthetic mRNA

The overwhelming majority of synthetic mRNA is produced by in vitro transcription
(IVT) — a well-established reaction, used for large scale manufacturing of mRNA of
diverse size. A bacteriophage RNA polymerase is used in a cell free system to produce
the mRNA in a run-off transcription reaction utilising a linearized plasmid or PCR
product as the DNA template (Sahin et al., 2014). IVT is inherently a simple reaction —
the RNAP polymerase is combined with a magnesium containing buffer, the four NTPs,
the DNA transcription template and cap analog (Beckert and Masquida, 2011).
Excluding the 5’ cap structure, all features of the mature mRNA can be encoded in the
DNA template. Modified nucleotides can be incorporated into the mRNA molecule by
providing the nucleotide in the reaction mixture in place of the corresponding
ribonucleotide triphosphate. On a laboratory scale, mMRNA can be quickly purified from
the reaction by DNase digestion and RNA precipitation, yielding a functional mMRNA

molecule (Pardi et al., 2018).

1.3.1 Large scale manufacturing of synthetic mRNA

One of the key advantages of using in vitro transcription for large scale manufacturing
is the scalability of the process — any yield can theoretically be achieved by increasing
the amount of input material (Baronti et al., 2018). Plasmid DNA is the predominant
transcription template used on large scale, as a consequence of its ability to be
propagated in E. coli (Walker et al., 2003). The plasmid must be linearized by a
restriction enzyme to allow for run-off transcription, producing a population of mMRNA
species with homogenous 3’ ends. This step is currently necessitated due to the low
termination efficiency of the endogenous T7 terminator sequence (approx. 70%),

however the development of synthetic high efficiency terminator sequence may allow
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for IVT without the need for plasmid linearization (Calvopina-Chavez et al., 2022;

Mairhofer et al., 2015).

On large scale, the IVT reaction proceeds in inert reaction vessels, or single use
reaction bags. As with small scale IVT, the reaction only utilises a small number of
components, however these components must be GMP-grade, considerably
increasing the cost of such materials (Rosa et al., 2021). As with small scale mMRNA
production, T7 remains the dominant RNAP used for commercial manufacture. RNase
inhibitor is typically added to the reaction to preserve the integrity of the transcribed
mRNA from any trace RNase contamination (Ouranidis et al., 2022). The reaction
proceeds over the course of 1-3 hours, making the actual production process
incredibly quick compared to many other biopharmaceutical products such as DNA
vector based vaccines or monoclonal antibodies (Agostinetto et al., 2022; McElwain

et al., 2022).

Critical to the manufacturing of any synthetic mRNA is the purification of the molecule
to reduce the immunogenicity and off-target effects of the final formulation. Several
purification unit operations are required, normally comprising a chromatography step
such as oligo-d(T) affinity chromatography, followed by tangential flow filtration (Rosa
et al., 2021). The purified mRNA requires encapsulation for efficient delivery to the
target cell. This is most commonly achieved using liposome-derived lipid nanoparticles
(LNPs). These are formed through precisely controllable microfluidic methods,
whereby mRNA in aqueous buffer is mixed with cationic lipids dissolved in ethanol,
forming inverted micelles around the mRNA (Hou et al., 2021). LNP formulation
methods continue to develop, enabling more efficient cellular uptake of the mRNA, or
incorporation of different chemical modalities which allow subcellular targeting of the
LNP (Hou et al., 2021; Tenchov et al., 2021).
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Figure 1.6 - A simplified process flow diagram for a typical mMRNA manufacturing
process. The production of MRNA by in vitro transcription (IVT) is a multistage process,
involving the addition of large quantities of purified recombinant components such as
cap analogues. Several purification unit operations are required for the final product
formulation, due to the immunogenicity induced by contaminating RNA species such
as double stranded RNA.
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1.3.2 In vitro Transcription utilising T7 RNA Polymerase

As previously mentioned, the vast majority of in vitro transcription is catalysed by the
DNA-dependent RNA polymerase from bacteriophage T7, a lytic phage of E. coli
(Studier and Moffatt, 1986). T7 RNA Polymerase (T7 RNAP) is a member of the single
subunit polymerase superfamily, which features representatives from many other
bacteriophages, in addition to mitochondrial and chloroplast RNAPs (Sarcar and Miller,
2018). T7 RNAP is a 99 kDa protein, with a number of features that make it highly
attractive for biotechnology applications such as in vitro transcription. Firstly, T7 RNAP
is highly specific to its promoter, a 17 nucleotide double stranded DNA sequence,
reducing the likelihood of off-target transcription (Shis and Bennett, 2014).
Furthermore, T7 RNAP requires no additional transcription factors in order to initiate
transcription. Finally, T7 RNAP is known to be a processive enzyme after initial
transcription, with high fidelity, ensuring full length run-off products are accurately

produced (Huang et al., 2000).

T7 RNAP has three functional domains, termed the ‘finger’, ‘palm’ and ‘thumb’ domain,
which together enable the polymerase activity of the enzyme, in addition to four
‘accessory’ structural elements which have roles in recognising the promoter and
melting the DNA duplex (Wang et al., 2018). The finger domain enables translocation
of the polymerase along the DNA template by undergoing conformational changes (Yin
and Steitz, 2004). The palm domain catalyses the polymerisation reaction, co-
ordinating two magnesium ions proximal to two conserved aspartate residues in a cleft
within the enzymes structure (Borkotoky and Murali, 2018). The thumb domain is
flexible and is thought to prevent dissociation of the enzyme from the DNA template

as it moves along it (Borkotoky and Murali, 2018).
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Figure 1.7 — The 3-dimensional structure of T7 RNA polymerase, as determined by X-
ray crystallography (PDB deposition 1CEZ). Each of the domains is marked a different
colour, with the N terminal domain red (1-325), thumb domain yellow (326-411), palm
domain green (412-553 and 785-879), the finger domain blue (554-784), and the
specificity loop magenta (740-769). a-helices are represented as spiral tubes, whilst
B-strands are shown as arrows. The finger domain enables translocation of the
polymerase. The palm domain catalyses the transcription reaction. The thumb domain
stabilises the DNA template. The specificity loop is involved in promoter interactions.
Image produced using PDB deposition 1CEZ.
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1.3.3 Challenges when using T7 RNAP

Initial transcription is an unstable process — the polymerase must maintain a
transcription bubble until a RNA-DNA hybrid can form of sufficient length to
outcompete DNA reannealing (Gong et al., 2004). The initiation process comprises the
addition of nucleoside monophosphates onto a first priming nucleoside until a RNA
molecule of ~12 nucleotides is formed (Ramirez-Tapia and Martin, 2012). As a result
of the unstable nature of initial transcript, a number of short abortive transcripts are
released before the transition of the RNAP to elongation phase, most commonly
between 2-6 nts (Ramirez-Tapia and Martin, 2012). The transfer of the polymerase to
an elongation state occurs when the enzyme escapes its strong contacts with the

promoter sequence.

In addition to the aforementioned abortive transcripts, T7 RNAP has been shown to
facilitate the production of a number of RNA species after promoter release, which are
shorter or longer than the template encoded product (Gholamalipour et al., 2018).
Promoter-independent RNA synthesis by T7 can occur through several characterised
mechanisms. Firstly, T7 can recognise certain RNA sequences as a replication
template, self-replicating the RNA template in a manner analogous to viral RNA-
dependent RNAPs (Konarska and Sharp, 1989). Furthermore, transcripts produced
during the IVT reaction can ‘self-prime’, acting as a binding site for the RNAP, allowing
for the extension of the RNA molecule (Gholamalipour et al., 2018). Two pathways are
proposed for self-priming which initiates RNA-template mediated RNA synthesis. Cis
self-priming occurs when regions proximal to the 3’ end of the RNA molecule exhibit
complementarity to each other, leading to the formation of an intramolecular hairpin
duplex region which T7 can bind and continue further transcription upon (Nacheva and
Berzal-Herranz, 2003). Trans self-priming occurs when complementarity exists
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between RNA transcripts, forming an intermolecular duplex upon which the RNAP can
bind and initiate transcription (Gholamalipour et al., 2018). These pathways lead to
production of long double stranded RNA molecules when using T7 RNAP. Such
molecules are formed through promoter independent transcription from the 3’ end of
the DNA template, producing an antisense transcript with full complementarity to the

expected RNA molecule, forming a double stranded duplex (Mu et al., 2018).

The number of off-target transcripts produced during IVT reactions using T7 RNAP is
particular problem when producing mRNA therapeutics, where a homogenous sample
is required to ensure a predictable response to the treatment. The scale of this issue
was highlighted by Lu et al., whose RNA-seq data showed that when producing a 50nt
RNA, only 0.99% of molecules were the correct length transcript (Lu et al., 2019).
Double stranded RNA species are particularly immunogenic, due to their detection by
cytosolic sensors RIG-I and MDAS5, which subsequently induce the production of
interferons (Loo et al., 2008; Yoneyama and Fujita, 2010). As a result, mRNA
produced by IVT used for therapeutic purposes must undergo extensive purification to
increase the uniformity of transcript lengths, and reduce immunogenicity derived from
contaminating dsRNA. High performance liquid chromatography (HPLC) purified
mMmRNA has been shown previously to not induce interferons, and be translated at
higher levels, however the process is costly and time consuming, especially at large

scales used in the pharmaceutical industry (Kariko et al., 2011).
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Figure 1.8 - Proposed pathways for self-priming which initiate RNA template mediated
RNA synthesis. A — Cis self-priming. Regions at the 3’ termini of the RNA molecule
show complementarity. This allows for an intramolecular duplex to form after a hairpin
loop. This duplex region can then act as a binding site for T7 RNAP, allowing for
continued transcription of the same RNA molecule, leading to an extended product
being formed. B — Trans self-priming. Complementarity exists between two separate
RNA molecules, forming and intermolecular duplex. This duplex region, again, can act
as a binding site for T7 RNAP. One the molecules in the duplex becomes extended.

Adapted from (Gholamalipour et al., 2019).

1.3.4 Engineering T7 RNA polymerase for improved IVT-based manufacturing

The limitations of T7 RNA polymerase for use in IVT are well characterised.
Consequently, several strategies have been pursued in order to improve product
quality from the reaction, by restricting the production of off target RNA species. Firstly,
attempts have been made to engineer T7 RNAP in order to improve its function. A
P266L mutation in T7 RNAP has been shown to reduce the affinity of the polymerase

to its promoter, allowing it to escape initial promoter contacts more easily by facilitating
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the transition from initiation complex to elongation complex. This leads to reduced
abortive transcript production, with the initial transcription complex being more stable,
and the polymerase being more likely to proceed to elongation instead of releasing 2-

6 nt transcripts (Guilleres et al., 2005; Ramirez-Tapia and Martin, 2012).

The C-terminal foot’ domain has also been the focus of engineering efforts. When the
T7 RNAP amino acid sequence 799-FAFA-883 was mutated to AAFA, 3’ homogeneity
of product mRNA was significantly improved (Gardner et al., 1997). This was
hypothesised to be due to weakening interactions with the initiating nucleotide,
normally mediated by the FAFA sequences, meaning that initiation from non-promoter
sequences was less likely. The addition of a C-terminal glycine residue (884G) was
also shown to increase 3’ homogeneity (Dousis et al., 2023). As with the mutation
described by Gardner et al., this mutation was predicted to reduce affinity to non-
optimal templates such as transcribed mRNA, in this case by increasing the steric bulk
of the foot domain. Dousis and colleagues also used a G47A mutation to improve 3’
homogeneity. In this case the mutation causes the RNAP to slightly favour being in the
initiation complex state, in which promoter independent transcription is less likely.
Whilst G47A by itself this would likely increase the amount of abortive transcripts,
when combined with 884G, abortive transcript levels were not higher than wild type,
and 3’ homogeneity was increased from 6-12%, to 90%. Despite this increase in
product quality, IFN-B levels remain at 50% of that of the wild type enzyme, meaning

that extensive purification would still be required in a therapeutic context.

Thermostable T7 RNAPs have also been developed, with a view to increasing reaction
yield. A quadruple mutant featuring S633P, S430P, F849I and F880Y was identified
through random mutagenesis, which showed activity at 48 °C, enabling the use of a
high-temperature IVT process (Boulain et al., 2013). More recently, commercially
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available T7 thermostable variants from New England Biolabs have been shown to be
transcriptionally active at 62 °C (Wu et al., 2020). An impact of running the IVT reaction
at a higher temperature is reduced production of anti-sense RNA by-products, as the
RNA is unable to self-prime as effectively at higher temperatures. High temperature
IVT does not, however, reduce the rate of production of 3’ extended RNA products (Wu
et al., 2020). Despite the potential benefits of increased transcription rate in mRNA
manufacturing processes, thermostable T7 RNAPs are not widely used, due to the
significant energy costs associated with raising the reaction vessel temperature. In

addition, higher temperatures cause RNA degradation, reducing product integrity

1.3.5 The use of RNAPs other than T7 for mRNA manufacture

The activities of several other bacteriophage RNA polymerases have been
characterised, with a view to using enzymes in IVT reactions with improved quality and
yield profiles over T7 RNAP. The activities of the RNAP encoded by both T3 and SP6
bacteriophage were characterised in the 1980s, with both enzymes now being widely
commercially available for use in IVT. Both T3 and SP6 produce a comparable profile
of off target transcripts to T7 RNAP however, limiting any potential advantages to their

use (Ling et al., 1989; Nam and Kang, 1988; Taylor and Mathews, 1993).

One P60-like viruses has had its RNAP characterised — Synechococcus phage Syn5
(Zhu et al., 2013a). The first characterised marine single subunit RNAP, Syn5 gave
lower yields than T7, however was more efficient at low concentrations of
ribonucleotides. Syn5 RNAP also shows higher levels of processivity than T7 RNAP,
and more efficiently incorporates modified nucleotides. A further characterised single
subunit RNAP was isolated from phiKMV-like phage KP34. The KP34 RNAP is of

particular interest as it does not produce the self-primed 3’ extended products which
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are characteristic of T7 (Lu et al.,, 2019). The authors who characterised the
polymerase showed that 38% of transcription products from a 50 nt template were the
expected full length product — a vast improvement over the 0.99% seen with T7 RNAP
(Lu et al., 2019). The activity of a psychrophilic RNAP, VSW-3, has also been
described. VSW-3 is more efficient than T7 at low temperatures, and has reduced
levels of dsRNA contamination (Xia et al., 2022). VSW-3 is now sold commercially as

Ice-Lake RNAP, with recommended reaction temperatures of 4-25 °C.

Despite several novel RNAPs being characterised, as described above, T7 RNAP
continues to dominate the field of MRNA manufacture. This is primarily due to the poor
yields observed with alternative RNAPs currently compared to T7. It is more
economically viable to produce a high quantity of mRNA that needs extensive
purification, than have a lower quantity with less downstream processing time (Kis et
al., 2021). Despite this, the diverse characteristics displayed by novel characteristics
do provide a rational for broadening investigations into new RNAPs — it is certainly
possible that an RNAP exists in nature that balances the quality and yield profiles
required to reduce the cost-per-dose in a manufacturing context. It is also true that as
the diversity of RNA product formats, modified nucleotides, and cap structures
increases, it may be found that T7 RNAP is suboptimal for the production of such next
generation molecules. In such cases, it would be beneficial to have an extensive library

of potential RNAPs with diverse characteristics.
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1.4 Non-IVT Based methods for the production of synthetic RNA

The production of synthetic mMRNA is dominated by IVT, a result of the simplicity and
scalability of the reaction, as described previously. When producing other forms of
RNA however, such as short aptamers, and dsRNA, a more diverse range of
production technology exists. Described here is the use of chemical synthesis and
cell-based RNA production systems, which have certain advantages when producing

various RNA species

1.4.1 Chemical synthesis of synthetic RNA

The chemical synthesis of RNA is routinely used in the production of short RNA
species, including short interfering RNA (siRNA) and microRNAs (miRNA) (Obika and
Sekine, 2018). The fundamental technology used for chemical synthesis of RNA is
almost identical to that used for the automated production of DNA oligos, developed
in the 1980s (Josephson et al., 1984). Briefly, the process relies on the cyclic
elongation of the RNA chain attached to a solid support. A stepwise process of
deprotection, activation, coupling, oxidation and capping allows for the nucleotide
chain to grow, with the addition of natural and modified bases being possible (Flamme
et al., 2019). Potent chemicals such as 5-ethylthio-1H-tetrazole have been found to
increase the efficiency of the main rate limiting step in the elongation process,
coupling, whereby the next nucleotide is added to the growing chain (Ryczek et al.,

2022).

As a technique, chemical synthesis is most useful when an entirely homogenous
population of short RNA species (2-40 nt) is required, especially if the RNA contains a
high proportion of modified nucleotides. When producing longer RNA species, the yield

achieved rapidly drops off. This is a result of the coupling process not being 100%

54



efficient. Even with a coupling efficiency of 98%, a 50 nt RNA will only have a yield of
37%, due to the 2% loss of material with the addition of each base (Reese, 2005;
Ryczek et al., 2022). It is possible to ligate short RNA chains to produce longer RNA
molecules, however this increases the cost of the reaction, and is again not 100%
efficient (Kiliszek et al., 2017). For these reasons, chemical synthesis of RNA is only
possible for a small range of products, and is especially impractical for longer species

such as mRNA.

1.4.2 Cell-based RNA production systems

Cellular production hosts present an attractive opportunity for the production of
synthetic RNA — a result of the fact that cells endogenously encode the machinery
required to transcribe RNA, or can be manipulated to encode orthologous
transcriptional components. The main challenge when producing RNA in any living
cell is the RNA degradation pathways present across all domains of life (Bandyra and
Luisi, 2018; Court et al., 2013). This presents an issue in terms of yield, integrity and
homogeneity of the final product. For this reason, the literature focuses on the
production of inherently stable RNA species, such as dsRNA, and those with high

levels of secondary structure. Various examples of such methods are described below.

1.4.2.1 Production of dsRNA in E. coli

Much of the literature surrounding the production of recombinant RNA in vivo has
focussed on the use of E. coli; a result of its well understood RNA degradation
pathways, and ease of genetic manipulation. Further to this, E. coli is simple and cheap
to culture even on large bioreactor scale (McElwain et al., 2022; Terpe, 2006). The
production of RNA in E. coli is analogous to that of recombinant protein production —
T7 RNAP is encoded genomically within the cell, and is used to drive transcription of

plasmid encoded RNA under the control of the T7 promoter, that has been transformed
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into the cell. In the case of double stranded RNA, the E. coli strain HT115 is particularly
well suited due to the deletion of the RNase Ill gene, the non-essential initiator of
dsRNA degradation (Bento et al., 2020; Meng et al., 2020; Takiff et al., 1989). Cells
harbouring the RNA encoding plasmid of interest are grown to exponential phase, and
RNA production is induced. Cells can then be harvested, lysed, and the dsRNA

purified away from other cellular components (Nwokeoji et al., 2016).

The design of the transcription templates is essential to high yield dsRNA production.
Plasmid constructs can either be designed featuring convergent or divergent T7
promoters to allow for the transcription of the two RNA strands, or the two strands can
be produced as one long transcript in a sense-loop-antisense fashion (Hough et al.,
2022). With process optimisation, such as media conditions, fed batch yields of 182
mg/L have been achieved (Papic et al., 2018). One of the major areas of research
utilising E. coli-produced dsRNA is the production of cost efficient RNAi based
pesticides. The dsRNA produced can be applied to crops, and up-taken by pest
species, where it is processed by Dicer into siRNA (Christiaens et al., 2018; Dalaisén-
Fuentes et al., 2022). The siRNA is specific to the target pest species, reducing off

target effects of the pesticide (Hough et al., 2022).
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Figure 1.9 — Plasmid templates for dsSRNA production in vivo. A) The two strands of
the dsRNA molecule can be produced under separate T7 promoters and terminators
on the same plasmid, and the two strands anneal in situ. B) The two RNA strands can
be produced from the same region of DNA with two T7 terminators facing each other
on the sense and antisense strand. As with (A), the two strands anneal after
transcription. C) The dsRNA molecule can be produced as a single transcript, with a
hair pin loop added to the sequence which allows for intramolecular contacts after

transcription.
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1.4.2.2 Producing RNA stabilised by scaffold sequences

Several strategies have been developed for the production of recombinant RNA other
than dsRNA in bacterial cells, leading to milligram scale yields of short RNAs, such as
microRNA and siRNA (Kaur et al., 2018). The first strategy involves hiding the RNA of
interest within a stable RNA structure, often the anticodon stem-loop of tRNA, or
sequences from 5S ribosomal RNA (Ponchon et al., 2009a). Both tRNA and rRNA are
highly stable in the cell when compared with mRNA, exhibiting half lives in the range
of days (Zhang et al., 2009). The tRNA scaffold sequence has the advantage of being
smaller, at 60 nucleotides, compared to 80 in the rRNA structure (Ponchon and Dardel,
2011). A further advantage of using the tRNA scaffold is the naturally high abundance
of tRNA in the cell, at approx. 130,000 copies in E. coli (Wei et al., 2019). The
consequence of this is that the cell is already able to cope with the accurate processing
of high levels of tRNA, and production of high yields of recombinant RNA shouldn’t
place a large burden on the cell. Yields of 10-50 mg per litre have been achieved using
a tRNA scaffold, with recombinant RNA of up to 200 nucleotides in length (Ponchon

and Dardel, 2011).

The production of recombinant RNA with scaffold sequences is simple in principle —
the DNA sequence encoding the RNA of interest is inserted into a plasmid between
two arms of the scaffold sequence, which when expressed will fold into a stable RNA
structure (Nelissen et al., 2012). The vector requires a strong promoter that will recruit
either the cells transcriptional machinery, or commonly T7 RNAP, in order to produce
high yields of the recombinant RNA (Ponchon and Dardel, 2011). More sophisticated
vectors have been designed for the rapid purification of the recombinant RNA, with
sephadex or streptavidin aptamer sequences being placed between the scaffold

sequence and the RNA of interest (Nelissen et al., 2015). Efficient strategies also exist
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for the release of the RNA of interest from the stable scaffold post-purification.
Hammerhead ribozyme sequences can be encoded either side of the recombinant
RNA, which upon the addition of Mg= cleave the RNA of interest away from the any

additional sequence (Nelissen et al., 2015).

tRNA Scaffold

Promoter Terminator

Target RNA

RNA
Scaffold RNA expression vector expression

Figure 1.10 — Recombinant RNA expression within a tRNA scaffold. The RNA
molecule of interest is inserted in the expression plasmid between the 5’ and 3’ arms
of the tRNA molecule, commonly tRNA-lysine. Expression is driven from the plasmid
by endogenous or T7 promoter, depending on the expression strain. After
transcription, the recombinant RNA-tRNA chimera folds into a highly structured
formation, increasing the stability of the molecule and allowing for increased levels of

accumulation intracellularly.
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1.4.2.3 Protecting RNA through RNA binding proteins

Short siRNA species have been successfully produced in vivo, by co-expressing a
siRNA binding protein from plant viruses called p19. The natural role of pl9 is to
prevent silencing of siRNAs, by binding to the siRNA, sequestering it and preventing
it being degraded (Ye et al., 2003). When co-expressed with the recombinant siRNA
of interest, the RNA can accumulate in the cell to much higher levels than would be
possible normally due to RNase Il degradation (Kaur et al., 2018). The presence of
the p19 binding protein also allows for simple downstream purification, by expressing
a histidine tag at either termini of the protein. The RNA can then be released under
denaturing conditions (Kikuchi and Umekage, 2018). Utilising this method, yields of 10
mg/L have been achieved in the production of siRNA under large scale fed batch
fermentation conditions (Kaur et al., 2018). Whilst the co-expression of p19 is only
suitable for the production of siRNAs, the underlying principles may be applicable to
the production of mMRNA. If the mRNA can be sequestered in a binding protein, such
as poly(A) binding protein, then exonuclease degradation can be avoided, and

downstream processing can be simplified.

1.4.2.4 Using alternative species to E. coli for synthetic RNA production

Several systems for RNA production in hosts other than E. coli are reported in the
literature, utilising beneficial phenotypic features of different species. Firstly,
Rhodovulum sulfidophilum has been used as a factory for the product of synthetic
RNAs, with the bacteria then secreting the RNA extracellularly (Kikuchi and Umekage,
2018). A phototrophic marine organism, R. sulfidophilum produces no detectable
nucleases, both intra- and extracellularly (Nagao et al., 2015). The unique ability of R.

sulfidophilum to secrete RNA extracellularly allows for simple purification of the

60



recombinant RNA. R. sulfidophilum has been used for the successful production of
short RNA aptamer sequences, such as the streptavidin aptamer, however reported
yields are very low, with an extracellular concentration of 200 ng/L of recombinant

RNA (Kikuchi and Umekage, 2018).

An efficient system for the production of a 160 nucleotide small nuclear RNA (shnRNA)
has recently been described in Corynebacterium glutamicum, with yields of 300 mg/L
achieved after 24 hours of batch fermentation (Hashiro et al., 2019). C. glutamicum
has traditionally been used for the production of amino acids and L-glutamate, showing
suitability for use in large scale fermentation (Ikeda and Takeno, 2013). The snRNA
target molecule, ULA-RNA, forms several structured hairpin loops, involved in the
binding of ULA-RBD protein. In order to prevent the degradation of ULA-RNA, the
authors use a RNase IlIl knockout mutant, which is non-essential in C. glutamicum
(Maeda et al., 2016). In order to drive efficient transcription of the snRNA, a strong
promoter from Corynephage BFK20 is used. One proposal by the authors of this study
has been to use the ULA-RNA as a new class of RNA scaffold, with the recombinant

RNA of interest being encoded alongside the stable snRNA.

1.4.2.5 Applicability of cellular RNA production strategies to synthetic mRNA

Whilst the methods presented in this section are effective for the production of the
forms of stable synthetic RNA described above, their applicability to mRNA
manufacture appears to be more limited in their current form. Due to its length, and
single stranded nature, mRNA is inherently more unstable. Cells must be able to tightly
regulate the expression of mMRNA within the cell, in order to respond to environmental
stimuli. For this reason, highly efficient mMRNA degradation pathways are present
across all domains of life, initiated mainly by the ubiquitous essential enzyme RNase

E (Bae et al., 2023; Borner et al., 2023). In order to make the production of mRNA in
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a cellular chassis viable, strategies are needed for the stabilisation of the molecule in

vivo, in order for higher titres of full length product to be accumulated.

1.5 Thesis Overview

As outlined in section 1.1, research interest in the applications of synthetic mRNA
continues to grow year on year, both in the context of novel therapeutics, and other
biotechnological applications. As the number of approved mRNA therapeutics
increases, pressure will continue to grow on existing mRNA manufacturing
infrastructure. It is essential that manufacturing processes are optimised, in order to
both reduce the cost-per-dose of novel therapeutics and increase the robustness of
manufacturing pipelines in times of emergency demand, such as the Covid-19
pandemic. Described in this thesis are new technologies for future optimised
manufacturing of synthetic mRNA, both in terms of improving existing IVT processes
through novel RNAP characterisation and introducing a new cellular mRNA production
platform. Additionally, a new application for synthetic mRNA is described, in the

context of improving titre of monoclonal antibodies in CHO cells.

The results in this thesis are presented in the form of three seperate publications.
Chapter 2 gives general materials and methods used in the aforementioned studies,
with more detailed methods being available in each publication chapter. Chapter 3
details work on characterising novel RNAPs for use in IVT reactions. For this first time,
a synthetic biology approach is taken to characterise multiple diverse RNAPs
simultaneously. A library of RNAPs was curated from genomic data to create a subset
of enzymes for characterisation. A novel coupled transcription/translation method was

introduced, allowing for rapid identification of active polymerase/promoter pairs. The
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key outputs of this publication were the identification of several new active RNAPs, the
description of a new method for characterising these RNAPs, and insight into which

RNAPs may be optimal targets for characterisation in future studies.

Chapter 4 introduces a new platform for the production of synthetic mMRNA in a cellular
chassis. E. coli is co-opted as a production host for mRNA dues to its simplicity to
culture. Methods are detailed for stabilising mMRNA within the context of the cells,
allowing for the considerable accumulation of molecule. A whole cell engineering
approach is taken in order to optimise the mRNA production process, leading to the
key output of a final system where mRNA can be readily overexpressed, extracted,
and purified from E. coli. mMRNA produced in E. coli is shown to be functional in vivo

through transfection in mammalian cells.

Chapter 5 presents a novel application for synthetic mRNA, outside of current
therapeutic uses. mMRNA is used as a genetic ‘control node’ in order to overwhelm
various processes within a monoclonal antibody producing CHO cell line, in order to
elucidate which steps in the recombinant protein production pathway are rate limiting
to titre. The information provided by this mMRNA control node platform allows for the
identification of bottlenecks in the production of diverse antibody products. Knowledge
of such bottlenecks allows for the identification of specific chemical inhibitors and

activators that can improve antibody titre.
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Chapter 2 — Materials and Methods

2.1 General Methods and Recipes

2.1.1 Media preparation for E. coli culture

Lysogeny broth for routine E. coli culturing was prepared using 10 g/L NaCl, 10 g/L
Tryptone and 5 g/L Yeast extract in distilled water. LB agar was prepared identically,
with the addition of 15 g/L agar. Super optimal broth with catabolite repression (SOC)
medium was prepared containing 20 g/L tryptone, 5 g/L yeast extract, 0.5 g/L NaCl,
3.6 g/L glucose, 2.47 g/L MgSOs4, 0.186 g/L KCI, and 0.952 g/L MgClz, dissolved in

distilled water. All media was sterilised by autoclaving at 121 °C for 15 minutes.

2.1.2 Antibiotics

Antibiotics were prepared in distilled water, or purchased as pre-dissolved solutions.
Ampicillin stock solution was prepared at a concentration of 100 mg/ml, and used at a
final concentration of 100 pg/ml. Kanamycin stock solution was prepared at a

concentration of 50 mg/ml, and used at a final concentration of 50 pg/ml.

2.1.3 Transformation of E. coli

50 uL of E. coli cells were defrosted on ice for 5 minutes. For plasmid propagation and
cloning procedures, high efficiency DH5a strains were used. For protein and RNA
overexpression, BL21 strains were used. For re-transformation of plasmids, 1 ng of
plasmid stock <50 ng/pL was used. For ligation procedures, 2-5 pL of the ligation
reaction was used. Cells were incubated with DNA for 30 minutes on ice, before heat
shocking at 42°C for 30 seconds. Cells were then returned to ice for 5 minutes, before

the addition of 950 pL of SOC medium. Cell suspensions were incubated for 1 hour at
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37 °C and 800 rpm, before plating 50 uL on LB agar plate containing the relevant

antibiotic. Plates were incubated at 37 °C for at least 16 hours.

2.1.4 Plasmid Amplification

Plasmids were routinely propagated for downstream usage in re-transformation,
sequencing, in vitro transcription or coupled transcription-translation reactions.
Colonies containing the plasmid of interested were used to grow 5 ml LB broth cultures
overnight. Cells were harvested by pelleting at 8000 g for 10 minutes. Plasmid was

purified from cells using the Qiagen Miniprep kit.

2.1.5 DNA Sequencing

DNA for sequence analysis was prepared at a concentration of 50 ng/uL, and mixed
with 10 yM sequencing primer relevant to the plasmid of interest. Sequencing was

carried out using the Genewiz premixed service.

2.1.6 Quantification of DNA and RNA by Nanodrop

DNA and RNA concentration and purity was determined using a Nanodrop 2000
(Thermo Fisher). Concentration was determined by absorbance at 260 nm. For DNA
samples, purity was indicated by a A260 nm/ A280 nm ratio of 1.8-1.9. For RNA, an

A260 nm/ A280 ratio of 1.9-2.1, and A260 nm/ A230 nm >2 indicated purity.

2.1.7 Quantification of protein by Bradford Assay

Protein concentration was determined using Bradford reagent solution (Bio-Rad), in 1
ml cuvettes containing 1 uL protein, 0.2 ml Bradford reagent, and 0.8 ml distilled water.
After thorough mixing, A595 nm was determined, and concentration (mg/ml)

calculated by multiplying the value by 15
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2.1.8 Agarose Gel Electrophoresis

1% Agarose gels for the analysis of DNA and RNA were prepared by dissolving 1 g
agarose in TAE buffer (40 mM Tris-HCI, 20 mM acetic acid, 1 mM EDTA) by heating.
Gel visualisation was enabled through the addition of Ethidium Bromide solution to a
1:10000 dilution. New England Biolabs 1 kb-plus ladder was used as a standard for

DNA gels, and Thermo Fisher Riboruler HR for RNA gels.

2.1.9 SDS Polyacrylamide gel electrophoresis

SDS Polyacrylamide gel electrophoresis (SDS-PAGE) was used for the analysis of
protein expression levels. Precast 15 well NuPage 4-12% Tris-Glycine gels (Thermo
Fisher) were used in the Xcell Mini-cell system (Thermo Fisher). Up to 15 pL of protein
sample was mixed with 20 uL of Novex denaturing loading buffer (Thermo Fisher) and
4 uL of Novex reducing buffer (Thermo Fisher), before heating at 70 °C. Gels were
secured in the running tank containing Novex Tris-Glycine running buffer (Thermo
Fisher), and samples loaded alongside 5 uL PageRuler prestained protein ladder. Gels
were run at 225 V for 40 minutes. Gels were stained in 100 ml Imperial protein stain

(Thermo Fisher), before destaining in distilled water for >8 hours.

