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Chaptielrntlr oducti on

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

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

Whil st t he @ oter dords rmRMN@N rgfemrermattai rognesth as e Il lon g

been theorised as a means of therapeutic int
t he | ast fheaw ed ebceaedensk ey ki ng t he potedbhieal of
presence of a eukaryotdg cf inTRINtA icchen tsit friued uirre
commer ¢GpappGn cap sancaolmignuge t o mMuk dtukirm shh&h e

1975; Sahin . Peval opmea&nmtlsA)i n capping technol

producti-ommohoctidmianscript s, whd lclh capep ed fierc
correct qrGremditatambaka et al ., 2007MetHeoder so
for introducing mRNA more reliably into cell
80s, cul minating in the using of cgqtMadmine | i
et al .., Cud8&8%E)Nt mMRNA deliver ybasddhondanacpgarl tlhi
with novel chemistries that( Goltleowe tf carl .e f f2i0c2i!
al ., .RéOKAi)te several attempts to use mRNA in

and cancer i mmunot hedaegriliy 20@ns9 0 madgrresds |
the i mmunogenicity(Adlfexapdultorue agtmealt .s, 2001;
Heiser et al ., 200Be dbeuottmadifi @898ucl eot
abl at i-lnigk et orlelcept or ( TLR) activity was ther e
earnecdauthers the 2023 Nolf&Klarpki zetf @dhdme@i00O
Cov-id mMRNA vacci-metshwlergsé&ddouri dine modi fie
i mmune ac(tMovraatiiso nelt) Suahl advance® e 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

amplifying mRNA and
circular RNA vaccines

MRNA )—b 1961
1963 MRNA can directly induce
interferons
Discovery of 5’ cap structure I—D 1975
mRNA encapsulated in
1978 : ,
liposomes delivered to cells
First commercial cap }_’ 1983
analogues
1984 Commercialisation of T7
- — RNA Polymerase
mRNA delivery by cationic | > 1989
lipids
P 1990 mRNA can be injected into
— : mice and translated
Vaccination with mRNA 1995
encoding cancer antigens T cell response induced by
1999 L
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 4—‘ Pre-clinical trials of self-

NS

FigureA 1s.ulmmary of the key discoveries and de
therapeutics. The timeline begins with the
1961, and foll ows t he devel opment and C 0 mi
technol ogy satbgasscapdamodi fied nucl eoti de:
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(Sahin et al ., 201.4; 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 i1 s Moder nao6s -1010, which entades
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,

us

Modernads candidate vaccine for respiratory

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 i 50% efficacy), with phase 3

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

Table 1.1 (overleaf) i mRNA vaccines against infectious diseases in clinical trials.
Adapted from (Vavilis et al., 2023a).
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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-vivoappr oach i s to in
chimeric antigen receptor -T( €QER) smRNA tadblTe d
patient T cells to target and kil l (clainnceeat ce
al ., 202 Nadh)eohgpsy al so been shobwhneltiaviébAdg foaasi b
T cell antigen receptor MRNA directly to th
approach is ensuring the mRNA reaches the T
smal | mol ecul ara$i lgpaead ot edeaniceg t(hdasf raip perto aac

2020; Chlu.n,g .202 @)

A multitude of candidate mRNAnNntcameer cil mmum at
over the | @BeclhSeyeaMany202)entmhbirnatlisomrwi t
anti bodies or chemotherapy d¢(Kgegfert . .aldgrofe
mMRNA ancer vaccines have entered clinical tr
domi nated by Bi oNTRe cvhi daen dv aMoi deetryn ao.f cancer s
including breast cancer, (fhehgnemaal and2@QRDpb
2021; Sahin.@ne aduch 2d02mMdi date therapw has e
potenti al vaccine for glioblastoma. Gliobl a

dendritic cells | oaded with GSC mRapAg ptint icoo m
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peptide, and human tel omerase reverse transc
in patients havef dleeni n mparolviedt rI3i al s compared

bevaci £®Pmpker 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. Ast wasdillarnec aod s
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 AstraZenecaO0s .pipeli
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 i toll-like
receptor 4, CD70, interferon gamma, and interleukin-1 0 r e ¢ e(getMey et dl,

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
di fferent cell types. | n one e x a mpgranslated
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
56 cap structure i s eskargtctcells and & cange of cap
analogs have been developed in order to improve capping efficiency and mRNA
performance (Kocmik et al., 2018; Suetal.,,2011). The 506 and 30

(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 i Features critical to the function of synthetic mMRNAinvivo. The 506 cap,
and 36 untranslated regions, open reading f
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-T h e -Cap®tructure

A 506 cap is found on near |l y aallyloccaringk@ap yoti c
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 i 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. Twost r at egi es exi st for 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 nucl eophi | ipwosphatetofahe tkanseript istedually 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
i ncl ud rOangethydan 2 6-GBndethyl 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 firstposi t i on at the 506 end

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
structur e, feat ur i n@ of the tibbsg lorathel nuateotidefwhithh e 2 6
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.

7-Methyl-Guanosine (m7G) 2’-O-Methyl-Adenine
_ NH;
HO Triphosphate Bridge N
XN
o] 0] o] </ |
H,N_ _N ? o—b—o—P—o—b—0 A N/)
AN N | | | 0 Guanosine
| » 0O O O
HN N\+ (o]
0 CHs O  O—CHs /N NH
OQQFL < | /)\
CH
R /N N
Methylation at the 3’ HC * O o o 0 N NH;
position of m7G found in
anti-reverse cap
analogues o HO OH

Figure 1.3 7 The structure of the Trilink CleanCap AG reagent, commonly used in
mRNA manufacture, achieving capping efficiencies >98%. The 7-methylguanosine

structure i1 s attached through a 56 O

adenine residue. T h i-G methylated, forméng a capsli sttuctere i

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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1.21.2-56 and 36 Uepibnsansl!| at ed

50 and 306 UT Riowneogbe key deteraninants of the translatability and

stability of mMRNA molecules in vivo. Not contributing to the protein coding sequence,

the 506 and 36 UTRs <can f eat wanmicakbade@airing ve c a
and complex secondary structure, able to influence protein interactions and ribosome

recruitment (Leppek etal.,2018). The average human 506 UTR r a
100200 nucl eoti des, with the 36 UTR being ¢
nucleotides (Pesole etal.,2001). The | ength of the 36 UTR i s
shorter 306 UTRs having reduced translationa
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

U a nglobibmRNAs 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-n Cov 2 vaccine ut+il iobe s ,\hilsetHed Rma n
Moderna Covid vaccine features PQl®bnmnuc(@ao tUiTRe s
2021). Further enhancements to stability have been observed when two consecutive
humanbeta-gl obi n 36 UTR sequences have been util

encoding mRNA (Holtkamp et al., 2006).

Various additional 50 and 36 UTR sequences h
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)

met hod has been used to select 36 UTR motii
(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 i a feature believed to increase translation rate (Jackson et al.,
2010). Further mor e, attempts to construct a n
nucleotide sequence containing a consensus Kozak sequence and T7 promoter, that
has shown higher expr essi-globininenultple sell ltnégsan t he
(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 7 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 pon

har moni (@rgovietmin B0O08; 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 el F4G at th
(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 eQ-maathgldteel RNAZhés 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 ( dhas 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 Q) i n yritirece of
(Nance and Meier, 2021). meQicits even |l ess immunogenic

increasing that rate of translation (Kim et al., 2022a; Svitkin et al., 2017).
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1.2.2 Alternative synthetic mRNA product formats

1.2.2.1 Self-Amplifying mRNA

Conventional l i near MRNA, used in cur-rent a
replicative. The mRNA molecule is introduced
the antigen or therapeutic protein, as i s
pat hwa@8ahin et . aMWith2@ebhoayenti onal l i near n
expression is directly proportional ttdethe a
cellln contrasampbithi sagamBNaBRNAYhciicchs encode

replication machi merey, riena d@midgiotfircamieRl eekshiey
et al .., ThGZ1)vir al replication machinery | ea:q
MRNA from nasoms gbgper omot er, meaning that a s

introduced to the celll | e(avdosg etlo ehti gahl .l,e v2e0l 1s8

The replication machinery from aiddeppawidrewms g
RNA pol yth&®d&®pPg commonly wusedi fiocatsiadRiNA EXgr
i nclViecheezuel an equine encephalitis virus (VEE
forest vi(BloooMmSkEY) aThe 26RgL)cati on machiner
structuradd,prictenecoded on a |l ong transcript
sequence. The encoded RdRp itheablae gted @mriot e i
t hrough transcription from the correspondi
segeunRwepp et Al COVIBD lva)ccine is in developm
technol ogyt,hihsowiesr emot wi t hou(tMatreucghgnii ceatl aclh.a,l
The <considerable | engt-h2 oKb)s amd&lAe s( aipppr @eh.al
manufacture, store and (iBltakondeuyc ee Deefsfpil ctiee2rnOtlily3
saRNA remains a highly promising therapeutic

required dosage to elicit the same response
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A Subgenomic
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I
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|
Ampification of vaccine antigen
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Internal and Internal and
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sequences 9 sequences
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—>

Introns
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IRES IRES

Figure ThebStructure of novA) SERIPfFAI ffpoirmat siRNA

transfected as a single |l ong mMRNAttruanscril g
proted nsn4)P,1 and the ORF of interest. Consery
are also encodeant iwehli cthorarwi re#dlsemempldiesa tai oRIN
dependent RNA polymerase (RdRp) whi ch iI's a
subgenomic imr avmmo®ee met hod f or RNA <circul ar
per mut e de xiomt rnoent hod, wher ebyc an tgatind Icy ssee qtuhee
covalent |l igation of the RNA molecule into a
of optimised sequences for this purpose, whi
homol ogy which bring the i nterfdn cs eeonue mtaen ntea g
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1.2.2.2 Circular mRNA

Circular RNA is drawing increasing interest
RNA species occur in nature in eukaryotic ce
been shown to have regul @GEbbgsémnmnet i ®ln. wi2hi"

201.6)The closed | oop nadcdaunfegrohaclancagari RNHAh:

of synthetic mRNA; they are completely resi s
not havi ngbdenxd@ dseerdni ni , and are thar eviovroe
(Seephetdee et al ., 2022AddWetsi soenlan d eyf,t it haals.

that CcRNAcwllarcits comsmuderabl jmulasson than |

without the wuse of( Lmoudiefti eadl .n,u c2 0e202tai;d evde s s el

Several methods exist for prbBdusihyg, sTAtRNAI
be used to circul ari se ia [xifiiteedr Ygiercgira oD N AnC
bridge the ligation junction tdq Ciompredve the
2020; Petkovic JdandebMghdeéey, a0d5 most commonl
per mut e e xiomt rmbent hod, which wuses-stpha caatgi vVintty
to Iligate theWwWRkdaembbetudSwedahadr guplOillcBigmrd fi nt r
are found in T4 bacteriophage tHMRNWA dyrloam et hse
cyanobaksnabadé&dmRausch et. Tahli.s, nRe0tzhlo)d only r eqg
presenceé*amfd MBgP f olri gtantei one loff i m h goirimm o eicud e

(Meganck etlt ails ,al29®2 1possi bkeplicingeigtowops]
t heir activity is (Il@bkis awed | Clcéwa,rsa2edb2oiz)ysreed

sequences have also been shown to function i

RNA apt@metrise and Jaffrey, 2019)

The | &bekapofstructure on circular RNA means t

through an internal r iAb oo me henst r susiht e s ( IDR
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been

al .,

(Zhu

i mmu

devel oped in order to optimiséeZhbe ¢€e&RES

. 2002) efficiency of <circulexmins anteitdirodb yh a

t

e

e

r

n

been i mproved, in order to yield a high
popul ation of | inear RNA.homuvil 0 giys aanadh is
nces that cause formation of a splicin
nery is igoWesoskhpeotxieni tgl ., . U2018si dlgu
opti mi sed sequences, circul ar RNA va
i bed ta€Cg¥({QungeBABStaplRYR&J ocicrufse atuirceru s
et al . and2022amul ating T <cell respons
otiAmaywn et .al ., 2023)
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1.3 Methods for the production of synthetic

The over whel mi s1ygn tnfaeRtbiAdst yprofduoaedtirbaynss cr i pti c
(1 viTa) wesltlabl i shedsedat¢obscahar gganudfacmBRNANGgf

di verseAsbaeteriophage RNA polymerase is use
t he mMRNA -ohf atrmamscription reaction utilisi
product as théSBNAntempHa&Ates20daHhErentliy a si
t he RNAP polymerase is combined with a magne:

t he DNAritptainemre templ at e Bard& et puwiadiaa, Ma@l1l)

Excludi5dm@apt k¢ ructure, all features of the ma
DNA templ at e. Modi fied nucleotides can be 1in
providing the nucl eoti de in the r enadci tnigo n n

ri bonucl eoti d@n ta ilpahtosrpehtadrey. scal e, mMRNA can
the reaction by DNase digestion and RNA pre

mol edWPlag di et al ., 2018)

1.3.1 Large scale manufacturing of synthetic mRNA

One of the key adwawtrmmesrofptuoinndgor | arge s
is the scal abiilanyy yoifeltdh ec apmr otcheesosr et i cal |y b

the amount of(Bapaoant maete Phlaklmi 20DN)A i s t he

transcription template wused on | arge sheeal e,
propagakEedd¢ Mai ker et. The. pl admBY must be | ir
restriction enrzyonief ttor aanlslcow pftaron, producing
species with3édodeosgehbus step is currently ne

termination efficiency of the endogenous T7

however the devel oipgne ndaf foifcisggmday ettarcmihnat or
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for |l VT without the negdCaflur€pphazmied lailnegar

Mairhofe@l®) al ., 2

On | arge scal e, the 1 VT reaction proceeds i
reaction bags. As with smal/l scale I VT, t he
component s, however t hese cormpden,e ntc O n Inudcd r
incrgashe cost of( Rouscah entatedr.ivailtzsid 24 nal | scal

production, T7 remains the dominantRRNAL use
inhibitor is typically added to the reacti ol
MRNA from any trace RBNMasanicoins amihhad i. o@&a2clt2 2
proceeds over otf3hehocuwrusr,s making the actual

incredibly quick compared to many other bio

vector based vaccines @OAgaootniorcd totn@al etandli b,0dz

et al .., 2022)

Critical to the manufacturing of any synthet
to reduce the i mmuaogeni effgcasdobffhe fina
puification unit operations are required, n

such ag€l(dhi@dfinity chromatography, ( Ro$aowed

et al .., ThGe21lpuri fied mRNAtfiemuefésckaoctheal i
target cell . This is most ecedoemmmovneldy |aicphiide vneadn o
(LNPs) . These ar e for med t hrough precisely
whereby mMRNA in aqueous buffeédrssel meadednwet
forming inverted mice(lHoeus eatr calndNR 2x®2 InyRWINIAa t

met hods ¢ontdieveée op, enabling mofretled f mMRNANtO
incorporation of different chemical modal i ti
LNRP Hou et al ., 2021; Tenchov et al ., 2021)
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Input Materials Process

Plasmid DNA, Restriction
Enzyme

A 4

Plasmid DNA Linearisation

RNAP, Cap analogues, y
modified NTPs, RNase In vitro transcription
inhibitor

v

\4

DNase |, Mg?* > DNase | Treatment

\4

Chromatography (affinity,

anion exchange, ion pair
reverse phase)

Multiple unit operations
A A

Tangential Flow Filtration

A

\ 4

Lipid Nanoparticles LNP-Encapsulation

A\ 4

Final Product Formulation

v

Cholesterol, PEG, ect

Figure A1l s6 mpl i fied process flow diagram for
process. The produwcttirdamaeocir inpRRNAcrby( I VT) i s a

involving the addition of | arge quantities o
cap awmeas$ogSever al purification unit operatioc
formul ation, due to the i mmunogenicity induc

as double stranded RNA
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1.3.2 In vitro Transcription utilising T7 RNA Polymerase

As pr ewmienu s lonee dv,a stt  manj otriritdnys @orfi p tsieadn biys tcheet

DNAMependent yR&NAapeo |l from bacteri ophBgecdlri €

(Studier and Moffatt, 1986). T7 RNA Pol ymer a
Ssubunit pol ymerase superfamily, which featu
bacteriophages, in addition to(®atoahoand i Mil|

201.8)T7 RNAP is a 99 kDa protein, with a nul
attractive for biotechmoltdargamoa paliionat Fomstdy
is highly specific to its promoter, a 17 nu
reducing t he l-i keygethoodd é§dB8bcsafpEndn Bennett,

Further morer,ediu/i rRRNSAPno additional transcript

transcription. Finally, T7 RNAP is known t ¢
transcription, with high -dfifdeproguctsisarenag
producHudng et. al ., 2000)

T7 RNAP has three functd o nbgpeartddm éh & iu dddo,mati enr, me d
which together enable the polymerase activi
@ccesbsorwyctur al el ements which have roles i
mel ting the(WaANMAg daitpl.a&IX.h,e 2f0iln8g)er domain enabl
of the pal ymgr abe DNA template by undergoing
and Steitz, 2004) . The palm domain catalys
ordinating two magnesium ions proximal to tw

within the erzZmnekosbkyctanrd Miuwemabtihd o @il ) i s

flexible and is thought to prevent dissoci at
as it moveBormrkomgkytand Murali, 2018)

46



—
( Thumb Domain

Finger Domain

Palm Domain . .
N-terminal domain

Figur BTH8d/ii menssitorniadt ure of T7 RNA pol ymer ase
ray cryst(@aRDBgdempdsyi Eaoln diE@ANens i s mar ked a
colour, with the N-3t2ésr)mi n ahlu ndbo ndaoirdal ine dy epl d | onw
domain gr-888 4§A4@29B5 the finger78domaiandbltule
specificity | eto6pPUmalgieneés 4 7d0seprasentudcdsas

b-strands are shown as arrows. The finger d
pol ymerase. The palm domain catalyses the tr
stabilises the DNA template. Theiapeciaftit ¢ciony

| mage produced using PDB deposition 1CEZ.
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1.3.3 Challenges when using T7 RNAP

I ni ti al transcription tihe ol ymetadée mps bcC a
transcription b ulbNbA e h yubnrtiitd caanRNAor m of suf
oudbmpet e DNA r(eGonnnge eelti .mdT.h,e 2M04) ati on pr oces

addition of nucl eosi de monophosphates onto

mol ecul e of ~12 n| KRlaendTraigpdieas a nsd fMarrfiadng r2eslel
of the wunstable nature of iinitial transcrip:
rel eased hbeeftoransi ti onelodn gtahtei oRN ApPh atsce , mo s t

bet we-8 nn(fRsa m2Tragpz a and MarTthen, tfra0nllsd#)ep o loy mer a s
an elongation state occurs when the enzyme

promoter sequence.