2.1.10 Ethanol Precipitation of DNA or RNA

DNA or RNA was desalted by ethanol precipitation. DNA or RNA was mixed with 1/10
volume 3 M Sodium Acetate pH 5.2, and 3 volumes ethanol (>98% purity). Samples
were incubated at -20 °C for at least 1 hours, before centrifuging at 15000 xg for 30
minutes at 4 °C. Supernatant was removed, and DNA/RNA pellets were washed with
ice cold 70% ethanol. Pellets were dried for 10 minutes at room temperature, before

resuspension of DNA/RNA in Tris-EDTA (TE) buffer or H20.
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2.2 Vector Construction

2.2.1 Primer Design

Primers were designed manually using Snapgene, or automatically using Primer3.
NEB Tm calculator was used to ensure differences in Tm <5 °C between primer pairs

for PCR. Primers were purchased from Integrated DNA technologies, as 100 uM stock

solutions in TE buffer, diluted to a working concentration of 10 uM

2.2.2 Polymerase chain reaction (PCR)

PCR reactions were set up with the following reaction components:

Component VOIUmRee(a“cI;i)o-n25 - VOIurnl'\?e(ellJcI;i)o-rw50 -
Forward Primer (10 yM) 1.25 25
Reverse Primer (10 uM) 1.25 25
NEB Q5 2X Mastermix 12.5 25
DNA Template (1-10 ng/pL) 1 1
H20 9 19
Table 2.1 — PCR reaction components
PCR reactions were run with the following cycle conditions:
Cycle Section Cycles Temperature (°C) Time (s)
Initial Denaturation 1 98 120
Denaturation 35 98 20
Annealing 50-72 30
Extension 72 20 per kb
Final Extension 1 72 120

Table 2.2 — PCR conditions

PCR products were analysed by agarose gel electrophoresis. Products were purified

by Qiagen PCR purification kit or Qiagen gel extraction Kkit.

67




2.2.3 Restriction Digestion

PCR products, or plasmid DNA was digested by restriction enzymes (New England
Biolabs), in the following reaction. Digestions were incubated for 1 hour at 37 °C. DNA

was purified by Qiagen PCR purification kit.

Component Volume (uL)
10 X Reaction Buffer 5
Restriction Enzyme A 2
Restriction Enzyme B 2
DNA (Plasmid/PCR Product) Upto1ug
H.O To 50 pL

Table 2.3 — Restriction digestion components

2.2.4 DNA Ligation

Digested PCR products and/or vector sequences were covalently joined by ligation
with T4 DNA ligase. Reactions contained a 4:1 ratio of insert DNA to vector DNA, to
ensure high ligation efficiency. Reactions were set up at room temperature, before
subsequent incubation for 30 minutes at room temperature. 2-5 yL of the ligation
reaction was transformed in high efficiency DH5a E. coli. Reactions contained the

following components:

Component Volume (pL)
10 X T4 Ligase Buffer 2
Digested DNAA - Insert 0.08 pM
Digested DNA B - Vector 0.02 pM
T4 DNA Ligase 1
H>O To 20 uL

Table 2.4 — DNA ligation components
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2.3 Production of synthetic mRNA

2.3.1 Production of mRNA by In vitro transcription

MRNA was synthesised from plasmid templates by run-off in vitro transcription
reactions using T7 RNA polymerase (New England Biolabs). Plasmids for IVT were

linearized with Xbal or BsaXIl. Reaction were set up with the following components:

Component Volume (L)

10 X T7 RNAP buffer
10 mM ATP
10 mM CTP
10 mM GTP
10 mM UTP
DNA Template (500 ng/uL)
T7 RNAP

N N D N DD DD DN

H20 To 20 L

Table 2.5 — In vitro transcription components

Reactions were incubated at 37 °C for 2 hours, before addition of 2 uL DNase | and
further incubation for 20 minutes to remove DNA template. RNA was purified from IVT
reactions using the Monarch RNA clean-up kit (New England Biolabs). Product quality
was assessed by agarose gel electrophoresis. Concentration was quantified by

nanodrop measurement

2.3.2 Production of mRNA in E. coli

mMRNA encoding plasmids were transformed into BL21 (DE3) or BL21 Star (DE3)
(Invitrogen) E. coli strains. 5ml starter cultures were inoculated with a single colony,
and grown overnight in Luria-Bertani (LB) broth (Thermo Fisher), containing 50 pg/mi

kanamycin (Thermo Fisher) at 37 °C, 200 rom. For small scale expression, 100 uL of
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starter culture was used to inoculate 10 ml of LB medium containing 50 pg/ml
kanamycin, and cells were grown at 37 °C, 200rpm, until the OD600nm reached 0.4-
0.6. For large scale expression, 200 ml of LB was inoculated with 5 ml of overnight
culture. IPTG was then added to a final concentration of 1 mM. Cells were harvested

by centrifugation at 10000 xg for 10 minutes.

2.3.3 RNA extraction from E. coli

For small scale culture (cell pellets from <1 ml culture), Total RNA was extracted using
the GenElute Total RNA purification kit (Sigma-Aldrich). Cell pellets were resuspended
in 100 pL of TE buffer containing 1 mg/ml Lysozyme, and incubated at room
temperature for 5 minutes. 300 uL of buffer RL and 200 uL of 96-100% ethanol were
added to the lysate before vortexing. Lysate was then applied to the spin column resin,
before washing with ethanol solution. RNA was eluted in 50 pL of elution solution.
Residual DNA in the RNA sample was then removed through addition of 2 units of
RNase free DNase |, and incubation at 37 °C for 30 minutes. RNA was purified from
the DNase reaction using the Monarch RNA Cleanup kit (50 pg) (New England

Biolabs).

For larger scale extractions, cells were suspended in 5 ml of 5 mg/ml lysozyme solution
(Thermo Fisher), and allowed to lyse for 10 minutes at room temperature. 12ml of lysis
solution (4% SDS, 0.5 M NaCl (Thermo Fisher)) was added, before incubation for 5
minutes at 65 °C. 6.8ml of 5M NaCl of was added, and suspensions were placed on
ice for 5 minutes to promote precipitation of SDS. Suspensions were centrifuged at

10000 xg for 20 minutes at 4 °C, and supernatant was transferred to a separate tube.
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RNA was precipitated from the supernatant by isopropanol or ethanol, and stored at -
80 °C.

2.3.5 mRNA purification from extracted Total RNA

MmRNA was purified from small scale total RNA extractions using the Dynabeads
mRNA purification kit (Invitrogen). Approx. 10 ug of Total RNA was adjusted to a
volume of 100 pyL with nuclease free water. Samples were heated to 65 °C for 2
minutes to disrupt secondary structure, before placing on ice. Magnetic beads were
equilibrated in 100 pL of binding buffer (10 mM Tris-HCI, 1M LiCl), before addition of
the 100 uL total RNA samples. Beads were incubated with RNA samples for 5 minutes
at room temperature with constant rotation, before removal of the supernatant. Beads
were washed twice with 200 pL of washing buffer (10 mM Tris-HCI, 1M LiCl). mRNA
was eluted from the magnetic beads by addition of 10 mM Tris-HCI, pH 7.5, and its

concentration determined by Nanodrop spectrophotometer.

mRNA from large scale extractions was purified by oligo-dT enrichment utilising an
AKTA pcc chromatography system (Cytiva). 10ml total RNA was bound to a 1 ml
volume Oligo-dT(18) column (Sartorius) in binding buffer (50 mM Sodium Phosphate
pH 7, 500 mM NaCl). The column was washed in 20 column volumes of wash buffer
(50 mM Sodium Phosphate, 150 mM NaCl). Bound mRNA was eluted in 5ml of water,

before quantification by Nanodrop spectrophotometer.

2.4 Capillary Gel Electrophoresis

Capillary Gel Electrophoresis (CGE) analysis of RNA integrity and purity was
performed with a 5200 Fragment Analyzer System (Agilent, CA, USA), using the DNF-

471 RNA Kit (15 nt) (Agilent, CA, USA). The capillary cassette used was FA 12-
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Capillary Array Short, 33 cm (Agilent, CA, USA). Samples were diluted to <100 ng/uL
in nuclease free water. Before each separation, a pre-run voltage was applied (8 kV
for 30 seconds), the capillaries were conditioned with the conditioning solution and the
capillaries were dipped twice in the rinse buffer. Following this, the capillaries were
filled with RNA separation gel (by pressure) and then the sample was introduced using
a voltage injection (5 kV for 4 seconds). The separation was then conducted by
applying a voltage of 8 kV for 45 minutes. Detection was carried out using Laser

Induced Fluorescence (LIF), by fluorescent dye tagging of the RNA.

2.5 Digital Droplet PCR

Digital droplet PCR was used to determine the concentration of target mRNA
molecules in a population of total RNA. Primers were designed to amplify a 150 bp
region in the middle of eGFP, universal to every construct under investigation. ddPCR

reactions comprised the following components (All Bio-Rad):

Component Volume (L)
One-step ddPCR mastermix 5
Reverse Transcriptase 2
300 mM DTT 1
900 nM Forward Primer 1
900 nM Reverse Primer 1
250 nM 5’-FAM Probe 1
Total RNA (1 ng/uL) 1

H20 To 20 pL

Table 2.6 — Digital droplet PCR components
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The 20 pL reaction mixture and 70 L of droplet generation oil (Bio—Rad) were loaded
into a DG8 Cartridge, and 40 pL of droplets were generated with the Bio-Rad QX200
droplet generator. Droplets were transferred to a 96-well PCR plate (Bio-Rad), sealed

with foil, and placed in a Bio-rad C1000 thermal cycler. Cycling conditions were as

follows:

Cycle Section Cycles Temperature (°C) Time (Mins)
Reverse Transcription 1 50 60
Polymerase Activation 1 95 10

Denaturation 40 95 1
Annealing/Extension 60 1
Enzyme Deactivation 1 98 10

Table 2.7 — ddPCR running conditions

A final hold phase at 12 °C for 30 minutes was employed to increase droplet size
through condensation. Positive droplets were detected by the QX200 droplet reader
(Bio-Rad), using automatically assigned amplitude thresholds determined by
QuantaSoft software (Bio-Rad). Samples were only used in analysis if the number of
measured droplets exceeded 12000. QuantaSoft software converts positive droplet
counts to mRNA copy number by assuming a normal distribution of mRNA copies per

positive droplet. The following formula is used to calculate mMRNA copy number:

Concentration = —ln(N’I‘;eg)/Vdmplet Formula 2.1

Whereby; N = Total number of droplets
Ny.4= Number of negative droplets

Vbropiet= Volume of droplets
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2.6 Overexpression and Purification of recombinant RNA polymerase

2.6.1 RNAP overexpression

RNAP encoding plasmids were transformed into BL21 (Thermo Fisher) or Shuffle
(New England Biolabs) E. coli cells. Cells were grown in 5 ml start cultures overnight,
which were used to inoculate 500 ml of LB broth. 500 ml cultures were incubated at
37 °C with 200 rpm shaking until an ODsoo of 0.4 was reached. Temperature was
reduced to 25 °C, and expression was induced by addition of 1 M IPTG (Merck) for a

period of 8 hours. Cells were subsequently centrifuged at 8000 xg for 20 minutes.

2.6.2 RNAP Purification

Cells were resuspended in lysis buffer A (50 mM Tris-HCI, 0.5 M NaCl, pH 8.0), and
sonicated for 3 x 20 second periods. Cell debris was removed by centrifugation at
70000 xg for 15 minutes. Cell free extract was applied to a 5ml HisTrap HP column
(Cytivia) at a rate of 5 ml/min. The column was washed with 2 column volumes Buffer
A + 40 mM Imidazole (Sigma-Aldrich), before elution of protein in a gradient of
imidazole from 0-300 mM over 10 column volumes. 5 ml of eluted protein was applied
to a 1.6x60 cm Superdex200 gel filtration column at 1.5 ml/min, with 2 ml fractions
collected after void volume. Fractions containing the RNAP of interest were
concentrated to a final concentration of 1 mg/ml and exchanged into RNAP storage
buffer (50mM Tris-HCI, 100mM NaCl, 50% v/v glycerol, 10mM DTT, 0.1mM EDTA,
0.2% w/v NaN3 (All Sigma-Aldrich)), using a 50 kDA MWCO centrifugal filter (Sigma-

Aldrich).
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2.7 Cell free coupled transcription-translation assays

Coupled transcription-translation assays to determine RNAP activity were carried out
using the TNT SP6 Quick Coupled transcription/translation system (Promega).
Reactions were assembled containing 8 yL TnT Quick Master Mix, 1 yL RNAP
encoding plasmid (40 ng/uL), 1 uL NanoLuc encoding plasmid (80 ng/uL), and 0.2 pL
1 mM methionine. The assay proceeded at 30 °C for 1 hour. Samples were then diluted
500 fold in nuclease free water, and added at a 1:1 ratio to pre-diluted NanoLuc
luciferase assay substrate. Samples were incubated in darkness for 5 minutes, before
detection of luminescence by Molecular Devices ID5 plate reader, with an integration

time of 10 s.

2.8 Culturing of mammalian cell lines

2.8.1 Routine culturing of CHO cells

CHO cell pools, derived from CHO-S suspension cells (Thermo Fisher), were routinely
cultured in CD-CHO medium, supplemented with 6 mM L-Glutamine (Thermo Fisher).
30 ml cultures were maintained in vented 125 ml Erlenmeyer flasks, incubated at 37
C, 5% COz2, with 140 rpm shaking. Where required, culture volume was increased to
100 ml in 500 ml vented Erlenmeyer flasks. Cell number and viability was determined
by trypan blue assay, using a Countess 3 (Thermo Fisher), or Vicell Blue (Beckman-
Coulter) automated cell counter. Cells were subcultured to a density of 0.2 x 106 - 0.4

x 108 viable cells per ml every 3 days.

2.8.2 Routine culturing of HEK cells

A suspension human embryonic kidney (HEK) cell line, Freestyle 293-F (Thermo

Fisher), was routinely cultured in Freestyle 293 medium (Thermo Fisher). in CD-CHO
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medium, supplemented with 6 mM L-Glutamine (Thermo Fisher). 30 ml cultures were
maintained in vented 125 ml Erlenmeyer flasks, incubated at 37 C, 5% COz2, with 140
rom shaking. Where required, culture volume was increased to 100 ml in 500 ml
vented Erlenmeyer flasks. Cell counting was performed as described in 2.8.1, with

subculturing to a density of 0.2 x 108 - 0.4 x 108 viable cells per ml every 3 days.

2.8.3 Electroporation of CHO cells with mRNA

Suspension CHO cells were electroporated using the Lonza nucleofector system.
Cells were subcultured 2 days prior to nucleofection, in order to give a starting VCD of
1-2 x 10% cells per ml. 1.846 x 108 cells per well transfected were centrifuged at 100
xg and media removed. Cells were resuspended in 20 uL total volume, comprising 18
ML nucleofection solution and 2 puL 200 ng/uL mRNA solution. Cells were subsequently
transfected in the 4D-nucleofector Core unit, using program FF158. 80 uL of pre-
warmed media was added to each nucleofection reaction, before transferring 80 uL of
cell suspension to 670 uL pre-warmed media in a 24 well plate. Cells were cultured
for 72 hours at 37 °C, with 5% CO2 and 230 rpm shaking, before harvesting of cell

supernatant for secreted protein quantification.

2.8.4 Quantification of secreted mAb titre from CHO cells by ELISA

mAD titre in cell culture supernatant was quantified by human IgG ELISA (RD Biotech).
Supernatant was diluted 1:800 for DTE mAbs and 1:4000 for ETE mAbs in sample
diluent buffer. 20 pL of sample was mixed with 100 pyL peroxidase conjugated anti-
human IgG in the ELISA plate, and incubated at room temperature for 15 minutes.
Post-incubation. Sample was then removed, and the plate was subsequently washed
3 times with 300 uL wash solution. 100 yL TMP substrate was added to each well, and

the plate was incubated for 10 minutes at room temperature. Reactions were stopped
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with stop solution, and absorbance was read at 450 nm and 620 nm using a Molecular
Devices iD5 plate reader. Standard curves produced using reference IgG samples

were used to convert absorbance values to mAb titre.

2.8.5 Transfection of HEK cells with mRNA by cationic polymer solution

Suspension HEK cells were transfection using the TransIT-mRNA transfection kit
(Mirus Bio), comprising a proprietary cationic polymer solution. 24 hours prior to
transfection, cells were seeded in 500 uL of Freestyle media in 24 well plates at a
density of 2.5 x 10° cells per ml. 50 pL of pre-warmed media was mixed with 1 pL
mRNA solution (500 ng/pL), 1 uL mRNA boost reagent, and 1 uL TransIT mRNA
reagent. The mixture was incubated at room temperature for 5 minutes to allow mRNA
complexes to form. Complexes were added dropwise to the wells of the 24 well plate,
and gently distributed by rocking. Cells were incubated for 24 hours at 37 °C, with 5%

CO2 and 230 rpm shaking, before harvesting of cells for protein quantification

2.8.6 Quantification of GFP from mRNA transfected HEK cells

500 pL of cultured HEK cells expressing GFP were centrifuged at 100 xg, and the
supernatant removed. Cells were resuspended in 200 yL DPBS (Sigma-Aldrich),
before determination of GFP signal through reading absorbance at 488 nm and 507

nm using a Molecular devices plate reader
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the expression of the novel RNAP, and the detection of its activity can occur
simultaneously. Using this method, 8 new ssRNAP-promoter pairs are detailed, greatly
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which may present optimal targets for future characterisation in the context of enzymes
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Abstract

All mRNA products are currently manufactured in in vitro transcription reactions that
utilize single-subunit RNA polymerase (RNAP) biocatalysts. Although it is known that
discrete polymerases exhibit highly variable bioproduction phenotypes, including
different relative processivity rates and impurity generation profiles, only a handful of
enzymes are generally available for mRNA biosynthesis. This limited RNAP toolbox
restricts strategies to design and troubleshoot new mRNA manufacturing processes,
which is particularly undesirable given the continuing diversification of mRNA product
lines towards larger and more complex molecules. Herein, we describe development
of a high-throughput RNAP screening platform, comprising complementary in silico
and in vitro testing modules, that enables functional characterisation of large enzyme
libraries. Utilizing this system, we identified eight novel sequence-diverse RNAPs, with
associated active cognate promoters, and subsequently validated their performance
as recombinant enzymes in IVT-based mRNA production processes. By increasing the
number of available characterized functional RNAPs by > 130% and providing a
platform to rapidly identify further potentially useful enzymes, this work significantly
expands the RNAP biocatalyst solution space for mRNA manufacture, thereby
enhancing capability to achieve application and molecule-specific optimisation of

product yield and quality.
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3.1 - Introduction

The clinical success of SARS-Cov-2 vaccines established synthetic mRNA as an
effective drug format, paving the way for hundreds of new mRNA-based vaccines and
gene therapies to enter clinical trials (Qin et al., 2022; Webb et al., 2022). This has
resulted in a sharp increase in global demand for mRNA production, and shifted mRNA
manufacturing from a relatively niche process to one that underpins current and future
strategies to treat monogenic disorders, cancer, and infectious diseases (Al Fayez et
al., 2023; Liu et al., 2023; Vavilis et al., 2023b). All such mRNA products are currently
produced in standardised in vitro transcription (IVT) systems using single-subunit
DNA-dependent phage RNA polymerase (RNAP) biocatalysts. While Salmonella
phage SP6 and Enterobacteria phage T3 RNAPs can be utilised in certain contexts,
the dominant biocatalyst choice for synthetic mMRNA manufacture is the Enterobacteria
phage T7 RNAP. This enzyme has undergone extensive protein engineering to
improve bioproduction performance, predominantly via strategies to reduce formation
of immunogenic product-related impurities such as short-abortive transcripts
(Guilleres et al., 2005; Lyon and Gopalan, 2018) and double-stranded RNA species

(Dousis et al., 2023; Wu et al., 2020).

Although T7 RNAP typically generates high product yields and acceptable
product quality profiles, it is highly unlikely that a single one-size-fits-all biocatalyst
approach will be optimal for all mMRNA manufacturing contexts. Indeed, other
bioproduction processes rely on biocatalyst toolbox approaches, such as the wide
range of evolved and engineered Chinese Hamster Ovary cell factories utilised for
recombinant protein manufacture (Fischer et al., 2015). The current unavailability of
such an RNAP toolbox for mRNA IVT platforms restricts i) bioprocess design
strategies, such as optimising temperature set-point to achieve quality target product
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profiles, and ii) molecule/application specific optimisation of product yield and quality.
The latter is particularly pertinent given that mRNA product lines are diversifying to
include larger and more complex molecular formats that present new
biomanufacturing challenges, such as circular RNA (Bai et al., 2023; Qu et al., 2022;
Zhu et al., 2022b), long self-amplifying RNA transcripts (Blakney et al., 2021; Pourseif
et al.,, 2022), and linear mRNA incorporating novel cap structures and modified
nucleotides (Chen et al., 2022). Indeed, it should be anticipated that mRNA will follow
the path of protein therapeutics, where product designers rapidly progressed from
relatively simple molecules such as Insulin to highly-engineered formats (e.g. tri-
specific antibodies) that require product-specific biocatalyst solutions (Tihanyi and

Nyitray, 2020).

The available RNAP toolbox has recently been expanded by studies focussed
on identifying and characterising individual enzymes with putative desirable
bioproduction phenotypes. KP34 enhances 3’ homogeneity of product molecules (Lu
et al., 2019), VSW-3 reduces dsRNA impurities (Xia et al., 2022), and Syn5 exhibits
increased processivity (Zhu et al., 2013a), as compared to that achieved with T7. While
these hypothesis-driven approaches have successfully identified new biocatalysts with
novel functionalities, only six characterized RNAPs are currently publicly available for
mRNA manufacture (although we note that some additional unpublished enzymes may
be utilised in industrial settings). Accordingly, mMRNA manufacturing solution spaces
are severely limited, and, moreover, currently utilised ‘standardised’ biocatalysts such
as T7 may have relatively poor performance characteristics (E.g. processivity, impurity
generation) relative to the hundreds of ‘untested’ single-subunit phage RNAPs found

in nature.
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In this study, we address the paucity of biocatalysts available for IVT-based
mMRNA production. Using a combination of in silico and in vitro analyses we identify
and functionally validate eight new sequence-diverse RNAPs, more than doubling the
number of previously described enzymes for mRNA manufacture. In doing so, we
describe development of a high-throughput screening system that can be utilised to
rapidly select and test future RNAP libraries, facilitating further expansion of the
biocatalyst solution space. Provision of a substantially expanded RNAP toolkit
enhances capabilities to design and troubleshoot new molecule-specific
manufacturing processes, which will be particularly useful for optimising yield and

quality of complex next-generation mRNA products.
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3.2 - Materials and Methods

3.2.1 - RNAP library creation

A starting library of 351 predicted RNAP sequences was collated from Uniprot,
comprising all sequences annotated as predicted phage DNA-directed RNA
polymerases. RNAPs were clustered by grouping RNAPs sharing sequence identity
>85%, using the Clustal Omega online alignment tool (Madeira et al., 2019). RNAPs
were further clustered using the MMSEQ2 online server, with a minimum sequence
identity threshold of 85%, and coverage threshold of 70% (Steinegger and Séding,
2017). A representative RNAP from each cluster was chosen by totalling the matrix
identity score to determine which polymerase in each cluster was most divergent in
sequence to all others. Promoters for remaining RNAPs were predicted by PHIRE
(Phage in silico regulatory elements) (Lavigne et al., 2004) using parameters of string
lengths — 20, window size — 30, and degeneracy — 4. Predicted promoter sequences
were verified with the PhagePromoter tool (Sampaio et al., 2019), with a probability
threshold of 0.5.

3.2.2 - Plasmid Construction

For coupled transcription-translation assay plasmids, RNAP sequences were
synthesised and cloned into Xhol and Xbal restriction sites on the pTNT vector
(Promega). To create the corresponding transcription templates, the NanoLuc gene
(Promega) was cloned into Xhol and Xbal restriction sites in pTNT, before site directed
mutagenesis to substitute the SP6 and T7 promoter with the promoter of interest. For
RNAP overexpression plasmids, RNAP sequences were inserted between Ndel and

Xhol sites on pET-29b (Novagen). Transcription templates were made by site directed
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mutagenesis to substitute the T7 promoter with the promoter of interest on pCMV-
Cluc2 (New England Biolabs).

3.2.3 - Cell free coupled transcription-translation assays

Coupled transcription-translation assays were carried out using the TNT SP6 Quick
Coupled transcription/translation system (Promega). Reactions were assembled
containing 8 gL TnT Quick Master Mix, 1 uyL RNAP plasmid (40 ng/uL), 1 yL NanoLuc
plasmid (80 ng/pL), and 0.2 yL 1 mM methionine. The assay proceeded at 30 °C for
1 hour. Samples were then diluted 500 fold in nuclease free water, and added ata 1:1
ratio to pre-diluted NanoLuc luciferase assay substrate. Samples were incubated in
darkness for 5 minutes, before detection of luminescence by Molecular Devices ID5

plate reader, with an integration time of 10 s.

3.2.4 - RNAP expression and purification

PET-29b-RNAP plasmids were transformed into BL21 or NEB Shuffle E. coli cells
(New England Biolabs), and grown in 5 ml culture overnight at 37 °C. Starter cultures
were used to inoculate 500 ml LB, which was incubated at 37 °C until an ODsoo of 0.4
was reached. At this point incubation temperature was lowered to 25 °C. Protein
expression was then induced by addition of 1 M IPTG (Sigma-Aldrich), before
harvesting of cells after 8 hours. Cell pellets were re-suspended for purification in
buffer A (50 mM Tris-HCI, 0.5 M NacCl, pH 8.0), and lysed by sonication. After removal
of cell debris by centrifugation, cell free extract was applied to a 5ml HisTrap HP
column (Cytivia) at a rate of 5 ml/min. The column was washed with 2 column volumes
Buffer A + 40 mM Imidazole (Sigma-Aldrich), before elution of protein in a gradient of
imidazole from 0-300 mM over 10 column volumes. 5 ml of eluted protein was applied
to a 1.6x60 cm Superdex200 gel filtration column at 1.5 ml/min, with 2 ml fractions
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collected after void volume. Fractions containing the RNAP of interest were
concentrated to a final concentration of 1 mg/ml and exchanged into RNAP storage
buffer (50mM Tris-HCI, 100mM NacCl, 50% v/v glycerol, 10mM DTT, 0.1mM EDTA,
0.2% w/v NaN3 (All Sigma-Aldrich)), using a 50 kDA MWCO centrifugal filter (Sigma-
Aldrich). RNAP preparations were stored at -20 °C. Purity of final preparations was

assessed by Tris-Glycine SDS-PAGE.

3.2.5 - In vitro transcription

Plasmid templates for IVT were linearised with Xbal, and purified by ethanol
precipitation. Transcription reactions using the Hiscribe IVT kit (New England Biolabs),
were assembled to a final volume of 20 pL. Reactions contained 2 pyL 10X reaction
buffer, 2 pL of each NTP, 1 ug of template DNA, and 2 yL of T7 RNAP, or 2 pL of
novel RNAP. Transcription reactions were incubated for 2 hours, before addition of 1
ML DNase I, and further incubation for 20 minutes. Transcription reactions were
purified using the Monarch RNA cleanup kit (New England Biolabs). mRNA
concentration was quantified by nanodrop spectrophotometer, and product integrity

assessed by agarose gel electrophoresis.
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3.3 - Results and Discussion

3.3.1 - Bioinformatic analysis of the potential RNA polymerase biocatalyst solution
space

The biocatalyst solution space for mRNA production is currently limited to a handful of
characterised RNAPs. To define the theoretical solution space, we extracted the
sequence of all putative single subunit RNAPs from Uniprot. At the time of conducting
this analysis, 351 distinct single-stranded RNAPs had been predicted from publicly
available genomics data. Accordingly, given that only six of these enzymes had been
previously tested, approximately 98% of the potential solution space remained
unexplored. We rationalized that determining the function of all 345 previously
untested RNAPs would be highly inefficient, and, moreover, unnecessary, given that
many of these enzymes will share similar performance characteristics. Indeed, we
assumed that variation in bioproduction phenotype (e.g., enzyme processivity, impurity
generation profiles) would be underpinned by significant differences in amino acid
sequences. Accordingly, we sought to define distinct spots within the potential solution
space by identifying RNAP clusters that shared minimal amino acid sequence
homology (Fig. 1A).

The Clustal Omega sequence alignment tool (Madeira et al., 2019) was used
to define RNAP clusters, whereby enzymes with >85% global sequence identity were
grouped into a single distinct family. This analysis identified 93 enzyme clusters,
where the smallest and largest groups contained 1 and 32 RNAPs respectively (Fig.
1B). To interrogate local sequence similarities, these families were then analysed
using MMSEQ2, grouping RNAPs based on k-mer matching and the Smith-Waterman
algorithm. Using sequence identity and coverage thresholds of 85% and 70%

respectively (Steinegger and Soéding, 2017), the number of discrete RNAP families
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was reduced from 93 to 44, where the majority of clusters (27) contained a single
enzyme (Fig. 1C).

Utilisation of novel RNAPs for mRNA manufacture requires concomitant
identification of appropriate cognate promoter elements to drive product transcription.
This is non-trivial as single subunit RNAPs typically display highly stringent promoter
binding activity, where mutation of a single nucleotide can abolish transcriptional
output (Rong et al., 1998). Accordingly, identification of novel functional polymerases
necessitates highly accurate promoter predictions. However, there are only limited
publicly available tools to achieve this, where PHIRE (Lavigne et al., 2004) searches
for conserved elements of defined length, and PhagePromoter utilises machine
learning models to classify specified phage sequences as ‘promoter’ or ‘non-promoter’
(Sampaio et al., 2019). A representative polymerase was selected from each of the 44
families, and the associated phage genomes were investigated with both of these
promoter prediction tools (Fig. 1D). This analysis failed to accurately identify cognate
promoters in 18/44 cases. Testing further RNAPs from these 18 families similarly failed
to result in identification of useable elements, indicating that the amino acid sequence
diversity within these clusters is associated with ‘unusual’ cognate binding motifs that
are significantly different to the promoter datasets that were used to train existing
prediction tools. Accordingly, ~40% of identified RNAP clusters could not be tested in
vitro due to limitations in promoter prediction capabilities.

Cognate promoters were successfully predicted for the remaining 26 RNAPs,
and optimal reaction temperatures were identified for each enzyme based on the
growth temperature of corresponding phage hosts (Table 1). Ten RNAPs had predicted
temperature optima < 30 °C, which may be beneficial for mMRNA product quality profiles

given that IVT reactions performed at reduced temperatures are associated with
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decreased levels of product-related impurities (Xia et al., 2022). Phylogenetic analysis
of the 26 selected RNAPs confirmed that the final library comprised a panel of
evolutionarily diverse enzymes, sharing no significant sequence similarity (< 75%
global sequence identity) with any the six previously characterised polymerases (Fig.
1E). These polymerase-promoter pairs (Table 1) were taken forward for in vitro

functional characterisation, facilitating testing of ~60% of the identified RNAP clusters.

Figure 3.1 (Follows below) - Bioinformatics-driven design of an RNAP ‘test’ library
(A). Putative RNAPs were clustered using pairwise global sequence identity analysis
(B), and subsequently grouped into 44 distinct families according to local sequence
similarities (C). Representative polymerases from families for which accurate cognate
promoter prediction was possible (D) were phylogenetically analysed to validate
evolutionary diversity, represented in the circular cladogram showing all 351 analysed
RNAPs (E).
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Predicted

Assigned Phage Name UniProt Protein Temperature Promoter

Number ID Optimum (-C)
R1 Prochlorococcus_phage_P-SSP7 Q58N45 14-26 AAAATTCTTCAAGTTTACAA
R2 Synechococcus_phage_S-CBP42 AQA09BVKW2 20 CACTTCCACTCAACCAACCG
R3 Erwinia_amylovora_phage_Era103 A2I7X6 28 AATAACCACCCAGTATAGAAGGAA
R4 Agrobacterium_phage_Atu_ph02 AQA223VZI2 28 TTATCCTTCGTATAAGGAATA
RS Dickeya_phage_Mysterion AOA385IGY0D 28 CTTAAATCATCACTATTAG
Ré Pectobacterium_phage_PP74 AOATJOMEG1 30 TAATACGACTCACTATTGGGAA
R7 Aquamicrobium_phage_P14 AOA1L5CO74 30 TTTCGGTACGCTCTAGCA
R8 Pectobacterium_phage_DU_PP_lI AOA2D2W5U8 30 TTATTAACGACTCACTACTAGGAA
R9 Pectobacterium_phage_Jarilo AQA2S1GSWT7 30 TAATAACGACTCACTATTAGAAG
R10 Sphingomonas_phage_Scott AOA346FDD2 30 TCGGGTTGTCGATTTCCTTAC
R11 Ralstonia_phage_RS-PI-1 AOA1S6L1D6 35 GTCGAAGTCGTCGAGCAGC
R12 Burkholderia_phage_JG068 U3PFP4 37 TCAGTAGACTATCTAG
R13 Acinetobacter_Acibel007 ACA075DXW8 37 CTGTACTCACAGCTCAATTT
R14 Delftia_phage_IME-DE1 AOQAOFT7INH1 37 GTTAGCCCACACCATTGAAGACCC
R15 Pseudomonas_phage_Henninger AQ0A2KSVHD7 37 TTAAAACCCTCACTATGGCTACA
R16 Pseudomonas_phage_PollyC AQAZK9VHU7 37 CTCACTCACGACCCAAATTC
R17 Pseudomonas_phage_phiKMV Q7Y2D9 37 CGACCCTTCCCTACTCCGGCCTTAAAT
R18 Citrobacter_phage_CR8 WBPP41 37 TAAGGAAGGTACACTATAGGG
R19 Thermus_virus_P23-45_P23p64 ATXX94 65 TTATTCCTTTA
R20 Pelagibacter_phage_HTVCO031P AOA4YINTX3 16-23 AACTAATGCTCAATTTAGAGATA
R21 Rhizobium_phage_RHEph01 L7TQWS 25-30 ATTACCCCTCCCTTAAGCAAAG
R22 Rhizobium_phage_RHEph02 L7TJCS 25-30 TTAATCCTCACTATTAGGATAA
R23 Curvibacter_phage_P260598 AO0A384UH57 25-30 GCAACATTACAGGTACTGAA
R24 Pseudomonas_phage_PPpW-4 V5YUU1 25-30 TAAAAACCCTCACTGAAACAGGG
R25 Vibrio_phage_10N AQA2I7RNL7 35-37 ACTTACCTTTCACTATAGCAGCA
R26 Alteromonas_virus_vB_AspP-H44 ADA220YL66 Not Found TGGTGACTACAGAGCAGCAG

Table 3.1: Bioinformatically-identified single-subunit RNA polymerases selected for in

vitro functional characterization.

3.3.2 - Identification of novel active RNAP biocatalysts via high-throughput in vitro

functional characterisation

Previous studies focussed on identifying new RNAP biocatalysts for mRNA

manufacture have relied on recombinant production of individual ‘test’ enzymes in E.

coli cell-hosts, prior to characterisation in IVT reactions (Lu et al., 2019; Wang et al.,

2022; Zhu et al, 2013a). This time-consuming method

is undesirable for

characterisation of a large RNAP library, particularly given that manufacture of

complex proteins at appropriate yield and quality can require significant process

optimisation (Bhatwa et al., 2021; Gopal and Kumar, 2013). Moreover, variation in
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recombinant protein stability and purity may prevent accurate quantification of relative
enzyme activities across the library. Accordingly, to functionally characterise our 26
novel RNAPs in parallel, we developed a high-throughput testing platform that does
not require production and purification of each polymerase. This was achieved by
adapting a cell-free coupled transcription-translation system that has previously been
employed to rapidly assess activity of variant T7 polymerases (Egorova et al.,
2021)(Cui et al., 2023). As shown in Figure 2A, this platform utilises a mastermix
containing rabbit reticulocyte lysate and recombinant SP6 RNAP to facilitate in vitro
production of a ‘test’ RNAP, which then in turn drives expression of a Nano-luciferase
reporter-gene under the control of its cognate promoter.

Protein coding sequences and predicted cognate promoter elements for each
of the 26 test enzymes were chemically synthesized and inserted into the appropriate
RNAP screening platform vectors (Fig. 2A). Resulting plasmid-pairs were individually
mixed with the SP6 RNAP-rabbit reticulocyte lysate mastermix, and Luciferase
production was measured after incubating the reaction for 1 hr at 30 °C (recommended
assay reaction temperature). As shown in Figure 2B, 8/26 enzymes were functionally
active, driving luciferase expression levels that ranged from 10% - 161% of that
achieved using the control T7 RNAP. Accordingly, approximately 70% of tested
enzymes were non-functional, highlighting the difficulty associated with identifying
novel RNAP biocatalysts.

There was no significant correlation between predicted enzyme temperature
optima and observed activity at 30 °C. However, to further assess the impact of
reaction parameters on polymerase performance, we tested enzyme activities at
increased (37 °C) and decreased (20 °C) temperatures. While the same eight RNAPs

were functional at 20 °C, only three of these enzymes displayed activity at 37 °C.
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Moreover, apart from R6 which drove highest Luciferase expression levels under all
conditions tested, the relative performance of polymerases varied with temperature.
Although our objective was to identify effective polymerase-promoter pairs, rather than
to precisely elucidate their relative performance characteristics, these data indicate
that enzymes active over a narrow range of temperatures may be incorrectly
categorized as non-functional. However, we concluded that this was unlikely when
testing across three separate temperature set-points, and that enzyme inactivity in our
screening platform was more likely due to either i) inaccurate annotation/sequencing
of putative RNAP coding sequences or ii) incorrect promoter prediction.

Although enzyme activity in the cell-free screening system may not be directly
predictive of performance in IVT-based mRNA manufacturing processes, it is notable
that polymerase R6 drove higher levels of luciferase expression than T7 in all
conditions tested (increase ranging between 160% — 620%), including a 220%
increase at T7s optimum reaction temperature (37 °C). Five further RNAPs (R3, R5,
R9, R14, R15) facilitated luciferase titres greater than or equal to that achieved with
T7 in at least one reaction condition. Accordingly, these enzymes may exhibit higher
processivity/catalytic activity than T7 and could therefore have potential use in
enhancing mRNA production yields. Moreover, their use may permit simplified
downstream processing operations via reduced formation of product-related
impurities, particularly as many of these RNAPs exhibit relatively high activities at low
temperatures (Wang et al., 2022). While further characterisation is required to fully
assess their bioindustrial utility, the identification of eight novel functional enzymes
more than doubles the number of available RNAPs, expanding the biocatalyst solution

space for mMRNA manufacture by ~130%.
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Figure 3.2: RNAPs were functionally characterised in a cell-free coupled transcription-
translation system (A). Protein coding and cognate promoter sequence pairs were
inserted into screening platform vectors and incubated with SP6-rabbit reticulocyte
mastermix at 30 °C (B), 20 °C (C) and 37 °C (D). Luciferase expression was quantified
1 hr post-incubation; data are expressed as a percentage of the production achieved
using the control T7 RNAP. Values represent the mean + SD of three independent
experiments (n=3, each performed in ftriplicate). Statistical significance was
determined by two-tailed unpaired t-test compared to T7 nLuc titre, and defined as p
< 0.05 (*=p=<0.05, **=p=<0.01, ***=p<0.001, ****=p<0.0001).
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3.3.3. Cognate Promoter prediction is the critical limiting factor restricting further
expansion of the RNAP biocatalyst solution space.

The finding that ~70% of characterized enzymes were non-functional in in vitro tests
(Fig. 2) indicates that the vast majority of putative RNAPs cannot be simply extracted
from online databases and directly employed in mRNA manufacturing applications.
Given that RNAPs are known to display highly stringent promoter recognition
requirements (Rong et al., 1998), we hypothesised that enzyme inactivity may have
resulted from inaccurate predictions of cognate promoter sequences. To exemplify
this, we characterized the ability of R6, the best performing polymerase in in vitro
screens, to initiate transcription from the promoters of other functional enzymes. As
shown in Figure 3A, R6 could not drive quantifiable gene expression from any of these
variant elements, where even a single nucleotide change was sufficient to completely
abolish transcriptional output. These data highlight that the ability to exploit any given
potential RNAP biocatalyst is heavily dependent on highly accurate definition of its
cognate promoter sequence.

We reasoned that RNAP promoter prediction tools may be incapable of
precisely defining new elements that are significantly divergent from currently known
sequences, as evidenced by our inability to derive cognate promoters for ~40% of
bioinformatically-determined RNAP clusters (see Section 3.1). Indeed, given the
paucity of characterised RNAP promoters, novel ‘test’ enzymes may recognise
sequence motifs and architectures that are i) substantially different to those used to
train/design current algorithms, and accordingly ii) beyond the predictive capabilities
of available tools. Rationalising that divergence in promoter structure/sequence would
be underpinned by differences at the amino acid level, we investigated whether
enzyme inactivity was associated with DNA binding domain sequences that varied

significantly to those of well-studied biocatalysts. As shown in Figure 3B, 8/10
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polymerases that share relatively high DNA binding domain sequence identity with T7
(>30%) were found to be active, while all 16 enzymes that share relatively low similarity
(<30%) were non-functional. In contrast, cognate promoter sequence similarity with
T7 promoter was not a good predictor of RNAP functionality, where 6/8 active and
12/16 inactive elements shared between 40% and 65% sequence identity with T7 (Fig.
2B). These data suggest that we lack the ability to accurately predict divergent
promoter elements for new RNAPs when shared DNA binding domain sequence
identity with well-studied enzymes falls below a critical threshold.

Our findings indicate that potential RNAPs can be efficiently screened in silico,
where enzymes that share below ~30% DNA-binding domain sequence identity with
T7 are unlikely to be functional in vitro owing to incorrect promoter definition. However,
as shown in Figure 3C, this cut-off removes approximately 36% of the theoretical
biocatalyst solution space for mRNA production. Of the remaining 225 polymerases,
75 share relatively high overall protein sequence identity (>75%) with T7. Such
enzymes are considered unlikely to exhibit substantial differences to T7 in key
performance criteria such as enzyme processivity and product-related impurity
generation. Accordingly, only 150 RNAPs are predicted to be both active in vitro and
potentially display novel, desirable bioproduction functionalities (including the eight we
have identified in this study). This analysis therefore highlights 142 promising
additional biocatalyst targets for future investigation, including 88 that do not share
high sequence identity (>75%) with either the 6 previously characterized RNAPs or
the 8 enzymes identified in this study (listed in Supplementary table 1). However, it
also suggests that >120 potentially useful enzymes, are currently difficult to exploit,
highlighting promoter prediction capability as the key limiting factor preventing

comprehensive exploitation of the theoretical biocatalyst solution space for mRNA
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Figure 3: A) The ability of RNAP6 (Pectobacterium phage PP74) to drive Luciferase
expression from varying non-cognate promoter elements was evaluated in cell-free
coupled transcription-translation assays (see Fig. 2). Data are expressed as a
percentage of the production achieved using the cognate RNAP6 promoter. Values
represent the mean + SD of three independent experiments (n =3, each performed in
triplicate). B) Test library RNAP-promoter pairs were analysed to determine relative
DNA binding domain and promoter sequence identity with T7. Pairs that were found
to be active or inactive in functional characterisation tests are shown as green and red
dots respectively. C) The entire theoretical RNAP biocatalyst solution space was
analysed to identify promising future targets for in vitro characterisation (green
section). Enzymes predicted to have incorrect promoter definitions or similar
bioproduction phenotypes to T7 are shown in the red and yellow sections respectively.

Functional RNAPs identified in this study are shown as blue dots.

3.3.4 - Novel identified RNAPs enhance the biocatalyst solution space for IVT-based
mMRNA production.

To validate that novel RNAPs identified via our HT cell-free screening platform have
utility in mRNA manufacturing processes, we recombinantly produced polymerases
R5 and R6 in E. coli. These polymerases were chosen to represent highly- and
moderately-active enzymes, where R6 (Pectobacterium phage PP74) was previously
shown to be the best performing RNAP in all temperatures tested, and RS (Dickeya
phage Mysterion) drove relatively low-to-medium levels of transcription across varying
reaction conditions (Fig 2). Polymerases were manufactured in 0.5 L scale production
processes and purified using His-tag affinity and size exclusion chromatographic
operations. Purified recombinant RNAPs were then utilised in IVT reactions to
manufacture Cypridina Luciferase (CLuc) mRNA. As shown in Figure 4, both enzymes
drove significant levels of Cluc expression, validating their function as biocatalysts for

synthetic mRNA production. To evaluate enzyme robustness, we tested the
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performance of each RNAP at a range of pH (predicted optimum + 1) and temperature
(predicted optimum * 5°C) set-points. Both RNAPs were functional across all
conditions tested, where R5 performance was relatively constant, and R6 activity
increased with temperature. The latter highlights that host phage growth temperatures
are not directly predictive of optimal in vitro reaction conditions for recombinant
RNAPs.

As shown in Figure 4, utilisation of R6 at ‘optimal’ reaction parameters (pH 7.9,
35 °C) facilitated mRNA product titers >60% of that achieved when using NEB
recombinant T7 at recommended conditions (pH 7.9, 37 °C). Although R6 drove higher
levels of gene transcription than T7 in our cell-free system, it is not surprising that T7s
relative activity was enhanced in IVT processes given that NEB T7 is a highly-pure
engineered enzyme with fully-optimised reaction conditions. Indeed, we anticipate that
rational protein engineering/evolution, coupled with improved purification techniques
and reaction parameters (E.g., optimised MgCl2 concentration), will significantly
increase R6s biocatalytic activity in IVT-based mRNA production. Irrespective of this,
by initially facilitating product yields equivalent to ~61% of that achieved by optimised
T7, R6 is considered a highly active biocatalyst.

Polymerase R5 enabled product titers ~47% of that achieved using R6,
suggesting that the comparative performance of novel RNAPs in cell-free testing
platforms is broadly predictive of their relative ability to maximise mRNA yields in IVT
manufacturing processes. Accordingly, we concluded that the additional 6 novel
enzymes identified in this study (Erwinia amylovora phage Era103, Pectobacterium
phage DUPP lI, Pectobacterium phage Jarilo, Delftia phage IME-DE1, Pseudomonas
phage Henninge, Citrobacter phage CR8) are also likely to facilitate moderate-to-high

mRNA production yields. While we cannot currently comment on the relative ability of
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these new polymerases to enhance product quality, previous work suggests they will
generate variable levels of product-related impurities, such as dsRNA and truncated
species (Lu et al., 2019; Wang et al., 2022; Xia et al., 2022; Zhu et al., 2013a, 2015).
Indeed, this new library is particularly likely to exhibit differential bioproduction
phenotypes, given that they were specifically selected based on sharing minimal
amino acid sequence similarities. We therefore conclude that addition of these eight
novel functional enzymes to the RNAP biocatalyst solution space will significantly

enhance IVT-based mRNA manufacturing optimisation strategies.
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Figure 4. RNAP 5 and 6 were recombinantly produced in E. coli and purified using
His-tag affinity and size exclusion chromatography (A). Purified enzymes were used
to manufacture Luciferase mRNA in in vitro transcription (IVT) reactions, and
production of full-length product was verified by gel electrophoresis analysis (B). IVT
production processes utilising RNAP6 (C) and RNAP5 (D) were performed in varying
reaction conditions and resulting mRNA titers were quantified using nanodrop
spectrophotometry. Using identified optimal reaction parameters for each enzyme, the
relative performance of recombinant polymerases was evaluated compared to an NEB
T7 control (E). Data in E are expressed as a percentage of the production achieved
using T7. In C, D and E values represent the mean + SD of three independent
experiments (n=3, each performed in ftriplicate). Statistical significance was
determined by two-tailed unpaired t-test compared to T7 RNAP, and defined as p <
0.05 (*=p=<0.05, **=p<0.01, ***=p=<0.001, ****=p<0.0001).
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3.4 - Concluding Remarks

The eight novel sequence-diverse functional RNAPs identified in this study
substantially increases the number of biocatalysts available for mMRNA production.
Although further work is required to comprehensively define their relative performance
characteristics, particularly their associated impurity generation profiles, this
expansion of the biocatalyst solution space significantly enhances design options for
molecule-, process-, and application-specific optimisation of mMRNA product yield and
quality. This improved flexibility will become increasingly useful as mRNA product lines
continue to diversify towards large, complex molecules that pose new manufacturing
challenges (Bai et al., 2023; Blakney et al., 2021; Chen et al., 2022; Pourseif et al.,
2022; Qu et al., 2022). Our combined in silico and in vitro analysis of the theoretical
biocatalyst solution space i) showed that full exploitation of potential RNAPs is
restricted by cognate promoter prediction capabilities, but, also ii) identified a panel of
enzymes that are particularly promising for future investigation. With respect to the
latter, the screening platform we have developed can be utilised to rapidly test
additional RNAP libraries, including engineered variants of existing polymerases. In
conclusion, by more than doubling the number of available polymerases, and providing
associated methods to select and screen further new enzymes, this study has
facilitated a significant expansion of the RNAP biocatalyst solution space, enhancing

strategies to optimise and troubleshoot IVT-based mRNA production processes.
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Abstract

Synthetic mMRNA is currently produced in standardised in vitro transcription systems.
However, this one-size-fits-all approach has associated drawbacks in supply chain
shortages, high reagent costs, complex product-related impurity profiles and limited
design options for molecule-specific optimisation of product yield and quality. Herein,
we describe for the first time development of an in vivo mMRNA manufacturing platform,
utilising an E. coli cell chassis. Coordinated mRNA, DNA, cell and media engineering,
primarily focussed on disrupting interactions between synthetic mRNA molecules and
host cell RNA degradation machinery, increased product yields >40-fold compared to
standard unengineered wild-type E. coli expression systems. Mechanistic dissection
of cell factory performance showed that product mRNA accumulation levels
approached theoretical limits, accounting for ~30% of intracellular total RNA mass,
and that this was achieved via host-cell’s reallocating biosynthetic capacity away from
endogenous RNA and cell biomass generation activities. We demonstrate that varying
sized functional mMRNA molecules can be produced in this system and subsequently
purified in large- or small-scale processes. Accordingly, this study introduces a new
mRNA production technology, expanding the solution space available for mRNA

manufacturing.
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4.1 - Introduction

Synthetic MRNA has potential use in a wide range of applications, including cancer
immunotherapy, protein replacement therapy, genome editing, pluripotent stem cell
generation, and vaccines against infectious diseases (Baden et al., 2021; Breda et al.,
2023; Gan et al., 2019; Qin et al., 2022; Vavilis et al., 2023a). In all cases, mMRNA
molecules are currently produced in standardised in vitro transcription (IVT) systems,
comprising an RNA Polymerase biocatalyst, DNA template, modified nucleosides,
magnesium-containing buffer and a capping enzyme/analog (Ouranidis et al., 2022).
These simple, modular, cell-free production platforms embed flexibility and
predictability in mRNA manufacture, while substantially reducing process-related
impurities (Whitley et al.,, 2022). However, the requirement for purified input
components is associated with relatively high costs, and critical reagent shortages (Kis
et al., 2021). Moreover, downstream purification processes are complicated by
complex product-related impurity profiles, that include immunostimulatory double-
stranded RNA and abortive transcripts (Gholamalipour et al., 2018; Rosa et al., 2021).
However, despite these drawbacks, expanding product diversification (particularly with
respect to size), highly variable intended applications (with associated variability in
required production scale, purity, cost, etc), and the increasing pressure placed on
reagent/equipment supplies by growing demand for mRNA synthesis, there are
currently no alternative technology platforms available for mMRNA manufacture.
Cell-based production systems are the dominant choice for manufacture of
other bioproducts, such as AAV vectors, recombinant proteins and recombinant DNA
plasmids (Agostinetto et al., 2022; Jiang and Dalby, 2023; McElwain et al., 2022).
Although they are associated with relatively complex and costly downstream

processing steps to remove host-cell impurities, this is somewhat mitigated by the
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availability of well-characterised chromatographic and membrane-based unit
operations (Fan et al., 2023; Sripada et al., 2022). As a relatively simple
macromolecule, synthetic mRNA could theoretically be produced in virtually any
microbial cell factory. E. coli is a particularly attractive expression host given that
decades of use in recombinant plasmid DNA production has led to development of
very low-cost, standardised, easy to scale (up to 100,000L) flexible manufacturing
platforms (Pontrelli et al., 2018; Yang et al., 2021). Indeed, these benefits have seen
E. coli utilised as a biocatalyst for production of RNA aptamers and double stranded
RNA (dsRNA) molecules (Delgado-Martin and Velasco, 2021; Ma et al.,, 2020;
Ponchon and Dardel, 2011; Ponchon et al., 2009b, 2013)

The primary limitation of mMRNA production in microbial expression hosts is
endogenous pathways that encode rapid RNA turnover, where the average mRNA
half-life in E.coli is ~5 mins (Esquerré et al., 2015; Mohanty and Kushner, 2022). For
dsRNA manufacture, multigram per liter yields have been achieved in E. coli
bioprocesses by deleting RNase 1ll, a non-essential dsRNA-targeting endonuclease
(Pertzev and Nicholson, 2006). However, single stranded mRNA decay is mediated
by RNAseE, an essential enzyme required for global RNA metabolism. Although
RNAseE has broad substrate specificity, various sequence features have been shown
to increase its relative specific activity on individual mRNA species, including
unstructured AU rich regions, and, most critically, the presence of a 5’-monophosphate
(Bae et al., 2023; Callaghan et al., 2005; Richards and Belasco, 2023). However,
other molecule-specific features, such as RNA-binding protein binding sites, codon
usage, and secondary structure profiles can reduce RNase E mediated mRNA
turnover (Borner et al., 2023; Roux et al., 2022). More generically, global mRNA half-

life is affected by both the relative abundance and activity level of RNase E (Mohanty
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and Kushner, 2022). Accordingly, the half-life of a specific mMRNA molecule within an
E. coli cell chassis is determined by a complex interplay between the mRNA
sequence/structure and the host cell’'s complement of RNA degradation machinery
components.

Herein we report coordinated mRNA, DNA, media and host cell engineering to
dramatically increase synthetic mRNA accumulation and maintenance in E. coli cell
factories. Achieving mRNA yields >40-fold greater than standard ‘unengineered’ E.
coli expression systems, we demonstrate rapid production and purification of a range
of functional mMRNA products. In doing so, we introduce a new technology platform for
MRNA manufacturing solution spaces. This may be particularly useful in contexts
where IVT systems are unavailable (e.g., due to reagent shortages), product formats
necessitate process optimisation (e.g., production of very large RNA molecules), or

manufacturing costs need to be significantly reduced.
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4.2 - Materials and Methods

4.2.1 Plasmid Design and Construction

The baseline mRNA production construct was designed with 5’ and 3’ UTR sequences
from Xenopus beta-globin, directly flanking a human codon optimised eGFP
sequence. All DNA sequences containing stabilisation features of interest flanking the
UTRs and coding sequence were synthesized and cloned into pET-24b (Novagen) by
Twist Bioscience. Sequences were inserted using the BamHI and Xhol restriction
sites, placing the GOI downstream of the T7 promoter and lac operon, and removing
the ribosome binding site from the original plasmid. High copy number plasmids were
constructed by amplifying the mRNA encoding region from the original pET29b vector
by PCR, and inserting it into pRNA128A, a vector with the ColE1 origin of replication.
Synthetic triple terminator constructs were assembled using DNA fragments
purchased from Genewiz. The fragments consisted of the T3 and E. coli endogenous
rrnB T1 terminators, and were ligated into vectors using the Xhol and Blpl restriction
sites, directly upstream of the T7 terminator. Sequences of DNA parts and plasmids

are available in Supplementary table 1 and 2.

4.2.2 Synthetic mRNA Expression

mMRNA encoding plasmids were transformed into BL21 (DE3) or BL21 Star (DE3)
(Invitrogen) E. coli strains, typically used for recombinant protein production. 5ml
starter cultures were inoculated with a single colony, and grown overnight in Luria-
Bertani (LB) broth (Thermo Fisher), containing 50 ug/ml kanamycin (Thermo Fisher)
at 37 °C, 200 rpm. For small scale expression, 100 uL of starter culture was used to
inoculate 10 ml of LB medium containing 50 pg/ml kanamycin, and cells were grown

at 37 °C, 200rpm, until the ODsoonm reached 0.4-0.6. For large scale expression, 200
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ml of LB was inoculated with 5 ml of overnight culture. IPTG was then added to a final
concentration of 1 mM. Where RNase E inhibitor was used, it was added from a 100x
stock at the point of IPTG addition 500 uL of culture was pelleted at 30 minute intervals
post induction, and pellets stored at -80 °C. Total cellular capacity (integral of viable
cell concentration), cell-specific growth rate and cell-specific productivity were

calculated as previously described (Brown et al., 2019).

4.2.3 Small Scale RNA Extraction

Total RNA was extracted using the GenElute Total RNA purification kit (Sigma-Aldrich)
according to the manufacturer's instructions. Briefly, cell pellets were resuspended in
100 uL of TE buffer containing 1 mg/ml Lysozyme, and incubated at room temperature
for 5 minutes. 300 pL of buffer RL and 200 pL of 96-100% ethanol were added to the
lysate before vortexing. Lysate was then applied to the spin column resin, before
washing with ethanol solution. RNA was eluted in 50 pL of elution solution. Residual
DNA in the RNA sample was then removed through addition of 2 units of RNase free
DNase |, and incubation at 37 °C for 30 minutes. RNA was purified from the DNase
reaction using the Monarch RNA Cleanup kit (50 ug) (New England Biolabs), following
the manufacturer's instructions. Briefly, 2 volumes of RNA binding buffer and 3
volumes of 96-100% ethanol were added to the RNA sample. The RNA was then
bound to the spin column resin, before washing with ethanol solution. RNA was eluted
from the column in nuclease free water, and stored at -80C. The concentration of
samples was determined using a Nanodrop spectrophotometer (Thermo Fisher).
Integrity of RNA samples were assessed using denaturing agarose gel
electrophoresis. An equal volume of 2X RNA loading dye was added to 200 ng of total
RNA, before heating to 65 °C for 5 minutes, and loading on a 1% agarose gel, which
was run at 80 V for 40 minutes.
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4.2.4 Large Scale RNA Extraction

200 ml of E. coli culture was pelleted at 10000 xg for 10 minutes, before extraction by
a protocol based upon RNASwift (Nwokeoji et al., 2016). Cells were suspended in 5
ml of 5 mg/ml lysozyme solution (Thermo Fisher), and allowed to lyse for 10 minutes
at room temperature. 12ml of lysis solution (4% SDS, 0.5 M NaCl (Thermo Fisher))
was added, before incubation for 5 minutes at 65 °C. 6.8ml of 5M NaCl of was added,
and suspensions were placed on ice for 5 minutes to promote precipitation of SDS.
Suspensions were centrifuged at 10000 xg for 20 minutes at 4 °C, and supernatant
was transferred to a separate tube. RNA was precipitated from the supernatant by

isopropanol or ethanol, and stored at -20 °C.

4.2.5 Digital Droplet PCR

mRNA copy number per nanogram of Total RNA was determined by one-step reverse
transcription digital droplet PCR (RT-ddPCR). Primers were designed to amplify a 150
bp region in the middle of eGFP, universal to every construct under investigation.
ddPCR reaction mixtures of a final volume of 20 uL were comprised of 5 uL one step
RT-ddPCR supermix (Bio-Rad), 2 yL reverse transcriptase (Bio-Rad), 1 yL 300 mM
DTT (Bio-Rad), 1 upL 900 nM forward/reverse primer mix (Integrated DNA
Technologies), 1 yL 250 nM 5’-FAM probe (Integrated DNA Technologies), 9 uL H20
and 1 uL Total RNA at a concentration of 1 ng/uL. The 20 uL reaction mixture and 70
WL of droplet generation oil (Bio—Rad) were loaded into a DG8 Cartridge, and 40 uL of
droplets were generated with the Bio-Rad QX200 droplet generator. Droplets were
transferred to a 96-well PCR plate (Bio-Rad), sealed with foil, and placed in a Bio-rad
C1000 thermal cycler. Reverse transcription was performed at 50°C for 1 hour.

Polymerase activation was carried out for 10 minutes at 95°C, before 40 cycles of
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denaturation for 1 minute at 95 °C, before a combined annealing and extension phase
for 1 minute at 60 °C. Enzymes were then deactivated at 98 °C for 10 minutes, before
a final hold phase at 12 °C for 30 minutes. Positive droplets were detected by the
QX200 droplet reader (Bio-Rad), using automatically assigned amplitude thresholds
determined by QuantaSoft software (Bio-Rad). Samples were only used in analysis if

the number of measured droplets exceeded 12000.

4.2.6 Small Scale mRNA Purification

mRNA was purified from total RNA extraction samples by oligo (dT) enrichment, using
the Dynabeads mRNA purification kit (Invitrogen). Approx. 30 ug of Total RNA was
adjusted to a volume of 100 uL with nuclease free water. Samples were heated to 65
°C for 2 minutes to disrupt secondary structure, before placing on ice. Magnetic beads
were equilibrated in 100 uL of binding buffer (10 mM Tris-HCI, 1M LiCl), before addition
of the 100 pL total RNA samples. Beads were incubated with RNA samples for 5
minutes at room temperature with constant rotation, before removal of the
supernatant. Beads were washed twice with 200 uL of washing buffer (10 mM Tris-
HCI, 1M LiCl). mRNA was eluted from the magnetic beads by addition of 10 mM Tris-

HCI, pH 7.5, and its concentration determined by Nanodrop spectrophotometer.

4.2.7 Large Scale mRNA Purification

mMRNA from large scale extractions was purified by oligo-dT enrichment utilising an
AKTA pcc chromatography system (Cytiva). 10ml total RNA was bound to a 1 ml
volume Oligo-dt(18) column (Sartorius) in binding buffer (50 mM Sodium Phosphate
pH 7, 500 mM NaCl). The column was washed in 20 column volumes of wash buffer
(50 mM Sodium Phosphate, 150 mM NaCl). Bound mRNA was eluted in 5ml of water,

before quantification by Nanodrop spectrophotometer.
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4.2.8 Capillary Gel Electrophoresis

Capillary Gel Electrophoresis (CGE) analysis of RNA integrity and purity was
performed with a 5200 Fragment Analyzer System (Agilent, CA, USA), using the DNF-
471 RNA Kit (15 nt) (Agilent, CA, USA). The capillary cassette used was FA 12-
Capillary Array Short, 33 cm (Agilent, CA, USA). Samples were diluted to <100 ng/uL
in nuclease free water. Before each separation, a pre-run voltage was applied (8 kV
for 30 seconds), the capillaries were conditioned with the conditioning solution and the
capillaries were dipped twice in the rinse buffer. Following this, the capillaries were
filled with RNA separation gel (by pressure) and then the sample was introduced using
a voltage injection (5 kV for 4 seconds). The separation was then conducted by
applying a voltage of 8 kV for 45 minutes. Detection was carried out using Laser

Induced Fluorescence (LIF), by fluorescent dye tagging of the RNA.

4.2.9 Transfection of mMRNA into HEK293 cells

Suspension adapted HEK293 cells (Thermo Fisher) were routinely cultured in serum-
free medium (Thermo Fisher). Cells were maintained in 30 ml volume in 125 ml
Erlenmeyer flasks (Corning), at 37 °C, 85% humidity, and 5% CO2, with agitation at
140rpm. Cell density and viability was determined by the Countess 3 automated cell
counter system (Thermo Fisher). mRNA that required capping prior to transfection was
capped using the NEB Vaccinia virus capping system (New England Biolabs),
following the manufacturers protocol Cells for transfection were cultured in 24-shallow
well plates (Corning), containing 500 pL culture volume, with agitation at 240 rpm. For
mRNA transfection, cells were seeded at a density of 0.3 x 108 cells per ml in 24-
shallow well plates, and incubated for 24 hours. TransIT-mRNA transfection reagent

(Mirus) was used to transfect 500 ng of mRNA per well as per manufacturer's
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instructions. GFP transfection efficiency was determined by the Countess 3 system
using a GFP filter. For fluorescence measurements, cells were by centrifugation at 200
xg for 5 minutes, before resuspension in DPBS (Sigma-Aldrich), and determination of

fluorescence by plate reader at 488 nm/507 nm.
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4.3 Results and Discussion

4.3.1 - mRNA engineering to increase product stability in E. coli

The specific activity of RNAse E on a discrete mRNA species directly determines the
half-life of that molecule in an E. coli cell chassis (Mauger et al., 2019; Mohanty and
Kushner, 2022; Viegas et al., 2018). While coding sequence design could theoretically
be employed to enhance accumulation of a particular mMRNA molecule in E. coli (E.g.,
by optimising codon-usage), the efficacy of such methods would be highly product-
specific, dependent on the available design-space for each primary amino acid
sequence. Algorithms are available for enhancing mRNA sequence through codon
usage, however the design rules applied are unlikely to produce sequences optimal
for stability in both an E. coli and mammalian context (Leppek et al., 2022; Zhang et
al., 2023). Accordingly, to achieve product-agnostic increases in mRNA stability, we
focussed on engineering elements that are located outside the protein coding
sequence. Firstly, we introduced ‘scaffold’ tRNA-Lysine motifs at both the 5 and 3’
termini (TermtRNA-mRNA, Fig 1A), based on previous findings that i) stable secondary
structures significantly reduced the activity of RNase E on mRNA molecules (Richards
and Belasco, 2023; Zhang et al., 2021), and ii) incorporation of tRNA motifs increased
production of short RNA species in E. coli (Nelissen et al., 2012; Ponchon et al.,
2009b). Secondly, given that RNase E is preferentially active on RNA species that
have a 5 monophosphate (Callaghan et al., 2005), we incorporated ribozyme
sequences either side of the untranslated regions (UTRs) to promote self-
circularisation of product mRNA (SelfCirc-mRNA, Fig 1B). This design step was aided
by recent work describing elements which efficiently catalyse mRNA self-circulation
via the ‘Permuted Intron Exon’ method (Rostain et al., 2020; Wesselhoeft et al., 2018).