I n addition to the aforementioned abortive 1
faciletmnredudhti on of a mimberpobdbmBNArspecteas
shorter or |l onger than tHaéhaleampadlait @owrncetded
Pr ometnedrependent RNA synthesis by T7 can occ!
mechani sms. Firstly, T7 can recognise certz¢
templ atree,pldelafti ng t he nmaNMn etre mpn alt@®@goiuns at o v
dependent( RANMaPrsska and. Skhamrtpherldroe, transcr
during the | BTeprfd@agettiiomg caasn a bi nding site f¢
for the extension(6Ghot amaRNAOmMO ITevou pat hwa@y k8
proposedprfiomi gl Wwhi cht eemmpiltaitaet ense dRNeAt ed RNA s
sepfiming ocegirenshemnoBiémal otfo tthree RNA mol ect
compl ementarity to each ot heirntdeaemdli emgultear tH
dupl ex region which T7 can bind @MNaclkewna i amnce
BerHalrranz, Z60a8Bprisminfg occurs whenxi sompl e

4 8



bet ween RNA transcripts, forming an inter mol
bimdd initiateéGhobhamalipouodmee pat hwp48) ea
production of | ong doublwhesnt riasnidregl RNARNKAP.
mol ecul es are formed through promoenrd iomfdepe
the DNA template, producing an antisense treé

expected RNA molecule, forniiMug ea dadub | € 0slt8r)a

The numbéernrgfetoftfranscripts produced during |
particular problem when producing mRNA t her a
i s regaieadure a predictable response to the
was highlighted byskg datal showlkedsé hBNAwhen

RNA, only 0.99% of mol ecul es WwWdrue etthealcagr r2«
Doubl e stranded RNA sipnentuineosg eanriec ,p adrutei ctuol atrhley
cytosolic 4 enasnodr sSMDRAISG which subsequently 1
i nter f(eromn set al ., 2008; YoneAysama raendulRuj iml
produced by | VBuused pfuorp otslkeesr aqust undteod go e x

increase the wunif orsmi tayndo fr etdruacnes dcienrnpulvneodgeehngi toch

contaminatikHigghdsR&NAf or mance | i HPILYp wrhirfoimead o
MRNA has been shown previously to not I nduc
hi gher | evel s, however the process is cost]l)
scales used in the pKarm&ceeti aadl ,i 20dsgdry
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A B

KN
5-GGAGGUAGUAGAGGUGAAGAUUUA -3’ 5'-GGAGGUAGUAGAGGUGAAGAUUUA -3
b R
<= AUU'A UUUAGAAGLGGAGAUGUAUUAGG 5
GGAGGUAGUAGAGGUGA ,G . GGAGGUAGUAGAGGUGAAGAUUUA

l A clIs trans

u AGAAGUGGAGAUGUAUUAGG-5'
UCCAUCAUCUCCAUU A UCCAUCAUCUCCAUUU

GGAGGUAGUAGAGGUGA AG GGAGGUAGUAGAGGUGAAGAUUUA

GGAGGUAGUAGAGGUGAAGAUUUACCUCUACUACCU GGAUUAUGUAGAGGUGAAGAUUUACCUCUACUACCU

L 1 1 |

— R — I
_ complementary — __ complementary Z

-

~complementary not complementary
Figurm®ePrloposed pat kpwaym nfgorwhselhf i ni ti ate RNA
RNA synth €8s s spsreifhmii ng. Regdbenmi mt othet he RNA
show complementarity. This allows for an int
|l oop. T heixs rdeugpp on can then act as a binding
continued transcription of the same RNA mol
being f darTmed.sp Bierhifng. Compl ementarity exi st s
RNA mol eculed, ihoemmof eam!l ar duplex. This du
as a binding site for T7 RNAP. One the mol ec
Adapt ed Gthrodmmal i pour et al ., 2019)

1.3.4 Engineering T7 RNA polymerase for improved IVT-based manufacturing

The l i mitations of T7 RNA pol ymer ase for |
Consequentl vy, sever al strategies have been
qguality from the reacttiioomn ddfy ofefsttrarcgdtn gRNAA
attempts have been made to engineer T7 RNAP
P266L mutation in T7 RNAP has been shown to

to its promoter, all owamgcort d ot sbymdciraes ialanstitalit)
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e transition from initiat.i olhhicso mpd adks ttoo e
ortive transcript production, with the ini
d the polymerase beeead Mmorel ¢ndgatdiyon-oi pst e

nt tr@@Gusiclhrli ptss et dbkhpjaz2@a68d; MBRBaminez2012)

e-te€C mion@d o mai n has also been the focus of e
RNAP ansenqpueancdred FB88B was mut aBBdmbgeAAFAYy
product MRNA was s(i@anridiniecrane i y &lhmpgr dwas&y
pothesised to be due to weakening intera
rmally mediated by meéenFAGAtSagu-pnemstaern on
guemwaesssl dsi kel y. Thet earddiintalongloyfcianeC r esi d
Sso shown 3Idommge gy i s et &Al. wi2®@23)he mu
scribed by Gardner et cale.d, ttohirse dnuuctea ta fofni |
ti mal templates such as transcribed mMRNA,
the fooDodemaiand coll eagues al so 3used a
mogeneity. I n this case d hsel inguhttalty ofna waawrs el
itiation complex state, in which promoter
il st G47A by itself this would I|Iikely 1inc
en combined with 884G, mabomoi vei ghansthapt
@dhhomogeneity was {il2%rebae®®@9Portoen Hhi s i ncr
oduct qg-bla¢velys i1 &MNMain at 50% of that of th

at extensive purification would stil!l be r

ermostable T7 RNAPs have al soelasemgdevalcdp

eld. A quadruple mutant featuring S633P, {

t hugoh random mut aglkeonwesd sacwByicttywabdl i 48§ t he u

higemper ature (IBdulpaionc estdMoale. ,rez@hd) vy, C Oomn
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available T7 thermostabl e abas ihaanvtes bf erboam sNheoww |
transcripti 62alUWRy eatctdAnmempa®20)f running the
at a higher temperaturans$enge dRivAwdbgrasd u ditei o
RNA i s unapilieme oaseéfffectively at higher ter
| VT does not, however, r e3déuxctee ntdheed rRaN(A&Vypa fo dpurc
et al .., D260 )te the potenti al benefits of in
manufacturing processes, thermostable T7 RN;y
significant energy costs associated with ra

additiomnempeglaé¢ures cause RNA degradation, r

1.3.5 The use of RNAPs other than T7 for mRNA manufacture

Th e activities of sever al ot her bacteriopt
charadtsed, witheazymew {0 U¥iTngeactions with
yield profiles over T7 RNAP. The activities

bacteriophage were characterised in the 1980
commercially avaiBatbh eT3 oandis®@P6 nprlo/duce a ¢
of off target transcripts to T7 RNAP however

useLing et al ., 1989; Nam and Kang, 1988; Ta

One PG6&ke viruses has ra &ieddtnse cRiNoAcPo ccchuasr apcht aeg e
(Zhu et al . Tohe2(Gl@QesNti scehdarnmaacr i ne single subuni
| ower yi el ds t han T7, however was mor e e f
rio bonuclSegmnthi dReNsA.P al so shows hi gthhearn |Te7v eR NsA Po-
and more efficiently 1 ncoA pfourrattheesr ntohdairfaicetde rn
subunit RNAP was i sloilkd ephdge mKph4 KMVhe KP3

particular interest aspiimnmeddennetd prodwcd st
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are <characte(rliustettc aff . Th#&20dWwWt)hors who char e
pol ymeroawseed sthhat 38 % of tfrroamca i HPQ ivodr dpetradpdua tt
expected fullial ermagtthipgppoodwetment over the 0.9
(Lu et alTheg 2019)yity of a ps3dchhaphialliso BRIk
described.i svSmore efficient than T7 at | ow

l evel s of dsRNAXcanéeta mdBW ii2sh2n200w sol d comme.

| cleake RNAP, with recommendoefd2 8 ela.ti on tempe

Despite several novel RNAPs being character
continues to dominate thé&hfseld popfi mEBNAI ymaduw

yi el ds observed with alternative RNAPSs cur

ecmomi cally viable to produce a high quant
purification, than have a | ower qua(nKiig yetwi t
al ., .2®2spite this, the diverse characteri st
doprovide a rational for broadeini hgisncestiag
possi ble that an RNAP exists in nature that

required to #pedose theacmanhufacturing cont ex

the diversity of RNA product format s, modi f
increases, it may be found that T7 RNAP is s
generation molecules. I n such cases, it woul
oppbotenti al RNAPs with diverse characteristic
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1.4 Non-IVT Based methods for the production of synthetic RNA

The production of synthetic mRNA is dominat e
scalability of tbhedrpaeviVpesnowvwscidregcot her f
RNA however, such as short aptamer s, and d
production technology exists. Described hel
cebased RNA production systems, which ngave ¢c

various RNA species

1.4.1 Chemical synthesis of synthetic RNA

The chemical synthesis of RNA is routinely
species, including short interfer(Qlgi RNAafdi
Sekine, Z0©hEk8)f undament al technol ogy used for
al most identical to that useNAfolri gdh®, ade \0eanlk

in the (l1686phson et Bali.efl $984)he process r ¢
el ongation of attheaecREA d¢maian sol i d support.

deprotection, activation, coupling, oxi dat.
chain to grow, with tohdiadeidt basecf Pleamme plo s
et al .., PoaleNn)t chenmiedalydt Hhatwmhaoaaslee been found

increase the efficiency of the main rate |

coupling, whereby the next nucl eRycdek i st adl
2022)
As a technique, chemical synt hesimpgesom® st

popul ation of s(h2b0 tinsR)NAe gsupierceide,s especially i
high proportion of Wbdnfpeddooctchgotodgser RNA

achieved rapidly drops off. Thi sbeisngg IrCkG%I
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efficient. Even with a coupling efficiency o
37 %, due to the 2% | oss of mat g rRieaels ewi t20 0t5h
Ryczek et. alt ,i 20g@8%sible to |igate short RN
mol ecul es, however this increases the cost
effi(cKielnitszek .BEbobr atheseodé&asons, chemical sy
possible for a smal/l range of products, and

such as mRNA.

1.4.2 Cell-based RNA production systems

Cellular production hosts present an attractive opportunity for the production of
synthetic RNA T 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 i
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 ( Papi | e t. Onmel of the m2jOr hréas 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 7 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 highl evel s of t RNA, and production of high vy
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 i
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 i Recombinant RNA expression within a tRNA scaffold. The RNA
mol ecul e of interest is inserted in the expr
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
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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
t herapeutic uses. MRNA is used as a genetic
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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ChaptieMat2eri als and Met ho

2.1 General Methods and Recipes

2.1.1 Media preparation for E. coli culture

Lysogeny broth ftad tuounigneas prepared using
Tryptone and 5 g/ L Yeast extract in distil]le
with the addition of 15 g/ L agar. Supéer opti
medium was prepared containing 20 g/ L trypt«
3.6 g/L glucose,0.28467 ggLL KKy SO aznddi sCG.09 52 dg /il

distilled water. Al media W&sfotedbl mbadt by

2.1.2 Antibiotics

Anti biotics were prepared in -diisgallved svaltwetr
Ampicillin stock solution was prepared at a
final concentegAml on KahamyYdi n stockd saotl ua i or

concentration of a50 amgf/immla, | acnodgcuesietdr ati on of

2.1.3 Transformation of E. coli

5LoE. cells were defrosted on ice for 5 min
cloning procedureslUshighnedd@édceEocypDélbei n
overexpression, BL21 sttrran snfso rwmea tei ouns eadf. pFloas
pl asmid st elcwka s<5u0s emdg/ For | i g@dlLiodn tphreo d e dyuart e
reaction was used. Cells were mnicabdatlleeaf ovi ¢ h
shocking at 42UC for 30 seconds. Cells were

the addi teLonh 90C9M&Odi um. Cell suspensions we
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370C and 800 rpm, dhemor,ed mlgatri g aT®e coalkt ava

antibiotic. Pl ated)lCwéoe ianclleaséeéd 186§t hdTr s .

2.1.4 Plasmid Amplification

Pl asmids were routinely propag-atradsff@mr madtoiwo
sequencinngvtirtamscri ption or -coapskdtitornansea
Col onies containing the plasmid of intereste
overnight. Cell s were hagfvoerstle@ nrbiyn upteelsl.etRIna

puri fied fnrgom hceelQisaguesni Mi ni prep kit.

2.1.5 DNA Sequencing

DNA for sequence @amdalaytsias cwansc epnetlerpaaaim @ nmiox e &
wit heMlGequencing primer relevant to the pl a

carried out using theeGenewiz premixed servi

2.1.6 Quantification of DNA and RNA by Nanodrop

DNA and RNA concentration and purity was deé
(Thermo Fisher). Concentration was deter mi ne
sampl es, purity was i ndincartaetdi éb.y®fa TR O0R M An/

A260 nm/ A28 .rMnat iamdofA2509 nm/ A230 nm >2 ind

2.1.7 Quantification of protein by Bradford Assay

Protein concentration was deter mi fRadl)usiimg 1B
ml cuv entttad ;neikgmagotlei n, 0. 2 ml Bradford reagent
Af t er thorough mi Xxi ng, A595 nm was determ

calculated by multiplying the value by 15
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2.1.8 Agarose Gel Electrophoresis

1% Agarose gelsi sopnpft b&lAaanald RNA were prepal
agarose in TAE bHCGIf,er2q 4d@M mdMc gtrii s aci d, 1 mM
Gel vi sual i sation was enabled through the adc
1:10000 dilution. INelph Exgl addeBi whabaesed as

DNA gel s, and Thermo Fisher Riboruler HR for

2.1.9 SDS Polyacrylamide gel electrophoresis

SDS Polyacrylamide ge-PAGErcwaspheedsifor( $hée
protein expression | evells2% Plreigsaishe 1elwe !l ( TH
Fi sher) were usecdeliln styhset ext e(I TTh eMigho f Fips loé¢ ©) n
sampMaes mi xe ckcLavfi t Mo ldx dengthuffhgr | oRlé mmo Fi
4elLof Novex reducing buffer (ThellGno Gelsshewdr,
secured in the running -Glaywki nceo nrt tan mii mgy Nwfvfe
Fisher), |l asadl sathpd claPlaogregrsuildeer 5pr est ai ned prot
were run at 225 V for 40 minutes. Gels were

(Thermo Fisher), before destaining in distil

2.1.10 Ethanol Precipitation of DNA or RNA

DNA or RNA was desalted by ethanol precipita

volume 3 M Sodium Acetate pH 5. 2, and 3 vol

were incub®Cedfoat at | east 1 hour s,gfboerf 030 c
m nuteb®CatSdpernatant was removed, and DNA/R
ice cold 70% ethanol . Pell ets were dried for

resuspension df-EPNABEBNAfie®O. or H
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2.2 Vector Construction

2.2.1 Primer Design

Primers were designed manually wusing Snapge
NEB Tm calcul ator was used UG basweendpff mee
for PCR. Primers weratpdr DNAstec i noMvsotganceke gr a

solions in TE buffer, dilutedeMto a working co

2.2.2 Polymerase chain reaction (PCR)

PCR reactions were set up with the foll owing
Component VOIRueH;ec_f(i&lan VOIRueH?c_?((i};IBn
Forward PgM)mer 1.25 2.5
Reverse PegM)mer 1.25 2.5
NEB Q5 2X Mast 12.5 25
DNA Templhatap(1 1 1
H.O 9 19

Tabl ee PCLR1 reaction component s

PCR reactions were run with the following cy
Cycle Sect Cycleg Temperatu Ti nfes)
I nitial Den | 1 98 120
Denaturat:i 35 98 20
Annealing 507 2 30
Extensi on 72 20 per
Final Exter 1 72 120

Tabl & PCLR2 condi ti ons

PCR products were analysed by agarose gel el

by Qi agepmnrPE&ERcation kit or Qiagen gel extrac
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2.2.3 Restriction Digestion

PCR product s, or plasmid DNA was digested b
Biolabs), in the following reactiobC. DDy Ast i
was puryi Qiedgem PCR purification kit.
Component Vol uselg (
10 X Reaction 5
Restriction ET 2
Restriction EN 2
DNA (Plasmid/PC Up teg 1
H.O To &0
Tabl eéeR2s3 ricsiioandcgmponent s
2.2.4 DNA Ligation
Digested PCR products and/or vector sequenc
with T4 DNA |l igase. Reactions contained a 4:
ensure high Iligation efficiency. Reactions
subsegquei ncubation for 30 minudleod dather damat.

reaction was transfor mgH.
foll owing component s:
Component Vol uselg (
10 X T4 Ligase 2
Digestedl| DblaAar A 0. @M
Di gestedVBbNAOB 0.02 pM
T4 DNA Ligas 1
H.O To €0

Tabl e DN.A4A |l i gati on

component s
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2.3 Production of synthetic mRNA

2.3.1 Production of mRNA by In vitro transcription

MRNA was synthesised from -opflifaas nviidtarroeampil @ttiec
reactions using T7 RNA polymerase (New Engl

l ineari zed with Xbal or BsaXl . Reaction were

Component Vol uelg (

10 X T7 RNAP
10 mM ATP
10 mM CTP
10 &M P
10 mM UTP
DNA Templ atee) (

N N DD NN DD NN

T7 RNAP
H20 To €0

Tabl e l2r. Btirtamscri pti on component s

Reactions were U cfuobrat2e dhoautr s3,7 di®dMNase 4addintdi
further incubation for 20 minutes to remove
reactions using thep Moinarcde RNAngl @aad Bi ol ab
was assessed by agarose gel el ectropyhoresi

nanodrop measur ement

2.3.2 Production of mRNA in E. coli

MRNA encoding plasmids were transformed int
(I nvi tEr.ogsebnr)ai ns . 5 ml starter cultures were
and grown ovVve-Bearritgahrti i (iLTBh)e rbmao tFhi s her $g/ mlont ai

kanamycin (Ther A, RiOsOhcerrpmmaalF I3 7scal esLlexpress
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starter culture was usedmetdo umncecouwltamt/eml &6 § "’
kanamycin, and celAL0Warpan,grumwrn latt h7 OD600nN
0. 6. For |l arge scale expression, 200 ml of

culture. I PTG was then added to a final <conc

by centrifugagfioonld®t mioodesx

2.3.3 RNA extraction from E. coli

For small scale culture (cell pellets from <
the GenElute Total RNAlI ¢uirct Jed € eMelm exearlelsuSipe
i n DO TE buffer cont aiymeng ahdmg/hmlubéatysd
temperature f oelLoS5 nbiunfufteers eR03 0alBOBO %2 0Ot hanol we
added to the |lysate before vortexing. Lysate
before washingowuthoret hRNAIl whsf eélbttedonns &lO
Resi dual DNA in the RNA sample was then rem
RNase free DNase |, ACarfdri m3c0u bnaitniuctne sat R3ANA wa
t he DNase redacet iMonnaus<ihn gRNtA Cdgeg a n(uNpe wknidgin g( 50

Bi ol abs) .