Finally, we designed a hybrid approach, where sections of the tRNA-Lys motif were
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inserted at the 5 and 3’ termini. Hybridisation of these complementary sequences
creates a pseudo-circular molecule, where the gene expression cassette is contained
in a single stranded loop attached to the tRNA-Lys structural element (CirctRNA-

mRNA, Fig 1C).

TermtRNA-, SelfCirc- and CirctRNA- features were incorporated into a widely
used bacterial GFP-expression vector, where transcription of product mRNA was
driven by an inducible T7 promoter. These expression plasmids lacked a bacterial
ribosome binding site (i.e., to prevent translation of GFP-mRNA in the host-cell) but
contained commonly used mammalian 5’ and 3’ untranslated regions, including an
encoded polyA tail, to permit translation of purified mMRNA in human cells. GFP-vectors
were transformed into the E. coli protein production strain BL21 (DE3) and small-scale
mMRNA production processes were carried out. Total RNA was extracted 150 min after
induction of expression and GFP mRNA yields were quantified by digital droplet PCR.
As shown in Fig 1D, each of the engineered constructs facilitated substantial increases
in mRNA product yield, as compared to the standard unengineered control. The best
performing construct, SelfCirc-mRNA, enhanced GFP mRNA yield by >11-fold,
indicating that these circularised molecules were efficiently shielded from RNAse E-
mediated product decay. CirctRNA- (6-fold increase in product yield compared to
control) had a significantly reduced stabilising effect compared to TermtRNA- (10-fold
increase), which may be due to relatively inefficient formation of the tRNA motif in this
molecular context. Unlike the tRNA-based elements, SelfCirc-mRNA is also protected
from degradation by 3’-5’ exonucleases, which play a relatively minor role in global
MmRNA decay in E. coli but are particularly active on polyadenylated transcripts

(Mohanty and Kushner, 2022). Moreover, circular mMRNA molecules can be directly
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utilised in downstream applications without requiring the addition of a cap structure or
incorporation of modified nucleotides. Indeed, given its low immunogenicity and high
molecular stability, both in mammalian cells and during product storage (Deviatkin et
al., 2023), circular mRNA is considered a promising molecular format for a variety of
applications (Bai et al., 2023; Liu et al., 2022b; Qu et al., 2022). As circularised mRNA
facilitated the highest production yields in E. coli, while also being associated with
simplified downstream processing requirements, we concluded that this emerging
product class was particularly well-suited for an in vivo biomanufacturing system.
Accordingly, we focussed further optimisation of our platform on enhancing production

of SelfCirc-mRNA.
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Figure 4.1 - mRNA structures were engineered to increase product stability in E. coli
host-cells by A) including ‘scaffold’ tRNA-Lysine motifs at both the 5’ and 3’ termini, B)
incorporating ribozyme sequences to promote self-circularisation, and C) inserting
component parts of the tRNA-Lysine motif at the 5’ and 3’ termini to facilitate formation
of pseudo-circular molecules. Designed elements were synthesized, individually
inserted into a GFP-expression plasmid and evaluated in 2.5 h production processes
(D). Data are expressed as a fold-change of the production exhibited by the
unengineered control system. Values represent the mean + SD of three independent
experiments (n=3, each performed in triplicate). Statistical significance was
determined by two-tailed unpaired t-test compared to the control system, and defined
as p < 0.05 (*=p=<0.05, **=p<0.01, ***=p=<0.001, ****=p<0.0001). UTR: Untranslated
region; IRES: Internal ribosome entry site; ORF: Open reading frame; GFP: Green

Fluorescent Protein.
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4.3.2 - Cell, DNA and media engineering to maximise mRNA product vield

We previously described a whole pathway engineering approach that maximised
production of recombinant proteins in Chinese Hamster Ovary cells (Brown et al.,
2019). We hypothesized that a similar strategy could be applied to mRNA
manufacturing in E. Coli by sequentially improving the host cell chassis, DNA
expression vector and cell culture media. Commercially available E. coli cell lines have
been engineered to reduce RNase E activity to levels that enhance recombinant
mMRNA stability without impacting global mMRNA homeostasis (Heyde and Ngrholm,
2021; Miroux and Walker, 1996). Although these strains were originally designed to
increase production of ‘easy to express’ recombinant proteins, they theoretically
provide a highly permissive cell background for synthetic mRNA manufacture. To
directly test this, we compared SelfCirc-mRNA production in previously utilised
standard BL21(DE3) cells and engineered BL21 Star™ (DE3) (F— ompT hsdSB (rB-,
mB-) galdcmrne131 (DE3)) cells. As shown in Fig 2A, cells expressing a mutated
RNAse E produced ~1.8-fold more GFP mRNA than the unengineered strain. Although
circular mRNA is efficiently protected from RNase E mediated degradation, covalent
circularisation requires synthesis of the full-length transcript. A reduction in RNase E
activity may therefore enhance synthetic mRNA yields by preventing turnover of
nascent product mRNA, increasing the pool of mMRNA molecules available for
circularisation. Product yields may be further enhanced by cell engineering strategies
that increase the host cell's mRNA biosynthesis (E.g., T7 expression level) and/or cell

biomass accumulation capacities.

We rationalised that promoter engineering was unlikely to increase product yields, as

the expression plasmid already contained a T7 promoter optimised to maximise
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recombinant mRNA transcription rates. However, enhancing the number of plasmid
copies per cell has previously been shown to enhance manufacture of short dsRNA
molecules (Ponchon et al., 2013). Accordingly, we tested the effect of using a pUC
origin of replication (Ori), which permits very high plasmid copy numbers per cell
(~500-700; (Lee et al., 2006; Lin-Chao et al., 1992)). As shown in Fig 2B, the use of
this element did not increase GFP mRNA yields in Star BL21 cells, as compared to
the use of the original Rop-ColE1 Ori, despite that construct only encoding
maintenance of ~15-20 copies per cell (Bolivar et al., 1977; Lee et al., 2006). This may
be caused by the intrinsic metabolic burden associated with replicating and
transcribing very high DNA plasmid loads. It is likely that testing a range of synthetic
Oris (Joshi et al., 2022; Rouches et al., 2022) will identify a plasmid copy number
‘sweet spot’ that optimises the quantity of DNA templates available for product
biosynthesis without negatively impacting other desirable cellular bioproduction

phenotypes.

Beyond the promoter and the Ori, the final DNA plasmid element that can be
engineered is the transcriptional terminator. The original expression plasmid utilised a
standard class | intrinsic late T7 terminator, T®, however this is known to encode a
termination efficiency of only ~74% (Carter et al., 1981). Replacing T® with a
previously described novel triple terminator, comprising a combination of T7 T®, T3
and E. coli rrnBT1 endogenous terminators, enhanced GFP mRNA vyields by ~40%
(Fig 2B). This triple terminator has been shown to effectively eliminate read-through
transcription by T7 RNA Polymerase (Mairhofer et al., 2015). Accordingly, this
terminator facilitates enhanced RNA Polymerase recycling efficiency and increases

the total biocatalyst time available for productive synthetic mRNA biosynthesis.
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Producing high levels of synthetic mMRNA may create product titer-limiting
burden/bottlenecks in host cell metabolic pathways. We tested the effect of replacing
the commonly utilised protein and plasmid production cell culture media Luria-Bertani
broth with other commercially available formulations. Terrific Broth and Bacto CD
Supreme Fermentation media were investigated as their use of glycerol, as opposed
to oligopeptides, as a carbon source has been reported to increase maximum cell
culture densities (Kram and Finkel, 2015). However, both media formulations
significantly reduced mRNA product titers (Fig 2C), likely due to the lower cell growth
rates achieved (data not shown). We also tested supplementation with L-Glutamine,
based on the hypothesis that an additional nitrogen source would enhance mRNA
biosynthetic capacity by increasing nucleoside biogenesis, however this did not
significantly impact product yields (Fig 2C). Finally, we evaluated the chemical effector
design space to identify small molecules that could specifically enhance mRNA
production in E. coli. The most promising chemicals identified were a range of RNAse
E inhibitors that reduce enzyme activity via interactions with the N-terminal domain.
However, only one of these inhibitors was commercially available, and accordingly we
tested the effect of supplementing LB media with 3-(4-Hydroxy-5-isopropyl-6-oxo-1,6-
dihydro-pyrimidin-2-ylsulfanyl)-propionic acid (AS2). It was determined that 2 mM AS2
was the optimal concentration for maximising mRNA maintenance in the cell chassis
(Supplementary data, Fig S1), which has previously been shown to reduce RNase E
activity in E. coli by > 80% (Kime et al., 2015; Mardle et al., 2020) . Utilising AS2 at
this concentration increased mRNA vyield by ~50% (Fig 2C), where higher
concentrations reduced cellular productivity. While a similar increase in titer may be

possible via BL21 STAR cell engineering to further attenuate RNAse E activity, AS2
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supplementation offers a robust mechanism to precisely optimise the synthetic mMRNA-
RNAse E interactome in a product-specific manner. Similarly, the use of AS2 in
combination with a mutated RNAse E permits use of inhibitor concentrations with

reduced off-target effects on the host cell.

The optimal combination of engineered mRNA construct (SelfCirc-mRNA), DNA
expression plasmid (Triple terminator), cell host (BL21 STAR) and media formulation
(LB + AS2), facilitated a 44x increase in mRNA product yield, compared to the standard
control system (Fig 2D). Capillary gel electrophoresis analysis confirmed that product
mMmRNA was full-length and constituted a substantial proportion of total cellular RNA
(>20%, compared to <1% for the standard control system; Fig3A). Moreover, high
yields of full-length synthetic mMRNA were maintained when the relatively small GFP
coding sequence (720 nt) was substituted for Cypridina Luciferase (cLuc) (1662 nt) or
SARS-COV-2 Spike Protein (3783 nt) (Fig 3B), demonstrating that the engineered in
vivo biomanufacturing system can produce larger, more complex molecules. Finally,
using oligo-dT magnetic beads, we validated that achieved increases in product yield
were maintained following small-scale purification processes (Fig 3C). This also
demonstrates that mMRNA manufactured in an E. coli cell-host can be purified using
simple low-tech methodologies, facilitated by the absence of abundant endogenous
mMRNAs with PolyA tails > 5 nucleotides in length (Laalami et al., 2014; Mohanty and

Kushner, 2019).
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Figure 4.2 - mRNA manufacturing platform components were sequentially optimised
by evaluating the function of A) engineered host cell chassis, B) synthetic DNA
expression vectors, and C) designed cell culture media formulations. The relative
performance of engineered systems was evaluated in 2.5 h production processes. The
additive impact of each engineering step on overall product yield is shown in D. Data
are expressed as a fold-change of the production achieved using standard control
components. Values represent the mean+ SD of three independent experiments
(n=3, each performed in triplicate). Statistical significance was determined by two-
tailed unpaired t-test compared to the control system, and defined as p < 0.05
(*=p=<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001). In all panels, the expressed
product is SelfCirc-GFP (see Fig. 1); the effect of whole system engineering on
manufacture of TermtRNA-GFP is shown in Supplementary figure 2.
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analysis of total RNA isolated from Engineered systems producing Green fluorescent
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length product mMRNA molecules are highlighted by red arrows; molecule sizes are
enlarged due to the presence of IRES and Intron elements in SelfCirc-mRNA (see Fig.
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4.3.3 - Mechanistic dissection of synthetic mMRNA production in E. coli host cell
chassis.

In order to understand how E. coli host cells utilise available biosynthetic capacity for
mRNA production, we profiled cell biomass, total RNA and product mRNA
accumulation/maintenance during a 6hr manufacturing time course. We utilised the
previously optimised cell-DNA-media composition (see Fig. 2) to manufacture SARS-
COV-2 Spike Protein mRNA. To evaluate mechanistic differences between
biosynthesis of circular and linear molecules, we separately manufactured SelfCirc-
and TermtRNA-mRNA products. With respect to the latter, we confirmed that the
optimal BL21 STAR-Triple terminator-LB(AS2) system combination permitted a 36-fold
increase in TermtRNA-GFP yields as compared to the standard control system (see
Supplementary data, Fig. S2), similar to the 44-fold increase achieved for SelfCirc-

GFP.

As shown in Fig 4A, manufacture of circular and linear synthetic mRNA products
induced a significant metabolic burden on the host cell. Producer cells reached
maximum cell density 2-3 h post induction of mMRNA expression, whereas uninduced
cells continued to accumulate biomass up to the 6 h harvest timepoint. Indeed, these
cells exhibited a 25% reduction in cell specific growth rate during the first 2 h post
expression induction (Fig 4B). Moreover, the final maximum cell density achieved was
~50% lower for producer cells, as compared to non-producers, associated with a
~35% reduction in the integral of cell concentration (cumulative cell hours; Fig. 4B).
This indicates that producing substantial amounts of synthetic mRNA forces the cell to
reallocate biosynthetic capacity away from cell biomass generation activities.

Accordingly, approaches to overcome product biosynthesis-associated burden
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represent a potentially effective way to enhance total biocatalyst activity and further
increase product yields. The simplest method to achieve this may be optimisation of
expression induction kinetics, although genetic engineering and/or directed evolution
strategies will likely deliver the most significant impact on maximum achievable cell
densities (Al'abri et al., 2022; Badran and Liu, 2015; Esvelt et al., 2011). Either way,
optimising the biocatalytic capacity available for mRNA product synthesis is critically
required to take full-advantage of the ability to scale E. coli production processes up

to 100,000 L.

As shown in Figure 4C, total RNA synthesised per cell was stable throughout the
production process, at ~60 fg/cell, despite Spike Protein-mRNA accumulating over
time (Fig. 4D). This is likely due to feedback mechanisms that act to maintain
intracellular concentrations of key macromolecules within relatively narrow
concentration ranges (Rados et al., 2022). Accordingly, accumulation of highly-stable
product-mRNA forces the cell to reduce biosynthesis and/or induce degradation of
endogenous RNA species, with potential associated off-target effects on desirable
bioproduction phenotypes such as cell growth rate. These RNA homeostasis
mechanisms place a theoretical limit on the total quantity of product-mRNA that can
be maintained per cell, above which concentrations of key endogenous RNA
molecules will become critically limiting leading to cell death and/or downregulation of
product expression. Indeed, as shown in Fig 4D, intracellular concentrations of Spike
Protein-mRNA peaked at 4 h, before decreasing slightly at 6 h. At 4 h, SelfCirc-Spike
accounted for ~28% of total RNA mass in the host-cell, which is likely approaching the
maximum achievable concentration. Although not a direct comparison, during

recombinant protein expression in CHO cells, product molecules typically account for
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~30% of intracellular protein mass (in-house data). We concluded that engineering
efforts to further enhance intracellular product maintenance are unlikely to be
beneficial, and instead should focus on maximising product accumulation rates. For
SelfCirc-Spike, cell specific productivity (product-mRNA produced per cell per hour)
was relatively constant throughout the first 4 hours of the production process, at ~5 fg
cell'" h*', equating to ~10% of total cellular RNA biosynthetic activity during this time
period. DNA vector engineering, for example T7 promoter re-design, may increase
synthetic mRNA generation rates, facilitating cells to reach the maximum intracellular
product-mRNA concentration level more quickly, permitting shorter production
processes with associated benefits in cost and manufacturing flexibility (i.e., ability to

rapidly switch between manufacture of different products).

Capillary Gel Electrophoresis analysis clearly shows that product mMRNA accumulates
intracellularly over time (Fig. 4 F-G). These data exemplify that engineered product
molecules are successfully protected from nuclease-mediated decay, facilitating
intracellular maintenance over multi-hour time periods, as compared to the typical
mRNA half-life in E. coli of ~5 min (Bernstein et al., 2002; Mohanty and Kushner, 2022).
Moreover, the presence of a single sharp peak at each sampling point indicates that
the cell factory is producing full-length Spike Protein-mRNA that is subject to minimal
degradation events. Accordingly, i) further system engineering to disrupt the E. coli
degradasome-synthetic mRNA interactome is not required, and ii) E. coli is capable of
synthesising homogenous populations of large mMRNA molecules, thereby simplifying
downstream processing steps. As expected, higher titres were obtained for SelfCirc-
Spike than TermtRNA-Spike, where maximum achieved yields were 15 mg/L and 10

mg/L respectively (Fig. 4E). As discussed, we anticipate that significant increases in
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product yields will be obtained via further DNA/cell/media engineering to increase
maximum cell density, integral of cell concentration, and cell specific productivity.
Synthetic mRNA vyields > 100 mg/L should be relatively straightforward to obtain,
however achieving g/L titres, as is standard for recombinant protein production in E.

coli, will likely require significant process engineering.

Figure 4.4 (Follows Below) - SelfCirc-Spike and TermtRNA-Spike were produced in
biomanufacturing systems comprising an optimal combination of engineered host cell,
DNA plasmid and cell culture media (see Fig 2). Growth of non-producer (uninduced)
and producer cells was measured at 1 h intervals during 6 h production processes (A),
to calculate integral cell concentration (ICC) and cell specific growth rate (u) values
(B). Total RNA (C) and product mRNA (E) yields were also measured at 1 h intervals,
and the relative proportion of host cell RNA comprising Spike-mRNA molecules was
quantified (D). Total RNA samples from each measured timepoint were analysed by
capillary gel electrophoresis; dashed red boxes on capillary electropherograms
highlight SelfCirc-Spike (F) and TermtRNA-Spike (G) product accumulating over time.
In A-C, values represent the mean x SD of three independent experiments; D-G show

data from a single representative capillary gel electrophoresis timecourse analysis.
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4.3.4 - Synthetic mMRNA produced in E. coli can be purified at large-scale and is
functional in human cells

To exemplify the utility of our E. coli-based system for large-scale mRNA synthesis we
manufactured GFP-mRNA in 1 L production processes. The first purification step
required is total RNA extraction from host cell factories. While this can be achieved
with commercial kits when production scales are < 1 ml, larger volumes require a
scalable cost-efficient procedure. To achieve this, we adapted the RNASwift method
previously described by Nwokeoji et. al for extraction of dsRNA products from E. coli
that utilises NaCL and SDS to lyse cells and precipitate macromolecular contaminants
(Nwokeoji et al., 2016). To maximise both total RNA yield and RNA quality, we i)
introduced a lysozyme digestion step upstream of RNASwift, ii) lowered the lysis
incubation temperature from 90 °C to 65 °C, and iii) added an ethanol precipitation
step downstream of RNASwift. Using this modified RNASwift unit operation we were
able to routinely obtain large yields (10 mg per 0.5 g wet cell mass) of high-quality total

RNA (RNA Integrity Numbers > 9.5, as determined by capillary gel electrophoresis).

While small amounts of product-mRNA can be purified from total RNA using oligo-dT
magnetic beads (see Fig 3C), larger quantities require chromatographic operations.
To show that mRNA manufactured in E. coli can be purified using a liquid
chromatography separation step, we utilised a 1 ml monolithic oligo-dT(18) column in
combination with an AKTA PCC system. Figure 5B shows a chromatogram
representative of this purification process, indicating conductivity as a measure of salt
concentration, and the UV trace of material eluted from the column. Capillary gel
electrophoresis analysis of pre- and post-purification samples showed that both

SelfCirc-GFP and TermtRNA-GFP molecules could be efficiently purified by an affinity-
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capture chromatographic unit operation (Fig. 5C-D). However, TermtRNA-GFP was
isolated at much high purity, 71% as compared to 38% for SelfCirc-GFP, where
SelfCirc-GFP samples showed a considerable wide peak of impurities representing
~30% of total RNA. This may be due to SelfCirc-GFP molecules having considerably
smaller polyA tails than TermtRNA-GFP species, 50 nt and 120 nt respectively,
preventing use of elution conditions that deliver both high yield and high purity. Further
MmRNA/DNA engineering to increase the encoded polyA tail length should permit
product isolation with reduced process/product related impurities. Either way, for both
molecule-formats, it is clear that for most applications a second chromatographic unit
operation would be needed to achieve requisite purity profiles, such as a size-
exclusion chromatography step. The use of two chromatographic unit operations is
standard for purification of other high-value macromolecules, including recombinant
proteins and IVT-derived mRNA (Fan et al., 2023; Rosa et al., 2021; Sripada et al.,
2022). A simplified process flow diagram for large-scale and small-scale in vivo mRNA

production processes is shown in Figure 5A.

Finally, to validate that mRNA products manufactured in E. coli were functional in
mammalian cells, we transfected purified SelfCirc-GFP and TermtRNA-GFP into
Human embryonic kidney cells (HEK). While SelfCirc-GFP contains an internal
ribosome binding site (IRES), obviating the need for post-purification processing,
TermtRNA-GFP required the enzymatic addition of a Cap-0 structure to enable
translation initiation. As shown in Figure 5E-F, both synthetic mMRNA molecular formats
were translatable in HEK cells, facilitating similar levels of GFP protein expression.
Translational efficiency of SelfCirc-GFP molecules would likely be further enhanced

via determination and selection of optimal IRES elements (Wesselhoeft et al., 2018).
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Indeed, this may provide a route to encode cell-type specificity into mRNA gene

therapeutics (Plank et al., 2013).

Figure 4.5 (Follows Overleaf) A) Simplified process flow diagram for large-scale and
small-scale in vivo mRNA production. B) Typical chromatogram from oligo-d(T) affinity
chromatography purification of product mMRNA manufactured in E. coli. C-D) Capillary
electropherograms showing purification of TermtRNA-GFP (C) and SelfCirc-GFP (D)
products using oligo-d(T) affinity chromatography. E-F) mRNA products manufactured
in E. coli were purified and transfected into Human Embryonic Kidney cells. 24 hr
posttransfection, GFP protein expression was measured by fluorescent cell imaging
(E) and fluorescent plate reader analysis (F). Values in F represent the mean + SD of

three independent experiments (n =3, each performed in triplicate).
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4.4 - Concluding remarks

The in vivo mRNA manufacturing system we have presented here can be utilised to
produce synthetic mMRNA molecules for a wide range of research and commercial
applications. Although we have demonstrated for the first time that functional
mammalian mRNA can be produced at high-yields in E. coli cell factories, widespread
adoption of this platform requires further optimisation of both i) downstream processing
steps to increase product purities and ii) upstream processes to maximise product
titres by enhancing cell specific productivity and cell biomass
accumulation/maintenance. While we anticipate that the developed system will be
particularly suitable for production of circular mRNA products, its utility for
manufacturing linear mMRNA molecules would be significantly enhanced by optimising
co-expression of a T7-Capping enzyme fusion protein (Qin et al., 2023) to enable
synthesis of capped mRNA species in E. coli. Similarly, co-expression of nucleotide-
modifying enzymes, such as Psuedouridine synthetase (Carlile et al., 2019), would
permit production of linear mRNA products with required immunostimulatory
properties for therapeutic applications.

The potential utility of microbial cell factories for large-scale mRNA
manufacturing is being increasingly recognised. Indeed, earlier this year saw
announcements of plans to develop commercial cell-based mRNA production
processes using Eukaryotic cell-hosts. The availability of such platforms will become
increasingly critical in coming years as product lines begin to diversify (e.g., adoption
of more complex molecular formats) and the scale of global mRNA manufacturing
continues to increase. By engineering the core components of an E. coli-based mRNA

production system this study has added a novel technology to the mRNA
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manufacturing solution space, providing flexibility to achieve context- and/or

application-specific design criteria.
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Summary

The third paper in this thesis describes the use of synthetic mMRNA as a means of
revealing critical production capacities in CHO cells producing monoclonal antibodies.
53 mRNA hyperactive ‘control nodes’, encoding transcription factors and other potent
cellular regulators, are introduced to the cell in order to overwhelm various processes.
The level of response to each control node gives an indication of the importance of the
corresponding process to the production of the mAb. From this data, chemical
modulators can be selected which improve mAb titre, by activating or inhibiting

components of rate limiting production processes.
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Chapter 6 — Concluding Remarks & Future Work

6.1 Conclusion

The work presented in this thesis provides two novel advancements in the field of
mRNA manufacture, in addition to exemplifying how synthetic mMRNA may be utilised
in the field of biotechnology, outside of therapeutic applications. Firstly, attention is
given to existing IVT manufacturing processes, specifically the RNA polymerase. A
new method for identifying active RNA polymerase-promoter pairs is described, which
is then utilised to characterise 8 novel RNAPs. These findings allow for speculation of
which RNAPs would be suitable engineering targets for future characterisation for
mMRNA production. Secondly, a non-IVT mRNA manufacture platform is introduced,
using E. coli as a production host for the first time. Through a sequential engineering
approach, mRNA is able to accumulate 40-fold more readily than a baseline control.
Finally, by using synthetic mRNA, rate-limiting bottlenecks in the production of
monoclonal antibodies were elucidated. This technology allows for the identification of
capacities critical to the titre of recombinant protein produced, and provides a basis

for improving yield of difficult to express products.

6.2 Paper | — Expanding the RNA polymerase biocatalyst solution space for
MRNA manufacture

Current methods for the production of mMRNA therapeutics rely upon the activity of T7
RNA polymerase. Whilst yields from such processes are high, extensive multi-stage
downstream processing is required as a result of abundant immunostimulatory by-
products (Gholamalipour et al., 2018; Kariko et al., 2011). Whilst other single subunit
RNA polymerases have been characterised, the toolbox remains small, with only 6
having been described in the literature at the time of writing. Demonstrated in this

thesis is a method for the rapid screening of the activity of RNAPs on a putative
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promoter sequence. The method allows for an initial characterisation of the RNAP,
without the need for time-consuming overexpression and purification strategies. Using
this method, presented are a library of 8 novel ssRNAP-promoter pairs, massively

expanding the number of RNAPs available for RNA manufacturing applications.

Work by the Zhu group, who described KP34, Syn5 and VSW-3 RNAPs, has focused
on extensively characterising a single RNAP that has been overexpressed and purified
in E. coli (Lu et al., 2019; Xia et al., 2022; Zhu et al., 2013b). A different approach is
taken here, whereby a much larger number of RNAPs are initially considered,
necessitating a method for quickly screening such enzymes for activity. Producing
highly pure preparations of all 27 enzymes would be a time consuming process, and
may introduce variability into the library depending on the stability of the isolated
enzyme, and the level of purity that could be reached. For this reason, the use of a
cell free coupled transcription-translation system, was more appropriate for our
purposes. The system allows for the detection of the activity of multiple RNAPs through
product luminescence in only 1 hour in a single tube - considerably quicker than the

multiple days required for a traditional overexpression and purification process.

The coupled transcriptional-translation system is functional in several RNAP
characterisation contexts. Previously described by Egorova and colleagues was the
analysis of mutant T7 RNAP species, in particular on DNA templates featuring non-
natural nucleotides (Egorova et al., 2021). More recently, Cui showed that such a
system may be used to characterised T7 RNAP activity from E. coli cell lysate (Cui et
al., 2023). The work presented in this theis build upon these previously described
methods by showing that the transcription-translation system can be used for the
screening of novel RNAP activity. It is also possible to confirm the optimal promoter
for a given RNAP. This method could also be applied on engineered RNAPs, featuring
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amino acid substitutions, in order to confirm the relative activity and the optimal

promoter after altering the protein sequence.

Using the transcription-translation system, we present 8 novel ssRNAPs. As would be
expected considering efforts to promote sequence diversity within the final RNAP
library, a wide range of relative yields are seen. Of particular interest for mRNA
therapeutic manufacturing were R6 (Pectobacterium Phage PP74) and R14 (Delftia
Phage IME-DE1), as a result of their higher yields than T7 RNAP in initial assays at
30C. T7 displayed increased relative activity at 37 °C compared to other RNAPs, with
the exception of R7, however 6 RNAPs performed better than T7 at 20 °C. The results
for R6 were particularly promising, as at all 3 temperatures tested, the RNAP had
higher activity than T7. It must be noted, however, that RNAP activity in the
transcription-translation assay does not directly correlate to IVT yield, as a result of
differences in translatability and enzyme activity in the rabbit reticulocyte lysate used.
It would be possible to account for difference in RNAP produced through western blot
hybridisation, as described by Egorova, however the utilisation of this method in this
work was to quickly screen for active RNAPs to take forward for more extensive

characterisation, and therefore the normalisation step was unnecessary.

The results highlight the need for improved tools for the determination of ssRNAP
promoters. It is likely that many more RNAPs in our library were only inactive because
of an inaccurate promoter prediction. RNAPs that were active exclusively featured
sequence similar to the T7 promoter, particularly in the CACTATA region. Several
inactive promoters featured ‘T7-like’ elements but may have featured a small number
of incorrect nucleotides. Such sequence could not be identified in many of the phage
genomes screened, implying a more diverse promoter architecture, or that the RNAP
does not transcribed from the phage genome. An example of a non-T7 like’ promoter
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exists in the form of the KP34 RNAP promoter (TAATGTTACAGGAGTA). The
promoter sequence was originally incorrectly identified by bioinformatics, and require
more extensive 5’-RACE characterisation, which becomes less feasible with the larger

library of RNAPs described here.

Results from the coupled transcription translation assay were verified by
overexpressing and purifying a high and low performing RNAP, to see how activity
compared to IVT yield. R6 (161% of T7 activity) and R5 (10% of T7 activity) were
chosen for this purpose. In IVT reactions, R6 performed better than R5, as would be
expected from the transcription-translation assay results. The yield was lower than T7
however, at only 60% of T7, showing the influence that factors other than RNAP
activity have on yield indicated by transcription-translation assays. It is important to
consider, however, that R6 is being compared to a highly optimised enzyme in T7,
which has well defined reaction conditions. Whilst some optimisation was performed
for R6, further consideration of factors such as magnesium and salt concentrations

could further boost the performance of the RNAP.

In summary, demonstrated here is that coupled transcription-translation reactions are
well suited to the initial characterisation of novel ssRNAPs. Using this method, 10
active RNAP-promoter pairs were identified, considerably expanding the number of
RNAPs described in the literature. RNAPs active in the transcription-translation assay
are also active in IVT reactions, despite relative yields not directly correlating between

assays.
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6.2.1 Paper | — Future work

One obvious weakness, as previously mentioned, is the current lack of the ability of
the RNAP screening system to take into account differences in concentrations of the
novel RNAPs produced. Differences in the rates of transcription, translation, and
related processes will mean that different relative amounts of each RNAP will be found
in each well, meaning the nLuc concentration cannot be directly correlated to enzyme
activity. It would therefore be highly advantageous to incorporate a rapid method by
which RNAP concentration could be normalised, that required less additional work
than the quantitative western blotting method proposed by Egorova (Egorova et al.,
2021). It may be possible to fuse the novel RNAP to a fluorescent protein, such as
GFP, in the expression vector using a flexible linker. Several examples exist of T7
RNAP fusion proteins, with no discernible impact on RNAP activity (Chen et al., 2020;
Komatsu et al., 2023; Moore et al., 2018). Fluorescent signal could be measured
immediately after luminescent signal, allowing for efficient normalisation of novel

RNAP activity to the RNAP concentration as determined by GFP activity.

The next stage of characterisation for any potentially interesting RNAPs would require
an assessment of the quality profile of transcripts produced. Several methods exist for
this purpose. Firstly, radioactively labelled NTPs can be used to determine the impurity
profile of transcripts on polyacrylamide gels (Dousis et al., 2023). Secondly, transcript
homogeneity can be assessed by RNA-seq, or 5" and 3’-RACE, which whilst costlier
and time consuming, present a more detailed profile of transcripts (Lu et al., 2019).
Whilst yield is a critical factor to the performance of a RNAP, the homogeneity of
transcripts produced must be considered due to the immunogenicity of non-product
RNA. Levels of dsRNA production is another key quality attribute that must be
assessed for novel RNAPs. dsRNA ELISA methods, or novel dsRNA detection
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reagents sold by Promega would allow for quantification of dsRNA with reasonable

throughput.

The coupled transcription-translation method can be used as a tool to continue to
expand the available toolbox of RNAPs for mRNA manufacture, which will become
increasingly important as the diversity of RNA therapeutics increases. With an ever
increasing number of putative RNAP sequences becoming available, it is possible that
RNAPs more suited to manufacturing than T7 can be found. Two distinct approaches
could be taken to find useful RNAPs. Firstly, as the price of recombinant DNA synthesis
continues to decrease, it is possible that all deposited RNAP sequences could be
screened using the transcription/translation system. The system works well at scale,
due to the plate based nature of the reaction, which could be scaled to 384-well plates
for simultaneous activity detection of hundreds of RNAPs. This would most likely be
facilitated by an industrial research group, where budgets for such work may be higher.
Any RNAPs which show high levels of activity would then proceed to a second stage

of screening, whereby the quality profiles of transcripts produced is screened.

The second approach, which may be more suitable in an academic setting whereby
research budgets are more limited, would be to curate a library of RNAPs for
screening, based upon sequence characteristics. The work presented here provides
a basis for which RNAPs would be easier engineering targets, based upon the
likelihood that their promoter could be predicted successfully. Within these engineering
targets, a library of RNAPs could be created based upon the divergence of sequence
in different domains of the protein. As an example, if a researcher was particularly
interested in finding RNAPs with different levels of processivity, RNAPs could be

selected based upon the level of conservation in the DNA binding region.

148



The screening system would also be particularly useful for screening sequence
variants of previously characterised or novel RNAPs. These variants could be
produced through rational engineering or random mutagenesis, with the goal of
discovering enzymes with enhance functionalities, such as improved yield or
processivity. The screening platform would allow for rapid simultaneous detection of
variants with advantageous characteristics, without the need to overexpress and purify

many enzymes.