For | arger scale extractions, cells were sus
(Thermo Fisher), and all owed to Iyse for 10
solution (4% SDS, 0.5 M NacCl (Thebmbdbi Bhsher
mi nutes at 65 UC. 6. 8ml of 5M NaCcCl of was aft

ice for 5 minutes to promote precipitation

10000 xg for 20 minutes at 4 UC, and usbweperna
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RNA was precipitated from the supernat-ant by
80 UC.

2.3.5 mRNA purification from extracted Total RNA

mRNA was purified from smal.]l scale total RI
MRNA purni fHittatvi brogenxg d&dpphiokas 188NAuUwWt ed t ¢
vol ume olfwitT?h0 nuclease free water.ASdmpl|l s
mi nutes to disrupt secondary strbetbdse webef ¢
equil i brasietl bnnfdfédrg GUEHCHM Th)Cs bef ore addi
the ¢L00t al RNA samples. Beads were incubated
at room temperature with constant rowadsi on,
were washed tatiode wamgsthhbu22D8r -ACO, mMMTLI €1 ) . r
was eluted from the magneti c-HCd g d s Hby7 . abd diatni

concentration determined by Nanodrop spectro

MRNA from | arge scale ext rdaTctd rornisc hwhaesn tp uurtiifl
KTA pcc chromatography systemo(udyd itvam)a 10
vol ume-d@lli8go col umn (Sartorius) in binding bl
pH 7, 500 ) mM T™NhaeC col umn was washed in 20 col
(50 mM Sodium Phosphat e, 150 mM NacCl ). Bound

before quantification by Nanodrop spectropho

2.4 Capillary Gel Electrophoresis

Capill ary Geli sEl(eGCGEHE)opaonakgsi s of RNA inte
performed with a 5200 Fragment Analyzer Syst

471 RNA Kit (15 nt) (Agilent, CA, USA). The
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Capillary Array Short, JTampme@Awer ¢ odekI 10N, nl

in nuclease free water. Behowvel eagk wepamaapi
for 30 seconds), the capillaries were condit
capillaries were dipped. twbbEkowinng hehirs nseh
filled with RNA separation gel (by pressure)
a voltage injection (5 kV for 4 seconds) .

applying a voltage of 8 oV wlasr ca4%5 r medutboed.

|l nduced Fluorescence (LIF), by fluorescent d

2.5 Digital Droplet PCR

Digital dropl et PCR was used to deter mine
mol ecul es in a population iodndadttad &ML i fPy i
region in the middle of eGFP, wuniversal to e

reactions comprised thA|l FRaBdl)@wi ng component s

Component Vol uelg (
Onstep ddPCR m 5
Reverse Trans 2
300 DMT 1
900 nNnM For war ( 1
900 nM Rever sg¢ 1
250 54VA M obbre 1
Tot al RNB (1 1
H20 To &0

Tabl eeD2 .g6 t al droplet PCR components
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The edlfeacti on mixlbdrdraptde?70O0geiRed)atweme olidad
into &€ab6G8i dgelofanddr o4p0l et s wer e gRackcr@X2@0 wi
dropl et generator. Dropwel § WERe-Rbhdppst&8nbed
with foil, andapg!| £40€@0i n har Bab cycl er. Cycl

foll ows:

Cyc$ection Cycle{Temperatu Ti me (M
Reverse Tr afl 1 50 60
Pol ymer ase / 1 95 10

Denaturat:i 40 95 1
Anneal ing/E 6 0 1
Enzyme Deac]| 1 98 10

Tabl eedd.PCR running conditions

A final hol dC pflgdys eni amtut 82 was employed to ir
through condensation. Positive droplets wer e
( BiRad) , usi ng automatically assigned ampl i
Quant aSoft skafdi)warSanipBieosedeir @ anhyysis if t
measured droplets exceeded 12000. Quant aSof {
counts to mRNA copy number by assuming a nor

positive droplet. The foll owAr g ofpoyr mwlinme eirs u

Concentr atsd+e o = Formula 2.1
Wherebys= Tot al number of dropl ets
0O = Number of negative droplets
W = Vol ume 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 int
(New Engl aned Riedllasbh.s )Cel |l s were grown in 5 mj
which were used to inocuWwl arifle cud @ umlesofwelk B b |

370C with 200 rpm ssh@ki g 4umwtaisl r@mc®BPd. Tem
reduced0iCt,o0 an5d expression was induced by add

period of 8 hours. Cells wer gyfsoub s2e0g uma mtult ye sc

2.6.2 RNAP Purification

Cells were resuspended i-AHClIl ys0s5bMfNac€l A pBHC

sonicated for 3 x 20 second periods. Cel | d
70000f oxr 15 minutes. Cel | free extract was a
(Cytivia) at a rate of 5 ml/min. The col umn

A + 40 mM | mi ddazdorliec h() Si goneaf or e el ution of f

i mi dazol-3® 0f mdMmo® er 10 col umn vol umes. 5 ml 0
to a 1.6x60 cm Superdex200 gel filtration ¢
coll ected after voi d vol ume. Fractions cor

concentrated tmoatai dn na@afl T omg/kemk and exchange
buffer (8&HhM TroiosnM NaCl , 50% v/v glycerol,
0.2% w/ v NaNA3aAl dAikhp)lgmasing a 50 kDA-MWCO c

Al drich) .
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2.7 Cell free coupled transcription-translation assays

Coupled trtamamsli pttii@om assays to determine RN
using the TNT SP6 Qui ck Coupl ed transcript
Reaomtsi owere assembl edTmrcnQai ak ndglastRNAPMI x,

endong plasel)delMdBobgt encodi ngelLp)] aamd dO (30

1 mM methionine. The Asfsary P riocwre.d eda naptl 680 we

500 fold in nuclease free watdr, uvard &Nached .
|l uci f eraayses uvalsst r at e. Samples were incubated |
detection of |l uminescence by Mol ecul ar Devic

ti me of 10 s.

2.8 Culturing of mammalian cell lines

2.8.1 Routine culturing of CHO cells

CHO op®loll s, deri Wwed ufspemsCl@d@ cell s (Ther mo Fi
cultur e@HO nmeCdDi um, suppl emBinateamiwne h( BhenMma |
30 ml cultures were maintained in vented 12°¢
C, 5%, CWi trhpmM 400haking. Where required, cultu
100 ml in 500 ml vented Erl enmeyer flasks. C
by trypan blue assay, using a @duwret gBse cX mamhnt
Coulter) automart.edCelelld weomuen subcul tur.edd t o

Xx 8 able cells per ml every 3 days.

2.8.2 Routine culturing of HEK cells

A suspehnusmaonn embr yomHEKc &lildnkeyndé, -FFrr(ekelsdryrhe

Fisher), was routinely cultured in FOHRGstyl e
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medi um, suppl emenrGled awnitnhe 6 TniM rmo Fi sher ) .

mai ntained in vented 125 mat EBV e@me Gnort O |14 Dk
rpm shaking. Where required, culture vol ume
vented Erl enmeyer fl asks. Cel | counting was

subculturingoOt@ 0dén’wiitap | efeclelindwsery 3 days.

2.8.3 Electroporation of CHO cells with mRNA

Suspension CHO cells were electroporated us
Cells were subcultured 2 days prior to nucle
1-2 x%ck0 1l s pd6 MlcéabD1s8per well transfected w
xgand media removed. Cellsltwenned wvold wsnegendade®dpi

eLnucl eofecti onlL200 ethngFONNA asnodl u2t i on. Cel | s wer
transfecteduchetidhre CloDr e uni t usiagLpf pipoer am
war med media was added to each nucl ehbdbction
cel | susperesp owartnnedé 7ndedi a in a 24 wel |l pl at
for 72 hours at 2andU@30wirppim 5%akOng, before

supernatant for secreted protein quantificat

2.8.4 Quantification of secreted mAb titre from CHO cells by ELISA

mAb titre in cell culture supernatant was qu
Supenatant was diluted 1:800 for DTE mAbs an
di luent ¢$Lwfff esramp20 was eolipxeed xwidtalts el @G nj ugat
human 1 gG in the ELISA pl ate, and incubated
Podtnhcubati enwaSampén removed, and the plate
3 times ewwddhh 30@] veL, TR . s UOHDt r ate was added 1t c

the plate was incubated for 10 minutes at ro
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with stop sol unde®nwasnrde adsatr b4450 nm and 620
Devices i D5 plate reader. Standard curves p

were used to convert absorbance values t o mA

2.8.5 Transfection of HEK cells with mRNA by cationic polymer solution

Suspension HEK <cells were tmRMAfEercamn®he atsiim
(Mirus Bi o), comprising a proprietary <cati o
transfection, celletofveFeessteydykd madb®d0in 24
densi2y5 oxcelds pecofml-warémked medi a wasL mi xed
MRNA sol uti elh, €LANORONAn gb/o o st realgermans laln dmRINA
reagent. The mixture was incubated at room t
complexes to fweme &€dthpbedeepwi se to the wel
and gently distributed by rocking. Cells wer

CQand 230 rpm shaking, before harvesting of

2.8.6 Quantification of GFP from mRNA transfected HEK cells

508Lof cultured HEK cell s expressg,nganGFPt hneer
supernatant removed. Cel |l sL DWeBSE (rSAisgdnsap e hiled
before determination of GFP signal through

nm using a Molecular devices plate reader
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Abstract

Al |l MRNA products are ¢ unr nterriamcyc rmapntuifoanc trueraec
utilizeulsumigdl eRNA pol ymerase (RNAP) Dbiocat al
di screte polymerases exhibit hi ghil yc |vuadriinagb |
di fferent relative processivity rates and in
enzymes are generally available for mRNA bi ¢
restricts strategies to design and etsrsoeusb | e st
which is particularly wundesirable given the
l ines towards | arger and more complex mol ecu
of a-thirglughput RNAP screening pl atifnorsam,!| iccoom
andn vietstoa ng modul es, that enables functi onse
|l i braries. Utilizing this sysdiewmer sve RNARS | T
associated activeandgsabeepuembtgesfadn dan ecd
as recombinant-baszaymen® NIAn pr ¥d u.c tBy ni mparoecassisrel
number of available characterized functiona
platform to rapidly identify further Ipotent
expands the RNAP biocatal yst solution spac
enhancing capability to acthipewxwe f apploipdatmisr

product yield and quality.
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3.1 - Introduction

The clinical sQax2 evgacoif nleSsSRé&sdt akoy nt het i ¢ mR
effective drug format, pavingbasedwagcétonebu
gene therapies tol @Gnmteeat cdlibniectadad ;r, TVH# B2 h)a s
resulted in a sharp increase in global deman
manufacturing from a relatively niche proces
strategies to treat monogeeniico udsi gddisdedarsse sz c & i
al ., 2023; Liu et al .. AlkR082B8¢chVaRNRAiIi pretuat s,
produced in ishavidearncsicsadpti on (I VT)sudbwynt ¢ ms
DNAMependent phage RNA polymerase (RNAP) bi
pha&®6 and Enterobacteria phage T3 RNAPs <cat
the dominant biocatalyst choi ce Efndrersymtch etrii

phage T7 RNAP. This enzyme has wundergone e

i mprove bioproduction performance, predomina
of i mmunogenriecl apedduisnupcuhr i B s-@ Bohdritve transc
(Guilleres et al ., 200&8ndLyesdblend e@o RdNIAars,p e.

(Dousi s et at.al 202360208y

Al t hough T7 RNAP typically generates hig
product guality profiles, i tsisalsi gbhl gcanal
approach wi | | be opti mal for al | MRNA man
bi oproduction processes rely on biocatalyst
range of evolved and engineered Chinese Ham
recombinant prof{ &i s c manubk)a cTehler ec u2 0 e nt unava
such an RNAP t ool box for MRNA | VT platforr
strategi es, such as opaiimi st aogadckeimpee aqualei ts
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profil emol anudl efigpplication epeprbdaocopyi sl d
The latter is particularly pertinent given
include | arger and mor e compl ex mol ecul a
bi omanufacturing chakué@aBa®RNAsuah. as2023; Qu
Zhu et al ., oraprPRAdil)fifyi ng RNBl akapygcetpab., 20z
et al .,, a&ndd2 2l)i near MRNA i ncorporating novel
nucli eét€Chen et .all.nde2@22) t s hoautl dnRONA awnitlilc ifpo
the path of protein therapeutics, where pro
relatively simple moleculeemgi saehe@asf dmmat s n
specific antibodies)pechdt cr dgquicddTahbpatyu c@Inw

Nyitray, 2020)

The available RNAP tool box has recently b
on i denti fcyhiama@c taenrdi si ng i ndi vidual enzymes
bi oproducti on phenot3ybpoenso.g eknPe3i4t ye nohfa np¢réosd u c t
et al .,, VBOMr9%e)duces ds&NAIi a mpturahdeSg20832xhib
increased pZboeeseti gl hy aeiMpa) t hat achieved
these hygoithesi approaches have successfully |
novel functionalities, only six characterize
MRNA manufacture (alt haodigiht iwen alotwenpgbhalti s oene
be wtilised in industrial settings). Accordi
are severely |imited, an&tamodoadbdowvead atystents
as T7 may have rel ati vealcy epacrt i pesr f(Er.gan e ox
generation) rel at iavret et@oti evduldbeumu n d rphchg eo fRNAP s

in natur e.
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Il n this study, we address the pdhaciedy of
MRNA production. Us iinn gs ialnidcoomaintad tyis@ers ofe i de
and functionally validdate sei RINAPsewmoegu ¢ haa
number of previously described enzymes for

descri be devel etphmeonutg hopfu t ay shtiregte nihmrmag s an be U

rapidly select and test future RNAP | ibrari
bi ocatal yst solution space. Provision of a
enhances capabilities t o design -spadi ftcolt
manufacturing processes, which will be part
gual ity of -gceonneprlaetxi onne xmtRNA product s.
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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 7 20, window size 7 30, and degeneracy 1 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 € LTnT Quick Master Mix, 1 ¢ LRNAP plasmid (40 ng/e [}, 1 € LNanoLuc
plasmid (80 ng/e I}, and 0.2 ¢ L1 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 € L Reactions contained 2 € L10X reaction
buffer,2e Lof each NTP, 1 eg ofe Lof@mRNAR bre ¢ DAN A, anoc
novel RNAP. Transcription reactions were incubated for 2 hours, before addition of 1
€ LDNase |, 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 prod
characterised RNAPs. Too | dud fi iome stphaec et h ever eetx
sequence of all putative single subunit RNAP

this analysi s, -s3tbrlandiesdt iRMNAPss ihnagd ebeen predi

avail able genomics data. iXkcodr dihregley ,e ngziyuners
previously tested, approxi mately 98% of t h
unexpl ored. We rationalized that determinir

untested RNAPs woefti beehi ghbgwd, ymogeoeprrif he

many of these enzymes will share similar pe
assumed that variation in bioproduction phen
generation profiles) would be wundaernpi nanceidd b
sequences. Accordingly, we sought to define
space by i dentifying RNAP <clusters that s h

homol ogy (Fig. 1A).

The Clust al Omega sedqWamneeral egvame ntse@®@d

to define RNAP clusters, whereby enzymes wit
grouped into a single distinct family. Thi
where the smallest and | argest groups.cont ai
1B) . To interrogate || ocal sequence similardi

using MMSEQ2, groupi mperRNMRSs hb ansge Wadde tkhan S mi
al gorithm. Using sequence identity and <cov

respec(®teehggger and, S°hde nmgu mb2eldrl 79 f di scret e
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was reduced from 93 to 44, where the majori
enzyme (Fig. 1C) .
Utilisation of novel RNAPSs for MRNA man

identifapptopni ate cognate promoter el ements

This dtsinvoml as single subunit RNAPs typical
binding activity, where mutation of a singl
out pRong et .alAc,co0X¥W9& )l vy, identification of

necessitates highly accurate promoter predi
publidcllyabdvatool s to achiLeawe gtnhei sed ewhl € h €@ 2FOHI
for conserved el ements of defined | ength,
l earning model s dt @ halgaes siefgpureanméetee odgis® modt e r

(Sampai o et Alrepr2d&sldnt ati ve pol ymerase was

families, and the associated phage genomes
promoter prediction tools (Fig. 1D). This an
promoters in 18/ 44 cases. Testing further RN
to result in identification of wuseable el eme

di versity within thesemndsisdterat & shitansdioncd fam te

are significantly different to the promoter

prediction tools. Accordingly, ~40% ofnident
vidue to | imitations in promoter prediction

Cognpremoters were successfully predictec
and opti mal reaction temperatures were 1iden

growth temperature of corresponding phage ho
temper at u® edA@wphiiora may be beneficial for mRN/

given that | VT reactions performed at redu
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decreased | evreellsatoefd pirXopdaurcett i &I18.hy | D@2h)et i ¢ al

of the 26 selected RNAPSsI boanfyi rcrendp rti lsaetd tah

evolutionarily diverse enzymes, sh@ i hg%no
gl obal sequence identity) with any the six p
1E) . These -prodmanearaspairs ( Tabwar di)nf eweirter ot ¢
functional characterisation, facilitating te

Figure 3.1 (FoBilowsf eematwinc slesi gnh eddfi barna rRyN A |
(A) . Putative RNAPs warewictesgleokral useqgqgence
|8) , and subsequently grouped into 44 distin.
simil & it Représentative polymerases from fanm
promoter predict Donwevawl ggesixithlceal (y anal y s«
evolutionary diversity, represented in the ¢
RNAPE) .(
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promoters 7 | TGTAGCTCAAGGGTAAGGAAGGTACACTATAGGGAGAGAC Consensus
8 | AGCCTCTAAGTTTTAAGGAAGGTACACTATAGGGAGAGAC Promoter TAAGGAAGGTACACTATAGGG|
9 | AGTCCCCTATGGTTAAGGAAGGTACACTATAGGGGACATA
10| CATCAAGCAGAAGTAAGGAAGGTACACTATAGGAAGGGGG
11| ATACATAGACAATTAAGGAAGGTACACTATAGGGACTGGT
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Assigned UniProt Protein Predicted
Phage Name Temperature Promoter
Number ID Optimum (-C)
R1 Prochlorococcus_phage_P-SSP7 Q58N45 14-26 AAAATTCTTCAAGTTTACAA
R2 Synechococcus_phage_S-CBP42 ADAD9BVKW2 20 CACTTCCACTCAACCAACCG
R3 Erwinia_amylovora_phage_Era103 A2I7X6 28 AATAACCACCCAGTATAGAAGGAA
R4 Agrobacterium_phage_Atu_ph02 ADA223VZI2 28 TTATCCTTCGTATAAGGAATA
RS Dickeya_phage_Mysterion AOA385IGY0 28 CTTAAATCATCACTATTAG
R6 Pectobacterium_phage_PP74 AQA1JOMEGH1 30 TAATACGACTCACTATTGGGAA
R7 Aquamicrobium_phage_P14 AODA1L5C074 30 TTTCGGTACGCTCTAGCA
R8 Pectobacterium_phage_DU_PP_lI ADAZD2W5U8 30 TTATTAACGACTCACTACTAGGAA
R9 Pectobacterium_phage_Jarilo ADA2S1GSW7 30 TAATAACGACTCACTATTAGAAG
R10 Sphingomonas_phage_Scott AODA346FDD2 30 TCGGGTTGTCGATTTCCTTAC
R11 Ralstonia_phage_RS-PI-1 ADA1S6L1D6 35 GTCGAAGTCGTCGAGCAGC
R12 Burkholderia_phage_JG068 U3PFP4 37 TCAGTAGACTATCTAG
R13 Acinetobacter_Acibel007 AOAQ75DXW8 37 CTGTACTCACAGCTCAATTT
R14 Delftia_phage_IME-DE1 AOAQF7INH1 37 GTTAGCCCACACCATTGAAGACCC
R15 Pseudomonas_phage_Henninger AQ0A2KSVHD7 37 TTAAAACCCTCACTATGGCTACA
R16 Pseudomonas_phage_PollyC AQA2K9VHU7 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_HTVC031P ADA4YINTX3 16-23 AACTAATGCTCAATTTAGAGATA
R21 Rhizobium_phage_RHEph01 L7TQWS 25-30 ATTACCCCTCCCTTAAGCAAAG
R22 Rhizobium_phage_RHEph02 L7TJCS 25-30 TTAATCCTCACTATTAGGATAA
R23 Curvibacter_phage_P260598 AODA384UH57 25-30 GCAACATTACAGGTACTGAA
R24 Pseudomonas_phage_PPpW-4 V5YUU1 25-30 TAAAAACCCTCACTGAAACAGGG
R25 Vibrio_phage_10N ADA2I7RNL7 35-37 ACTTACCTTTCACTATAGCAGCA
R26 Alteromonas_virus_vB_AspP-H44 ADA220YL66 Not Found TGGTGACTACAGAGCAGCAG
Table Bibinfodmati ¢ sslaldbyusniingIRNA pol ymemases
vi fumcti onal characterization.

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

functional characterisation

Previous studies focussed on I denti fying

manuf acture have relied on rec¢e®mbhizyameds. pmodu
cod¢ehdst s, prior to charac¢teriesatilon R2O1BYTMW
2022, Zhu et. aThi, sc 2i0slBm@i) n g met hod S und
characterisation of a | arge RNAP | ibrary,

complex proteins at appropriate yield and
opti mi(Bhatoma et al ., 2021; GhMpaéowerd, Kwanaireé
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recombinant protein stability and puriivtey may
enzyme activities across the | ibrary. Accor
novel RNAPs in parall-ehrowghmetvel epteidna@a mli atl
not require production and purification of
adaptingraecelolupl edt rtarnasnlsactriiopnt isoynst em t hat he
employed to rapidly assess ac({Egotgvafetvaan
202(1Qui et3)al .As 29Rown i n Figure 2A, this pl
containing rabbit reticulocyte | ysatne vand or ¢
product @& edRNAfP, awhi ch then in turn-ldrciJes asxp
repogéeme eund he contr ol of its cognate promot

Protein coding sequences and predicted cc
of the 26 test enzymes were chemically synth
RNAP screening platform peatmaidr § Fweagr. e 2iIA)d i W
mi xed with threabdPPG RMAR cul ocyte |l ysat e ma s

production was measured after AQcurmeadommen de

assay reaction temperature). &s wdoevnf umc Fi g
active, driving luciferase exprék6tstwonf | ¢ehal
achieved wusing the control T7 RNAP. Accor di
enzymes wkuecthiommnal , hi ghlighting tthief ydinfgf i

novel RNAP biocatalysts.

There was no significant correlation bet
optima and obser Vie&d dHotwiewietry ato 3Qrt her as
reaction parameters on polymerasevpéerteer mdan
increasAdCd @hH decArCda dsednpEe2@tures. While the

were functAGpabnhy ©2Bree of these enkG.mes d
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Mor eover, apart from R6 which drove highest
conditions tested, the relative performance
Al t hough our objective was-promodenmt iphyref,fea
to precisely elucidate their relativaeteerfo
t hat enzymes active over a narrow range 0]
categoriz€dnasi mmoal . However, we concluded
testing across thr ee-psoeipnarsat ea ntde mphearta tenrzey nsee
scregnplhatform was more | ikely due to either
of putative RNAP coding sequences or ii) 1inc
Al t hough enzyme -Aceevestyeeni hbesgsetém may
predictive ofl \pearsfeodr nmaRMNcAe mammuf acturing proc
t hat pol ymerase R6 drove higher |l evel s of
conditions tested (increas20%angingl baeitwe ek
increase at T7s opti mumAQ)e.acRiiwe ftwernmprearatRINA
R9, R14, R15) facilitated luciferase titres
T7 in at | east one reaction condition. Accor
processivity/ catalyticd atchherwneftyr et hlmaav eT 7p oat nec
enhancing MRNA production yields. Mor eover,
downstream processing operations -vwelaatread u
i mpurities, particularly as mangcbivihesse &N
temper dt\Wamgalet, .20h2) e further characteri sas
assess their bioindustrial utility, the ide
more than doubles the number of avail able RN

space f omanuRiNeAct ure by ~130 %.
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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,

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

94



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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production. Although the cognate promoters of individual polymerases can be

elucidated via non-bioinformatic laboratory techniques (Lu et al., 2019), these time-

intensive methods are intractable when testing multiple enzymes in parallel.

Accordingly, full exploration of the putative RNAP biocatalyst solution space to

optimise mMRNA production processes will likely require significant advancements in

phage promoter prediction tools.
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represent the meaee+i SHepend=enld, expeh i pmemftasr

triplB)caTltees)t. | i-pbrampt &NAPairs were anal ysed
DNA bnignddomain and promoter sequence identit
to be active or inactive in functional <chara

dots resgfeciTheelentire theoretical RNAP bi oc
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section). Enzymes predicted t o have incorr
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Functional RINA®Psi mdemités study are shown as b

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

To validate that novel R NfArPese i sdeernga rfii regd pvli aat
utility in mRNA manufacturing processes, we
R5 and ER6oliinThese polymerases were -amasen t
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shown to be the best performing RNRAPckeyaall
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performance of each RNAP at a range of pH (p
(predicted opti-ppuimntié. 5MBO)t hs RINAPs were fun
conditions tested, where R5 performance was
i ncreasempewiatthurteee The | Boserphagbl ggbowshtthat
are not directly ipmegdrietatcotvieo nofc ot itmalns f o
RNAPS.

As shown in Figure®odp,t itmmdtt sahi parameR6T a
35AC) #aanedl mRNA product titers >60% of that
recombinant T7 at recommehAh@).d Alotnhdd udg o nR6 (drH
l evel s of gene transeérriepet isgyrsttehmgn it7 iisn noour s
rel ativeasaceanlvangedv in | VT processespugieven t
engineered enboyme mwisteld f elalcy i on conditions.
rati onal protein engineering/evolution, COuUCf
and react itoenr sp a(rka nge. , OD@Eamaene sterda tMgol ) , wi ||
increase R6s biocatadegd imRMA tprvadwctiinon.VTI rrr
by initially facilitating product yields equ
T7, R6 ies edomsihdghly active biocatalyst.

Pol ymerase R5 enabled product titers ~4
suggesting that the comparative -fpreed otr engatnic e

platforms is broadly predictive Aofyiehdisr imnel

manufacturing processes. Accordingly, we CcoO
enzymes identified in this study (Erwinia a
phage DUPP 11, Pe cltaorbiedt fetrii au mpiadhgpey BRIsME d o mo n a

phage Henninge, Citrobacter phage CGCR#Bi)glre a

MRNA production yields. While we cannot <curr

98



these new pwoodyemehasee product quality, previ

geerate variabl er dleavted & iomp urriotdiuecst, such as
spec(iles et al ., 2019; Wang et al . ,3a2022;15Xi a
|l ndeed, this new | ibrary 1is particularly |
phenotypes, given that they were specifical
amino acid sequence similarities. e ¢hghtefc
novel functional enzymes to the RNAP biocat

enhanckas¥d mMRNA manufacturing optimisation

99



MW (kDA)

@

Relative cLuc mRNA titre (%)

mm RG 25°C = R630°C w=m R6 35°C mm R523°C ww R528°C mmm R533°C

-

o

o
1

o
o
1

(=2
o
1

H
o
1

N
o
1

o
1

R6 No T7
Promoter Promoter Promoter

Cell free extract
Ni-column elute

Cell Debris
Final Prep

200

116.3
97.4 Pectobacterium

66.3 phage PP74 RNAP
55.4 (R6)
99.3 kDA

Cypridina Luciferase
1662 nt

36.5
31

21.5
14.4

6
3.50
25

m

—_

L B PP cevvesese 100 -

®
=
1
@
=]
1

» (=]
= S
1 1
IS
=)
|

n
=}
1

N
o
1
Relative cLuc mRNA titre (%)
[=2]
o
1

Relative cLuc mRNA titre (%

o
|

FigureRHMAP 5 and 6 were reEombbidamptulry fpedduw
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to manufacture Lugcinf euwtiaterens eniRiINfAt iionn (1vT) r
product i-loexn tfh fjurdduct was veri fisidB)hb(y I g/erl e
production processC¢santdi RINARMEg €RNAREG offr med i 1
reaction conditions and resultingam®N&NAopt it

spectrophosomgtirgenti fied optimal reaction p
relative performance of recombinant pol ymer a
T7 comlkt.orobDatta in E are expressed as a percert
using T7. Il n C, D and E vabtied hrepr e sndaretp el
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3.4 - Concluding Remarks

The ei ght nowdlvesegudruneti onal RNAPs i den
substantially increases the number of bi oca
Al t hough further work is required to compreh
charactcasrri sparticul arly their associated [
expansion of the biocatalyst solution space
mol egulpa ec easnsd apsppdeaciaftiiconopti mi sation of mR]
gual i tmprdhed filexi bility will become increa:
continue to diversify towards | arge, compl e x
chall é Bges et al ., 2023; Bl akney et al ., 202
2022; Qu et @ur ,cemdmrRigardmn owmintal y si s of the ¢t
bi ocatal yst solution space i) showed that

restricted by cognate promoter prediction ca
enzymes that are particwleatliyapromisiWinghf or
latter, the screening platform we have dev
additional RNAP I ibraries, including engi nee
conclusion, by more than dpalbymemgasde, namdep:
associated methods to select and screen fu
facilitated a significant expansion of the F
strategies to opti mibsaes ealn dnRtNrAo yplr loatselsdsaete nl VT
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Abstract

Synt heRtNiAc im currently pr ocuacterdamisnc rs tpa n doanr dsiy:
However, -stihtiestlsbneapproach has associated dr a
shortages, hi gh r eagenrtelcaotsetds ,i ncpounrpilteyx pprroofdil
design fopn i medsepeail fei ¢ opti mi sation of produc

we describe for the first time devel opment o

utili Eingebhh chassi s. Coordinated mRNA, DNA,
pri marciulsysefd on di srupting interactions bet we
host <cell RNA degradation macH#®dwmédy,coimpamreadas
standaredcgirevd -t g ke ea@pressi on systems. Mechar
of cel | ffact marycepeshowed t hat product mR N
approached theoretical i mits, accounting f

and that this wasedalcrheiaelvlieodc avtiian gh obsitosynt het i
endogenous RNA sasndg ecneelrlathiioonrmaacti vi ti es. We ¢
sized functional MRNA mol ecul es can be prodt
puri fi edori ns-sheadrllgee processes. Accordingly, t h
MRNA production teghbhbkogy,l ué¢xpandipnace avali

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 AUrichregi ons, and, most cr i t-manaphdsphate
(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 6s comp
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-f ol d greater than sEandard
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 mMRNA producti ohac®®BR ruecqdu eviacse g
from Xenomusobibrtadirectly flanking a huma
sequence. Al DNA sequences contaimkinmgg sttlad i

UTRs and coding sequence were -34mthesv agan)an

Twi st Bi oscience. Sequences were inserted wu
sites, placing the GOl downstream of the T7Y7
t hdborsiome binding site from the original pl as

constructed by amplifying the mMRNA encoding
by PCR, and inserting it into pRNA128A, a ve

Syntchetiri pl e terminator constructs wer e a s

purchased from Genewi z. The f Eagmebbgeaonsi s
rrnB T1 terminators, and were |igated into
sites, diamcofythepsiTr7eterminator. Sequences

are avanl 8bppl ementary table 1 and 2.

4.2.2 Synthetic mRNA Expression

MRNA encoding plasmids were transformed int
(I'nvi tB.ogedlyiai ns, seypifwal Iryecombi nant protei
starter cultures were inoculated with-a sin
Bertani (OB)erbmrootFh sher g/ mlonk an aamyhqi m O0( Ther n
at MB7 200orpmmak| scal ecloXprseasaagiten, cu0Q ur e
i noculmlt eoftOLB medi umrg/crolntkamamyc i5r0, and cel

at MB7 200rpm, cowontme &ch &Cd. BMD4For | arge scale e
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ml of LB wasi tihno5c umlatoefd ower ni ght cul ture. I
concentration of 1 mM. Where RNase E inhibit
st octkkheatpoi nt of IePdfG awdldtiun®nwdODO0pel |l eted at
post inducktiens sihGQ.pdToatal cellul ar capacit
cel | concenspatibnd, grewitApercaitfei canpdr odelklt i v

calcul ated as previously described (Brown et

4.2.3 Small Scale RNA Extraction

Tot al R&NAt wasted using the GenEIl ut eAlTert iad h RN,
according to the manufact uelelretss iwesrter urcets uosnps
106Lof TE buffer containing 1 mg/ml Lysozyme,
foriBume3xkQO6f buffer eRaf al®060 %2 e hanol wer e adc
|l ysate before vortexing. Lysate was then ap
washing widgdl wttihaam.ol RNA wlaosf eelluutteidoni ns o5l0ut i or
DNA in thel &Nwasampen removed through addit:i
DNase |, and iMchbat i3@n manmuBes. RNA was pur
reacti ome udaomagr c¢h RNA €l)e aMepyv kEintgl(asn0d Bi ol ab
the manufactumer ' 8riiefstyuc®i vol umes of RNA
vol ume s-1 ®G % 96t hanol were added to the RNA s
bound to the spin column resin, before washi
from the column in nuored8@Cfrd@bewabecentand
samples was determined wusing a Nanodrop sp:
|l ntegrity of RNA sampl es wer e assessed L
el ectrophoresis. An equal volume of 2&t &NA |
RNA, before FKedtoirng tmd ntul es, and | oading on
was run at 80 V for 40 minutes.
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4.2.4 Large Scale RNA Extraction

200 nmkl. ofalture was pelleted at 10000 xg for

a protasedl upon RNASwift (Nwokeoj i et al ., 2
m| of 5 mg/ ml |l ysozyme solution (Ther mo Fi sh
at room temperatur e. 12 ml of l ysis solution
was added,ulbatfioor fimc 5 minutes at 65 UC. 6.
and suspensions were placed on ice for 5 mi

Suspensions were centrifuged at 10000 xg f ol
was transferretdulteo. aRNsAeprvaasater eci pi tated frc

i sopropanol osrt oertedda mmadaC, and

4.2.5 Digital Droplet PCR

MRNA copy number per nanogram of -sTatpalr eRRNA sve
transcription digidtPLIR)dr wpli entd BERgORTA t o amp
bp region in the middle of e GF P, uni ver sal
ddPCR r e axcttuiroers mnoif a f ielowaelr ev ocl ounmpere Lasfre a2 Gotf e b
RFdAdPCR supeRmid¥gLfBiver se tr BoRad)sgphB8BB6emM
DTT (RERaidog ,eL 200 nM forward/revatsgr aptreidme DN A
Technol ogi2&dd) M&MAM probe (I ntegratedLBBA Tech
andeLTotRaNA at a concealt r §thielorkeCocft ilonngmi Xt ur e
eLof dropl et geiRadat i weneol ba@@Bdoi nt o¢elaofDG8 Ce
droplets were genBRadt @@X2WOtdr opkeetBigener ato
transfer ruwed It oPGR 96hd) ¢ $B8abed with froad, an .
C1000 t her mal cycl er. Reverse tr@nsonripltiboaur

Polymerase activation was c&rribedooet 4Dorcyt
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denaturation fl&r, bemiometa @omdbned annealing
for 1 mE@ut eEnazty mes wer e t hdl fdoeracltO vnaitneudt east,
a final hol dC pfhoars e3 0atmiln2ut es . Positive dropl
QX200 dropletRadé¢adesi fBi aut omatically assi gl
determined by QuanfRafdeé. (Bamples were only us

the number of measdigckdl Ad0®OP.l et s excee

4.2.6 Small Scale mRNA Purification

MRNA was purified from total RNA extraction
t he Dynabeads atmROKAI tpu(lidvict r eggemf) . T Atpapdr o R NA G
adjusted to acLwotbmeuofeabéb free water. Samp
A for 2 minutes to disrupt secondarlyeasds uct L
were equilidodbiaeadiing bod f-kal ,( 110M hMbCEXf iog e add

of t helLtlohOa l RNA sampl es. Beads were incubat

mi nutes at room temperature wi t h constant
supernatant . Beads we0eLowa swaesdh itnwgi cheu fwiietrh (1
HCI , 1M LiCl). mRNA was eluted from the maghn
HClI, pH 7.5, and it s bcyo nNaennotdrractpi osnp edcettreor pnhi onte