Fundamental to the advancement of the field of RNAP characterisation would be
improved tools for de novo promoter identification in batch. The work presented here
is limited by the ability of current tools to accurately detect promoter sequences that
are not ‘T7-like’ in their sequence. Both tools used in this thesis, PHIRE and
PhagePromoter were not fully fit for purpose, featuring their own limitations. PHIRE is
simplistic, solely looking for conserved sequence within the genome (Lavigne et al.,
2004). There is no guarantee that sequence identified is a promoter, and not another
type of regulatory sequence. In addition, the program is extremely slow to run,
processing one genome in approx. 30 mins. PhagePromoter is more sophisticated in
its analysis, using a machine learning approach, however the program is only effective
if some previous knowledge of the phage is known, such as phage family, host
bacterium species, and phage type (Sampaio et al., 2019). Other tools, such as iProm-
phage, do exist, however their sequence input length constraints do not cover full
genomes as would be required for this work (Shujaat et al., 2022). A long term goal for
the expansion of this work would be novel tools that allow for sophisticated phage

promoter prediction from full genome sequences.

It is possible the other cell free coupled transcription-translation systems would be
more optimal for use in this screening system. The Promega TXTL SP6 rabbit
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reticulocyte system was used due to its previous use in similar contexts, and the fact
that the novel RNAPs were large, complex proteins, which may have folded more
readily in the mammalian lysate system (Cui et al., 2023; Egorova et al., 2021).
Naturally, however, these are bacteriophage enzymes that should be produced
efficiently within bacterial lysates. It would therefore be useful to screen alternative cell
free lysate system to determine if the choice of cell extract was detrimental to the
performance of certain RNAPs. Using a bacterial cell extract would also be more cost
effective than the use of a mammalian cell extract, due to the inherent costs of

producing the required biomass of both cell types.

6.3 Paper Il - Engineering an E. coli-based in vivo mRNA manufacturing platform

In vitro transcription represents the gold standard for the production of synthetic mMRNA
in a laboratory setting, and continues to undergo extensive development for industrial
scale manufacturing settings (Conrad et al., 2020; Dousis et al., 2023; Woo et al.,
2021). Nevertheless, despite the simplicity of the IVT reaction, the requirement for
purified recombinant components, which can be costly and have limited availability
(Kis et al., 2021; Ohlson, 2020), presents a challenge in a large-scale production
context. Further to this, despite optimisation of reaction components, product related
impurities represent a key challenge in IVT based manufacturing, with their presence
necessitating extensive downstream processing (Karikd et al., 2011; Nelson et al.,

2020).

Herein, a proof of concept platform is presented for mMRNA manufacture without the
requirement for IVT. The fundamental underlying reaction is unchanged; T7 RNA
polymerase is used to drive mRNA transcription from a double stranded DNA template

encoding the cognate promoter and sequence of interest. This reaction however is
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encapsulated in a microbial chassis, which confers the key advantage of being able to
synthesise the required components for the transcription reaction. Grown in simple
media, E. coli is able to produce the required RNA polymerase, nucleotides, and DNA
template which normally need to be inputted in the IVT process. E. coli was selected
as an expression due its simplicity to culture and manipulate, and scalability of existing

manufacturing infrastructure.

The use of a microbial host provides several obvious engineering targets for the
increased accumulation of synthetic mMRNA of various sizes within the cell. Reported
is a synergistic approach that looks to find optimal mMRNA sequence, DNA template,
media and E. coli phenotype. Crucial to the approach is the use of two distinct mRNA
sequence features that reduce the rate of turnover of the synthetic mMRNA molecule by
host RNases. First is the introduction of self-splicing introns that lead to the production
of a covalently circularised mRNA molecule. Owing to a lack of 5" and 3’ ends, the
molecule is completely resistant to exonuclease, and is a less optimal substrate for
RNase E turnover. Circular mRNA is the focus of extensive research in the field of
mMRNA vaccines due to their increased stability and reduced innate immunogenicity
(Bai et al., 2023; Niu et al., 2023). A crucial benefit of the circular molecule in the E.
coli manufacturing platform is the lack of necessity for modified nucleotides or a cap
structure in the final product, meaning the molecule would need no further modification

after extraction from the cell.

The second stabilisation feature uses highly structured tRNA sequences to provide
resistance to mRNA turnover. Whilst the molecule is linear, and therefore more in line
with current approved mRNA therapies, several further processing steps would be
required in order to use the molecule in vivo. Endogenous E. coli mRNA does not
feature a 5 m7G cap, found on mammalian mMRNA, and the cell does not encode the
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capping enzymes required to produce this structure. This would therefore necessitate

an enzymatic capping step post mRNA purification.

One of the key considerations in manufacturing biomolecules in any cellular chassis
is the complexity of the downstream processing required. Presented is a scalable
option for the extraction of RNA from the E. coli host, showing that the molecule has
affinity for oligo-d(T) resin. Unlike in mammalian systems, E. coli mRNA transcripts are
not extensively polyadenylated, with only a small number of transcripts having a tail in
the region of 1-5 residues. This allows for efficient separation of the synthetic mRNA

from endogenous mRNA.

Synthetic mMRNA produced in E. coli, encoding eGFP, is shown here to be functional
in a human cell line, through transfection of suspension adapted HEK293 cells. As
discussed previously, the circular mMRNA required no further processing in order to be
translated, whilst the tRNA scaffold mRNA was capped before transfection.
Transfection efficiency and level of protein production could be improved simply either
by modifying the method of transfection, or optimising the DNA sequence for the cell
line being used. For the purposes of this study, a cost effective cationic lipid and
polymer formulation was used for transfection, which typically yields lower transfection
efficiencies than electroporation based methods. Of particular importance for circular
mRNA is using an IRES optimal for the cell line of interest, in order to maximise

translational rates.

6.3.2 Paper |l — Future work

In vivo mRNA production presented in this thesis was carried out in shake-flasks,
which whilst cost effective and convenient, do not allow for particularly high densities

of E. coli cells. In proof of principle experiments, a cell weight of only 2.5 g/L was
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typically achieved, as conditions were optimised to ensure cells remained in
exponential phase, rather than enhancing cell density. Yields achieved by the E. coli
manufacturing platform could be dramatically increased through maintaining cells at
higher densities in fed batch bioreactor conditions, where the levels of nutrients are
maintained throughout. Cells densities of 100 g/L can routinely be achieved in a
bioreactor, with reports of densities up to 190 g/L (Beckmann et al., 2017; Shiloach
and Fass, 2005). If the achieved yields of approx. 10 mg per 2.5 g of cells are
extrapolated to these densities, then product titre may hundreds of milligrams per litre,

increasing the viability of platform as an alternative to IVT.

Strategies for capping and modified nucleotide incorporation would need addressing
if the platform is to compete with IVT based systems. In terms of capping, one
approach would be to express a T7 RNA polymerase & Vaccinia virus capping enzyme
fusion protein, previously shown to be functional in vivo, producing translatable T7
RNAP transcripts in Chinese Hamster Ovary cells (Qin et al., 2023). The fusion protein
would require characterising in E. coli, however if functional, this may provide a means
of co-transcriptionally adding a cap-0 structure to the transcripts. Approved mRNA
vaccines also utilise N1-methyl-psuedouridine in place of uridine in order to ablate
immune stimulation (Morais et al., 2021). A potential strategy for incorporation of
modified nucleotides into the E. coli is the co-expression of nucleotide modifying
enzymes such as Pseudouridine sythetase, able to convert uridine into pseudouridine
(Carlile et al., 2019). Enzymes able to convert nucleotides to N1-methyl-psuedouridine
exist in the Archaeal kingdom, however their activity would again need characterising
in an E. coli context (Wurm et al., 2012). To summarise, one of the priorities for
improving the function of the mRNA manufacturing platform is to incorporate a means

of capping and modifying the product mRNA.
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The overall purity from the single downstream processing unit operation described
here remains relatively low. Two approaches could be taken to improve mRNA purity.
Firstly, the oligo-d(T) step itself could be optimised by eluting mRNA in a gentle
gradient of buffer to water, and collecting small fractions containing different RNA
species. Fractions could then be assessed for their level of purity. Similar approaches
are routinely employed in the affinity purification of proteins (Chaga, 2001; Gaberc-
Porekar and Menart, 2005). The second approach would be to proceed with further
purification operations including size exclusion and ion exchange chromatography.
Indeed, existing large scale IVT purification processes are multi-stage, involving
several rounds of chromatography and tangential flow filtration, as a consequence of
the immunostimulatory properties of dsRNA contaminants. Each sequential operation

would increase purity; however, a proportion of product yield may be lost at each stage.

One potential avenue that could be explored further for stabilising the mRNA within
the cellular context is the use of virus-like particles (VLPs), as a means of
encapsulating the mRNA. This could be achieved through co-expressing MS2 coat
proteins with the mRNA of interest, incorporating an MS2 binding loop into the 3’ of
the mRNA sequence. The coat proteins spontaneously assemble into a VLP structure,
which could be purified away from the rest of the cellular material by size exclusion
chromatography (Mikel et al., 2017). The VLP provides a barrier to RNases, and
proprietary data from several companies indicates that product quality is increased, as

dsRNAs are not incorporated into the VLP.
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8 - Appendix

8.1 - Paper | Supplementary Information

Supplementary Table 3.1 — Single Subunit RNA polymerases used in initial library

construction
UniProt Genome Identity

Phage + Polymerase Name Protein ID accession | to T7 (%)
Achromobacter phage vB_AxyP 19-32 Axyl10 AOA514CTW9 QDH83928.1 27
Achromobacter phage vB_AxyP_19-32_Axyl11l AOA514CU6G3 QDH84011.1 26
Achromobacter phage vB_AxyP_19-32_Axy13 AOA514CUM4 QDH84174.1 30
Achromobacter phage vB_AxyP_19-32_Axy22 AOA514CVV4 QDH84606.1 26
Acinetobacter phage AB3 L7TIY7 AGC35317.1 26
Acinetobacter phage AbKT21philll AOQA3TOIGC3 AZU98485.1 26
Acinetobacter phage Abpl R4IPS4 AFV51009.1 26
Acinetobacter phage Fril AOAQHATHZ7 AKQO06842.1 27
Acinetobacter phage IME200 AOAOPO0I313 ALJ97674.1 26
Acinetobacter phage Petty U5PZM8 AGY47998.1 27
Acinetobacter phage phiAB1 K9J9S8 ACY78114.1 26
Acinetobacter phage phiAB1 E5KJP3 ADQ12732.1 26
Acinetobacter phage phiAB6 AOA162HLG1 ALA12251.1 26
Acinetobacter phage SH-Ab 15519 AOA240EWY5 APD19402.1 26
Acinetobacter phage vB_AbaP_46-62 Aci07 AOA386KLP3 AYD85859.1 27
Acinetobacter phage vB_AbaP_Acibel007 AOAQ75DXW8 AHY?26803.1 26
Acinetobacter phage vB_AbaP_APK14 AOA499SES88 AYR04381.1 26
Acinetobacter phage vB_AbaP_APK2 AOASH2UKGO AZU99229.1 26
Acinetobacter phage vB_AbaP_APK2-2 AOA5H2UKJ8 AZU99279.1 26
Acinetobacter phage vB_AbaP_APK32 AOA5H2UHAL AZU99382.1 27
Acinetobacter phage vB_AbaP_APK37 AOA5H2UHD3 AZU99432.1 27
Acinetobacter phage vB_AbaP_APK92 AOA5H2UKN2 AZU99329.1 26
Acinetobacter phage vB_AbaP_AS11 AOA218KS19 AQN32684.1 27
Acinetobacter phage vB_AbaP_AS12 AOA218KRES5 APW79817.1 26
Acinetobacter phage vB_AbaP B09 Aci08 AOA386KCC6 AYD82866.1 26
Acinetobacter phage vB AbaP_B1 AOA221SBHO ASN73340.1 27
Acinetobacter phage vB_AbaP_B3 AOA221SBM1 ASN73388.1 27
Acinetobacter phage vB_AbaP_B5 AOA221SBR9 ASN73442.1 28
Acinetobacter phage vB_AbaP_D2 ADA2P1MY72 AVP40508.1 26
Acinetobacter phage vB_AbaP_D2M AOQA5J6TX62 QFG15411.1 26
Acinetobacter phage vB_AbaP_PD-6A3 AOAOS1RZT9 ALM01888.1 27
Acinetobacter phage vB_AbaP_PD-AB9 AOA0S1S0Y2 ALM01908.1 26
Acinetobacter phage vB_ApiP_P1 AOA221SBX1 ASN73492.1 26
Acinetobacter phage vB_ApiP_P2 AOA221SC12 ASN73545.1 26
Acinetobacter phage WCHABP5 AOA1X9SFL3 ARQ94903.1 27
Aeromonas phage vB_AsoP_Ca AOA482MHE4 QBQ72988.1 63
Agrobacterium phage Atu_ph02 AO0A223VZI2 ASV44565.1 32
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Agrobacterium phage Atu_ph03 AOA223VZW7 ASV44581.1 32
Alteromonas virus vB_AspP-H4/4 AO0A220YL66 ASL24412.1 29
Aquamicrobium phage P14 AOA1L5CO074 APL99490.1 31
Bordetella phage vB_BbrP_BB8 AO0A4Y5TNQ1 QDB70995.1 39
Burkholderia phage AMP1 AQOA5C2IFS7 QEP52854.1 32
Burkholderia phage Bp-AMP1 AOAOA1I5M6 CDK30098.1 32
Burkholderia phage Bp-AMP2 AOAOABKWM2 CDL65184.1 32
Burkholderia phage Bp-AMP3 AOAOABKWN3 CDL65224.1 32
Burkholderia phage Bp-AMP4 AOAODABKWP2 CDL65264.1 32
Burkholderia phage JG068 U3PFP4 AGW43609.1 31
Caulobacter phage Cd1 F1ADQ9 ADD21661.1 30
Caulobacter phage Lullwater AOA291LBB2 ATI16335.1 31
Caulobacter phage Percy AOAOM4RSNS ALF01667.1 32
Citrobacter phage CR44b W6PNY5 CDM21533.1 62
Citrobacter phage CR8 W6PP41 CDM21594.1 62
Citrobacter phage phiCFP-1 AOAOE3JQL5 AKA62124.1 83
Citrobacter phage SH1 AO0A172JG22 AMR59436.1 82
Citrobacter phage SH2 AOA172JG53 AMR59464.1 83
Citrobacter phage SH3 AOA172JGA6 AMR59537.1 62
Citrobacter phage SH4 AOA172JGFO AMR59589.1 62
Citrobacter phage SH5 AOA172JGK4 AMR59637.1 62
Cronobacter phage Dev2 W6PED7 CDM12529.1 61
Cronobacter phage GW1 AOA3S7NBN5 AWY03129.1 63
Curvibacter phage P26059B AO0A384UH57 ASJ79294.1 30
Cyanophage KBS-P-1A M4T4F9 AGH57729.1 26
Delftia phage IME-DE1 AOAOF7INH1 AKG94487.1 46
Delftia phage RG-2014 AOAQ097PAJO AlU44277.1 30
Dickeya phage BF25/12 AD0A219MH23 ALA46497.1 29
Dickeya phage Dagda A0A2S1GSJ5 AWD92361.1 58
Dickeya phage Dagda B1 AOA3B5IFE2 AXY81610.1 58
Dickeya phage Katbat AOA385IFD3 AXY81723.1 58
Dickeya phage Luksen AO0A385IFU3 AXY81879.1 58
Dickeya phage Mysterion AOA385IGY0 AXY81987.1 58
Dickeya phage Ninurta ADA2S1GTB4 AWD92624.1 70
Dickeya phage vB_DsoP_JA10 AOA3847VU4 AXG66358.1 70
Enterobacter phage E-2 AOAOE3JQ94 AKA61565.1 81
Enterobacter phage E-4 AOAQE3JTES AKA61642.1 83
Enterobacter phage phiEap-1 AOAOK2FHDS8 ALA45082.1 76
Enterobacteria phage 13a B3VD33 ACF15888.1 97
Enterobacteria phage 285P D3W681 ACV32460.1 75
Enterobacteria phage BA14 B3VCM6 ACF15731.1 75
Enterobacteria phage EcoDS1 B3VCTO ACF15785.1 61
Enterobacteria phage K11 (Bacteriophage K11) P18147 CAA37330.1 72
Enterobacteria phage K1-5 108861984 32
Enterobacteria phage K1E 83571714 32
Enterobacteria phage K1F 77118167 61
Enterobacteria phage K30 338826807 72
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Enterobacteria phage N4 (Bacteriophage N4) Q859P9 AAO024831.2 32
Enterobacteria phage SP6 Q6UGK9 CAA68288.1 32
Enterobacteria phage T3 P07659 CAA28696.1 81
Enterobacteria phage UAB_Phi78 M1E3S8 ADW95214.1 32
Enterobacteria phage vB_EcoP_ACG-C91 K4FE53 AFH19836.1 31
Enterobacteria phage vB_EcoP_IME390 AOA386KER3 AYD82921.1 98
Erwinia amylovora phage Eral03 A2I7X6 ABM63398.1 32
Erwinia phage Ea9-2 WG6ASKS AHI160080.1 20

Erwinia phage FE44 U5SNZVO0 AGY36902.1 75

Erwinia phage pEp_ SNUABM_09 AOA5J6DAB1 QEQ94747.1 73
Erwinia phage phiEal00 E5AGG9 CBX45071.1 32
Erwinia phage phiEalH E5AG56 CBX44468.1 32

Erwinia phage vB_EamP_Frozen AOA191ZCPO ANJ65156.1 23
Erwinia phage vB_EamP_Gutmeister AOA191ZD74 ANJ65339.1 23
Erwinia phage vB_EamP_Rexella AOA1917CZ2 ANJ65253.1 23
Erwinia phage vB_EamP-L1 GOYQ47 AEJS81490.1 69
Erwinia phage vB_EamP-S2 AD0A2K9V4V5 AUV57206.1 32
Escherichia phage 64795 ecl A0A192Y777 ANM45729.1 98
Escherichia phage C5 AOA386K648 AYD80175.1 99
Escherichia phage CICC 80001 AOA088F7U6 AIM41079.1 97
Escherichia phage DE3 C6ZCU5 ACF32352.1 100
Escherichia phage Ebrios AOA2P1CL25 AVJ51888.1 90
Escherichia phage ECA2 AOA193GZB1 ANN86245.1 82
Escherichia phage ECBP5 AOA2H4P6B5 AID17660.1 32
Escherichia phage EG1 AQOA2K9VIW3 ATW57716.1 98
Escherichia phage HZ2R8 AOA481V9B9 AUV62632.1 98
Escherichia phage HZP2 AOA384WW43 QBI89975.1 98
Escherichia phage IMM-002 AOQA1I9SEAQ ATI16970.1 62
Escherichia phage JSS1 Q8SCG8 AOZ65177.1 63
Escherichia phage K1E (Bacteriophage K1E) Q2WC24 CAJ29407.1 32
Escherichia phage K1E (Bacteriophage K1E) AOA214Q1U4 AQY55033.1 32
Escherichia phage K30 F8R4Q2 AEH41021.1 74
Escherichia phage LL11 A0A385IQB0 AXY85379.1 32
Escherichia phage LL2 AOA385IPR1 AXY85324.1 82
Escherichia phage LM33_P1 AOA1ABYFH6 SBT28095.1 59
Escherichia phage N13 AOA386K7G9 AYD80219.1 99
Escherichia phage N30 AOA386K840 AYD80131.1 99
Escherichia phage P483 AOAOD3QHF3 AJF40472.1 75
Escherichia phage P694 AOAOD3QHDO AJF40494.1 75
Escherichia phage PE3-1 AOA060D5I6 AIB06962.1 61
Escherichia phage Peacock AOA5BINFR5 QEG09673.1 62
Escherichia phage Penshul AOA5BIN881 QEG09779.1 63
Escherichia phage PGT2 AO0A2D2W380 ATS92446.1 31
Escherichia phage phiKT HE6VUA7 AEZ65095.1 31
Escherichia phage Pisces AOA5BINC24 QEG09560.1 62
Escherichia phage SRT7 AOQA2Z5H3J4 AXC34604.1 77
Escherichia phage ST31 AOA1Z1LWO08 ARW56841.1 63
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Escherichia phage T7 (Bacteriophage T7) C1KTT1 AAA32569.1 100
Escherichia phage vB_Eco D226 AOA514A6V2 QDH49005.1 76
Escherichia phage vB_EcoP_B AOA1Q1PUC2 AQN31610.1 32
Escherichia phage vB_EcoP_C AOA1Q1PUDO AQN31697.1 32
Escherichia phage vB_EcoP_D AOA1Q1PUF9 AQN31727.1 32
Escherichia phage vB_EcoP_F AOA1S6KVEG AQT25408.1 63
Escherichia phage vB_EcoP_GA2A AOA1BOTR91 ALP47773.1 63
Escherichia phage vB_EcoP_KAW1A4500 AO0A482MT09 QBQ76716.1 34
Escherichia phage vB_EcoP R AOA1Q1PVG6 AQN32030.1 32
Escherichia phage vB_EcoP R4596 AOA482MRF6 QBQ76571.1 32
Escherichia phage vB_EcoP_S523 A0A274Q2U2 AWY04286.1 76
Escherichia phage vB_EcoP-Ro45Ilw AOA3S9URUO AZS12994.1 62
Escherichia phage YZ1 AOA2LOHPX4 AUX83594.1 63
Escherichia phage ZG49 AOA1CIOM222 A0Q29248.1 63
Escherichia virus AAPEc6 AOA1P8BK25 ANT40787.1 32
Escherichia virus ECG4 AOA5J6T816 QFG06972.1 66
Escherichia virus K1-5 AAL86891.1 32
Escherichia virus mutPK1A2 A0A2H4MZVS ATS93311.1 32
Escherichia virus Vecl3 AOA345AQEQ AXF38891.1 62
Escherichia virus VEc3 AOA2H4YE34 AUE22234.1 32
Klebsiella phage 2044-307w A0A249Y210 ASZ78273.1 73
Klebsiella phage IME304 AOA4Y5TVL6E QDB73388.1 74
Klebsiella phage K11 B3VCY2 CAA37330.1 72
Klebsiella phage K1-ULIP33 AO0A4P6DBD2 QAU05462.1 33
Klebsiella phage K5 AOAOF7LBY1 AKH49548.1 72
Klebsiella phage K5-2 AOA219YH91 APZ82773.1 74
Klebsiella phage K5-4 AOA219YHD6 APZ82814.1 73
Klebsiella phage KN1-1 AOA3S5IBH2 BBF66827.1 73
Klebsiella phage KN3-1 AODA3QIWWY9 BBF66848.1 73
Klebsiella phage KN4-1 AOA3QI9WSE6 BBF66872.1 73
Klebsiella phage KOX2 AOA514UBA2 QDK04476.1 78
Klebsiella phage KOX3 AOA5BINGKO QEG09953.1 73
Klebsiella phage KOX5 AOA5BONDA1 QEG10020.1 73
Klebsiella phage KP32 D1L2T7 ACY66666.1 72
Klebsiella phage KPN3 AOA5BINJVO QEG11143.1 73
Klebsiella phage kpssk3 AOA3G8F354 AZF88810.1 73
Klebsiella phage Kund-ULIP47 AOA4P6DBN7 QAU05510.1 73
Klebsiella phage Kund-ULIP54 AOA4P6PMAOQ QBG78351.1 73
Klebsiella phage Patroon AOA482MHH9 QBQ72872.1 83
Klebsiella phage Pharr AOA4D6DY13 QBZ71215.1 73
Klebsiella phage SH-Kp 152410 AOA2KIVGQ6 AUV61470.1 73
Klebsiella phage vB_Kp1 AOAQPOIV82 ALJ98062.1 72
Klebsiella phage vB_KpnP_BIS33 AOA1VOE6GJ1 ARB12463.1 73
Klebsiella phage vB_KpnP_Emp27 AOA5BINGO02 QEG11865.1 83
Klebsiella phage vB_KpnP_FZ12 AOA4D6T531 QCG76471.1 73
Klebsiella phage vB_KpnP_IME205 AOAOU3DFB5 ALT58461.1 74
Klebsiella phage vB_KpnP_IME321 AO0A344UBX8 AXE28399.1 73
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Klebsiella phage vB_KpnP_IME335 AOA5J6CUKS QEQ50481.1 73
Klebsiella phage vB_KpnP_KpV289 AOAOK2YWKO9 CRN12692.1 72
Klebsiella phage vB_KpnP_KpV763 AOA1D8FOC6 AOT28135.1 73
Klebsiella phage vB_KpnP_KpV766 AOA1I9SFAl AOZ65531.1 73
Klebsiella phage vB_KpnP_KpV767 AOA1I9SF50 A0Z65480.1 73
Klebsiella phage vB_KpnP_NahiliMali AOA5BONQY1 QEG13343.1 70
Klebsiella phage vB_KpnP_PRA33 AOA1VOE683 ARB12370.1 73
Klebsiella phage vB_KpnP_Sibilus AOA5BONKC7 QEG12916.1 70
Klebsiella virus KP32 AOA2U8USS7 AWNO07136.1 73
Klebsiellaphage KP34 ACY66709.1 28
Kluyvera phage Kvpl B6Z9E6 ACJ14548.1 75
Leclercia phage 10164-302 ADA289YY98 ATA65249.1 82
Leclercia phage 10164RH AO0A289760Q5 ATAB5295.1 82
Lelliottia phage phD2B AOAO88FT51 AIM51235.1 32
Mesorhizobium phage vB_MIloP_Lo5R7ANS AIK68488.1 32
Morganella phage MmP1 D1FNQ5 ACY74627.1 70
Morganella phage vB_MmoP_MP2 AOA192YBW9 ANM46341.1 72
Pectobacterium phage DU _PP_1I A0A2D2W5U8 ATS93671.1 64
Pectobacterium phage Jarilo AOA2S1GSW7 AWD92487.1 71
Pectobacterium phage POP72 AOA2R2VORS8 ARB10926.1 31
Pectobacterium phage PP1 I7TFXR7 AFP33672.1 31
Pectobacterium phage PP16 AOA1B1PEDO ANT45336.1 30
Pectobacterium phage PP47 AOA1P8L665 APW79749.1 69
Pectobacterium phage PP74 AOALIOMEG1 APD19621.1 75
Pectobacterium phage PP81 AOA1L7DRYO APU03032.1 69
Pectobacterium phage PPWS4 AO0A286P065 BBA26420.1 68
Pelabacter phage HTVCO019P M1ID95 AGE60589.1 32
Pelabacter phage HTVCO021P AOA4Y1INSES AXH68324.1 32
Pelabacter phage HTVC022P AOA4Y1INUGB9 AXH71733.1 32
Pelabacter phage HTVCO031P AOA4YINTX3 AXH71631.1 34
Pelabacter phage HTVC105P AOA4YINTS2 AXH71416.1 32
Pelabacter phage HTVC109P AOA4YINYD1 AXN54076.1 33
Pelabacter phage HTVC121P AOA4YINTW1 AXH71475.1 32
Pelabacter phage HTVC201P AOA4Y1INTKS AXH71527.1 32
Phage MedPE-SWcel-C56 AOA1B1IY27 ANS06226.1 30
Phage NC-A AO0A481S2N0O QBG78787.1 98

Phage Paz AHB12124.1 31

Podovirus Lau218 AOAO060BKZ7 AlIA83126.1 30
Prochlorococcus phage P-SSP7 AAX44193.1 26
Proteus phage PM 116 AO0A2D0OVJZ0 ANU80090.1 32
Proteus phage PM 85 AOAOF6NYB6 AIW03110.1 31
Proteus phage PM 93 AOAOF6NYB9 AIW03132.1 31
Proteus phage vB_PmiP_Pm5460 AOA0G2SSG2 AKA61817.1 31
Pseudomonad phage gh-1 Q859H5 AAQO73140.1 58
Pseudomonas phage 22PfluR64PP AOA3G6V715 AZB48859.1 57
Pseudomonas phage 67PfluR64PP AOA2S1PGTS AWH15793.1 57
Pseudomonas phage 71PfluR64PP AOA2S1PDT9 AWH14736.1 57
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Pseudomonas phage Andromeda AOA1B1SEK9 ANU79101.1 31
Pseudomonas phage Bf7 H2ELW6 AEX65868.1 31
Pseudomonas phage gh-1 AA073140.1 56

Pseudomonas phage Henninger AOA2K9VHD7 AUV61717.1 57

Pseudomonas phage inbricus AOA2H4P7K4 ATW58149.1 26
Pseudomonas phage LKA1 QOES5X7 CAK25005.1 27
Pseudomonas phage Pf-10 AOAOAQYSI2 AIX12970.1 58
Pseudomonas phage PFP1 AOQA2Z4QIP2 AWY10458.1 57
Pseudomonas phage phil5 FOV6X0 CBZ41982.1 57

Pseudomonas phage philBB-PF7A E9KIE1 ADV35666.1 57
Pseudomonas phage phiKMV Q7Y2D9 CAD44217.1 29
Pseudomonas phage phiPsal7 AOA0G2T693 AKG94352.1 58

Pseudomonas phage phiPSA2 AO0A059VA03 AHZ94988.1 56
Pseudomonas phage Phi-S1 M4H3NS AF012299.1 58
Pseudomonas phage PollyC AOA2K9VHU7 AUV61936.1 29

Pseudomonas phage PPPL-1 AOAOS2MVL3 ALO79969.1 57

Pseudomonas phage PPpW-4 DNA V5YUU1 BAO20676.1 56

Pseudomonas phage PspYZUQ08 AOA2U7NJIN9 ASD52184.1 56
Pseudomonas phage shi2 AOA160SY77 CUR50709.1 58

Pseudomonas phage UNO-SLW1 AOA1B2ANAS8 ANY?29164.1 59

Pseudomonas phage UNO-SLW?2 AOA1B2AN40 ANY?29117.1 59

Pseudomonas phage UNO-SLW3 AOA1B2AMZ7 ANY?29070.1 59

Pseudomonas phage UNO-SLW4 AOA1B2AMX6 ANY?29024.1 59

Pseudomonas phage
YMC11/06/C171_PPU_BP ADA127KP47 AMO43666.1 28
Pseudomonas virus KNP AOAIWG6JS11 ARM69622.1 58

Pseudomonas virus Pfl ERZ-2017 AOA2H4YGR2 AUE23184.1 58
Pseudomonas virus WRT AOAIWGBJIRTI ARM69573.1 58
Ralstonia phage DU_RP_| AO0A2D2W578 ATS93364.1 39

Ralstonia phage RSB1 AOA5P8D3T3 BAG70384.1 31
Ralstonia phage RSB2 DNA AOA5P8D447 BAJ51806.1 44
Ralstonia phage RSB3 U3TFM9 BAN92342.1 28
Ralstonia phage RSJ2 AOA068Q5R3 BAP15831.1 32
Ralstonia phage RSJ5 AOA077KYKO BAP34919.1 31
Ralstonia phage RsoP1EGY AOA2R2ZGES5S AUO78209.1 39
Ralstonia phage RS-PI-1 AOA1S6L1D6 AQT27784.1 32
Ralstonia phage RS-PII-1 AOA1L7DQCA4 APU00310.1 32
Ralstonia virus phiApl AOA1L7DS98 APU03175.1 28
Rhizobium phage RHEphO1 L7TQWS5 AGC35521.1 36
Rhizobium phage RHEph02 L7TJCS AGC35603.1 30
Rhizobium phage RHEph03 L7TJH2 AGC35663.1 30
Rhizobium phage RHEph08 L7TS16 AGC35961.1 30
Rhizobium phage RHEph09 L7TLUS8 AGC36015.1 30
Salmonella phage 3A_ 8767 AOA2Z5HC42 AXC37072.1 99
Salmonella phage BP12A AOA140XFL3 AIT13633.1 76
Salmonella phage BP12B AOA140XFR2 AlT13682.1 33
Salmonella phage BSP161 AOA3G1L319 ATW58438.1 76
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Salmonella phage LPST144 AQA5C2ID52 QEP53480.1 76
Salmonella phage phiSG-JL2 B3FYH6 ACD75668.1 81
Salmonella phage Vi06 CBV65202.1 92
Serratia phage 2050H2 AOA249Y2R9 ASZ78985.1 83
Serratia phage Pila AOA5J6TEOS8 QFG06779.1 99
Serratia phage SM9-3Y A0A1I19S3U3 A0OZ61237.1 83
Shigella phage VB_Ship_A7 AOA4D6DRRS QBZ69017.1 76
Sinorhizobium phage ort11 AOA5C2H2X6 QEP29836.1 24
SPBeta prophage YonO CAB14022.1 29
Sphingomonas phage Scott AOA346FDD2 AXN53746.1 31
Stenotrophomonas phage IME15 AFV51444.1 89
Synechococcus phage S-CBP3 I3ULU9 AFK66464.1 25
Synechococcus phage S-CBP42 AOA096VKW?2 AGK86693.1 25
Synechococcus phage S-RIP1 MANMG5 AGG91275.1 26
Synechococcus phage S-RIP2 MANNU7 AGG91331.1 26
Synechococcus T7-like virus S-TIP37 AOA345AY93 AXF42073.1 25
Synechococcus virus P60 LOCNW4 AGA17876.1 26
Thermus virus P23-45 P23p64 ABU96897.1 36
Vibrio phage 1.204.0. 10N.222.46.F12 AOA2I7RNL7 AUR95242.1 33
Vibrio phage ICP3 F1D002 ADX87446.1 62