4.2.7 Large Scale mRNA Purification

MRNA from | argieomssawas eptrdafcitemr iboyhndntgout i |

KTA pcc chromatography system (Cytiva). 10
vol ume-d®I(il1®9 column (Sartorius) in binding
pH 7, 500 mM NacCl ). TheOcaclhbhlmmnwad | wanelse @ fi

(50 mM Sodium Phosphate, 150 mM NacCl). Bound

bef ore quantification by Nanodrop spectropho
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4.2.8 Capillary Gel Electrophoresis

Capillary Gel El ectrophoregiegr (CHBE)andn luydg|

performed with a 5200 Fragment Analyzer Syst

471 RNA Kit (15 nt) (Agilent, CA, USA). The
Capillary Array Short, adnmplem Wegiellddtleln g @A, t U
in nuclease free water. Behowvel eagk weapamaapi
for 30 seconds), the capillaries were condit
capillaries were dipped twice impithariessae
filled with RNA separation gel (by pressure)
a voltage injection (5 kV for 4 seconds) .

applying a voltage of 8 kV for 45 naisreut es.

|l nduced Fluorescreeaxseenttl &dye thagdilug of the R

4.2.9 Transfection of mMRNA into HEK293 cells

Suspension adapted HEK293 <cells (Thermo Fi sh
free medium (Thermo Fisher) . .mlCelollsameerien mai
Erlenmeyer flaskL, (8&8rLmihmgn) di &ty , vBidatnd &gk tCQ i
140r pm. Cel | density and viability was deter
counter system (Ther mo Fi sher ) .t rmRMNAf ¢ hitait om e\
capped using the NEB Vaccinia virus cappin
foll owing the manufacturers protocelhaCdlolws f
weldt @d (Corning)gbcaobhtuaenvabuBmB 0 Owirtphm. a griotra
MRNA transfection, cells werécsesklkesegeqat ma d
shall ow wel |l pl at es, and imMRNAbdtradsffect2énh

( Mi rus) was used to transfect 500 ng of m F
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i nrsutcti ons. GFP transfection efficiency was
using a GFP filter. For fluorescence measur e
xdgor 5 minutes, before rd&duspemgi,omnidn dRRERS

fluoeese 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 discre
hal Fffe of thatE.mocleelciul céhvbeasnsgiesn et al . , 2019;
Kushner, 2022; Vi eWhaisl eetcoadi.n g 2s0elgBuyence desi
be employed to enhance accumul at iEon ¢&fl ga ,par
by opti mi ssismggedoddrme efficacy of such- metho
speci fic, dependent smpathke favaielackhl ep rd emair gy
sequengeri tAhms are available for enhancing
usage, however the design rules applied are
for stabilEtyaoadi mammabnaappgpekhtextal ., 2022;
al ., .2®&A22%prdingly, -agnashievenpredses in mR
focussed on engineering el ement s t hat ar e
sequence. Firstygafv@&NBgsirmad aroe thioftssdd nt@hoe
termini (MRNAnt RINAg 1A), based on previous fin
structur es lyi gridfuicea tde Bcdn vmRNA( dfiodRddcaud s s
and Belasco, 2023; amangiétialorpd02ait) on of
production of shdart ¢(RNeA isspemi eest iTanlet, &10.1,2;
2009b)Secondl vy, giB eins tphraedf eRrNeanstei al |y acti ve
have5@Gonophosp@Gal leaeghaal .,, WeOObhcorporated
sequences either si de of t he untransl ated
circularisation of -npRNoAd u cFti gmRMNBA .( STehlifsCidrecs i gr
by recent work descri bi noga eell peBvdeA tsse Irwichu Icaht ieof n
vi a ®teremut ed |dmet d(oRIExtoami n et al ., 20280); Wess

Finally, we designed a hybrid alpyy omcthi,f when
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inserte8@aaBd dtemeni ni . Hybridisation of t hese
creates -ai psabdbo mol ecule, where the gene ex
in a single stranded | dyp asttrachedat oet benen

mMRNA, Fig 1C).

Ter mt- RNSeldrCd rCi rfce RINAr es were incorporat
used bactexpalks&F®n vector, where transcrip
driven by an inducible T7 promoter. These e
ri bosome bifindéng ®B80tprevenrmRNA anns|ialed lohho doth t (
contained commonl|l y5am@&dnmaamsal awaed regi ons,
encoded polyA tail, to permit transvyeadti orms of
were transf obB.mepdo bitnetion tphreoduct i on st-saaheBL 2]
MRNA production processes were carried out.

i nduction of expression and GFP mRNA yields

As shown i n HRihge leDh,gienaecehr eod constructs facildi
i n mRNA product yield, as compared to the st
performing conmRNAct enlsahé€dr GFP mRMA dyi el
indicating that tludse ovierrculearfiiscad nmhdlyec hi e
medi ated product-(deoclady. i niCarreca SRlNAi n product

control) had a significantly reduc-€ddfoet dbili
increase), which mayf fbiec ideuret tfoorrmdtaitamnv edfy tim
mol ecul ar contex-baseUdnkl kme nbRINA BRBA faCisroc pr ot
from degr a3ddaét xi oomu cbhlye ases, which play a relat
MRNA dechRy doamlti are pacttiicel anl yol yadenyl at «

(Mohanty and KusMonreero,ve2Q22)ircular mRNA mol e
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utilised in downstream applications without

i ncorporation of modi fiivech nucl d otwi d emsnu n olgreche

mol ecul ar stability, both i n mammBevaat kehl s
al ., ,2@23)xul ar mRNA is considered a promisi |
applicaBaionest al ., 2023; Liu.eAsatircabDaebset
facilitated the higEesfcophiodechal en beehds asb
simplified downstream prockesdedgtheaeguit he mere

product class wasuiptaed i fo whbd aolorya nwd lalct ur i ng s
Accordingly, we focussed further optimisatio

of Se-mREBAT C
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Figure 4.1 - mRNA structures were engineered to increase product stability in E. coli
host-cellsbyA)i ncl udi ng 64gafhel chdoti RNAat boB)h t he
incorporating ribozyme sequences to promote self-circularisation, and C) inserting

component partsofthetRNA-Ly si ne moti f at the 56 and 306 t
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 sy st e nSD of\thaeke indegendent pr es er
experiments (n= 3, each per f or nbetiktical signifitance pplas c at e ) .
determined by two-tailed unpaired t-test compared to the control system, and defined

as p O 0.05 (*=p0O0.05, **=pOOUTB:WUntrarslated=p O0. 0
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 enf¢
production of recombi nant prote(Bsowm &thi ak
201.9) We hypot hesi zed stthatt ey scoulld be app
manufact (Er.i n@oyliimequentially i mproving the

expression vector &momdnmeelcli ad UBy.t woved iimaediilree s h ¢
been engineered to reducet RNasenlfEamcda i vedtqgn
MRNA stability without i mpac(tHenygd eg laonbda | N B3 FhNo
2021; Mi roux and AWd Ihbag,hsttth@6hs were origin.
increase pr@dsytitonnreadpomsisnant proteins, t h
provide a highly permissive cell background
directly test t hi s -mRWMA @oomparmcdd p3elvii ©iursd y
standard BL21(DE3) cel |l s£ (abhBEF)ompiTn ehesrdeSB K Lr B1
mB )gal dcmr(hnRAE3)1) cells. As shown in Fig 2A,
RNAse E proflotddmoet e8GFP mRNA than the uneng
circular mRNA is efficiently protected from
circul arisati on sr edtierhegd hsuntames cri pt. A r ed:!

activity may therefore enhance synthetic mF

nascent product MmMRNA,, i ncreasing the pool
circul arisation. Pr aduwrnthayiceldd sbo ymeay | de efnugri tnh
that i ncr eagsse mRINA hbo sots ycnetlhlesi s (E. g., T7 ex|

bi omass accumul ation capacities.

We rationalised that promoter engineering wa

t hexpeession plasmid already contained a T7
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recombinant MRNA transcription rates. Howe vV ¢
copies per cell has previously been shown t
mol ecPeschon et Atcor @0dgly, we tested the
origin of replication (Ori), which permits
(~5-00q;Lee ,et20a0l&Zhabi et al . Asl18Ba@Wwn in Fig 2E
this element did not increase GFP mRNA yiel

t he use of t h-€oloErli gOmnia) Reppi te t hat cons

mai ntenan€@ obpice8§Bpkrvar et al ., .19h7Ts Imag
be caused by t he intrinsic met abol ic burd
transcribing very high DNA plasmid | oiads. It
Ori(sloshi et al ., 2022wi IRlouicthest iefty ad . pl 291812

G weet Otshpaott opti mi ses the quantity of DNA t
bi osynthesis without negatively i mpatit omg

phenotypes.

Beyond the promoter and the Ori, the fin;
engineered is the transcriptional terminator
standard cl ass | I nt mwi,noswecv elratteh iTs7 itse rkm cvart

termiiman efficienc(yCaaft eonley. -~HeApd a @vbiBtgh) Ta

previously described novel triple te,MT@ nat or
ané. coBT1l endogenous terminators, enhanced
(Fig 2B). This triple terminator hbabkrbeghmh s

transcription by T™MaRNAofPel ymeé¢ rAzgdearg!| y20 1t50) i
terminator facilitates enhanced RNA Pol ymer

the total bi ocatalyst time available for pro
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Producing hi gh |l evel s of synt heltiinci t mRNA

burnd/ebottl|l enecks in host cell metabolic path
the commonly wutilised protein and pBeastmaind pr
broth with other commercially available for
Supr e&ema ment ati on media were investigated as
to oligopeptides, as a carbon source has be
culture @Knandt iagisnkel , HA @& 8 er, bot h medi a

significantly reduced mRNA product titers (F
rates achieved (data not shown) . -GNeu taalnsion et,e s
based on the hypdodtihtesoinsalt hnatt raamge&a source W
bi osynthetic capacity by increasing nucl eos

significantly i1 mpact product yields (Fig 2C)

design space to idenbhatycemhtd!l smetetuteaebly
producEi omoTthe most promising chemicals i den
E inhibitors that reduce enzymteeramitnali tgomai
However, only one of tkesad liynhiviaiitlabd ewa :a ndo

tested the effect of supdyemexyombokyBl-bedi a

di hypdyroi Riydismul-praomyilgni c acid (AS2). It was di
was the optimal concent rnaaiinotne nfaonrc emaixni nti hsel ncg
(Suppl ementary dat a, Fig S1), which has prev
acti vB.t yogiln> (8KOi%ne et al ., 2015.; Whainlgil AS21t ata
t his concentration i ncreased MmMRNA vyield b
concentrations reduced cellular producti vity
possible via BL21 STAR cell engineering to
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supl ement ation offers a robust mechanism to fj
RNAse E interacteoesmpeci hia mammdarc.t Similarly,
combination with a mutated RNAse E permits

reducdadangfeff fects on the host celll

The optimal combination of en-goRNAr ed®NARN

expression plasmid (Triple terminator), cel |
(LB + AS2), facilitated a 44x increase i n mRI
contrtoemsyBig 2D). Capillary gel electrophor

MRNA wa-befmhgth and constituted a substanti al
(>20 %, compared to <1% for the standard con
yi el dsl mgft hf uislylnt heti ¢ mRNA were maintained w
coding sequence (720 nt) was substituted for
SAREOW Spike Protein (3783 nt) (Fig 3mB), de
vi boomanufagstuemngan produce | arger, mor e C
using-ddl mggnetic beads, we validated that ac
were maintainedsdalld opungf isanatlilon processes
demonstrates t hatturmeRNRA. nmaaud satc can be puri fi
si mpl€etbwmet hodol ogi es, facilitated by the
MRNAs with PolyA tails(kadl amcl ebtabes RAO14#AE

Kushner, 2019)
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by evaluating A)bagifneenréednhodB)syalt hethas DINg
expression oaddirgnedandel | culture media fo
perf or mance dofs yesngeimseewaess evaluated in 2.5 h
additive impact of each engineerind sbafpaon
are expressethangeaofotte production achieve
component s. Val hue s mag &prf+e stemrteet i ndependent

(in= 3, each perfoiSmadi shi tal pkigat é) cance wa
tail ed utnepsatiredmpared to the contr®lO0.syster
(*ep. 0°53,60. 01 ,*00p 0L *OCGPO)LI ml | panels, the e
product I-GFPSe(ldeCa rEi g. 1) ; the effect of w |
manufacture -GFPTeEsmsRBNAN in Suppl ementary fi
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Fi gu3eA)Capill ary el ectropherogr ams-mRfNAt ot al
bi omanufacturing systems comprising either
opti mal combination of engi neered mMRNA
host and medi(aEnfgarnnewelraetdi osny s B¥cm,| sde cRirgp.p hd)
analysis of total RNA isolated from Engineer
protein (GE®WRY, SPARE and Cypridina Lucitferas:c

l ength product MR NAI gnotleecc ubbesr ead eahi gws ; mo |
enl arged due to the presence of-mRRES( saema Fing
1). C) Compari somRNA yrieelladtsi voebtGFPMed from St

Engineered systems, quamn)tidmnedabedorguri it c a

dT magnetic beads. I ntracell-uahanggi efdsheaerepr
yield obtained using the Standard c&®Dafrol sy
t hree i ndependemt 3eXxp e saocrhmeendtesrifn( tStiapliisd a tcea )

significance was-tdetedmurnpsdi,bgdtdiva eG (i hed as

inot significant).
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4.3.3 - Mechanistic dissection of synthetic mMRNA production in E. coli host cell
chassis.

I n order to WEnNnddarosttarckelHeswutilise avail abl e
MRNA producti on, we profiled cel | bi omass
accumul ation/ maintenance during a 6hr manuf :

previ ouslsye dbténleldi a composition (see Fig. 2)

COW Spi ke Protein MRNA. To eval uat e me c h
bi osynthesis of <circular and |l inear mol ecul i
and Ter-mRRNAproductpectWittdh trtees | atter, we ¢

optimal BIeidlpB&eAReB(MSN2a)t osryst em combi-fnaltd on
increase |i®FPerwymteRNA as compared to the sta

Suppl ementary dat a, Fifgd | iSn2c)r, e assiemi a cahri- etvoe dt hf

GFP.
As shown in Fig 4A, manufacture of circul ar
induced a significant metabolic burden on

maxi mum cel-3 hWepest yi 2ducti oonpf wmNAasxpneéeas
cells continued to accumul ate biomass up to
cells exhibited a 25% reduction in cell spe

expression induction (Fig 48B)l. dwonrseiotvye ra c hiheey

~50% | ower for producer -xredd g erass, caoshspoacrieadt
~35% reduction in the integral of cel |l conc
This indicates that produci ng A ufbosrtcaenst itah e acm
reall ocat e bi osynthetic capacity away from
Accordingly, approaches t o eavsesroccoi naet e @ r obduur c
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represent a potentially effective waryt teor en|

increase product yields. The simplest met hoc
expression induction kinetics, although gene
strategies wil/|l l i1 kely deliver the enoscé¢l Isi g
densi(t@allersi et al ., 202 2; Badran an&itiheyr @Y

optimising the Dbiocat alRNA @roapadi tsy na‘heaisli sk
required -advamakagé udi1 t hke. apboibldiucyt itoon spcraolcee s

to 100,000 L.

As shown in Figure 4C, tot al RNA synthesise
production procesess,piadte -S6¢pionkReNgAPcagxltclayimud at i ng
time (Fig. 4D) . This is I|likely due to feec
intracel lul ar concentrations of key macr o

concentrat(iPad agngteesaAccordi2r2g!l y, acsctuarbulleat i ¢

pr odmRNA forces the cell to reduce biosynt hi
endogenous RNA speci es, wit talm gfpfoetcetnst i an A essio
bi oproducti on phenotypes such as cel | gr ow

mechani sms place a theoretical -nhRNA tt hoant tchaen

be mai nt ai ned per cel Il , above whioch concert
mol ées will become critically Ilimiting | eadi
product expression. I ndeed, as shown in Fig

ProtmeRNA peaked at 4 h, before decr eSpiikngg sl

accounted for ~28% of t-odlall, RMMAI enlasiss i Ini k déley F
maxi mum achievabl e concentration. Al t hough
recombinant protein expression in CHO cell s,
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~30% ofacel | ul ar firoatsei d amhaags (Wen concl uded
efforts to further enhance intracellul ar p
beneficial, and instead should focus on max.i
Sel f-Epirkespeeific prodm&NAvprypydpeddpet cell

was relatively constant throughout the first

celhtt, equating to ~10% of total <cellular RNA
period.echMA wngineering, fordesxagmpl enaV7 i pco
synthetic mRNA generation rates, facilitatin
pr odmRNA <concentration l evel mor e gui ckl vy,

processes wibbnatsbsianhedost and manufacturi

rapidly switch between manufacture of differ

Capill ary Gel El ectrophoresis analysis clear
intracellul arl y-Gpvelill attsenedk(Eempd.if4 FEhat engi

mol ecul es are successfulimedpabéedctdeecdcayroma

intracel lul ar ma throtuern atnicnee opveerri omdusl,t ias Cc ompa
MRNA +HhalHB. ionbl +§ Beirmstein et al ., 2002; Mohar
Moreover, the presence of a single sharp pee¢
the cell factotengpgihipesoRMRINiAmignhfaul li's subject
degradation event s. Accordingly, i JE.f uaalhier
degr adassyonnteheti ¢ mMRNA interact®B.mecolst apablre qa

synthesising homoge naorugse pmoRONUAl antoil cencsu lcefs, t he
downstream processing steps. As expected, hi
Spi ke thanSpekmt RMWMAere maxi mum achieved yiel

mg/ L respectively (Fig. 4E) thAs digaudsednt.yv
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product yields wil/ be obtained via further
maxi mum cel | densi ty, integr al of cel | conc
Synthetic mRNA yields > 10s0t rmmg/glhtdlmo wlad db e «
however achieving g/L titres, as 1 s sEt.andar c

col iwi I I |l i kely require significant process |

Figure 4.4 ( FoSelofwey irBceel caw)d -Seir kne RWeAr e pr oduc
bi omanufacturing systems comprising an optim
DNA plasmid and cell culturepmediuaeftsée@nkingu
and producer celllshwastmeasalseduat ng(8)h pro
to calculate integral cel | concentration (1¢
(B) Tot dICQRNApr odu(cEy)yimRNIA were al so measured
and the relati wa @redpgo rRINIAo c owRMNA anion g copielse w
qguant(iDoetda l RNA samples from each measured

capillary gel el ectrophoresi s; dashed red

highligh$®piSlké fCky cawdpi Kpr mptrRPONlAuct accumul at i n
| Nn-CA values represent the mean N SBB ofhotwhr ee

data from a single representative capillary
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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 Ehebabieti sysbémnolicer MRANNAges ynt hes

manufact uUumBNAGFP 1 L production processes.

required is total RNA extraction from host
with commerci al kits awheen< plr odiu,ctli ®@mg erc aVv @ls
scal ableé¢ fcosent procedure. To achieve this,

previously desctrribfear!| beyx tNrwaokteiogn of EdsRBRNAIi pTr

that utilises NaCL and pSDSatteo nhaycsreo necell d csu laanrd
( Nwokeoj i et Tal max2@Ml&e both total RNA vyi el
introduced a | ysozyme digestion step upstre

incubation templkd atttiCfES dmrd mi i9i0) added an et
step downstream of RNASwi ft. Using this modi

able to routinely obtain | arge yi-gualsi {\y 0t ontg

RNA (RNA I ntegr.iid)y &Numbetresr mi Med by capill ar
Whil e small a memRMtAs cafn preo pwati fi ed f-ddm t ot
magnetic beads (see Fig 3C), | arger quantit|

To show that MRNA En& olcfaanc tlue eg un inf i ed usi n
chromatography separation stepdTwda80ticli sed
combinati on wi t h an AKTA PCC system. Figu
representative of this puriftiyvaas on mpagaOTlErISe ,
concentration, and the UV trace of materi al
el ectrophoresi sandalpusiisf i cfatipoe sampl es shc

Sel f-GFlPcand Te&rFRPt RMMA ecul es coul dbipeaaf-af tian
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capture chromatographi®)unHowevper-sFPemnmttRNA
i sol ated at much high purity, 7T-GhPaswlteomp a
Sel f-GFPcsamples showed a considerable wide |
~30% o ot al RNA. This @&y mhel éuvuel es Balf @Qgrc
smal l er pol yA taGF® 6sphani deyr mHb RNt and 120

preventing use of elution conditions that de

MRNA/ DNA neereging to increase the encoded po
product isolation with reduced process/ produ
mol edwlremat s, it is clear that for most appli

operati ome woeéded to achieve requisit-e puri
exclusion chromatography step. The use of t
standard for puri-valkaei macodmoltdeul ds ghi ncl t
protei nsdamidvdMTm&kMN et al . , 2023; Rosa et al
2022)A simplified processcsalid ocavmahilag rveRMNAf or | &

production processes is shown in Figure 5A.