Vibrio phage ICP3_2007_A F1D0J5 ADX87639.1 62
Vibrio phage ICP3_2008_A F1DOE7Y ADX87591.1 61
Vibrio phage ICP3_2009 A F1DOAO ADX87544.1 62
Vibrio phage ICP3_2009 B F1D053 ADX87497.1 62
Vibrio phage JSF11 A0A2D0Z112 ASV42767.1 62
Vibrio phage JSF18 AOA2DOYMX9 ASV43222.1 62
Vibrio phage JSF20 AOA2DOYL99 ASV43270.1 62
Vibrio phage JSF24 AOA2D0Z841 ASV43318.1 62
Vibrio phage JSF25 AOA2DOXR33 ASU01137.1 62
Vibrio phage JSF30 AOA2D0OYV87 ASV42904.1 62
Vibrio phage JSF31 A0A2D0Z1P3 ASV42947.1 61
Vibrio phage JSF32 AOA2D0Z2L0 ASV43021.1 61
Vibrio phage JSF34 AOA2DOYLK2 ASV43366.1 62
Vibrio phage JSF35 AO0A2DOYKN7 ASV43086.1 62
Vibrio phage JSF36 A0A2D0Z259 ASV43147.1 61
Vibrio phage N4 D0Q187 ACR16468.1 61

Vibrio phage phi-A318 AFB82771.1 33
Vibrio phage Rostov-1 AOA2P0ZKC2 AVH85446.1 62
Vibrio phage VP3 HI9YAF4 AFH14406.1 62
Vibriophage VP4 Q4TVY1 AAY46276.1 61
Xanthomonas phage philL7 ACE75775.1 31
Yersinia pestis phage phiA1122 Q858N4 AAP20500.1 97
Yersinia phage Berlin A0ZXJ9 CAJ70654.1 74
Yersinia phage fPS-10 AOA2H1X8U9 SOR54291.1 73
Yersinia phage fPS16 AOA2H1X8Z7 SOR54342.1 73
Yersinia phage fPS-19 AOA2DOPDM8 S50046384.1 73
Yersinia phage fPS-21 AOA2DOPE32 S0046739.1 73
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Yersinia phage fPS-26 AO0A2DOPD60 S0046435.1 73
Yersinia phage fPS-50 AO0A2DOPDY6 S0046689.1 73
Yersinia phage fPS-52 AOA2DOPDI2 S0046334.1 73
Yersinia phage fPS-53 AOA2H1UJDO S0056471.1 73
Yersinia phage fPS-54-ocr AOA2HIUJEG SOP75972.1 73
Yersinia phage fPS-59 AOA2DOPESB4 S0046791.1 73
Yersinia phage fPS-64 AOA2DOPEFO S0046837.1 73
Yersinia phage fPS-7 AOA2DOPDD4 S50046486.1 73
Yersinia phage fPS-85 AO0A2H1UKL9 S50056422.1 73
Yersinia phage fPS-86 AOA2DOPEP1 S0046638.1 73
Yersinia phage fPS-89 AO0A2DOPDP8 S0046589.1 73
Yersinia phage fPS-9 AOA2C9D120 SOL37498.1 73
Yersinia phage phiYe-F10 AOAOU2DV42 AKQO06767.1 83
Yersinia phage phiYeO3-12 Q9T145 CAB63592.1 81
Yersinia phage PYPS50 AOA3G8F3B0 AZF87572.1 76
Yersinia phage R LOHSI1 AGB07325.1 99
Yersinia phage vB_YenP_AP10 AOAOPOM6B3 ALK86936.1 78
Yersinia phage vB_YenP_AP5 AOA088F657 AIM40350.1 81
Yersinia phage Y M9PKG8 AGC35464.1 99
Yersinia phage Yepe2 B3VCH9 ACF15684.1 75
Yersinia phage Yep-phi E5L7B9 ADQ83157.1 74
Yersinia phage YpP-G 16Q9Q7 AFK13447.1 75
Yersinia phage YpP-R 160Q993 AFK13398.1 99
Yersinia phage YpsP-G 16Q9B2 AFK13493.1 98

194
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initial transcription-translation experiments. The predicted optimum temperature is
determined through literature reports of the optimal temperature at which the

Supplementary Table 3.2 — Final library of single subunit RNA polymerases used in
bacteriophage grows at, from which the RNAP originates

OVOOVIDVOVIVIOVOLODL puno4 10N | 96/ 991A0ZZV0VY | TZTvv2ISY | ¥¥H-ddSY @A SnIIA Seuowoisiy 9z
VIOVIOVLVIDVILLIDIVLIOV 1€-G€ 808 LINYLIZYOY | T'Zv2sedny NOT abeyd ougia Sed
999VIVVVYOLOVILODDVVVYVYY.L 0€-S¢ 068 TNNASA 1'9/9020vd v-Mmddd abeyd seuowopnasd ved
VYO LOV199VIVLLYOVVID 0€-S¢ 918 LSHNYBEVOY | T'¥626.CSY 865092d abeyd 1s1oeqiAIND €zd
VVLVOOVLIVIOVOLOD1IVVYLL 0€-S¢ 218 SOrL/1 T'€09SE0DV 2oydaHy abeyd wnigoziyy zzd
OVVYVIOVVL1DDD10D00VLLY 0€-S¢ 868 SMOLLT T'T¢SSEDDV TOUdaHY abeyd wnigoziyy T2d
V1VOVOVLI1VVOLOD1IVVIOVY €2-9T 808 | EXINTAPYOV [T TEITLHXV dTE0DALH ebeyd 1s1oeqibelad oz
V111DD11V1lL 59 979 6XXLY 1°,6896N9V ¥9dgzd Gp-€2d SNAIA Snusy L 6T
999V1V.IOVIVIODVVYOOVYL L€ 068 TrddIm T ¥6STZNAD 840 ebeyd 1soeqomd 8Ty
LYVYV1100990010V102211220VDD L€ 918 6AzALO T/12v¥Av0 ANMIYd abeyd seuowopnasd JRRY
DJ11VYVVDDOVOIVIL1OVILD L€ 108 | LNHABMZVOY | T'9€6TIANY DAjllod ebeyd seuowopnasd 9Ty
VOV.1099D1VIOVOLDDOVVVVYLL L€ ¥88 | LAHAGMZVOV |TLTLT9ANV | JebuiuusH ebeyd seuowopnasd ST
DD0VOVVYOLLYIIVIOVIDIOVLLD Lg 658 THNIZJOVOV | T'.8V¥6DMV T3d-3INI dbeyd enyeg v1d
111VVO109VOVILOVIOLD L€ 608 | 8MXASLOVOV | T'€089ZAHY £0013Q10Y 1810eq0IauIDY €Ty
OV1D1VIOVOVIOVOL Lg 828 rddden T'609EVMOV 8909r abeyd eusployiing [4%%]
D9VI9OVOI1DILOVYDILD G¢ 0€8 9dT19STVOV | T'¥8..210V T-Id-SY obeyd eluoisiey TTd
OVL1DD111V92191199901 0€ 298 | 2add9oveEvOV | T'9VLESNXV nodos abeyd seuowobulyds 0Td
OVVOVLLVIOVOLOVOOVVLIVVYL 0€ 006 | LMSOTSZVOV |T'.8726AMY ojer abeyd wnusloeqolad 64
VVOOVLOVIOVOLOVOOVVLILIVLL 0€ 0T6 | 8NSMZAZVOV | T'T/Z9€6SLV | Il dd NA ebeyd wnusioeqoled 8y
VOOVLIDL09DVIODDLLL 0€ 708 ¥/00GTIVOV | T'06t7661dV ¥Td obeyd wnigosoiwenby Ry
VVOOOLIVIOVOLOVOOVIVYL 0€ €88 | TOAWOCTVOY |TTz96TAdV v.dd abeyd wnuaoeqo}ad oy
OVL1VIOVOLVOLVVYVLLD 8¢ 9/8 OADISBEVOV | T'Z86T8AXY uoudlsAN~ eBeyd elexdlq 3y
VIVVOOVVIVIODI1DD1VIL 8z GT8 ZIZAEZZVOVY | T'G9SPPASY zoyd my abeyd wnuajoeqolby vy
VVOOVVOVLY1OVIDIVIIVVY LYY 8¢ G88 9X.lev T'86€€9NGY | €0TeIT abeyd eionolhwe eluimig ed
900VVOOVVO1OVII11DOVD 0z 112 | TMMA960VOV | T'€6998MOV | 2vdaD-S obeyd snooodoydsuis 2o
VVOVLLIOVVOLLIOLIVVYVY 9z-vT 8./ GYN8SO T'E6TVYXVY LdSS-d abeyd sndd020.0Jyd20id Td

(S10d9sy

alnyelal)

Jsl0Wold eﬂmw_%ﬁwk u%ﬂﬂ al uIgloid Joidiun c%%wmwwm awenN abeyd mmm%ﬁ

pajoIpald

195



https://www.uniprot.org/uniprot/Q58N45
https://www.uniprot.org/uniprot/A7XX94
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Supplementary Table 3.3 — The 88 RNAPs that have <75% overall identity with any
previously characterised RNAP and >30% DNA binding domain identity with T7
RNAP. Identity to T7 and DNA binding domain identity are calculated through amino
acid sequence alignment using Clustal Omega. The DNA binding domain is defined
as amino acids 740-769 of T7 RNAP.

RNAP Name 'dir_;tzf,}:)m don?a"::ig'::t'i:‘f % Uniprot ID
Dickeya phage Ninurta 70 47.33 AOA2S1GTB4
Dickeya phage vB_DsoP_JA10 70 46 AOA3842VU4
Enterobacteria phage K11 72 42.38 P18147
Erwinia phage pEp_SNUABM_09 73 47.33 AOA5J6DAB1
Erwinia phage vB_EamP-L1 69 45.03 GOoYQ47
Escherichia phage K30 74 457 F8R4Q2
Escherichia phage Pisces 62 32.68 AOA5BONC24
Klebsiella phage 2044-307w 73 45.03 A0A249Y210
Klebsiella phage IME304 74 45.7 AOA4Y5TVL6
Klebsiella phage K11 72 45.03 B3VCY2
Klebsiella phage K5 72 45.03 AOAOF7LBY1
Klebsiella phage K5-4 73 45.7 AOA219YHDG6
Klebsiella phage KN1-1 73 45.03 AOA3S5IBH2
Klebsiella phage KN3-1 73 45.03 AOA3QIWWY9
Klebsiella phage KN4-1 73 45.03 AOA3QOWSEG
Klebsiella phage KOX3 73 45.7 AOA5BINGKO
Klebsiella phage KOX5 73 45.7 AOA5BONDA1
Klebsiella phage KP32 72 45.7 D1L2T7
Klebsiella phage kpssk3 73 45.03 AOA3G8F354
Klebsiella phage Kund-ULIP47 73 45.7 AOA4P6DBN7
Klebsiella phage Kund-ULIP54 73 45.7 AO0A4P6PMAO
Klebsiella phage Pharr 73 45.03 AOA4D6DY13
Klebsiella phage SH-Kp 152410 73 44 .37 AOA2KOVGQ6
Klebsiella phage vB_Kp1 72 45.03 AOAOPOIV82
Klebsiella phage vB_KpnP_BIS33 73 43.71 AOA1VOEGBJ1
Klebsiella phage vB_KpnP_IME205 74 457 AOAOU3DFB5
Klebsiella phage vB_KpnP_IME321 73 45.7 AO0A344UBX8
Klebsiella phage vB_KpnP_IME335 73 45.03 AOA5J6CUKS8
Klebsiella phage vB_KpnP_KpV289 72 44.37 AOAOK2YWK9
Klebsiella phage vB_KpnP_KpV763 73 45.03 AOA1D8FOC6
Klebsiella phage vB_KpnP_KpV766 73 45.03 AOA1I9SFA1
Klebsiella phage vB_KpnP_KpV767 73 457 AOA119SF50
Klebsiella phage vB_KpnP_NahiliMali 70 47.33 AOA5BONQY1
Klebsiella phage vB_KpnP_PRA33 73 457 AOA1VOE6G83
Klebsiella phage vB_KpnP_Sibilus 70 46 AOA5BONKC7
Morganella phage MmP1 70 51.02 D1FNQS5
Morganella phage vB_MmoP_MP2 72 50.34 AOA192YBW9
Pectobacterium phage DU_PP_II 64 34.57 AOA2D2W5U8
Pseudomonas phage 22PfluR64PP 57 35.71 AOA3G6V715
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Pseudomonas phage 67PfluR64PP
Pseudomonas phage 71PfluR64PP
Pseudomonas phage Pf-10
Pseudomonas phage PFP1
Pseudomonas phage phi15
Pseudomonas phage Phi-S1
Pseudomonas phage PPPL-1
Pseudomonas phage PspYZUO08
Pseudomonas phage shl2
Ralstonia phage DU_RP_|
Ralstonia phage RSB1
Ralstonia phage RSB2 DNA
Ralstonia phage RsoP1EGY
Vibrio phage ICP3
Vibrio phage ICP3_2007_A
Vibrio phage ICP3 2008 A
Vibrio phage ICP3 2009 A
Vibrio phage ICP3_ 2009 B
Vibrio phage JSF11
Vibrio phage JSF18
Vibrio phage JSF20
Vibrio phage JSF24
Vibrio phage JSF25
Vibrio phage JSF30
Vibrio phage JSF31
Vibrio phage JSF32
Vibrio phage JSF34
Vibrio phage JSF35
Vibrio phage JSF36
Vibrio phage N4
Vibrio phage Rostov-1
Vibrio phage VP3
Vibriophage VP4
Yersinia phage fPS-10
Yersinia phage fPS16
Yersinia phage fPS-19
Yersinia phage fPS-21
Yersinia phage fPS-26
Yersinia phage fPS-50
Yersinia phage fPS-52
Yersinia phage fPS-53
Yersinia phage fPS-54-ocr
Yersinia phage fPS-59
Yersinia phage fPS-64
Yersinia phage fPS-7
Yersinia phage fPS-85
Yersinia phage fPS-86
Yersinia phage fPS-89

57
57
58
57
57
58
57
56
58
39
31
44
39
62
62
61
62
62
62
62
62
62
62
62
61
61
62
62
61
61
62
62
61
73
73
73
73
73
73
73
73
73
73
73
73
73
73
73
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35.71
35.71
38.31
36.36
40.91
38.31
38.71
34.64
39.35
30.94
30.94
30.94
30.22
48.32
48.32
48.32
48.32
47.65
48.32
48.32
48.32
48.32
48.32
48.32
46.98
46.98
48.32
47.65
47.65
48.32
48.32
48.32
48.32
51.33
51.33
51.33
51.33
51.33
51.33
51.33
51.33
51.33
51.33
51.33
51.33
51.33
51.33
51.33

AOA2S1PGTS
AOA2S1PDT9
AOAOAO0YSI2
A0A2Z4QIP2
FOV6X0
M4H3N8
AOA0S2MVL3
AOA2U7NJIN9
AOA160SY77
AOA2D2W578
AOAS5P8D3T3
AOAS5P8D447
AOA2R2ZGES5
F1D002
F1D0J5
F1DOE7
F1DOAO
F1D053
AO0A2D0Z112
AOA2DOYMX9
AOA2DOYL99
AO0A2D0Z841
AOA2DOXR33
AOA2DOYV87
AO0A2D0Z1P3
AO0A2D0Z2L0
AOA2DOYLK2
AOA2DOYKN7
A0A2D0Z259
D0Q187
AOA2P0ZKC2
HOYAF4
Q4TVY1
AOA2H1X8U9
AOA2H1X8Z7
AOA2DOPDM8
AOA2DOPE32
AO0A2DOPD60
AOA2DOPDY6
AOA2DOPDI2
AO0A2H1UJDO
AOA2H1UJEG
AOA2DOPES84
AOA2DOPEF0
AOA2DOPDD4
AOA2H1UKL9
AOA2DOPEP1
AOA2DOPDP8




Yersinia phage fPS-9 | 73 | 51.33 AOA2C9D120

8.2 Paper Il Supplementary Information

Supplementary Table 4.1 — DNA element sequences used in this study

e G FP ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCAC
AAGTTCAGCGTGTCTGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCA
AGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACAT
GAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCA
ACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAA
GGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGA
AGAACGGCATCAAGGCGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCA
GAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGAC
CCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGT
ACAAGTAA

Cyp ridina ATGAAGACCTTAATTCTTGCCGTTGCATTAGTCTACTGCGCCACTGTTCATTGCCAGGACTGTCCTTACGAACCTGATCCAC
CAAACACAGTTCCAACTTCCTGTGAAGCTAAAGAAGGAGAATGTATTGATAGCAGCTGTGGCACCTGCACGAGAGACATAC
L u Cife rase TATCAGATGGACTGTGTGAAAATAAACCAGGAAAAACATGTTGCCGAATGTGTCAGTATGTAATTGAATGCAGAGTAGAGGC
CGCAGGATGGTTTAGAACATTCTATGGAAAGAGATTCCAGTTCCAGGAACCTGGTACATACGTGTTGGGTCAAGGAACCAA
GGGCGGCGACTGGAAGGTGTCCATCACCCTGGAGAACCTGGATGGAACCAAGGGGGCTGTGCTGACCAAGACAAGACT
GGAAGTGGCTGGAGACATCATTGACATCGCTCAAGCTACTGAGAATCCCATCACTGTAAACGGTGGAGCTGACCCTATCAT
CGCCAACCCGTACACCATCGGCGAGGTCACCATCGCTGTTGTTGAGATGCCAGGCTTCAACATCACCGTCATTGAGTTCTT
CAAACTGATCGTGATCGACATCCTCGGAGGAAGATCTGTAAGAATCGCCCCAGACACAGCAAACAAAGGAATGATCTCTGG
CCTCTGTGGAGATCTTAAAATGATGGAAGATACAGACTTCACTTCAGATCCAGAACAACTCGCTATTCAGCCTAAGATCAACC
AGGAGTTTGACGGTTGTCCACTCTATGGAAATCCTGATGACGTTGCATACTGCAAAGGTCTTCTGGAGCCGTACAAGGACA
GCTGCCGCAACCCCATCAACTTCTACTACTACACCATCTCCTGCGCCTTCGCCCGCTGTATGGGTGGAGACGAGCGAGCC
TCACACGTGCTGCTTGACTACAGGGAGACGTGCGCTGCTCCCGAAACTAGAGGAACCTGCGTTTTGTCTGGACATACTTTC
TACGATACATTTGACAAAGCAAGATACCAATTCCAGGGTCCCTGCAAGGAGATTCTTATGGCCGCCGACTGTTTCTGGAACA
CTTGGGATGTGAAGGTTTCACACAGGAATGTTGACTCTTACACTGAAGTAGAGAAAGTACGAATCAGGAAACAATCGACTGT
AGTAGAACTCATTGTTGATGGAAAACAGATTCTGGTTGGAGGAGAAGCCGTGTCCGTCCCGTACAGCTCTCAGAACACTTC
CATCTACTGGCAAGATGGTGACATACTGACTACAGCCATCCTACCTGAAGCTCTGGTGGTCAAGTTCAACTTCAAGCAACTG
CTCGTCGTACATATTAGAGATCCATTCGATGGTAAGACTTGCGGTATTTGCGGTAACTACAACCAGGATTTCAGTGATGATTC
TTTTGATGCTGAAGGAGCCTGTGATCTGACCCCCAACCCACCGGGATGCACCGAAGAACAGAAACCTGAAGCTGAACGAC
TCTGCAATAGTCTCTTCGCCGGTCAAAGTGATCTTGATCAGAAATGTAACGTGTGCCACAAGCCTGACCGTGTCGAACGAT
GCATGTACGAGTATTGCCTGAGGGGACAACAGGGTTTCTGTGACCACGCATGGGAGTTCAAGAAAGAATGCTACATAAAGC
ATGGAGACACCCTAGAAGTACCAGATGAATGCAAATAG

S ars- ATGGTGTTCGTGTTTCTGGTGCTGCTGCCTCTGGTGTCCAGCCAGTGTGTGAACCTGACCACAAGAACCCAGCTGCCTCC
AGCCTACACCAACAGCTTTACCAGAGGCGTGTACTACCCCGACAAGGTGTTCAGATCCAGCGTGCTGCACTCTACCCAGG
n COV2 ACCTGTTCCTGCCTTTCTTCAGCAACGTGACCTGGTTCCACGCCATCCACGTGTCCGGCACCAATGGCACCAAGAGATTC
. GACAACCCCGTGCTGCCCTTCAACGACGGGGTGTACTTTGCCAGCACCGAGAAGTCCAACATCATCAGAGGCTGGATCTT
SpI ke CGGCACCACACTGGACAGCAAGACCCAGAGCCTGCTGATCGTGAACAACGCCACCAACGTGGTCATCAAAGTGTGCGAG
p rotein TTCCAGTTCTGCAACGACCCCTTCCTGGGCGTCTACTATCACAAGAACAACAAGAGCTGGATGGAAAGCGAGTTCCGGGT
GTACAGCAGCGCCAACAACTGCACCTTCGAGTACGTGTCCCAGCCTTTCCTGATGGACCTGGAAGGCAAGCAGGGCAACT

TCAAGAACCTGCGCGAGTTCGTGTTCAAGAACATCGACGGCTACTTCAAGATCTACAGCAAGCACACCCCTATCAACCTCG
TGCGGGATCTGCCTCAGGGCTTCTCTGCTCTGGAACCCCTGGTGGATCTGCCCATCGGCATCAACATCACCCGGTTTCAG
ACACTGCTGGCCCTGCACAGAAGCTACCTGACACCTGGCGATAGCAGCAGCGGATGGACAGCTGGTGCCGCCGCTTACTA
TGTGGGCTACCTGCAGCCTAGAACCTTTCTGCTGAAGTACAACGAGAACGGCACCATCACCGACGCCGTGGATTGTGCTC
TGGATCCTCTGAGCGAGACAAAGTGCACCCTGAAGTCCTTCACCGTGGAAAAGGGCATCTACCAGACCAGCAACTTCCGG
GTGCAGCCCACCGAATCCATCGTGCGGTTCCCCAATATCACCAATCTGTGCCCCTTCGGCGAGGTGTTCAATGCCACCAGA
TTCGCCTCTGTGTACGCCTGGAACCGGAAGCGGATCAGCAATTGCGTGGCCGACTACTCCGTGCTGTACAACTCCGCCAG
CTTCAGCACCTTCAAGTGCTACGGCGTGTCCCCTACCAAGCTGAACGACCTGTGCTTCACAAACGTGTACGCCGACAGCT
TCGTGATCCGGGGAGATGAAGTGCGGCAGATTGCCCCTGGACAGACAGGCAAGATCGCCGACTACAACTACAAGCTGCCC
GACGACTTCACCGGCTGTGTGATTGCCTGGAACAGCAACAACCTGGACTCCAAAGTCGGCGGCAACTACAATTACCTGTA
CCGGCTGTTCCGGAAGTCCAATCTGAAGCCCTTCGAGCGGGACATCTCCACCGAGATCTATCAGGCCGGCAGCACCCCTT
GTAACGGCGTGGAAGGCTTCAACTGCTACTTCCCACTGCAGTCCTACGGCTTTCAGCCCACAAATGGCGTGGGCTATCAG
CCCTACAGAGTGGTGGTGCTGAGCTTCGAACTGCTGCATGCCCCTGCCACAGTGTGCGGCCCTAAGAAAAGCACCAATCT
CGTGAAGAACAAATGCGTGAACTTCAACTTCAACGGCCTGACCGGCACCGGCGTGCTGACAGAGAGCAACAAGAAGTTCC
TGCCATTCCAGCAGTTTGGCCGGGATATCGCCGATACCACAGACGCCGTTAGAGATCCCCAGACACTGGAAATCCTGGACA
TCACCCCTTGCAGCTTCGGCGGAGTGTCTGTGATCACCCCTGGCACCAACACCAGCAATCAGGTGGCAGTGCTGTACCAG
GACGTGAACTGTACCGAAGTGCCCGTGGCCATTCACGCCGATCAGCTGACACCTACATGGCGGGTGTACTCCACCGGCAG
CAATGTGTTTCAGACCAGAGCCGGCTGTCTGATCGGAGCCGAGCACGTGAACAATAGCTACGAGTGCGACATCCCCATCG
GCGCTGGCATCTGTGCCAGCTACCAGACACAGACAAACAGCCCCGCCTCTGTGGCCAGCCAGAGCATCATTGCCTACACA
ATGTCTCTGGGCGCCGAGAACAGCGTGGCCTACTCCAACAACTCTATCGCTATCCCCACCAACTTCACCATCAGCGTGACC
ACAGAGATCCTGCCTGTGTCCATGACCAAGACCAGCGTGGACTGCACCATGTACATCTGCGGCGATTCCACCGAGTGCTC
CAACCTGCTGCTGCAGTACGGCAGCTTCTGCACCCAGCTGAATAGAGCCCTGACAGGGATCGCCGTGGAACAGGACAAG
AACACCCAAGAGGTGTTCGCCCAAGTGAAGCAGATCTACAAGACCCCTCCTATCAAGGACTTCGGCGGCTTCAATTTCAGC
CAGATTCTGCCCGATCCTAGCAAGCCCAGCAAGCGGAGCTTCATCGAGGACCTGCTGTTCAACAAAGTGACACTGGCCGA
CGCCGGCTTCATCAAGCAGTATGGCGATTGTCTGGGCGACATTGCCGCCAGGGATCTGATTTGCGCCCAGAAGTTTAACG
GACTGACAGTGCTGCCTCCTCTGCTGACCGATGAGATGATCGCCCAGTACACATCTGCCCTGCTGGCCGGCACAATCACA
AGCGGCTGGACATTTGGAGCTGGCGCCGCTCTGCAGATCCCCTTTGCTATGCAGATGGCCTACCGGTTCAACGGCATCGG
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AGTGACCCAGAATGTGCTGTACGAGAACCAGAAGCTGATCGCCAACCAGTTCAACAGCGCCATCGGCAAGATCCAGGACA
GCCTGAGCAGCACAGCAAGCGCCCTGGGAAAGCTGCAGGACGTGGTCAACCAGAATGCCCAGGCACTGAACACCCTGGT
CAAGCAGCTGTCCTCCAACTTCGGCGCCATCAGCTCTGTGCTGAACGATATCCTGAGCAGACTGGACCcctcctGAAGCCGAG
GTGCAGATCGACAGACTGATCACCGGAAGGCTGCAGTCCCTGCAGACCTACGTTACCCAGCAGCTGATCAGAGCCGCCG
AGATTAGAGCCTCTGCCAATCTGGCCGCCACCAAGATGTCTGAGTGTGTGCTGGGCCAGAGCAAGAGAGTGGACTTTTGC
GGCAAGGGCTACCACCTGATGAGCTTCCCTCAGTCTGCCCCTCACGGCGTGGTGTTTCTGCACGTGACATACGTGCCCGC
TCAAGAGAAGAATTTCACCACCGCTCCAGCCATCTGCCACGACGGCAAAGCCCACTTTCCTAGAGAAGGCGTGTTCGTGT
CCAACGGCACCCATTGGTTCGTGACCCAGCGGAACTTCTACGAGCCCCAGATCATCACCACCGACAACACCTTCGTGTCT
GGCAACTGCGACGTCGTGATCGGCATTGTGAACAATACCGTGTACGACCCTCTGCAGCCCGAGCTGGACAGCTTCAAAGA
GGAACTGGATAAGTACTTTAAGAACCACACAAGCCCCGACGTGGACCTGGGCGATATCAGCGGAATCAATGCCAGCGTCGT
GAACATCCAGAAAGAGATCGACCGGCTGAACGAGGTGGCCAAGAATCTGAACGAGAGCCTGATCGACCTGCAAGAACTG
GGGAAGTACGAGCAGTACATCAAGTGGCCCAGCGGCCGCTTGGTCCCACGTGGCTCACCCGGATCTGGATACATCCCGG
AGGCCCCTAGGGACGGTCAAGCTTACGTGAGAAAGGACGGCGAATGGGTTCTGCTGTCGACCTTCTTGGGACATCATCAT
CATCATCACCGAATTCAGTAA

CTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGG

AACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTACACTTTACAAAATGTTGTCCCCCAAAATG
TAGCCATTCGTATCTGCTCCTAATAAAAAGAAAGTTTCTTCAC

GCCCGGATAGCTCAGGCGGGAGAGCAGCGGCCGAGTAATTTACGTCGACGGTGACGTCGATGGTTGCGGCCGCGGGTC
CAGGGTTCAAGTCCCTGTTCGGGCGCCA

CTCCCGGGTGGTTGCGGATATCCGGGTCCAGGGTTCAAGTCCCTGTTCGGGCGCCA

GCCCGGATAGCTCAGACGGAAGAGCAGGATATCCGAGTAATTTACGCCCGGGAG

CCCCTCTCCCTCCCCCCCTAACGTTACTGGCCGAAGCCGCTTGGAATAAGGCCGGTGTGCGTTTGTCTATATGTTATTTTCC
ACCATATTGCCGTCTTTTGGCAATGTGAGGGCCCGGAAACCTGGCCCTGTCTTCTTGACGAGCATTCCTAGGGGTCTTTCC
CCTCTCGCCAAAGGAATGCAAGGTCTGTTGAATGTCGTGAAGGAAGCAGTTCCTCTGGAAGCTTCTTGAAGACAAACAAC
GTCTGTAGCGACCCTTTGCAGGCAGCGGAACCCCCCACCTGGCGACAGGTGCCTCTGCGGCCAAAAGCCACGTGTATAA
GATACACCTGCAAAGGCGGCACAACCCCAGTGCCACGTTGTGAGTTGGATAGTTGTGGAAAGAGTCAAATGGCTCTCCTC
AAGCGTATTCAACAAGGGGCTGAAGGATGCCCAGAAGGTACCCCATTGTATGGGATCTGATCTGGGGCCTCGGTGCACAT
GCTTTACATGTGTTTAGTCGAGGTTAAAAAACGTCTAGGCCCCCCGAACCACGGGGACGTGGTTTTCCTTTGAAAAACACG
ATGATAATATGGCCACAACC

GGGAGACCCTCGACCGTCGATTGTCCACTGGTCAACAATAGATGACTTACAACTAATCGGAAGGTGCAGAGACTCGACGG
GAGCTACCCTAACGTCAAGACGAGGGTAAAGAGAGAGTCCAATTCTCAAAGCCAATAGGCAGTAGCGAAAGCTGCAAGAG
AATGAAAATCCGTTGACCTTAAACGGTCGTGTGGGTTCAAGTCCCTCCACCCCCACGCCGGAAACGCAATAGCCGAAAAAC
AAAAAACAAAAAAACC

AAAAAACAAAAAACAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACGGCTATTATGCGTTACCGGCGAGACGCTACGGA
CTTAAATAATTGAGCCTTAAAGAAGAAATTCTTTAAGTGGATGCTCTCAAACTCAGGGAAACCTAAATCTAGTTATAGACAAGG
CAATCCTGAGCCAAGCCGAAGTAGTAATTAGTAAGACCAGTGGACAATCGACGGATAACAGCATATCTAG

CTGAGCAATAACCTAGCATAAACCCCTTGGGTTCCCTCTTTAGGAGTCTGAGGGGTTTTTTGCTGAAAGATCAAATAAAACG
AAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCT
CTAAACGGGTCTTGAGGGGTTTTTTG

Supplementary Table 4.2 — Plasmid Sequences used in this study

Control
GFP
Sequence

CTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGGCCGCCACCATGGTGAGCAAGGGCGAGGAGCTGTTCA
CCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCTGGCGAGGGCGAGG
GCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGT
GACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCA
TGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTT
CGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAG
CTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGCGAACTTCAAGATC
CGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTG
CTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCC
TGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAAACCAGCCTCAAGAACACCCG
AATGGAGTCTCTAAGCTACATAATACCAACTTACACTTTACAAAATGTTGTCCCCCAAAATGTAGCCATTCGTATCTGCTCCTA
ATAAAAAGAAAGTTTCTTCACCTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCT
GAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTG
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AAAGGAGGAACTATATCCGGATTGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTAC
GCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCG
CCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAA
AACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGT
TCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGC
CGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCTTACAATTTA
GGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAAT
TAATTCTTAGAAAAACTCATCGAGCATCAAATGAAACTGCAATTTATTCATATCAGGATTATCAATACCATATTTTTGAAAAAGC
CGTTTCTGTAATGAAGGAGAAAACTCACCGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGCGATTCCGACT
CGTCCAACATCAATACAACCTATTAATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTGACGACTGA
ATCCGGTGAGAATGGCAAAAGTTTATGCATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAAATCA
CTCGCATCAACCAAACCGTTATTCATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGATCGCTGTTAAAAGGACAATTAC
AAACAGGAATCGAATGCAACCGGCGCAGGAACACTGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATATTCTTCTAA
TACCTGGAATGCTGTTTTCCCGGGGATCGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTC
GGAAGAGGCATAAATTCCGTCAGCCAGTTTAGTCTGACCATCTCATCTGTAACATCATTGGCAACGCTACCTTTGCCATGTTT
CAGAAACAACTCTGGCGCATCGGGCTTCCCATACAATCGATAGATTGTCGCACCTGATTGCCCGACATTATCGCGAGCCCAT
TTATACCCATATAAATCAGCATCCATGTTGGAATTTAATCGCGGCCTAGAGCAAGACGTTTCCCGTTGAATATGGCTCATAACA
CCCCTTGTATTACTGTTTATGTAAGCAGACAGTTTTATTGTTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGC
GTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAA
CCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGC
GCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTC
GCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTA
CCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAA
CTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCG
GCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCG
CCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCT
TTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATT
ACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAA
GAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCAATGGTGCACTCTCAGTACAATCTGCTC
TGATGCCGCATAGTTAAGCCAGTATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAACA
CCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCA
TGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGAAGCGAT
TCACAGATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCGG
GCCATGTTAAGGGCGGTTTTTTCCTGTTTGGTCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATAC
CGATGAAACGAGAGAGGATGCTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGAGGGTAAAC
AACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTG
TTCCACAGGGTAGCCAGCAGCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGA
CTTTACGAAACACGGAAACCGAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCGCTTCACGTT
CGCTCGCGTATCGGTGATTCATTCTGCTAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCAC
GATCATGCGCACCCGTGGGGCCGCCATGCCGGCGATAATGGCCTGCTTCTCGCCGAAACGTTTGGTGGCGGGACCAGTG
ACGAAGGCTTGAGCGAGGGCGTGCAAGATTCCGAATACCGCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCGAAAGC
GGTCCTCGCCGAAAATGACCCAGAGCGCTGCCGGCACCTGTCCTACGAGTTGCATGATAAAGAAGACAGTCATAAGTGCG
GCGACGATAGTCATGCCCCGCGCCCACCGGAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCCCG
GTGCCTAATGAGTGAGCTAACTTACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGC
TGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTTTCACCAGTGA
GACGGGCAACAGCTGATTGCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGC
AGGCGAAAATCCTGTTTGATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCCACTACCGAGA
TATCCGCACCAACGCGCAGCCCGGACTCGGTAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAGCATC
GCAGTGGGAACGATGCCCTCATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCGTTCC
GCTATCGGCTGAATTTGATTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAACTTAATGGG
CCCGCTAACAGCGCGATTTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCGTACCGTCTTCATGGGAGAA
AATAATACTGTTGATGGGTGTCTGGTCAGAGACATCAAGAAATAACGCCGGAACATTAGTGCAGGCAGCTTCCACAGCAATG
GCATCCTGGTCATCCAGCGGATAGTTAATGATCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAG
GCTTCGACGCCGCTTCGTTCTACCATCGACACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGCCGCGAC
AATTTGCGACGGCGCGTGCAGGGCCAGACTGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGT
GCCACGCGGTTGGGAATGTAATTCAGCTCCGCCATCGCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGC
CTGGTTCACCACGCGGGAAACGGTCTGATAAGAGACACCGGCATACTCTGCGACATCGTATAACGTTACTGGTTTCACATTC
ACCACCCTGAATTGACTCTCTTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTTGCGCCATTCGATGGTGTCCGGGATC
TCGACGCTCTCCCTTATGCGACTCCTGCATTAGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAA
GGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACAAGC
GCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTG
GCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACTCACTATAG
GGGAATTGTGAGCGGATAACAATTCCCCTCTAGGATCC

GGGAGACCCTCGACCGTCGATTGTCCACTGGTCAACAATAGATGACTTACAACTAATCGGAAGGTGCAGAGACTCGACGG
GAGCTACCCTAACGTCAAGACGAGGGTAAAGAGAGAGTCCAATTCTCAAAGCCAATAGGCAGTAGCGAAAGCTGCAAGAG
AATGAAAATCCGTTGACCTTAAACGGTCGTGTGGGTTCAAGTCCCTCCACCCCCACGCCGGAAACGCAATAGCCGAAAAAC
AAAAAACAAAAAAACCCCCCTCTCCCTCCCCCCCTAACGTTACTGGCCGAAGCCGCTTGGAATAAGGCCGGTGTGCGTTT
GTCTATATGTTATTTTCCACCATATTGCCGTCTTTTGGCAATGTGAGGGCCCGGAAACCTGGCCCTGTCTTCTTGACGAGCA
TTCCTAGGGGTCTTTCCCCTCTCGCCAAAGGAATGCAAGGTCTGTTGAATGTCGTGAAGGAAGCAGTTCCTCTGGAAGCTT
CTTGAAGACAAACAACGTCTGTAGCGACCCTTTGCAGGCAGCGGAACCCCCCACCTGGCGACAGGTGCCTCTGCGGCCA
AAAGCCACGTGTATAAGATACACCTGCAAAGGCGGCACAACCCCAGTGCCACGTTGTGAGTTGGATAGTTGTGGAAAGAGT
CAAATGGCTCTCCTCAAGCGTATTCAACAAGGGGCTGAAGGATGCCCAGAAGGTACCCCATTGTATGGGATCTGATCTGGG
GCCTCGGTGCACATGCTTTACATGTGTTTAGTCGAGGTTAAAAAACGTCTAGGCCCCCCGAACCACGGGGACGTGGTTTTC
CTTTGAAAAACACGATGATAATATGGCCACAACCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCC
TGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCTGGCGAGGGCGAGGGCGATGCCACCTACGGCA
AGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGG
CGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCC
AGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGT
GAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACA
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GCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGCGAACTTCAAGATCCGCCACAACATCGAGGAC
GGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCAC
TACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCG
CCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAAAAAAACAAAAAACAAAACGGCTATTATGCGTTACCGGCG
AGACGCTACGGACTTAAATAATTGAGCCTTAAAGAAGAAATTCTTTAAGTGGATGCTCTCAAACTCAGGGAAACCTAAATCTA
GTTATAGACAAGGCAATCCTGAGCCAAGCCGAAGTAGTAATTAGTAAGACCAGTGGACAATCGACGGATAACAGCATATCTA
GCTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACC
GCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCC
GGATTGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTAC
ACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAG
CTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGG
TTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTG
TTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTA
AAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCTTACAATTTAGGTGGCACTTTTCGGGGAA
ATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAATTAATTCTTAGAAAAACTCATC
GAGCATCAAATGAAACTGCAATTTATTCATATCAGGATTATCAATACCATATTTTTGAAAAAGCCGTTTCTGTAATGAAGGAGAA
AACTCACCGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGCGATTCCGACTCGTCCAACATCAATACAACCTA
TTAATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTGACGACTGAATCCGGTGAGAATGGCAAAAG
TTTATGCATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAAATCACTCGCATCAACCAAACCGTTAT
TCATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGATCGCTGTTAAAAGGACAATTACAAACAGGAATCGAATGCAACC
GGCGCAGGAACACTGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATATTCTTCTAATACCTGGAATGCTGTTTTCCCG
GGGATCGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTCGGAAGAGGCATAAATTCCGTC
AGCCAGTTTAGTCTGACCATCTCATCTGTAACATCATTGGCAACGCTACCTTTGCCATGTTTCAGAAACAACTCTGGCGCAT
CGGGCTTCCCATACAATCGATAGATTGTCGCACCTGATTGCCCGACATTATCGCGAGCCCATTTATACCCATATAAATCAGCA
TCCATGTTGGAATTTAATCGCGGCCTAGAGCAAGACGTTTCCCGTTGAATATGGCTCATAACACCCCTTGTATTACTGTTTAT
GTAAGCAGACAGTTTTATTGTTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAA
GATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTG
GTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCC
TTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACC
AGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGT
CGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGA
GCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGA
GCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTC
GATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTT
TGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGA
TACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTT
CTCCTTACGCATCTGTGCGGTATTTCACACCGCAATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCA
GTATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACG
GGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGT
CATCACCGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGAAGCGATTCACAGATGTCTGCCTGTTCA
TCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTT
TCCTGTTTGGTCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAGGATG
CTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGG
CGGGACCAGAGAAAAATCACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCA
GCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGACTTTACGAAACACGGAAAC
CGAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATT
CATTCTGCTAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGCGCACCCGTGG
GGCCGCCATGCCGGCGATAATGGCCTGCTTCTCGCCGAAACGTTTGGTGGCGGGACCAGTGACGAAGGCTTGAGCGAGG
GCGTGCAAGATTCCGAATACCGCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCGAAAGCGGTCCTCGCCGAAAATGAC
CCAGAGCGCTGCCGGCACCTGTCCTACGAGTTGCATGATAAAGAAGACAGTCATAAGTGCGGCGACGATAGTCATGCCCC
GCGCCCACCGGAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTAATGAGTGAGCTA
ACTTACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCA
ACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCAACAGCTGATT
GCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGCGAAAATCCTGTTTG
ATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCCACTACCGAGATATCCGCACCAACGCGCA
GCCCGGACTCGGTAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGGAACGATGCC
CTCATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCGTTCCGCTATCGGCTGAATTTGA
TTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTAACAGCGCGAT
TTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCGTACCGTCTTCATGGGAGAAAATAATACTGTTGATGGG
TGTCTGGTCAGAGACATCAAGAAATAACGCCGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAG
CGGATAGTTAATGATCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGACGCCGCTTC
GTTCTACCATCGACACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGCCGCGACAATTTGCGACGGCGCG
TGCAGGGCCAGACTGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAA
TGTAATTCAGCTCCGCCATCGCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACCACGCGG
GAAACGGTCTGATAAGAGACACCGGCATACTCTGCGACATCGTATAACGTTACTGGTTTCACATTCACCACCCTGAATTGAC
TCTCTTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTTGCGCCATTCGATGGTGTCCGGGATCTCGACGCTCTCCCTTA
TGCGACTCCTGCATTAGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAA
GGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACAAGCGCTCATGAGCCCGAA
GTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCG
GCCACGATGCGTCCGGCGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGG
ATAACAATTCCCCTCTAGGATCC

CTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCG
CTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCG
GATTGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACA
CTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCT
CTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTT
CACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTT
CCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAA
AAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCTTACAATTTAGGTGGCACTTTTCGGGGAAAT
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GTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAATTAATTCTTAGAAAAACTCATCG
AGCATCAAATGAAACTGCAATTTATTCATATCAGGATTATCAATACCATATTTTTGAAAAAGCCGTTTCTGTAATGAAGGAGAAA
ACTCACCGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGCGATTCCGACTCGTCCAACATCAATACAACCTAT
TAATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTGACGACTGAATCCGGTGAGAATGGCAAAAGT
TTATGCATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAAATCACTCGCATCAACCAAACCGTTATT
CATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGATCGCTGTTAAAAGGACAATTACAAACAGGAATCGAATGCAACCG
GCGCAGGAACACTGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATATTCTTCTAATACCTGGAATGCTGTTTTCCCGG
GGATCGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTCGGAAGAGGCATAAATTCCGTCA
GCCAGTTTAGTCTGACCATCTCATCTGTAACATCATTGGCAACGCTACCTTTGCCATGTTTCAGAAACAACTCTGGCGCATC
GGGCTTCCCATACAATCGATAGATTGTCGCACCTGATTGCCCGACATTATCGCGAGCCCATTTATACCCATATAAATCAGCAT
CCATGTTGGAATTTAATCGCGGCCTAGAGCAAGACGTTTCCCGTTGAATATGGCTCATAACACCCCTTGTATTACTGTTTATG
TAAGCAGACAGTTTTATTGTTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAG
ATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGG
TTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCT
TCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCA
GTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTC
GGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAG
CTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAG
CGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCG
ATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTT
GCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGAT
ACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTT
CTCCTTACGCATCTGTGCGGTATTTCACACCGCAATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCA
GTATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACG
GGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGT
CATCACCGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGAAGCGATTCACAGATGTCTGCCTGTTCA
TCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTT
TCCTGTTTGGTCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAGGATG
CTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGG
CGGGACCAGAGAAAAATCACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCA
GCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGACTTTACGAAACACGGAAAC
CGAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATT
CATTCTGCTAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGCGCACCCGTGG
GGCCGCCATGCCGGCGATAATGGCCTGCTTCTCGCCGAAACGTTTGGTGGCGGGACCAGTGACGAAGGCTTGAGCGAGG
GCGTGCAAGATTCCGAATACCGCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCGAAAGCGGTCCTCGCCGAAAATGAC
CCAGAGCGCTGCCGGCACCTGTCCTACGAGTTGCATGATAAAGAAGACAGTCATAAGTGCGGCGACGATAGTCATGCCCC
GCGCCCACCGGAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTAATGAGTGAGCTA
ACTTACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCA
ACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCAACAGCTGATT
GCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGCGAAAATCCTGTTTG
ATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCCACTACCGAGATATCCGCACCAACGCGCA
GCCCGGACTCGGTAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGGAACGATGCC
CTCATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCGTTCCGCTATCGGCTGAATTTGA
TTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTAACAGCGCGAT
TTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCGTACCGTCTTCATGGGAGAAAATAATACTGTTGATGGG
TGTCTGGTCAGAGACATCAAGAAATAACGCCGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAG
CGGATAGTTAATGATCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGACGCCGCTTC
GTTCTACCATCGACACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGCCGCGACAATTTGCGACGGCGCG
TGCAGGGCCAGACTGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAA
TGTAATTCAGCTCCGCCATCGCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACCACGCGG
GAAACGGTCTGATAAGAGACACCGGCATACTCTGCGACATCGTATAACGTTACTGGTTTCACATTCACCACCCTGAATTGAC
TCTCTTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTTGCGCCATTCGATGGTGTCCGGGATCTCGACGCTCTCCCTTA
TGCGACTCCTGCATTAGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAA
GGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACAAGCGCTCATGAGCCCGAA
GTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCG
GCCACGATGCGTCCGGCGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGG
ATAACAATTCCCCTCTAGGATCCGGGAGACCCTCGACCGTCGATTGTCCACTGGTCAACAATAGATGACTTACAACTAATCG
GAAGGTGCAGAGACTCGACGGGAGCTACCCTAACGTCAAGACGAGGGTAAAGAGAGAGTCCAATTCTCAAAGCCAATAGG
CAGTAGCGAAAGCTGCAAGAGAATGAAAATCCGTTGACCTTAAACGGTCGTGTGGGTTCAAGTCCCTCCACCCCCACGCC
GGAAACGCAATAGCCGAAAAACAAAAAACAAAAAAACCCCCCTCTCCCTCCCCCCCTAACGTTACTGGCCGAAGCCGCTTG
GAATAAGGCCGGTGTGCGTTTGTCTATATGTTATTTTCCACCATATTGCCGTCTTTTGGCAATGTGAGGGCCCGGAAACCTG
GCCCTGTCTTCTTGACGAGCATTCCTAGGGGTCTTTCCCCTCTCGCCAAAGGAATGCAAGGTCTGTTGAATGTCGTGAAGG
AAGCAGTTCCTCTGGAAGCTTCTTGAAGACAAACAACGTCTGTAGCGACCCTTTGCAGGCAGCGGAACCCCCCACCTGGC
GACAGGTGCCTCTGCGGCCAAAAGCCACGTGTATAAGATACACCTGCAAAGGCGGCACAACCCCAGTGCCACGTTGTGAG
TTGGATAGTTGTGGAAAGAGTCAAATGGCTCTCCTCAAGCGTATTCAACAAGGGGCTGAAGGATGCCCAGAAGGTACCCCA
TTGTATGGGATCTGATCTGGGGCCTCGGTGCACATGCTTTACATGTGTTTAGTCGAGGTTAAAAAACGTCTAGGCCCCCCGA
ACCACGGGGACGTGGTTTTCCTTTGAAAAACACGATGATAATATGGCCACAACCATGAAGACCTTAATTCTTGCCGTTGCAT
TAGTCTACTGCGCCACTGTTCATTGCCAGGACTGTCCTTACGAACCTGATCCACCAAACACAGTTCCAACTTCCTGTGAAG
CTAAAGAAGGAGAATGTATTGATAGCAGCTGTGGCACCTGCACGAGAGACATACTATCAGATGGACTGTGTGAAAATAAACC
AGGAAAAACATGTTGCCGAATGTGTCAGTATGTAATTGAATGCAGAGTAGAGGCCGCAGGATGGTTTAGAACATTCTATGGA
AAGAGATTCCAGTTCCAGGAACCTGGTACATACGTGTTGGGTCAAGGAACCAAGGGCGGCGACTGGAAGGTGTCCATCAC
CCTGGAGAACCTGGATGGAACCAAGGGGGCTGTGCTGACCAAGACAAGACTGGAAGTGGCTGGAGACATCATTGACATC
GCTCAAGCTACTGAGAATCCCATCACTGTAAACGGTGGAGCTGACCCTATCATCGCCAACCCGTACACCATCGGCGAGGTC
ACCATCGCTGTTGTTGAGATGCCAGGCTTCAACATCACCGTCATTGAGTTCTTCAAACTGATCGTGATCGACATCCTCGGAG
GAAGATCTGTAAGAATCGCCCCAGACACAGCAAACAAAGGAATGATCTCTGGCCTCTGTGGAGATCTTAAAATGATGGAAG
ATACAGACTTCACTTCAGATCCAGAACAACTCGCTATTCAGCCTAAGATCAACCAGGAGTTTGACGGTTGTCCACTCTATGG
AAATCCTGATGACGTTGCATACTGCAAAGGTCTTCTGGAGCCGTACAAGGACAGCTGCCGCAACCCCATCAACTTCTACTA
CTACACCATCTCCTGCGCCTTCGCCCGCTGTATGGGTGGAGACGAGCGAGCCTCACACGTGCTGCTTGACTACAGGGAGA
CGTGCGCTGCTCCCGAAACTAGAGGAACCTGCGTTTTGTCTGGACATACTTTCTACGATACATTTGACAAAGCAAGATACCA
ATTCCAGGGTCCCTGCAAGGAGATTCTTATGGCCGCCGACTGTTTCTGGAACACTTGGGATGTGAAGGTTTCACACAGGAA
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Spike

TGTTGACTCTTACACTGAAGTAGAGAAAGTACGAATCAGGAAACAATCGACTGTAGTAGAACTCATTGTTGATGGAAAACAG

ATTCTGGTTGGAGGAGAAGCCGTGTCCGTCCCGTACAGCTCTCAGAACACTTCCATCTACTGGCAAGATGGTGACATACTG
ACTACAGCCATCCTACCTGAAGCTCTGGTGGTCAAGTTCAACTTCAAGCAACTGCTCGTCGTACATATTAGAGATCCATTCG

ATGGTAAGACTTGCGGTATTTGCGGTAACTACAACCAGGATTTCAGTGATGATTCTTTTGATGCTGAAGGAGCCTGTGATCT

GACCCCCAACCCACCGGGATGCACCGAAGAACAGAAACCTGAAGCTGAACGACTCTGCAATAGTCTCTTCGCCGGTCAAA
GTGATCTTGATCAGAAATGTAACGTGTGCCACAAGCCTGACCGTGTCGAACGATGCATGTACGAGTATTGCCTGAGGGGAC
AACAGGGTTTCTGTGACCACGCATGGGAGTTCAAGAAAGAATGCTACATAAAGCATGGAGACACCCTAGAAGTACCAGATG
AATGCAAATAGAAAAAACAAAAAACAAAACAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAGGCTATTATGCGTTACCGGCGAG
ACGCTACGGACTTAAATAATTGAGCCTTAAAGAAGAAATTCTTTAAGTGGATGCTCTCAAACTCAGGGAAACCTAAATCTAGT
TATAGACAAGGCAATCCTGAGCCAAGCCGAAGTAGTAATTAGTAAGACCAGTGGACAATCGACGGATAACAGCATATCTAG

CTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCG
CTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCG
GATTGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACA
CTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCT
CTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTT
CACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTT
CCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAA
AAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCTTACAATTTAGGTGGCACTTTTCGGGGAAAT
GTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAATTAATTCTTAGAAAAACTCATCG
AGCATCAAATGAAACTGCAATTTATTCATATCAGGATTATCAATACCATATTTTTGAAAAAGCCGTTTCTGTAATGAAGGAGAAA
ACTCACCGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGCGATTCCGACTCGTCCAACATCAATACAACCTAT
TAATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTGACGACTGAATCCGGTGAGAATGGCAAAAGT
TTATGCATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAAATCACTCGCATCAACCAAACCGTTATT
CATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGATCGCTGTTAAAAGGACAATTACAAACAGGAATCGAATGCAACCG
GCGCAGGAACACTGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATATTCTTCTAATACCTGGAATGCTGTTTTCCCGG
GGATCGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTCGGAAGAGGCATAAATTCCGTCA
GCCAGTTTAGTCTGACCATCTCATCTGTAACATCATTGGCAACGCTACCTTTGCCATGTTTCAGAAACAACTCTGGCGCATC
GGGCTTCCCATACAATCGATAGATTGTCGCACCTGATTGCCCGACATTATCGCGAGCCCATTTATACCCATATAAATCAGCAT
CCATGTTGGAATTTAATCGCGGCCTAGAGCAAGACGTTTCCCGTTGAATATGGCTCATAACACCCCTTGTATTACTGTTTATG
TAAGCAGACAGTTTTATTGTTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAG
ATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGG
TTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCT
TCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCA
GTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTC
GGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAG
CTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAG
CGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCG
ATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTT
GCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGAT
ACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTT
CTCCTTACGCATCTGTGCGGTATTTCACACCGCAATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCA
GTATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACG
GGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGT
CATCACCGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGAAGCGATTCACAGATGTCTGCCTGTTCA
TCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTT
TCCTGTTTGGTCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAGGATG
CTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGG
CGGGACCAGAGAAAAATCACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCA
GCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGACTTTACGAAACACGGAAAC
CGAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATT
CATTCTGCTAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGCGCACCCGTGG
GGCCGCCATGCCGGCGATAATGGCCTGCTTCTCGCCGAAACGTTTGGTGGCGGGACCAGTGACGAAGGCTTGAGCGAGG
GCGTGCAAGATTCCGAATACCGCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCGAAAGCGGTCCTCGCCGAAAATGAC
CCAGAGCGCTGCCGGCACCTGTCCTACGAGTTGCATGATAAAGAAGACAGTCATAAGTGCGGCGACGATAGTCATGCCCC
GCGCCCACCGGAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTAATGAGTGAGCTA
ACTTACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCA
ACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCAACAGCTGATT
GCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGCGAAAATCCTGTTTG
ATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCCACTACCGAGATATCCGCACCAACGCGCA
GCCCGGACTCGGTAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGGAACGATGCC
CTCATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCGTTCCGCTATCGGCTGAATTTGA
TTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTAACAGCGCGAT
TTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCGTACCGTCTTCATGGGAGAAAATAATACTGTTGATGGG
TGTCTGGTCAGAGACATCAAGAAATAACGCCGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAG
CGGATAGTTAATGATCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGACGCCGCTTC
GTTCTACCATCGACACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGCCGCGACAATTTGCGACGGCGCG
TGCAGGGCCAGACTGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAA
TGTAATTCAGCTCCGCCATCGCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACCACGCGG
GAAACGGTCTGATAAGAGACACCGGCATACTCTGCGACATCGTATAACGTTACTGGTTTCACATTCACCACCCTGAATTGAC
TCTCTTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTTGCGCCATTCGATGGTGTCCGGGATCTCGACGCTCTCCCTTA
TGCGACTCCTGCATTAGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAA
GGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACAAGCGCTCATGAGCCCGAA
GTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCG
GCCACGATGCGTCCGGCGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGG
ATAACAATTCCCCTCTAGGATCCGGGAGACCCTCGACCGTCGATTGTCCACTGGTCAACAATAGATGACTTACAACTAATCG
GAAGGTGCAGAGACTCGACGGGAGCTACCCTAACGTCAAGACGAGGGTAAAGAGAGAGTCCAATTCTCAAAGCCAATAGG
CAGTAGCGAAAGCTGCAAGAGAATGAAAATCCGTTGACCTTAAACGGTCGTGTGGGTTCAAGTCCCTCCACCCCCACGCC
GGAAACGCAATAGCCGAAAAACAAAAAACAAAAAAACCCCCCTCTCCCTCCCCCCCTAACGTTACTGGCCGAAGCCGCTTG
GAATAAGGCCGGTGTGCGTTTGTCTATATGTTATTTTCCACCATATTGCCGTCTTTTGGCAATGTGAGGGCCCGGAAACCTG
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GCCCTGTCTTCTTGACGAGCATTCCTAGGGGTCTTTCCCCTCTCGCCAAAGGAATGCAAGGTCTGTTGAATGTCGTGAAGG
AAGCAGTTCCTCTGGAAGCTTCTTGAAGACAAACAACGTCTGTAGCGACCCTTTGCAGGCAGCGGAACCCCCCACCTGGC
GACAGGTGCCTCTGCGGCCAAAAGCCACGTGTATAAGATACACCTGCAAAGGCGGCACAACCCCAGTGCCACGTTGTGAG
TTGGATAGTTGTGGAAAGAGTCAAATGGCTCTCCTCAAGCGTATTCAACAAGGGGCTGAAGGATGCCCAGAAGGTACCCCA
TTGTATGGGATCTGATCTGGGGCCTCGGTGCACATGCTTTACATGTGTTTAGTCGAGGTTAAAAAACGTCTAGGCCCCCCGA
ACCACGGGGACGTGGTTTTCCTTTGAAAAACACGATGATAATATGGCCACAACCATGGTGTTCGTGTTTCTGGTGCTGCTG
CCTCTGGTGTCCAGCCAGTGTGTGAACCTGACCACAAGAACCCAGCTGCCTCCAGCCTACACCAACAGCTTTACCAGAGG
CGTGTACTACCCCGACAAGGTGTTCAGATCCAGCGTGCTGCACTCTACCCAGGACCTGTTCCTGCCTTTCTTCAGCAACGT
GACCTGGTTCCACGCCATCCACGTGTCCGGCACCAATGGCACCAAGAGATTCGACAACCCCGTGCTGCCCTTCAACGACG
GGGTGTACTTTGCCAGCACCGAGAAGTCCAACATCATCAGAGGCTGGATCTTCGGCACCACACTGGACAGCAAGACCCAG
AGCCTGCTGATCGTGAACAACGCCACCAACGTGGTCATCAAAGTGTGCGAGTTCCAGTTCTGCAACGACCCCTTCCTGGG
CGTCTACTATCACAAGAACAACAAGAGCTGGATGGAAAGCGAGTTCCGGGTGTACAGCAGCGCCAACAACTGCACCTTCG
AGTACGTGTCCCAGCCTTTCCTGATGGACCTGGAAGGCAAGCAGGGCAACTTCAAGAACCTGCGCGAGTTCGTGTTCAAG
AACATCGACGGCTACTTCAAGATCTACAGCAAGCACACCCCTATCAACCTCGTGCGGGATCTGCCTCAGGGCTTCTCTGCT
CTGGAACCCCTGGTGGATCTGCCCATCGGCATCAACATCACCCGGTTTCAGACACTGCTGGCCCTGCACAGAAGCTACCT
GACACCTGGCGATAGCAGCAGCGGATGGACAGCTGGTGCCGCCGCTTACTATGTGGGCTACCTGCAGCCTAGAACCTTTC
TGCTGAAGTACAACGAGAACGGCACCATCACCGACGCCGTGGATTGTGCTCTGGATCCTCTGAGCGAGACAAAGTGCACC
CTGAAGTCCTTCACCGTGGAAAAGGGCATCTACCAGACCAGCAACTTCCGGGTGCAGCCCACCGAATCCATCGTGCGGTT
CCCCAATATCACCAATCTGTGCCCCTTCGGCGAGGTGTTCAATGCCACCAGATTCGCCTCTGTGTACGCCTGGAACCGGAA
GCGGATCAGCAATTGCGTGGCCGACTACTCCGTGCTGTACAACTCCGCCAGCTTCAGCACCTTCAAGTGCTACGGCGTGT
CCCCTACCAAGCTGAACGACCTGTGCTTCACAAACGTGTACGCCGACAGCTTCGTGATCCGGGGAGATGAAGTGCGGCAG
ATTGCCCCTGGACAGACAGGCAAGATCGCCGACTACAACTACAAGCTGCCCGACGACTTCACCGGCTGTGTGATTGCCTG
GAACAGCAACAACCTGGACTCCAAAGTCGGCGGCAACTACAATTACCTGTACCGGCTGTTCCGGAAGTCCAATCTGAAGC
CCTTCGAGCGGGACATCTCCACCGAGATCTATCAGGCCGGCAGCACCCCTTGTAACGGCGTGGAAGGCTTCAACTGCTAC
TTCCCACTGCAGTCCTACGGCTTTCAGCCCACAAATGGCGTGGGCTATCAGCCCTACAGAGTGGTGGTGCTGAGCTTCGA
ACTGCTGCATGCCCCTGCCACAGTGTGCGGCCCTAAGAAAAGCACCAATCTCGTGAAGAACAAATGCGTGAACTTCAACTT
CAACGGCCTGACCGGCACCGGCGTGCTGACAGAGAGCAACAAGAAGTTCCTGCCATTCCAGCAGTTTGGCCGGGATATC
GCCGATACCACAGACGCCGTTAGAGATCCCCAGACACTGGAAATCCTGGACATCACCCCTTGCAGCTTCGGCGGAGTGTC
TGTGATCACCCCTGGCACCAACACCAGCAATCAGGTGGCAGTGCTGTACCAGGACGTGAACTGTACCGAAGTGCCCGTGG
CCATTCACGCCGATCAGCTGACACCTACATGGCGGGTGTACTCCACCGGCAGCAATGTGTTTCAGACCAGAGCCGGCTGT
CTGATCGGAGCCGAGCACGTGAACAATAGCTACGAGTGCGACATCCCCATCGGCGCTGGCATCTGTGCCAGCTACCAGAC
ACAGACAAACAGCCCCGCCTCTGTGGCCAGCCAGAGCATCATTGCCTACACAATGTCTCTGGGCGCCGAGAACAGCGTG
GCCTACTCCAACAACTCTATCGCTATCCCCACCAACTTCACCATCAGCGTGACCACAGAGATCCTGCCTGTGTCCATGACC
AAGACCAGCGTGGACTGCACCATGTACATCTGCGGCGATTCCACCGAGTGCTCCAACCTGCTGCTGCAGTACGGCAGCTT
CTGCACCCAGCTGAATAGAGCCCTGACAGGGATCGCCGTGGAACAGGACAAGAACACCCAAGAGGTGTTCGCCCAAGTG
AAGCAGATCTACAAGACCCCTCCTATCAAGGACTTCGGCGGCTTCAATTTCAGCCAGATTCTGCCCGATCCTAGCAAGCCC
AGCAAGCGGAGCTTCATCGAGGACCTGCTGTTCAACAAAGTGACACTGGCCGACGCCGGCTTCATCAAGCAGTATGGCGA
TTGTCTGGGCGACATTGCCGCCAGGGATCTGATTTGCGCCCAGAAGTTTAACGGACTGACAGTGCTGCCTCCTCTGCTGA
CCGATGAGATGATCGCCCAGTACACATCTGCCCTGCTGGCCGGCACAATCACAAGCGGCTGGACATTTGGAGCTGGCGCC
GCTCTGCAGATCCCCTTTGCTATGCAGATGGCCTACCGGTTCAACGGCATCGGAGTGACCCAGAATGTGCTGTACGAGAAC
CAGAAGCTGATCGCCAACCAGTTCAACAGCGCCATCGGCAAGATCCAGGACAGCCTGAGCAGCACAGCAAGCGCCCTGG
GAAAGCTGCAGGACGTGGTCAACCAGAATGCCCAGGCACTGAACACCCTGGTCAAGCAGCTGTCCTCCAACTTCGGCGC
CATCAGCTCTGTGCTGAACGATATCCTGAGCAGACTGGACCcctcct GAAGCCGAGGTGCAGATCGACAGACTGATCACCGGA
AGGCTGCAGTCCCTGCAGACCTACGTTACCCAGCAGCTGATCAGAGCCGCCGAGATTAGAGCCTCTGCCAATCTGGCCGC
CACCAAGATGTCTGAGTGTGTGCTGGGCCAGAGCAAGAGAGTGGACTTTTGCGGCAAGGGCTACCACCTGATGAGCTTCC
CTCAGTCTGCCCCTCACGGCGTGGTGTTTCTGCACGTGACATACGTGCCCGCTCAAGAGAAGAATTTCACCACCGCTCCA
GCCATCTGCCACGACGGCAAAGCCCACTTTCCTAGAGAAGGCGTGTTCGTGTCCAACGGCACCCATTGGTTCGTGACCCA
GCGGAACTTCTACGAGCCCCAGATCATCACCACCGACAACACCTTCGTGTCTGGCAACTGCGACGTCGTGATCGGCATTG
TGAACAATACCGTGTACGACCCTCTGCAGCCCGAGCTGGACAGCTTCAAAGAGGAACTGGATAAGTACTTTAAGAACCACA
CAAGCCCCGACGTGGACCTGGGCGATATCAGCGGAATCAATGCCAGCGTCGTGAACATCCAGAAAGAGATCGACCGGCTG
AACGAGGTGGCCAAGAATCTGAACGAGAGCCTGATCGACCTGCAAGAACTGGGGAAGTACGAGCAGTACATCAAGTGGCC
CAGCGGCCGCTTGGTCCCACGTGGCTCACCCGGATCTGGATACATCCCGGAGGCCCCTAGGGACGGTCAAGCTTACGTG
AGAAAGGACGGCGAATGGGTTCTGCTGTCGACCTTCTTGGGACATCATCATCATCATCACCGAATTCAGTAAAAAAAACAAA
AAACAAAACAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAGGCTATTATGCGTTACCGGCGAGACGCTACGGACTTAAATAATT
GAGCCTTAAAGAAGAAATTCTTTAAGTGGATGCTCTCAAACTCAGGGAAACCTAAATCTAGTTATAGACAAGGCAATCCTGAG
CCAAGCCGAAGTAGTAATTAGTAAGACCAGTGGACAATCGACGGATAACAGCATATCTAG