Finally, to validate that HERN&elpie olunotsi onmaa
mammal i an cell s, we tra@GBEPeandd TexFmRi RNnAtdo S
Human embryonelcl ski(dhEkK) .c -BRPl e oBehf sr an [
ri bosome binding site (Il RES)uridhbwiadt iomg ptrioe
Ter mt-BNR required the enzymatisctr adtdune omho of
translation initiatiFonboAd slyowmeitm cFimRINAe md
were translatable in HEK cell s, facilitatin
Transl|l ational effGHR immlce/c wolfesSewoudid cl i kel y b

via determination alhlEES ed¢leeie 16 lol o eofptt. i enta |l a l
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|l ndeed,

t his

may

t her apEeRltarclk et. al

provitlegpaeacisfoiediet yt oi netnoc ordr N

., 2013)

FiguréeFdl bows )@)emlpeaffi ed process-sfcladw dinagr
smaddailre MRWA& pr odBiytytpiomal chr omat-@@T )y maf fr iomi

chromatography

el ectropherogr ams

product s
i I . ove Ir ie

wgiTn g ad If i gpoatpyhBE InRNmMapoogduct s
purified

posttransfection,

(E) and

purification &f . [CDb@amit|l IMmRrNyA

showi nnGFRPuUuf¢CY i aa@FBa(DECi MTe
manuf &
and transfected into Hume

GFP protein expression was

fluorescent pl atien rFe adeerr eassre&®lDof stihse (nF

three independenrt 3exparcihmeetr $ of med in tripld.
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4.4 - Concluding remarks

Then wWwRWNA& manufacturing system we have pres:
produce synthetic mMRNA molecules for a wide
applications. Al t hough we have demonstrate:
mammal i an mMRNA can bhd girebsd uecceeldl f actories, wi

adoption of this platform requires further o

steps to increase product purities and i1i)
titres by enhancecng produtti wipteyci fand ce
accumul ation/ maintenance. Whil e we anticipa

particularly suint abf e cioculparrodosBNAO iplriotdyu c f
manufacturing |inear mRNA mol eceatt ey wopt dmbe
cexpressio@Gappi mg Tenzy me (fQu sni oent parbo.t.en 200 2 8)
synthesis of capp&d mREAMs paxplrgssion of nuc!

modi fying enzymes, such agC®sluieldeuet dabbdsy

per mit production oodfuct snewirt hmRNAQupred I mm
properties for therapeutic applications.

The potenti al util ity of miscrad i amRNAe |
manufacturing i s being increasingly recogn

announcements efvelpdmnsommeaceadal mMREAI produc

processes usindgoBular ydthiec aowalill abi l ity of st
increasingly critical i n coming years as pro
of more compl ex neonldectuHears dalreanaadfs) gl obal mR
continues to increase. By engkEneeakbied mMmREACO

production system this study has added a
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ChaptiePra pser | 1 |

Transfection of mRNA control nodeée
CHO cells reveals rate 1limiting

THE CONTENTS OF THI S CHAPTIEWRE ARRE REDAICITED
BEI NG USED FOR COMMERI CI ALI SATI ON PURP

Edwar d 'CuMeli na ABB@aml|l ‘@8 r own

!Department of Chemical and BiyobbgiSbeff Eer¢gdn
Sheffield, UK.

The work described in this fchaptgubliisca&tuirom®n
to ongoing commercialisation activities rela

Summary

The third paper in this thesis describes th
revealing critical production camadciithedi € ®.
53MRNA hypecarcti oke moadaeisng transcription fact
cellul ar regulators, are introduced to the <c
The | evel of response to eacht hceonitmpodr tnaondcee gc
corresponding process to the production of
modul ators can be selected which improve m

components of rate | imiting production proce

Contri buti ons

Edward iCQiamgeptual i sati onys insegsioidgpd toigoyn, aman
preparMeliiomdai Pohé £t (CdHaDt icen ), ealnytsirse met hodo
conceptuahAdsmt iBonowoonceptual i sati on, met hod:
manuscript fpurgiama@ataoqyi sition.
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ChaptieGonécl udi ng& Reuntaurkes Wor |

6.1 Conclusion

The work presented si nt wohirsowehle sa v apnrcoevnmednet s
MRNA manufactur e,xeinmpladdiitnigorhotwo synt hetic m
in theffbebdechnol ogy, outside of therapeut
given to existing | VT manufacturing prAcess
new method for identifypgrngmatcari vpeaiRINSA ip | d/emse:
i sheni suetdi It o chmowelt eRNARs 8 These findings al
which RNAPs would be suitable engineering t
MRNA production. -l ¥dc onfRNIAy maamufiaect ure platfo
usiklb.g aelmogpuction host for the first ti me.

approach, MRNA i s aiilog dt onmoaecurmaldatltg 4Mmhan a

Finally, by wusing -symitthiengc bmRiNIAenercaktse i n

monocl onal arnet iebloudciiedsatweed. Thi s technol ogy al
capacities critical to the titre of recombi
for i mproving yield of difficult to express
6.2 Paper | i Expanding the RNA polymerase biocatalyst solution space for

MRNA manufacture

Current methods for the production of mRNA t
RNA polymerase. Whilst yields from-suabgepr oc
downstream processing is required as -a resu
prodi&ches!|l amal i pour et al ., W0i8stKathlkr 61 ng
RNA polymerases have been characterised, thi
having been descri bed menofhevrliiti eagat Dreemoatst

thesssa method for the rapid screening of t
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promoter sequence. The method allows for an
wit hhtohuet needcdmmsumi Mg overexpressabeganed. pUsi
this mpt adwdntard i br aowyebf ss8BRNAFt er pairs, m &

expanding the number of RNAPs available for

Wor k by t hp, 2Zwhio gdeosucri bed KPBP3IBRNABgnS5hasdf v¥s
on extensively characterising a single RNAP
i IE. coui et al ., 2019; Xia eA differ6B2; agpu
taken, hewhereby a much | arger number of RN A

necessitating a method for quickIly wusccirnegeni n

highly pure preparations of all 27 enzymes Vv
may introduce variability into the |ibrary
enzyme, and the | evel of purity that aould
cel | free couptlrean stlraga n sonr i Py 9 toenm, was mor e
purposes. The system allows for the detectio
product |l uminescence in -camnsidema@abd yi qua cgiel
mul tiple days required for a traditional ove
The coupl ed tt rr aamssd raitpg toinonsaystem i s functio
characterisation contexts. Previously descri
analysusanf ™M/ RNAP species, in partieul ar

natur al NUEYd@eoo v aest Mbre e26eantl vy, Cui sho

system may beacutseerdi steod cTh7a rRNeEA P caecltli Vl iGtusya tfeet o m

Q

. 20Ah3E) wor k pr esebnuieldd iunp otnhitsh etsheeipsr evi o
met hods by showing thansthei eomasgstemticam L
screening of novel RNAP activity. It i's al s«
for a given RNAP. This dedmoangiond @lr @ad sRNARS ,
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ami no aci d Ssubstitutions, i n order t o conf i

promoter after altering the protein sequence

Using the #mamsdraitp toino esyesmoevm8l wses PNAPs. As w
expecctoendsi dering efforts to promote sequence
l'i brary, a wide range of relative yields a
therapeutic manuf@Reatrom@gc weRRUMM6PAdPDeRI4 i a
Phage-DIEMB , eassula rof their higher yields than
30C. T7 displayed incr d@sceampear ed itvee atchhdrviR
the exception of R7, however 62 @NAPTSh e errdsoulm
for weée pargrnacmisaird g, as at all 3 temperatu
hi gher activity than T7. |t mu st be noted,
transctrngnsloamti on assay does not directly cc
di fferences iamdt remnresylmet alkcitliivtiyvy y i n the rabbi
It would be possible to account for differen
hybridi sa&tsicombeas bg Egoruotvial,i shaotw eovneirm ft thteh is s

worwas to quenc kflygr sxzatei ve RNAPs to take for

characterisation, and therefore the normalis
Theesults highlight the need for i mproved t
promoters. 't is |likebuyrthabrmaygy wemoee oRNAPS
of an inaccurate promoter prediction. RNAPs
sequence similar to the T7 promoter, partic

i nactive proniod etk eimeat syr éhdatv ema eat ured a sm
of i ncorrect nucleotides. Such sequence coul
genomes screened, Il mplying a more diverse ptr
does not transcribed from t ke nlfa @pdrkognemtoerre .
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exi sts i n the form of t he KP34 RNAP pr omo
promoter sequence was originally incorrectly
more exb&ALEveharacterisation, whilcér Ibarcgene s

' i brary of RNAPs described here.

Resul ts from t he coupl ed transcription tr
overexpressing and purifying a high and | ow

comparedyitel dVTR6 (161% of( Q% oafctT Aviacagt)i vaintdy

choseni $oputphose. I n I'VT reacti onsas Rwo wpled flo
expected from thanstabnhsoni pssag results. The
however, at only 60% of T7, showheg theniRI

activity have on yieldriamdiadaied bhgabyawmstctt
consider, howesvelrgi ntghadonRbar ed to a highly o
which has wel |l defined r eapttiiminsvain@entfiommed
for, Rburther consideration of factors such

could further boost the performance of the R

| n s umimeaamagn sd rhaetted ait s coup !l edt rtarnasnlsactriiopnt iroena c t
we | | suitedatochheacneri sation of nolVel sSsR
active-pRNABt ewempai rdenctonfsiiedder ably expanding
RNAPdsescri bed i nRNARs |ladteirvad uirret.t @est abnenr as
are also acttvensn U¥3prea relattvaegybel dveem

assays.

146



6.2.1 Paper | i Future work

One obvious weakness, as previously menti one
the RNAP screening system to take into accol
novel RNAPs produced. Di fferences in the re
reedtprocesses will mean that different rela
in each well, meaning the nLuc concentration
activity. 't would therefore be highly advar
whhc RNAP concentration could be normalised,

than the quantitative western bIEqgtotrionvga neet ha
2021)It magpsbele to fuse the novel RNAP t o
GF P, i n the expression vector wusing a flexi
RNAP fusion proteins, with no (dGhsecne renti balle. ,i m
Komatsu et al ., 2023; FIMovomres cedntalsi,gn2018cou
i mnmdel ately after |l umi n e secfefnito oeimgan als,at abhowif

RNAP activity to the RNAP concentration as d

The next stage of characterisation for any p
an assessqmemtuadfi tty profile of transcripts pr
this purpose. Firstly, radioactively | abell e
profile of transcr i p(thso uosni sp oelty adcercyplna@ndigd3e) t g ealr
homogeneity can besag,5asrd&ANAClEYy ®BKNAch whil st
and time consuming, present a (mou eetdedlai | ed(
Whi |l st yi el dctiosr at ocrtihtd cmaeér ffoar mance of a RN
transcripts produced must be consi-deoddcdue
RNALevel s of dsRNA production I's another K
assessed for de R&IA RNABds. ,medrhonovel ds RNA
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reagents sold by Promega would allow for qu

throughput.

The coupl ed -ttrraamssheartitpdad oman be used as a to
expand the availabl e t ool bacxt uorfe, RNvhR sc hf owi | rh
increasingly important as the diversity of

increasing number of putative RNAP seguences
RNAPs more suited to manufaTtwarshgnthaappioa
could be taken to find useful RNAPs. Firstly,
continues to decrease, it i's possible that

screened using the transcripti &rm/ twedns laat isocn
due to the plate based nature of wkeéelr paat ies
for simultaneous activity detection of hundr
facilitated by an industrial hr evoe&r enlaygmheu |
Any RNAPs which show high I evels of activity

of screeningquavlhietrye bryr dfhiel es of transcripts

The second approach, which may be merebyuit :
research budgets are more | imiteRINAPwo ulodr b
screening, based upon sequence characteristi

a basis for which RNAPs would be easier en
l i kel i tdhed rt patomot er could be predicted succ
target s, a |ibrary of RNAPs could be created
in different domains of the protein. As an

interestie@di ng RNAPs with different l evel s o

selected based upon the | evel of conservatio
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The screening system would also be particu
variants of previomrushgvelhaRBNAPsri sTehkese var
produced through rational engineering or ré
di scovering enzymes wi t h enhance functiona
processivity. The screening uwlltaaneours wbeutl edc te
vari anddv avn tt dcgheaoruasct er i sti cs, without the nee

manegnzymes.

Fundament al to the advancement of the field
i mproved dteomlpw ofmott er i deantbiaftlichheatwaomk present
is | imited by the ability of current tool s 1
are a@ditkben their sequence. Both tool s used
PhagePr avmoteemot fully figtthenrpowmose mifteadt
simplistic, solely looking for (cloanwsiegne dets ead
2004)There is no guarantee thataséeégnenhcanotdkbk
type of regul atory sequence. I n addition,

processing one genome in approx. 30 mins. P h
its analysis, using a machine | ear nfifngc taipye o

i f some previous knowledge ofphabe phmgky, s
bacterium speci e(sSammai @ heatg eatlthygpe2t0Od®l)s, such
phage, do exist, however their sequence inp
genomes as woul d be (rShquujiaraetd efdo tadinliyi $2edwlodr)ig o a

the expansion of twels twoolks wioludtd dlel cnmwo f or

promoter prediction fr,.om full genome sequenc
|t i's possible the other-trcaendl dtriecen csoyusptl eends
more opti mal for use i n this screening Sys
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reiculocyte system was used due to its previ

that the novel RNAPs were | arge, compl ex pr
readily i1 n the mamné&luiianetl|l yasla.t,e 20y23;emEgor o
Naturally, however, these are bacteriophage
efficiently within bacterial Iysates. |t wou
free |lysate system to determine if the choi
performance of certain RNAPs. Using a bacter
effective than the use of a mammalian cell

producing the required biomass of both cell

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

|l n virtamsescri ption represents the gold standar
in a | aboratory setting, and continues to un
scale manufact Coinm@ads ettt iadgs 2020; Dousi s e

202.1)Neverthel ess, despite the simplicity of

purifiednaecombmponent s, which can be cost|l
(Kis et al ., 202 Ppre®kehsen,a zhakC)ahkergeroduat i
context . Further to this, despite optimisat:i
i mpurities represent a key challenge in |VT

necessitating extensiveKamniwhsteteaml pro2esgsij.

2020)

Her ei n, a proof of concept platform is pres
requirement for I VT. The fundament al under |
pol ymerase is used to dmiaedmiRiNAetstanacdegtD

encoding the cognate promoter and sequence
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encapsul ated in a microbial chassis, which ¢
synthesise the required compeaeniten.f oGr dwre i
mediEa, cel able to produce the required RNA po

templ ate which normally need H.o Webii :nelud d teald

as an expression due its stiemplancd tsyc aloa bciullittuy
manufacturing infrastructure.
The wuse of a microbial host provides sever :

increased accumul atiomarobusysibesi eapmRNA ¢ th ¢
i a8 synergistitt lappkoatchdh thmad opti mal MRNA s ¢
medi aEanpgbkenotype. Crucial to the approach i
sequence features that reduce the rate of tu
host RNases. Fict $ ©nissgpfltilsca Infgn tirnotdruons t hat | ec

of a covalently <circularised TRINA@mdsectuhe.

mol ecule is completely resistant to exonucl ¢
RNase E turnovBA. i €itbel aocmR of extensive
MRNA vaccines due to their increased stabil
(Bai et al ., 2023A «Niwcieal abenef2i0t239fE.t he ci
comanufacturing platform is the | ack of nece
structure in the final product, meaning the

after extraction from the celll

The second stabilisation fREAusequaesrscehitghl |
resi stance to mMRNA turnover. Whilst the mole
with current approved mMRNA therapies, sever
required i®r oc¢heéemohervnmEe®gertawdaniRNA does not
feat brder Ga cap, found on mammali an mMRNA, and
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capping enzymes required to produce this str

an enzymatic capping step post mRNA purifica

One of ¢tbeskegrations in manufacturing bi omc
is the compl exstryeam prhoec edsoswersgad tae gud alealb | eP
option f or tfh eRNeAx tf rEcoartbiodsseh, o mtghat t he mol ecul
affinit-g( M™)orr eosliing.o Unl i ke En mBRNmatln amsciyispts
not extensively polyadenylated, with only a
the reghomeonifddes. This all ows for efficient

from emowsyemRNA.