GCCCGGATAGCTCAGGCGGGAGAGCAGCGGCCGAGTAATTTACGTCGACGGTGACGTCGATGGTTGCGGCCGCGGGTC
CAGGGTTCAAGTCCCTGTTCGGGCGCCACTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGGCCGCCACCA
TGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACA
AGTTCAGCGTGTCTGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAA
GCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATG
AAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAA
CTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAG
GAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAA
GAACGGCATCAAGGCGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAG
AACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACC
CCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTA
CAAGTAAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTACACTTTACAAAATGTTGTCCCC
CAAAATGTAGCCATTCGTATCTGCTCCTAATAAAAAGAAAGTTTCTTCACACCGCGGGCTTGTCCCTGAACTTGGGACCTGG
GCGCCGGCGTTGGTAGCTGCAGTGGCAGCTGCATTTAATGAGCCGGCGACGAGAGGGCGGACTCGATAGGCCCGCTCGA
GCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAG
CAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATTGG
CGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCC
AGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAAT
CGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGT
AGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAA
CTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATG
AGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCTTACAATTTAGGTGGCACTTTTCGGGGAAATGTGCG
CGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAATTAATTCTTAGAAAAACTCATCGAGCATC
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AAATGAAACTGCAATTTATTCATATCAGGATTATCAATACCATATTTTTGAAAAAGCCGTTTCTGTAATGAAGGAGAAAACTCAC
CGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGCGATTCCGACTCGTCCAACATCAATACAACCTATTAATTT
CCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTGACGACTGAATCCGGTGAGAATGGCAAAAGTTTATGC
ATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAAATCACTCGCATCAACCAAACCGTTATTCATTCG
TGATTGCGCCTGAGCGAGACGAAATACGCGATCGCTGTTAAAAGGACAATTACAAACAGGAATCGAATGCAACCGGCGCAG
GAACACTGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATATTCTTCTAATACCTGGAATGCTGTTTTCCCGGGGATCG
CAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTCGGAAGAGGCATAAATTCCGTCAGCCAGTT
TAGTCTGACCATCTCATCTGTAACATCATTGGCAACGCTACCTTTGCCATGTTTCAGAAACAACTCTGGCGCATCGGGCTTC
CCATACAATCGATAGATTGTCGCACCTGATTGCCCGACATTATCGCGAGCCCATTTATACCCATATAAATCAGCATCCATGTTG
GAATTTAATCGCGGCCTAGAGCAAGACGTTTCCCGTTGAATATGGCTCATAACACCCCTTGTATTACTGTTTATGTAAGCAGA
CAGTTTTATTGTTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGG
ATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTG
CCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGT
AGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTG
CTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGA
ACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGA
AAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAG
GGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTG
ATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTT
TTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGC
CGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGC
ATCTGTGCGGTATTTCACACCGCAATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTATACACTC
CGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCT
GCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGA
AACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGAAGCGATTCACAGATGTCTGCCTGTTCATCCGCGTCC
AGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGG
TCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAGGATGCTCACGATAC
GGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGGCGGGACCAG
AGAAAAATCACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCAGCATCCTGCG
ATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGACTTTACGAAACACGGAAACCGAAGACCATT
CATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATTCTGCTAA
CCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGCGCACCCGTGGGGCCGCCATGC
CGGCGATAATGGCCTGCTTCTCGCCGAAACGTTTGGTGGCGGGACCAGTGACGAAGGCTTGAGCGAGGGCGTGCAAGAT
TCCGAATACCGCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCGAAAGCGGTCCTCGCCGAAAATGACCCAGAGCGCT
GCCGGCACCTGTCCTACGAGTTGCATGATAAAGAAGACAGTCATAAGTGCGGCGACGATAGTCATGCCCCGCGCCCACCG
GAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTAATGAGTGAGCTAACTTACATTAAT
TGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGA
GAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCAACAGCTGATTGCCCTTCACCGC
CTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGCGAAAATCCTGTTTGATGGTGGTTAACG
GCGGGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCCACTACCGAGATATCCGCACCAACGCGCAGCCCGGACTCGG
TAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGGAACGATGCCCTCATTCAGCATTT
GCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCGTTCCGCTATCGGCTGAATTTGATTGCGAGTGAGAT
ATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTAACAGCGCGATTTGCTGGTGACCC
AATGCGACCAGATGCTCCACGCCCAGTCGCGTACCGTCTTCATGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAGAG
ACATCAAGAAATAACGCCGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAGCGGATAGTTAATGA
TCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGACGCCGCTTCGTTCTACCATCGAC
ACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGCCGCGACAATTTGCGACGGCGCGTGCAGGGCCAGAC
TGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAATGTAATTCAGCTCC
GCCATCGCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACCACGCGGGAAACGGTCTGATA
AGAGACACCGGCATACTCTGCGACATCGTATAACGTTACTGGTTTCACATTCACCACCCTGAATTGACTCTCTTCCGGGCGC
TATCATGCCATACCGCGAAAGGTTTTGCGCCATTCGATGGTGTCCGGGATCTCGACGCTCTCCCTTATGCGACTCCTGCATT
AGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCA
ACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACAAGCGCTCATGAGCCCGAAGTGGCGAGCCCGATC
TTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCG
GCGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCT
AGGATCC

CTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCG
CTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCG
GATTGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACA
CTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCT
CTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTT
CACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTT
CCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAA
AAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCTTACAATTTAGGTGGCACTTTTCGGGGAAAT
GTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAATTAATTCTTAGAAAAACTCATCG
AGCATCAAATGAAACTGCAATTTATTCATATCAGGATTATCAATACCATATTTTTGAAAAAGCCGTTTCTGTAATGAAGGAGAAA
ACTCACCGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGCGATTCCGACTCGTCCAACATCAATACAACCTAT
TAATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTGACGACTGAATCCGGTGAGAATGGCAAAAGT
TTATGCATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAAATCACTCGCATCAACCAAACCGTTATT
CATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGATCGCTGTTAAAAGGACAATTACAAACAGGAATCGAATGCAACCG
GCGCAGGAACACTGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATATTCTTCTAATACCTGGAATGCTGTTTTCCCGG
GGATCGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTCGGAAGAGGCATAAATTCCGTCA
GCCAGTTTAGTCTGACCATCTCATCTGTAACATCATTGGCAACGCTACCTTTGCCATGTTTCAGAAACAACTCTGGCGCATC
GGGCTTCCCATACAATCGATAGATTGTCGCACCTGATTGCCCGACATTATCGCGAGCCCATTTATACCCATATAAATCAGCAT
CCATGTTGGAATTTAATCGCGGCCTAGAGCAAGACGTTTCCCGTTGAATATGGCTCATAACACCCCTTGTATTACTGTTTATG
TAAGCAGACAGTTTTATTGTTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAG
ATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGG
TTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCT
TCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCA
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GTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTC
GGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAG
CTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAG
CGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCG
ATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTT
GCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGAT
ACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTT
CTCCTTACGCATCTGTGCGGTATTTCACACCGCAATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCA
GTATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACG
GGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGT
CATCACCGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGAAGCGATTCACAGATGTCTGCCTGTTCA
TCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTT
TCCTGTTTGGTCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAGGATG
CTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGG
CGGGACCAGAGAAAAATCACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCA
GCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGACTTTACGAAACACGGAAAC
CGAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATT
CATTCTGCTAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGCGCACCCGTGG
GGCCGCCATGCCGGCGATAATGGCCTGCTTCTCGCCGAAACGTTTGGTGGCGGGACCAGTGACGAAGGCTTGAGCGAGG
GCGTGCAAGATTCCGAATACCGCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCGAAAGCGGTCCTCGCCGAAAATGAC
CCAGAGCGCTGCCGGCACCTGTCCTACGAGTTGCATGATAAAGAAGACAGTCATAAGTGCGGCGACGATAGTCATGCCCC
GCGCCCACCGGAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTAATGAGTGAGCTA
ACTTACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCA
ACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCAACAGCTGATT
GCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGCGAAAATCCTGTTTG
ATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCCACTACCGAGATATCCGCACCAACGCGCA
GCCCGGACTCGGTAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGGAACGATGCC
CTCATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCGTTCCGCTATCGGCTGAATTTGA
TTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTAACAGCGCGAT
TTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCGTACCGTCTTCATGGGAGAAAATAATACTGTTGATGGG
TGTCTGGTCAGAGACATCAAGAAATAACGCCGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAG
CGGATAGTTAATGATCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGACGCCGCTTC
GTTCTACCATCGACACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGCCGCGACAATTTGCGACGGCGCG
TGCAGGGCCAGACTGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAA
TGTAATTCAGCTCCGCCATCGCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACCACGCGG
GAAACGGTCTGATAAGAGACACCGGCATACTCTGCGACATCGTATAACGTTACTGGTTTCACATTCACCACCCTGAATTGAC
TCTCTTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTTGCGCCATTCGATGGTGTCCGGGATCTCGACGCTCTCCCTTA
TGCGACTCCTGCATTAGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAA
GGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACAAGCGCTCATGAGCCCGAA
GTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCG
GCCACGATGCGTCCGGCGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGG
ATAACAATTCCCCTCTAGGATCCGCCCGGATAGCTCAGGCGGGAGAGCAGCGGCCGAGTAATTTACGTCGACGGTGACGT
CGATGGTTGCGGCCGCGGGTCCAGGGTTCAAGTCCCTGTTCGGGCGCCACTTGTTCTTTTTGCAGAAGCTCAGAATAAAC
GCTCAACTTTGGGCCGCCACCATGAAGACCTTAATTCTTGCCGTTGCATTAGTCTACTGCGCCACTGTTCATTGCCAGGACT
GTCCTTACGAACCTGATCCACCAAACACAGTTCCAACTTCCTGTGAAGCTAAAGAAGGAGAATGTATTGATAGCAGCTGTGG
CACCTGCACGAGAGACATACTATCAGATGGACTGTGTGAAAATAAACCAGGAAAAACATGTTGCCGAATGTGTCAGTATGTA
ATTGAATGCAGAGTAGAGGCCGCAGGATGGTTTAGAACATTCTATGGAAAGAGATTCCAGTTCCAGGAACCTGGTACATACG
TGTTGGGTCAAGGAACCAAGGGCGGCGACTGGAAGGTGTCCATCACCCTGGAGAACCTGGATGGAACCAAGGGGGCTGT
GCTGACCAAGACAAGACTGGAAGTGGCTGGAGACATCATTGACATCGCTCAAGCTACTGAGAATCCCATCACTGTAAACGG
TGGAGCTGACCCTATCATCGCCAACCCGTACACCATCGGCGAGGTCACCATCGCTGTTGTTGAGATGCCAGGCTTCAACAT
CACCGTCATTGAGTTCTTCAAACTGATCGTGATCGACATCCTCGGAGGAAGATCTGTAAGAATCGCCCCAGACACAGCAAA
CAAAGGAATGATCTCTGGCCTCTGTGGAGATCTTAAAATGATGGAAGATACAGACTTCACTTCAGATCCAGAACAACTCGCT
ATTCAGCCTAAGATCAACCAGGAGTTTGACGGTTGTCCACTCTATGGAAATCCTGATGACGTTGCATACTGCAAAGGTCTTC
TGGAGCCGTACAAGGACAGCTGCCGCAACCCCATCAACTTCTACTACTACACCATCTCCTGCGCCTTCGCCCGCTGTATGG
GTGGAGACGAGCGAGCCTCACACGTGCTGCTTGACTACAGGGAGACGTGCGCTGCTCCCGAAACTAGAGGAACCTGCGT
TTTGTCTGGACATACTTTCTACGATACATTTGACAAAGCAAGATACCAATTCCAGGGTCCCTGCAAGGAGATTCTTATGGCCG
CCGACTGTTTCTGGAACACTTGGGATGTGAAGGTTTCACACAGGAATGTTGACTCTTACACTGAAGTAGAGAAAGTACGAAT
CAGGAAACAATCGACTGTAGTAGAACTCATTGTTGATGGAAAACAGATTCTGGTTGGAGGAGAAGCCGTGTCCGTCCCGTA
CAGCTCTCAGAACACTTCCATCTACTGGCAAGATGGTGACATACTGACTACAGCCATCCTACCTGAAGCTCTGGTGGTCAA
GTTCAACTTCAAGCAACTGCTCGTCGTACATATTAGAGATCCATTCGATGGTAAGACTTGCGGTATTTGCGGTAACTACAACC
AGGATTTCAGTGATGATTCTTTTGATGCTGAAGGAGCCTGTGATCTGACCCCCAACCCACCGGGATGCACCGAAGAACAGA
AACCTGAAGCTGAACGACTCTGCAATAGTCTCTTCGCCGGTCAAAGTGATCTTGATCAGAAATGTAACGTGTGCCACAAGC
CTGACCGTGTCGAACGATGCATGTACGAGTATTGCCTGAGGGGACAACAGGGTTTCTGTGACCACGCATGGGAGTTCAAG
AAAGAATGCTACATAAAGCATGGAGACACCCTAGAAGTACCAGATGAATGCAAATAGAACCAGCCTCAAGAACACCCGAATG
GAGTCTCTAAGCTACATAATACCAACTTACACTTTACAAAATGTTGTCCCCCAAAATGTAGCCATTCGTATCTGCTCCTAATAA
AAAGAAAGTTTCTTCACACCGCGGGCTTGTCCCTGAACTTGGGACCTGGGCGCCGGCGTTGGTAGCTGCAGTGGCAGCT
GCATTTAATGAGCCGGCGACGAGAGGGCGGACTCGATAGGCCCG

CTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCG
CTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCG
GATTGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACA
CTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCT
CTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTT
CACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTT
CCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAA
AAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCTTACAATTTAGGTGGCACTTTTCGGGGAAAT
GTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAATTAATTCTTAGAAAAACTCATCG
AGCATCAAATGAAACTGCAATTTATTCATATCAGGATTATCAATACCATATTTTTGAAAAAGCCGTTTCTGTAATGAAGGAGAAA
ACTCACCGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGCGATTCCGACTCGTCCAACATCAATACAACCTAT
TAATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTGACGACTGAATCCGGTGAGAATGGCAAAAGT
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TTATGCATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAAATCACTCGCATCAACCAAACCGTTATT
CATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGATCGCTGTTAAAAGGACAATTACAAACAGGAATCGAATGCAACCG
GCGCAGGAACACTGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATATTCTTCTAATACCTGGAATGCTGTTTTCCCGG
GGATCGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTCGGAAGAGGCATAAATTCCGTCA
GCCAGTTTAGTCTGACCATCTCATCTGTAACATCATTGGCAACGCTACCTTTGCCATGTTTCAGAAACAACTCTGGCGCATC
GGGCTTCCCATACAATCGATAGATTGTCGCACCTGATTGCCCGACATTATCGCGAGCCCATTTATACCCATATAAATCAGCAT
CCATGTTGGAATTTAATCGCGGCCTAGAGCAAGACGTTTCCCGTTGAATATGGCTCATAACACCCCTTGTATTACTGTTTATG
TAAGCAGACAGTTTTATTGTTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAG
ATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGG
TTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCT
TCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCA
GTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTC
GGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAG
CTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAG
CGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCG
ATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTT
GCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGAT
ACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTT
CTCCTTACGCATCTGTGCGGTATTTCACACCGCAATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCA
GTATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACG
GGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGT
CATCACCGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGAAGCGATTCACAGATGTCTGCCTGTTCA
TCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTT
TCCTGTTTGGTCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAGGATG
CTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGG
CGGGACCAGAGAAAAATCACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCA
GCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGACTTTACGAAACACGGAAAC
CGAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATT
CATTCTGCTAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGCGCACCCGTGG
GGCCGCCATGCCGGCGATAATGGCCTGCTTCTCGCCGAAACGTTTGGTGGCGGGACCAGTGACGAAGGCTTGAGCGAGG
GCGTGCAAGATTCCGAATACCGCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCGAAAGCGGTCCTCGCCGAAAATGAC
CCAGAGCGCTGCCGGCACCTGTCCTACGAGTTGCATGATAAAGAAGACAGTCATAAGTGCGGCGACGATAGTCATGCCCC
GCGCCCACCGGAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTAATGAGTGAGCTA
ACTTACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCA
ACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCAACAGCTGATT
GCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGCGAAAATCCTGTTTG
ATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCCACTACCGAGATATCCGCACCAACGCGCA
GCCCGGACTCGGTAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGGAACGATGCC
CTCATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCGTTCCGCTATCGGCTGAATTTGA
TTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTAACAGCGCGAT
TTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCGTACCGTCTTCATGGGAGAAAATAATACTGTTGATGGG
TGTCTGGTCAGAGACATCAAGAAATAACGCCGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAG
CGGATAGTTAATGATCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGACGCCGCTTC
GTTCTACCATCGACACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGCCGCGACAATTTGCGACGGCGCG
TGCAGGGCCAGACTGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAA
TGTAATTCAGCTCCGCCATCGCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACCACGCGG
GAAACGGTCTGATAAGAGACACCGGCATACTCTGCGACATCGTATAACGTTACTGGTTTCACATTCACCACCCTGAATTGAC
TCTCTTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTTGCGCCATTCGATGGTGTCCGGGATCTCGACGCTCTCCCTTA
TGCGACTCCTGCATTAGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAA
GGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACAAGCGCTCATGAGCCCGAA
GTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCG
GCCACGATGCGTCCGGCGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGG
ATAACAATTCCCCTCTAGGATCCGCCCGGATAGCTCAGGCGGGAGAGCAGCGGCCGAGTAATTTACGTCGACGGTGACGT
CGATGGTTGCGGCCGCGGGTCCAGGGTTCAAGTCCCTGTTCGGGCGCCACTTGTTCTTTTTGCAGAAGCTCAGAATAAAC
GCTCAACTTTGGGCCGCCACCATGGTGTTCGTGTTTCTGGTGCTGCTGCCTCTGGTGTCCAGCCAGTGTGTGAACCTGAC
CACAAGAACCCAGCTGCCTCCAGCCTACACCAACAGCTTTACCAGAGGCGTGTACTACCCCGACAAGGTGTTCAGATCCA
GCGTGCTGCACTCTACCCAGGACCTGTTCCTGCCTTTCTTCAGCAACGTGACCTGGTTCCACGCCATCCACGTGTCCGGC
ACCAATGGCACCAAGAGATTCGACAACCCCGTGCTGCCCTTCAACGACGGGGTGTACTTTGCCAGCACCGAGAAGTCCAA
CATCATCAGAGGCTGGATCTTCGGCACCACACTGGACAGCAAGACCCAGAGCCTGCTGATCGTGAACAACGCCACCAACG
TGGTCATCAAAGTGTGCGAGTTCCAGTTCTGCAACGACCCCTTCCTGGGCGTCTACTATCACAAGAACAACAAGAGCTGGA
TGGAAAGCGAGTTCCGGGTGTACAGCAGCGCCAACAACTGCACCTTCGAGTACGTGTCCCAGCCTTTCCTGATGGACCTG
GAAGGCAAGCAGGGCAACTTCAAGAACCTGCGCGAGTTCGTGTTCAAGAACATCGACGGCTACTTCAAGATCTACAGCAA
GCACACCCCTATCAACCTCGTGCGGGATCTGCCTCAGGGCTTCTCTGCTCTGGAACCCCTGGTGGATCTGCCCATCGGCA
TCAACATCACCCGGTTTCAGACACTGCTGGCCCTGCACAGAAGCTACCTGACACCTGGCGATAGCAGCAGCGGATGGACA
GCTGGTGCCGCCGCTTACTATGTGGGCTACCTGCAGCCTAGAACCTTTCTGCTGAAGTACAACGAGAACGGCACCATCAC
CGACGCCGTGGATTGTGCTCTGGATCCTCTGAGCGAGACAAAGTGCACCCTGAAGTCCTTCACCGTGGAAAAGGGCATCT
ACCAGACCAGCAACTTCCGGGTGCAGCCCACCGAATCCATCGTGCGGTTCCCCAATATCACCAATCTGTGCCCCTTCGGC
GAGGTGTTCAATGCCACCAGATTCGCCTCTGTGTACGCCTGGAACCGGAAGCGGATCAGCAATTGCGTGGCCGACTACTC
CGTGCTGTACAACTCCGCCAGCTTCAGCACCTTCAAGTGCTACGGCGTGTCCCCTACCAAGCTGAACGACCTGTGCTTCA
CAAACGTGTACGCCGACAGCTTCGTGATCCGGGGAGATGAAGTGCGGCAGATTGCCCCTGGACAGACAGGCAAGATCGC
CGACTACAACTACAAGCTGCCCGACGACTTCACCGGCTGTGTGATTGCCTGGAACAGCAACAACCTGGACTCCAAAGTCG
GCGGCAACTACAATTACCTGTACCGGCTGTTCCGGAAGTCCAATCTGAAGCCCTTCGAGCGGGACATCTCCACCGAGATCT
ATCAGGCCGGCAGCACCCCTTGTAACGGCGTGGAAGGCTTCAACTGCTACTTCCCACTGCAGTCCTACGGCTTTCAGCCC
ACAAATGGCGTGGGCTATCAGCCCTACAGAGTGGTGGTGCTGAGCTTCGAACTGCTGCATGCCCCTGCCACAGTGTGCGG
CCCTAAGAAAAGCACCAATCTCGTGAAGAACAAATGCGTGAACTTCAACTTCAACGGCCTGACCGGCACCGGCGTGCTGA
CAGAGAGCAACAAGAAGTTCCTGCCATTCCAGCAGTTTGGCCGGGATATCGCCGATACCACAGACGCCGTTAGAGATCCC
CAGACACTGGAAATCCTGGACATCACCCCTTGCAGCTTCGGCGGAGTGTCTGTGATCACCCCTGGCACCAACACCAGCAA
TCAGGTGGCAGTGCTGTACCAGGACGTGAACTGTACCGAAGTGCCCGTGGCCATTCACGCCGATCAGCTGACACCTACAT
GGCGGGTGTACTCCACCGGCAGCAATGTGTTTCAGACCAGAGCCGGCTGTCTGATCGGAGCCGAGCACGTGAACAATAG
CTACGAGTGCGACATCCCCATCGGCGCTGGCATCTGTGCCAGCTACCAGACACAGACAAACAGCCCCGCCTCTGTGGCCA
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CirctRNA-
GFP

GCCAGAGCATCATTGCCTACACAATGTCTCTGGGCGCCGAGAACAGCGTGGCCTACTCCAACAACTCTATCGCTATCCCCA
CCAACTTCACCATCAGCGTGACCACAGAGATCCTGCCTGTGTCCATGACCAAGACCAGCGTGGACTGCACCATGTACATCT
GCGGCGATTCCACCGAGTGCTCCAACCTGCTGCTGCAGTACGGCAGCTTCTGCACCCAGCTGAATAGAGCCCTGACAGG
GATCGCCGTGGAACAGGACAAGAACACCCAAGAGGTGTTCGCCCAAGTGAAGCAGATCTACAAGACCCCTCCTATCAAGG
ACTTCGGCGGCTTCAATTTCAGCCAGATTCTGCCCGATCCTAGCAAGCCCAGCAAGCGGAGCTTCATCGAGGACCTGCTG
TTCAACAAAGTGACACTGGCCGACGCCGGCTTCATCAAGCAGTATGGCGATTGTCTGGGCGACATTGCCGCCAGGGATCT
GATTTGCGCCCAGAAGTTTAACGGACTGACAGTGCTGCCTCCTCTGCTGACCGATGAGATGATCGCCCAGTACACATCTGC
CCTGCTGGCCGGCACAATCACAAGCGGCTGGACATTTGGAGCTGGCGCCGCTCTGCAGATCCCCTTTGCTATGCAGATGG
CCTACCGGTTCAACGGCATCGGAGTGACCCAGAATGTGCTGTACGAGAACCAGAAGCTGATCGCCAACCAGTTCAACAGC
GCCATCGGCAAGATCCAGGACAGCCTGAGCAGCACAGCAAGCGCCCTGGGAAAGCTGCAGGACGTGGTCAACCAGAATG
CCCAGGCACTGAACACCCTGGTCAAGCAGCTGTCCTCCAACTTCGGCGCCATCAGCTCTGTGCTGAACGATATCCTGAGC
AGACTGGACCcctcct GAAGCCGAGGTGCAGATCGACAGACTGATCACCGGAAGGCTGCAGTCCCTGCAGACCTACGTTACCC
AGCAGCTGATCAGAGCCGCCGAGATTAGAGCCTCTGCCAATCTGGCCGCCACCAAGATGTCTGAGTGTGTGCTGGGCCA
GAGCAAGAGAGTGGACTTTTGCGGCAAGGGCTACCACCTGATGAGCTTCCCTCAGTCTGCCCCTCACGGCGTGGTGTTTC
TGCACGTGACATACGTGCCCGCTCAAGAGAAGAATTTCACCACCGCTCCAGCCATCTGCCACGACGGCAAAGCCCACTTT
CCTAGAGAAGGCGTGTTCGTGTCCAACGGCACCCATTGGTTCGTGACCCAGCGGAACTTCTACGAGCCCCAGATCATCAC
CACCGACAACACCTTCGTGTCTGGCAACTGCGACGTCGTGATCGGCATTGTGAACAATACCGTGTACGACCCTCTGCAGC
CCGAGCTGGACAGCTTCAAAGAGGAACTGGATAAGTACTTTAAGAACCACACAAGCCCCGACGTGGACCTGGGCGATATC
AGCGGAATCAATGCCAGCGTCGTGAACATCCAGAAAGAGATCGACCGGCTGAACGAGGTGGCCAAGAATCTGAACGAGA
GCCTGATCGACCTGCAAGAACTGGGGAAGTACGAGCAGTACATCAAGTGGCCCAGCGGCCGCTTGGTCCCACGTGGCTC
ACCCGGATCTGGATACATCCCGGAGGCCCCTAGGGACGGTCAAGCTTACGTGAGAAAGGACGGCGAATGGGTTCTGCTGT
CGACCTTCTTGGGACATCATCATCATCATCACCGAATTCAGTAAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCT
ACATAATACCAACTTACACTTTACAAAATGTTGTCCCCCAAAATGTAGCCATTCGTATCTGCTCCTAATAAAAAGAAAGTTTCTT
CACACCGCGGGCTTGTCCCTGAACTTGGGACCTGGGCGCCGGCGTTGGTAGCTGCAGTGGCAGCTGCATTTAATGAGCC
GGCGACGAGAGGGCGGACTCGATAGGCCCG

CGCCCGGATAGCTCAGACGGAAGAGCAGGATATCCGAGTAATTTACGCCCGGGAGTGCTCACCATCTGATGAGGCCGAAA
GGCCGAAACCCGTGAAAACGGGTCCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGGCCGCCACCATGGT
GAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTT
CAGCGTGTCTGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTG
CCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGC
AGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTAC
AAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAG
GACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAA
CGGCATCAAGGCGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAAC
ACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCA
ACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAA
GTAAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTACACTTTACAAAATGTTGTCCCCCAA
AATGTAGCCATTCGTATCTGCTCCTAATAAAAAGAAAGTTTCTTCACGACGGGTCTACCCGTCCTGATGAGTCCACGCGTGT
GGACGAATTACTTGTACCTCCCGGGTGGTTGCGGATATCCGGGTCCAGGGTTCAAGTCCCTGTTCGGGCGCCACTCGAGC
ACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCA
ATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATTGGC
GAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCA
GCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATC
GGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTA
GTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAAC
TGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGA
GCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCTTACAATTTAGGTGGCACTTTTCGGGGAAATGTGCGC
GGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAATTAATTCTTAGAAAAACTCATCGAGCATCA
AATGAAACTGCAATTTATTCATATCAGGATTATCAATACCATATTTTTGAAAAAGCCGTTTCTGTAATGAAGGAGAAAACTCACC
GAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGCGATTCCGACTCGTCCAACATCAATACAACCTATTAATTTC
CCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTGACGACTGAATCCGGTGAGAATGGCAAAAGTTTATGCA
TTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAAATCACTCGCATCAACCAAACCGTTATTCATTCGT
GATTGCGCCTGAGCGAGACGAAATACGCGATCGCTGTTAAAAGGACAATTACAAACAGGAATCGAATGCAACCGGCGCAG
GAACACTGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATATTCTTCTAATACCTGGAATGCTGTTTTCCCGGGGATCG
CAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTCGGAAGAGGCATAAATTCCGTCAGCCAGTT
TAGTCTGACCATCTCATCTGTAACATCATTGGCAACGCTACCTTTGCCATGTTTCAGAAACAACTCTGGCGCATCGGGCTTC
CCATACAATCGATAGATTGTCGCACCTGATTGCCCGACATTATCGCGAGCCCATTTATACCCATATAAATCAGCATCCATGTTG
GAATTTAATCGCGGCCTAGAGCAAGACGTTTCCCGTTGAATATGGCTCATAACACCCCTTGTATTACTGTTTATGTAAGCAGA
CAGTTTTATTGTTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGG
ATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTG
CCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGT
AGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTG
CTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGA
ACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGA
AAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAG
GGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTG
ATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTT
TTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGC
CGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGC
ATCTGTGCGGTATTTCACACCGCAATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTATACACTC
CGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCT
GCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGA
AACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGAAGCGATTCACAGATGTCTGCCTGTTCATCCGCGTCC
AGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGG
TCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAGGATGCTCACGATAC
GGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGGCGGGACCAG
AGAAAAATCACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCAGCATCCTGCG
ATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGACTTTACGAAACACGGAAACCGAAGACCATT
CATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATTCTGCTAA
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CCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGCGCACCCGTGGGGCCGCCATGC
CGGCGATAATGGCCTGCTTCTCGCCGAAACGTTTGGTGGCGGGACCAGTGACGAAGGCTTGAGCGAGGGCGTGCAAGAT
TCCGAATACCGCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCGAAAGCGGTCCTCGCCGAAAATGACCCAGAGCGCT
GCCGGCACCTGTCCTACGAGTTGCATGATAAAGAAGACAGTCATAAGTGCGGCGACGATAGTCATGCCCCGCGCCCACCG
GAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTAATGAGTGAGCTAACTTACATTAAT
TGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGA
GAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCAACAGCTGATTGCCCTTCACCGC
CTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGCGAAAATCCTGTTTGATGGTGGTTAACG
GCGGGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCCACTACCGAGATATCCGCACCAACGCGCAGCCCGGACTCGG
TAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGGAACGATGCCCTCATTCAGCATTT
GCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCGTTCCGCTATCGGCTGAATTTGATTGCGAGTGAGAT
ATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTAACAGCGCGATTTGCTGGTGACCC
AATGCGACCAGATGCTCCACGCCCAGTCGCGTACCGTCTTCATGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAGAG
ACATCAAGAAATAACGCCGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAGCGGATAGTTAATGA
TCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGACGCCGCTTCGTTCTACCATCGAC
ACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGCCGCGACAATTTGCGACGGCGCGTGCAGGGCCAGAC
TGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAATGTAATTCAGCTCC
GCCATCGCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACCACGCGGGAAACGGTCTGATA
AGAGACACCGGCATACTCTGCGACATCGTATAACGTTACTGGTTTCACATTCACCACCCTGAATTGACTCTCTTCCGGGCGC
TATCATGCCATACCGCGAAAGGTTTTGCGCCATTCGATGGTGTCCGGGATCTCGACGCTCTCCCTTATGCGACTCCTGCATT
AGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCA
ACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACAAGCGCTCATGAGCCCGAAGTGGCGAGCCCGATC
TTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCG
GCGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCT
AGGATCC
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Supplementary Figure 4.1 - SelfCirc-GFP was produced in BL21 (STAR) cells using
a DNA expression vector containing a synthetic triple terminator element. The relative
effect of supplementing LB Broth cell culture media with varying concentrations of the
RNAse E inhibitor AS2 was evaluated in 2.5 h production processes. Data are
expressed as a fold-change of the production achieved using unsupplemented media.
Values represent the mean+ SD of three independent experiments (n=3, each

performed in triplicate).
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Supplementary Figure 4.2 — TermtRNA-GFP was produced in systems comprising
either i) standard control components or ii) an optimised combination of host cell
chassis, DNA expression vector and cell culture media (see Fig. 2). The relative
performance of each system was evaluated in 2.5 h production processes. Data are
expressed as a fold-change of the GFP-mRNA production achieved using standard
control components (including the unengineered mRNA construct). Values represent

the mean + SD of three independent experiments (n =3, each performed in triplicate)
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