Synthetic mMRNA.prcomducedi ng eGFP, I's shown he
in a human cel |l Il i ne, through transfection
di scussed previously, the circular mRPRNAe equ
transl ated, whi |l st t he t RNA scaffold MR NA
Transfection efficiency and | evel of protein
by modifying the method of transfection, or
l Enbeing used. For the purposes of t his st

pol ymer formulation was used for transfectio
efficiencies than electroporation based meth
MRNA is wusing an | RES opti mal for the celll

transl ati onal rates.

6.3.2 Paper Il T Future work

Il n VWNRWA production presented in t hfilsastkhse,si s
which whilst cost eaftf edtoi notamd | oovnVvemi part.
o fE . celi s. Il n proof of principle experiment
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typically achieved, as conditions wer e opt
exponenti al phaskbancedtlyp edrentshiary. Yi eB.dscoacihi
manufacturing platform could be dramaticall
hi gher densities in fed batch Dbiorea@ate®r col
mai ntained throughodttO @élILl cade nmiuttiienel gf be
bi oreactor, with repor t(sBeafk mhenms ietti easl .y p 2tOol
and Fass., 1200t5hHe achipepvreodx .y ileOl dreg ogera 2.5 g
extrapolated to these densities, then ,produc

increasing the viability of platform as an a

Strategies for capping and modnéeddaddcbkssetr
i f the platform is to compete with | VT bas
approvwocud d be to express a T7 RNA polymerase
fusion protein, previous! wighowmci agbér ansk
RNAP transcripts in Chi(iQeseeHambeeraO®a8nypre
woul d require E.haaalcdtwerviesri ng ifruncti onal , t hi
of -tcroanscriptionad | gt rawdti inrge at oA ptphreomeMAN s cr i
vaccines al-met ipywliuleidoer Ndii ne in place of ur i
i mmune stiMokraisort &l .pot2021hal strategy f

modi fied nucl ebb.t i delsit extpeesbeon of nucl eot i

enzymes ssPslruaouridine sythetase, able to co
(Carlil e .etEmady me 2 0a®l)e to cometelipsluprdoblbeotdi de
exist in the Archaeal ki ngdgmaneabdodowelharatherr
in Bn cohiteWdur m et .allo. ,s u2mmaz)i s e, one of t he

i mproving the function of the mMRNA mamauf actu

of capping and modif.wing the product mRNA
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The overall purity from the single dboemonstr e:
here remains Trwel atpipvy elay hleeaw.coul d be taken t
Firstly,d(tTh)e sotleipgoi topdlifmi sed!| dybel uti ng mRN
gradi ent of buffer to water, and collecting
species. Fractions could then bSi naislsaers saepdp rfoo
are routinely employatdi om dh€épamaddeg n29§1lpuGal

Porekar and Memerdec 0D 53dppr oach wofudrdt hheer t c

puri fiopatriadn ons including size exclusion an
Il ndeed, existing | arge scale IsMTageuyr iifnivecod tvi
several rounds of tcahnrgoemnmattioag r afplhoyw afnid t r ati on
the i mmunostpenut iae¢ ®orgf pd IRNA contaminant s. E
woul d increase purity; however, a proportion
One potenti al avenpleortehd tf wrotuh edr bfeore st abi | i
t he cellul ar cont exlti kies ptarg i abes of VLvHsr)u,s

encapsulating the mRNA. Thicse xprud sds ibneg aMSh2i ec
proteins with the mRNA oMS2 nbtienrdeisntg, 3i@nocpo ripnoti
t he mMRNA sequence. The coat proteins spontan
which could be purified away from the rest

chr omat o(gMialkpehly et. aTlhe WVIWOPL7provi des a barrie
proprietary data from sevroductcoqupalniiteys ii o1 dii |

dsRNAs are not incorporated into the VLP.
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8-Appendi

8.1 - Paper | Supplementary Information

X

Suppl ementary STalgll @en BulpRNA mer ases used
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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https://www.ebi.ac.uk/ena/data/view/ALF01667
https://www.ebi.ac.uk/ena/data/view/CDM21533
https://www.ebi.ac.uk/ena/data/view/CDM21594
https://www.ebi.ac.uk/ena/data/view/CDM12529
https://www.ebi.ac.uk/ena/data/view/AKG94487
https://www.ebi.ac.uk/ena/data/view/AKA61565
https://www.ebi.ac.uk/ena/data/view/ALA45082
https://www.ebi.ac.uk/ena/data/view/ACV32460
https://www.ebi.ac.uk/ena/data/view/ACF15731
https://www.ebi.ac.uk/ena/data/view/ACF15785

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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https://www.ebi.ac.uk/ena/data/view/CAA68288
https://www.ebi.ac.uk/ena/data/view/CAA28696
https://www.ebi.ac.uk/ena/data/view/ADW95214
https://www.ebi.ac.uk/ena/data/view/AFH19836
https://www.ebi.ac.uk/ena/data/view/AGY36902
https://www.ebi.ac.uk/ena/data/view/AEJ81490
https://www.ebi.ac.uk/ena/data/view/AIM41079
https://www.ebi.ac.uk/ena/data/view/AID17660
https://www.ebi.ac.uk/ena/data/view/AJF40472
https://www.ebi.ac.uk/ena/data/view/AJF40494
https://www.ebi.ac.uk/ena/data/view/AIB06962

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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https://www.ebi.ac.uk/ena/data/view/CAA37330
https://www.ebi.ac.uk/ena/data/view/AKH49548
https://www.ebi.ac.uk/ena/data/view/ACY66666
https://www.ebi.ac.uk/ena/data/view/ALJ98062

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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https://www.ebi.ac.uk/ena/data/view/CRN12692
https://www.ebi.ac.uk/ena/data/view/ACJ14548
https://www.ebi.ac.uk/ena/data/view/AIK68488
https://www.ebi.ac.uk/ena/data/view/ACY74627
https://www.ebi.ac.uk/ena/data/view/AGE60589
https://www.ebi.ac.uk/ena/data/view/AHB12124
https://www.ebi.ac.uk/ena/data/view/AIW03110
https://www.ebi.ac.uk/ena/data/view/AIW03132
https://www.ebi.ac.uk/ena/data/view/AKA61817

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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https://www.ebi.ac.uk/ena/data/view/AAO73140
https://www.ebi.ac.uk/ena/data/view/AIX12970
https://www.ebi.ac.uk/ena/data/view/CBZ41982
https://www.ebi.ac.uk/ena/data/view/ADV35666
https://www.ebi.ac.uk/ena/data/view/AHZ94988
https://www.ebi.ac.uk/ena/data/view/AFO12299
https://www.ebi.ac.uk/ena/data/view/ALO79969
https://www.ebi.ac.uk/ena/data/view/BAO20676
https://www.ebi.ac.uk/ena/data/view/BAG70384
https://www.ebi.ac.uk/ena/data/view/BAJ51806

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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https://www.ebi.ac.uk/ena/data/view/ACD75668
https://www.ebi.ac.uk/ena/data/view/CBV65202
https://www.ebi.ac.uk/ena/data/view/AFV51444
https://www.ebi.ac.uk/ena/data/view/ACR16468
https://www.ebi.ac.uk/ena/data/view/AFB82771
https://www.ebi.ac.uk/ena/data/view/AAY46276
https://www.ebi.ac.uk/ena/data/view/ACE75775
https://www.ebi.ac.uk/ena/data/view/AAP20500
https://www.ebi.ac.uk/ena/data/view/CAJ70654

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
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https://www.ebi.ac.uk/ena/data/view/CAB63592
https://www.ebi.ac.uk/ena/data/view/ALK86936
https://www.ebi.ac.uk/ena/data/view/AIM40350
https://www.ebi.ac.uk/ena/data/view/ADQ83157
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https://www.uniprot.org/uniprot/Q58N45
https://www.uniprot.org/uniprot/A7XX94
https://www.ebi.ac.uk/ena/data/view/AKG94487
https://www.ebi.ac.uk/ena/data/view/CDM21594
https://www.ebi.ac.uk/ena/data/view/BAO20676

Suppl ementaryTHab8@ RBNAPs that have <75% ove
previously characterised RNAP and >30% DNA b
RNAP I dentity to T7 and DNA binding domain i
acid sequmect wsimgo Clustal Omega. The DNA b
as amino -ad69def 740 RNAP.

RNAP Name 'g?”;&)doaﬁﬁnbuxt' LY ALINR G L
Dickeya phage | 70 47.33 AOA2S1GTB/A4
Dickeya phage vB]| 70 46 AOA3842ZVU/4
Enterobacteria 72 42.38 P18147
Erwinia phage pEp 73 47 . 33 AOA5J6DAB]
Erwinia phagel v B 69 45. 03 GoYQ47
Escherichia phg 74 45 .7 F8R4Q2
Escherichia pha 6 2 32.68 AOA5BI9NC24
Kl ebsiell a-3@fravg e 73 45.03 AOA249Y21(
Kl ebsiell a phag 74 45 .7 AOA4Y5TVLE
Kl ebsiella pha 72 45. 03 B3VCY2
Klebsiella pha 72 45.03 AOAOF7LBY]
Klebsielld& pha 73 45.7 AOA219YHDG
Kl ebsiellalphag 73 45.03 AOA3S5I1 BHZ
Kl ebsiellalphag 73 45.03 AOA3Q9WWY?9
Kl ebsiellalphag 73 45.03 AOA3Q9WSES®G
Kl ebsiell a phag 73 45 .7 AOA5B9NGKDO
Kl ebsiell a phag 73 45 .7 AOAS5BY9NDAIL
Kl ebsiell a phag 72 45 . 7 D1L2T7
Kl ebsiell a phag 73 45. 03 AOA3G8F 35/
Kl ebsi el | a-UlLH &Pgler 73 45.7 AOA4P6DBNT
Kl ebsi el |l a-UlH &gpet 73 45.7 AOA4P6PMADO
Kl ebsiell a phag 73 45. 03 AOA4D6DY13
Kl ebsiel |l &KppheégpRa 73 44.37 AOA2KI9VGQ6
Kl ebsiell a phag 72 45. 03 AOAOPOI V8
Kl ebsiell a phage 73 43.71 AOA1VOEG6J]
Kl ebsiell a phage 74 45 .7 AOAOU3DFBS5
Kl ebsiell a phage 73 45 .7 AOA344UBXS
Kl ebsiell a phage 73 45. 03 AOA5J6 CUKS
Kl ebsiella phage 72 44. 37 AOAOK2YWK?9
Kl ebsiella phage 73 45. 03 AOA1D8FO0OCH
Kl ebsiella phage 73 45. 03 AOA1l 9SFA]
Kl ebsiella phage 73 45 .7 AOA1l1 9SF5
Kl ebsiella phage v 70 47. 33 AOAS5B9NQY]
Kl ebsiell a phage 73 45 .7 AOA1VOEG6S83
Kl ebsi elvB_ KhmRyeSi 70 46 AOAS5B9NKCT
Morganell a phag 70 51. 02 D1FNQ5
Morganell a phage 72 50. 314 AOA192YBWY
Pectobacterium ph 6 4 34.57 AOA2D2W5U8
Pseudomonas phage 57 35. 71 AOA3G6VT71H
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Pseudomonas phage
Pseudomonas phage
Pseudomonas-1fhag
Pseudomonas phag
Pseudomonas phag
Pseudomonas -lhag
Pseudomomage -PPP
Pseudomonas phage
Pseudomonas pha
Ral stonia phage

Ral stonia phagge
Ral stonia phage
Ral stonia phage
Vi brio phage |
Vi bri o phage | CH
Vi bri o phage | CH
Vi bri o phage | CH
Vi bri o phage | CH
Vi brio phage J
Vi brio phage J
Vi brio phage J
Vi brio phage J
Vi brio phage J
Vi brio phage J
Vi bpha@age JSF31
Vi brio phage J
Vi brio phage J
Vi brio phage J
Vi brio phage J
Vi brio phage
Vi brio phage R
Vi brio phage

Vi briophage V
Yersinia -pbage

Yersinia phage
Yersinia -padage
Yersinia -phage
Yersinia -péage
Yersinia -pbage
Yersinia -phage
Yersinia -pBage
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Yersinia -phage
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AOA2S1PGTH
AOA2S1PDTY
AOAOAOYSI
AOA2Z4QlI P
FOV6 X0
M4 H3 N8
AOAO0S2MVL 3
AOA2U7NJINGY
AOAL160SY77
AOA2D2W578
AOAS5P8D3T3
AOAS5P8D44 7]
AOA2R2ZGESH
F1DO0OO?2
F1DO0OJS5
F1IDOE?7Y
F1DOAO
F1DO0O53
AOA2DO0Z11 7
AOA2DOYMX9
AOA2DOYLO
AOA2DO0ZS841]
AOA2DOXR3 3
AOA2DOYVS?T
AOA2DO0Z1P3
AOA2DO0Z2L(
AOA2DOYLK?2
AOA2DOYKNT
AOA2D0Z25d
DOQ187
AOA2PO0ZKC2
H9 YAF 4
Q4TVY1
AOA2H1X8UZ
AOA2H1X8ZT
AOA2DOPDMS
AOA2DOPES3?2
AOA2DOPDG6Q
AOA2DOPDY 6
AOA2DOPDI ?
AOA2H1UJDA
AOA2H1UJES®
AOA2DOPES8 4
AOA2DOPEFQ
AOA2DOPDDA4
AOA2H1UKLY
AOA2DOPEP
AOA2DOPDPS
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ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTG
AAGTTCAGCGTGTCTGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCT G
AGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCT®
GAAGCAGCACGACTAGTTCBCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTC
ACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCG!
GGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTC
AGAACGGCATCAAGGCGAACTTCAAGBATCGEGBAEBBGCAGCGTGCAGCTCGCCGAC(C
GAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCAC
CCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATC!/
ACAAGTAA

ATGAAGACCTTAATTCTTGCCGTTGCATTAGTCTACTGCGCCACTGTTCATTGCCAGC
CAAACACAGTTCCAACTTCCTGTGAAGCTAAAGAAGGAGAATGTATTGATAGCAGCTC
TATCAGATGGACTGTGTGAAAATAAACCAGGAAAAACATGTTGCCGAATGTGTCAGTA
CGCAGGATGGAGAACATTCTATGGAAAGAGATTCCAGTTCCAGGAACCTGGTACATAC
GGGCGGCGACTGGAAGGTGTCCATCACCCTGGAGAACCTGGATGGAACCAAGGGGGCT
GGAAGTGGCTGGAGACATCATTGACATCGCTCAAGCTACTGAGAATCCCATCACTGTA
CGCCAACCCGTACACCATCRBCEMAGEGCTGTTGTTGAGATGCCAGGCTTCAACATCA!
CAAACTGATCGTGATCGACATCCTCGGAGGAAGATCTGTAAGAATCGCCCCAGACACA
CCTCTGTGGAGATCTTAAAATGATGGAAGATACAGACTTCACTTCAGATCCAGAACAA
AGGAGTTTGACGGTTGTCCACTCTATGBESATGCRAGEATTGCAAAGGTCTTCTGGAGC(C
GCTGCCGCAACCCCATCAACTTCTACTACTACACCATCTCCTGCGCCTTCGCCCGCTC
TCACACGTGCTGCTTGACTACAGGGAGACGTGCGCTGCTCCCGAAACTAGAGGAACCT
TACGATACATTTGACAAAGCAAGATACCAATTCCAGGGTTTATGGBBGGABGACTGTTT
CTTGGGATGTGAAGGTTTCACACAGGAATGTTGACTCTTACACTGAAGTAGAGAAAGT
AGTAGAACTCATTGTTGATGGAAAACAGATTCTGGTTGGAGGAGAAGCCGTGTCCGTC
CATCTACTGGCAAGATGGTGACATACTGACTACAGCCATCCTACETGAALCTTTAALEGG
CTCGTCGTACATATTAGAGATCCATTCGATGGTAAGACTTGCGGTATTTGCGGTAACT
TTTTGATGCTGAAGGAGCCTGTGATCTGACCCCCAACCCACCGGGATGCACCGAAGAY
TCTGCAATAGTCTCTTCGCCGGTCAAAGTGATCTTGATCAGAAATGTAACGCTGAREGRA
GCATGTACGAGTATTGCCTGAGGGGACAACAGGGTTTCTGTGACCACGCATGGGAGTT
ATGGAGACACCCTAGAAGTACCAGATGAATGCAAATAG

ATGGTGTTCGTGTTTCTGGTGCTGCTGCCTCTGGTGTCCAGCCAGTGTGTGAACCTG,
AGCCTACACCAACAGCGAGBCGAGTACTACCCCGACAAGGTGTTCAGATCCAGCGTGC
ACCTGTTCCTGCCTTTCTTCAGCAACGTGACCTGGTTCCACGCCATCCACGTGTCCG!
GACAACCCCGTGCTGCCCTTCAACGACGGGGTGTACTTTGCCAGCACCGAGAAGTCC,
CGGCACCACACTGGACAGCAAGACCCAGCAGICEAGCCAGAGCCACCAACGTGGTCATCARA
TTCCAGTTCTGCAACGACCCCTTCCTGGGCGTCTACTATCACAAGAACAACAAGAGCT
GTACAGCAGCGCCAACAACTGCACCTTCGAGTACGTGTCCCAGCCTTTCCTGATGGAC(
TCAAGAACCTGCGCGAGTTCGTGTTCAAGAACATCGACGGCEOALGTLAAGATCTATCA
TGCGGGATCTGCCTCAGGGCTTCTCTGCTCTGGAACCCCTGGTGGATCTGCCCATCG(C
ACACTGCTGGCCCTGCACAGAAGCTACCTGACACCTGGCGATAGCAGCAGCGGATGGH
TGTGGGCTACCTGCAGCCTAGAACCTTTCTGCTGAAGTACAACGAGAACGSTAGTGTT
TGGATCCTCTGAGCGAGACAAAGTGCACCCTGAAGTCCTTCACCGTGGAAAAGGGCA”®
GTGCAGCCCACCGAATCCATCGTGCGGTTCCCCAATATCACCAATCTGTGCCCCTTCC
TTCGCCTCTGTGTACGCCTGGAACCGGAAGCGGATCAGCAATTGCGTGGCCGACTACT
CTTCEBCCTTCAAGTGCTACGGCGTGTCCCCTACCAAGCTGAACGACCTGTGCTTCA!
TCGTGATCCGGGGAGATGAAGTGCGGCAGATTGCCCCTGGACAGACAGGCAAGATCG(C
GACGACTTCACCGGCTGTGTGATTGCCTGGAACAGCAACAACCTGGACTCCAAAGTC!
CCGGCTGTTCCGGAAGITCGAAGICCCTTCGAGCGGGACATCTCCACCGAGATCTATCAG
GTAACGGCGTGGAAGGCTTCAACTGCTACTTCCCACTGCAGTCCTACGGCTTTCAGC(C
CCCTACAGAGTGGTGGTGCTGAGCTTCGAACTGCTGCATGCCCCTGCCACAGTGTGC(
CGTGAAGAACAAATGCGTGAACTT CA ATAGTATOCCAGAGBOANGDIOIGGC GT GCTGACAGAGAGCAA
TGCCATTCCAGCAGTTTGGCCGGGATATCGCCGATACCACAGACGCCGTTAGAGATCC
TCACCCCTTGCAGCTTCGGCGGAGTGTCTGTGATCACCCCTGGCACCAACACCAGCA,
GACGTGAACTGTACCGAAGTGCCCGTGGCCATTCACGOREATGCOCEGIGEGAGAGCTCCA
CAATGTGTTTCAGACCAGAGCCGGCTGTCTGATCGGAGCCGAGCACGTGAACAATAGC
GCGCTGGCATCTGTGCCAGCTACCAGACACAGACAAACAGCCCCGCCTCTGTGGCCAC
ATGTCTCTGGGCGCCGAGAACAGCGTGGCCTACTCCAACAACTCTATCBTTATGCGTGA
ACAGAGATCCTGCCTGTGTCCATGACCAAGACCAGCGTGGACTGCACCATGTACATCT
CAACCTGCTGCTGCAGTACGGCAGCTTCTGCACCCAGCTGAATAGAGCCCTGACAGGC
AACACCCAAGAGGTGTTCGCCCAAGTGAAGCAGATCTACAAGACCCCTCCTATCAAGC
CAGRTCTGCCCGATCCTAGCAAGCCCAGCAAGCGGAGCTTCATCGAGGACCTGCTGTT
CGCCGGCTTCATCAAGCAGTATGGCGATTGTCTGGGCGACATTGCCGCCAGGGATCTC
GACTGACAGTGCTGCCTCCTCTGCTGACCGATGAGATGATCGCCCAGTACACATCTGC
AGCGGCTGGACATTTGBGALAGC CGCTCTGCAGATCCCCTTTGCTATGCAGATGGCCTAC(
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AGTGACCCAGAATGTGCTGTACGAGAACCAGAAGCTGATCGCCAACCAGTTCAACAG(C
GCCTGAGCAGCACAGCAAGCGCCCTGGGAAAGCTGCAGGACGTGGTCAACCAGAATG!
CAAGCAGCTGTCCTCCAACTTCGGCGGTBTCTBSRATCGATATCCTGAGCAGACTGGACccC
GTGCAGATCGACAGACTGATCACCGGAAGGCTGCAGTCCCTGCAGACCTACGTTACCC
AGATTAGAGCCTCTGCCAATCTGGCCGCCACCAAGATGTCTGAGTGTGTGCTGGGCCH
GGCAAGGGCTACCACCTGATGAGCTTCCCTCAGTCTGTCGTTTCAGGSCGTGACATACC
TCAAGAGAAGAATTTCACCACCGCTCCAGCCATCTGCCACGACGGCAAAGCCCACTT™®
CCAACGGCACCCATTGGTTCGTGACCCAGCGGAACTTCTACGAGCCCCAGATCATCAC
GGCAACTGCGACGTCGTGATCGGCATTGTGAACAATACCGTGTACGACCABTGCTGECAGE
GGAACTGGATAAGTACTTTAAGAACCACACAAGCCCCGACGTGGACCTGGGCGATATC
GAACATCCAGAAAGAGATCGACCGGCTGAACGAGGTGGCCAAGAATCTGAACGAGAGC
GGGAAGTACGAGCAGTACATCAAGTGGCCCAGCGGCCGCTTGGTCCCACGTGGCTCAC
AGGCECTAGGGACGGTCAAGCTTACGTGAGAAAGGACGGCGAATGGGTTCTGCTGTCCGC
CATCATCACCGAATTCAGTAA

CTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGG

AACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACTSACTTARCAGBR
TAGCCATTCGTATCTGCTCCTAATAAAAAGAAAGTTTCTTCAC

GCCCGGATAGCTCAGGCGGGAGAGCAGCGGCCGAGTAATTTACGTCGACGGTGACGTC
CAGGGTTCAAGTCCCTGTTCGGGCGCCA

CTCCCGGGTGGTTGCGGATATCCGGGTCCAGGGTTCAAGTCCCTGTTCGGGCGCCA

GCCCGGATAGCTCAGACGGAAGAGCAGGATATCCGAGTAATTTACGCCCGGGAG

CCCCTCTCCCTCCCCCCCTAACGTTACTGGCCGAAGCCGCTTGGAATAAGGCCGGTGT
ACCATATTGCCGTCTTTTGGCAATGTGAGGGCCCGGAAACCTGGCCCTGTCTTCTTGH#
CCTCTCGCCAAAGGAATGCAAGGTCTGTTGAATGTCGTGAAGGAAGCAGTTCCTCTG
GTCTGTAGCGATT GCAGGCAGCGGAACCCCCCACCTGGCGACAGGTGCCTCTGCGGC
GATACACCTGCAAAGGCGGCACAACCCCAGTGCCACGTTGTGAGTTGGATAGTTGTG(C
AAGCGTATTCAACAAGGGGCTGAAGGATGCCCAGAAGGTACCCCATTGTATGGGATCT
GCTTTACATGTGTTTAGT CGAEGTTCAMGIGCCCCCCGAACCACGGGGACGTGGTTTTC
ATGATAATATGGCCACAACC

GGGAGACCCTCGACCGTCGATTGTCCACTGGTCAACAATAGATGACTTACAACTAATC
GAGCTACCCTAACGTCAAGACGAGGGTAAAGAGAGAGTCCAATTCTCAAAGCCAATAC
AATGAAAAGITCTGGACCTTAAACGGTCGTGTGGGTTCAAGTCCCTCCACCCCCACGCCGG
AAAAAACAAAAAAACC

AAAAAACAAAAAACAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACGGCTATTAT
CTTAAATAATTGAGCCTTAAAGAAGAAATTCTTTAAGTGGATGCTCTCAAATCAGAGKSS
CAATCCTGAGCCAAGCCGAAGTAGTAATTAGTAAGACCAGTGGACAATCGACGGATAA

CTGAGCAATAACCTAGCATAAACCCCTTGGGTTCCCTCTTTAGGAGTCTGAGGGGTTT
AAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGT CGC TTGGAGGIGACAC
CTAAACGGGTCTTGAGGGGTTTTTTG

Suppl ement arkyPlTadmed4dSequences used in t

Contrec
GFP
Sequen

CTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGGCCGCCACCATGGTC
CCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAL
GCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCC
GACCACCCTGACCTAATGBIGAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGA
TGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACA!Y
CGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGAC
CTGGAGTACAACTACAACAGCCACAAGGTCTGATAIAGGICAGAAGAACGGCATCAAGGCG,
CGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACC
CTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAAC!
TGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCAGGHSARSBGRAEGTACAAGAY
AATGGAGTCTCTAAGCTACATAATACCAACTTACACTTTACAAAATGTTGTCCCCCAA
ATAAAAAGAAAGTTTCTTCACCTCGAGCACCACCACCACCACCACTGAGATCCGGCTC
GAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGCOGGEGGTTTAAAC
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AAAGGAGGAACTATATCCGGATTGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAG
GCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTT(
CCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGC
AMACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCG
TCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTA
CGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTT
GGTGGCATTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACAT
TAATTCTTAGAAAAACTCATCGAGCATCAAATGAAACTGCAATTTATTCATATCAGGA
CGTTTCTGTAATGAAGGAGAAAACTCACCGAGGCAGTTCCATAGGATGGCAAGATCCT
CGTCCAACATRERBGAACCTATTAATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAA
ATCCGGTGAGAATGGCAAAAGTTTATGCATTTCTTTCCAGACTTGTTCAACAGGCCAC
CTCGCATCAACCAAACCGTTATTCATTCGTGATTGCGCCTGAGCGAGACGAAATACGC
AAACAGGAATCGAAT GAMOACBEAACACTGCCAGCGCATCAACAATATTTTCACCTGA
TACCTGGAATGCTGTTTTCCCGGGGATCGCAGTGGTGAGTAACCATGCATCATCAGGA
GGAAGAGGCATAAATTCCGTCAGCCAGTTTAGTCTGACCATCTCATCTGTAACATCAT
CAGAAACAACTCTGGCGCAT CGBACAATCECEMTAGATTGTCGCACCTGATTGCCCGACA
TTATACCCATATAAATCAGCATCCATGTTGGAATTTAATCGCGGCCTAGAGCAAGACG
CCCCTTGTATTACTGTTTATGTAAGCAGACAGTTTTATTGTTCATGACCAAAATCCCT
GTCAGACCCCGTAGAAAAGATCAAA GEAATTCCITTICITITIGIAT CTGCGCGTAATCTGCTGCTT
CCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCG!/
GCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAAC
GCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGETCBATCAHSAEAGTCGGACTCAAGAC
CCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTG
CTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGC
GCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAA C GG TOGESTGATTTCT
CCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGC
TTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATC
ACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGT
GAGGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCAATGC
TGATGCCGCATAGTTAAGCCAGTATACACTCCGCTATCGCTACGTGACTGGGTCATGG
CCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCT
TGTGTCAGAGGTOOTARATCACCGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAC
TCACAGATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTT!/
GCCATGTTAAGGGCGGTTTTTTCCTGTTTGGTCACTGATGCCTCCGTGTAAGGGGGAT
CGATGAAACGAGAGAGGATGCGGSHSTGATAGATGATGAACATGCCCGGTTACTGGAACGC
AACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCACTCAGGGTCAATGCCAGCC
TTCCACAGGGTAGCCAGCAGCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGC
CTTTACGAAACACGGAAACCGAAGACCATT GETETGCATGCREGTTA TGCAGCAGCAGTC
CGCTCGCGTATCGGTGATTCATTCTGCTAACCAGTAAGGCAACCCCGCCAGCCTAGCC
GATCATGCGCACCCGTGGGGCCGCCATGCCGGCGATAATGGCCTGCTTCTCGCCGAARA
ACGAAGGCTTGAGCGAGGGCGTGCAAGATTCCGAATACCGC A AGGTOCGAGACGTGIOOCACACT oA
GGTCCTCGCCGAAAATGACCCAGAGCGCTGCCGGCACCTGTCCTACGAGTTGCATGAT
GCGACGATAGTCATGCCCCGCGCCCACCGGAAGGAGCTGACTGGGTTGAAGGCTCTC!/
GTGCCTAATGAGTGAGCTAACTTACATTAATTGCGTTGCGCTCACTGCCCGCTT RGCA
TGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGC
GACGGGCAACAGCTGATTGCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCG!
AGGCGAAAATCCTGTTTGATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTTCGG
TATCCGCACGAASCAGCCCGGACTCGGTAATGGCGCGCATTGCGCCCAGCGCCATCTG!
GCAGTGGGAACGATGCCCTCATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGC
GCTATCGGCTGAATTTGATTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGAC
CCCGCTAACAGCGCGATT AECTCAATTGCGACCAGATGCTCCACGCCCAGTCGCGTACC
AATAATACTGTTGATGGGTGTCTGGTCAGAGACATCAAGAAATAACGCCGGAACATTA
GCATCCTGGTCATCCAGCGGATAGTTAATGATCAGCCCACTGACGCGTTGCGCGAGAA
GCTTCGACGCCGCTTCGTTCTACCAT CEGAGOCCRLCETMGET TGATCGGCGCGAGATTTA,
AATTTGCGACGGCGCGTGCAGGGCCAGACTGGAGGTGGCAACGCCAATCAGCAACGAC
GCCACGCGGTTGGGAATGTAATTCAGCTCCGCCATCGCCGCTTCCACTTTTTCCCGC(C
CTGGTTCACCACGCGGGAAACGGTCTGATAAGAGACACCGGOCATABGTCGTGBGAGAT T
ACCACCCTGAATTGACTCTCTTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTTGC
TCGACGCTCTCCCTTATGCGACTCCTGCATTAGGAAGCAGCCCAGTAGTAGGTTGAGC
GGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGG EGATARTARMAC
GCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAG
GCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCGAGATCTCGATCCCGC
GGGAATTGTGAGCGGATAACAATTCCCCTCTAGGATCC

GGGAGACCCTCGACCGTCGATT GTAAACARTAGRT GACTTACAACTAATCGGAAGGTGC/
GAGCTACCCTAACGTCAAGACGAGGGTAAAGAGAGAGTCCAATTCTCAAAGCCAATAC
AATGAAAATCCGTTGACCTTAAACGGTCGTGTGGGTTCAAGTCCCTCCACCCCCACGC
AAAAAACAAAAAAACCCCCCTCTCCCTCCCCCCGRABSCGGTATGGEGBRATAAGGCCGGT!
GTCTATATGTTATTTTCCACCATATTGCCGTCTTTTGGCAATGTGAGGGCCCGGAAAC
TTCCTAGGGGTCTTTCCCCTCTCGCCAAAGGAATGCAAGGTCTGTTGAATGTCGTGA¢
CTTGAAGACAAACAACGTCTGTAGCGACCCTTTGCAGGCAGCGGAGSGTGCCTATGTG
AAAGCCACGTGTATAAGATACACCTGCAAAGGCGGCACAACCCCAGTGCCACGTTGTC
CAAATGGCTCTCCTCAAGCGTATTCAACAAGGGGCTGAAGGATGCCCAGAAGGTACCC
GCCTCGGTGCACATGCTTTACATGTGTTTAGTCGAGGTTAAAAAACGTCTAGGOOOCC
CTTTGAAAAACACGATGATAATATGGCCACAACCATGGTGAGCAAGGGCGAGGAGCTCG
TGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCTGGCGAGGGCG,
AGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCT
CGTGCAGTGCGTCCBCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCC¢H
AGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGA!¢
GAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCAC
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GCCACAACGTCTATATCAT GGCECAEMNGCERNCATCAAGGCGAACTTCAAGATCCGCCA
GGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCcccCCt
TACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGC
CCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGARAAAAERGSSCAATTATGCGT
AGACGCTACGGACTTAAATAATTGAGCCTTAAAGAAGAAATTCTTTAAGTGGATGCTC
GTTATAGACAAGGCAATCCTGAGCCAAGCCGAAGTAGTAATTAGTAAGACCAGTGGAC
GCTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCT A A CTAGNVAGSICTCRIGATAGAGGIGEAG
GCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTT
GGATTGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGT
ACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCACAG!
CTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCC
TTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCC
TTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGA
AAARKGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCTTACA
ATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCT
GAGCATCAAATGAAACTGCAATTTATTCATATCAGGATTATCAATACCATATTTTTGA/
AACTCAEGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGCGATTCCGACT
TTAATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTGACGAC
TTTATGCATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAARA
TCATTCGTGATTCAGA GCGAGACGAAATACGCGATCGCTGTTAAAAGGACAATTACAAY
GGCGCAGGAACACTGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATATTCTTC
GGGATCGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCTTGATGG
AGCCAGTTTAGTCTGACCAGTAXLAATCATTGGCAACGCTACCTTTGCCATGTTTCAGA
CGGGCTTCCCATACAATCGATAGATTGTCGCACCTGATTGCCCGACATTATCGCGAGC
TCCATGTTGGAATTTAATCGCGGCCTAGAGCAAGACGTTTCCCGTTGAATATGGCTCA
GTAAGCAGACAGTTTTATTGTTCBTGATAEABCGBAGAGTTTTCGTTCCACTGAGCGTCAC
GATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAAC?
GTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGC/
TTCTAGTGTAGCCGTAGTTAGGCCACCACT GCALCBECTBTBATACCTCGCTCTGCTAA
AGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAC
CGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCG,
GCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGAGBSGEBTCGGBRARAGC
GCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTT
GATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGC
TGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCT GT GG AATGACATAX
TACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGA,
CTCCTTACGCATCTGTGCGGTATTTCACACCGCAATGGTGCACTCTCAGTACAATCTGC
GTATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAA
GGCTTGGCMTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCAT
CATCACCGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGAAGCGHY
TCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGC
TCCTGTTTGGTCACT GAGTAXTATAGGIGGGGATTTCTGTTCATGGGGGTAATGATACCGAT !
CTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGAGGGTA
CGGGACCAGAGAAAAATCACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGC
GCATCCTGCGATGCAGATCCGGAACATABAGGTGEASCRGGCGCGTTTCCAGACTTTACGA
CGAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCGCTTC!
CATTCTGCTAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAC
GGCCGCCATGCCGGCGATAATGGCCTGCTTCTCGCCGAAMICGATGTTGACCTGAGOGEEIIGT T GA
GCGTGCAAGATTCCGAATACCGCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCGAZRA
CCAGAGCGCTGCCGGCACCTGTCCTACGAGTTGCATGATAAAGAAGACAGTCATAAGT
GCGCCCACCGGAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGGCATCGGT GETACRAGICCT(
ACTTACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGC
ACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTTTCACCAC(
GCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCC
ATGGTGBRTGGCGGGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCCACTACCG
GCCCGGACTCGGTAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAC
CTCATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCC
TTGCGAGTGAGATATAGBGATBGCCAGACGCAGACGCGCCGAGACAGAACTTAATGGGCC
TTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCGTACCGTCTTCATG(C
TGTCTGGTCAGAGACATCAAGAAATAACGCCGGAACATTAGTGCAGGCAGCTTCCACHA
CGGATAGTTAATGATCAGCCCACTGAAGBGARATGRGTGT GCACCGCCGCTTTACAGGCTTC
GTTCTACCATCGACACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGC
TGCAGGGCCAGACTGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCCGCCAGT”®
TGTAATTCAGCTCCGCCATCGCCGCTTCCACTTTT T CACCOZTAEGEICITTGIGIAACTAGGATAT CACC
GAAACGGTCTGATAAGAGACACCGGCATACTCTGCGACATCGTATAACGTTACTGGTT
TCTCTTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTTGCGCCATTCGATGGTGTC
TGCGACTCCTGCATTAGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTBATGGBTGGATC
GGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAY
GTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCA
GCCACGATGCGTCCGGCGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACT
ATAAAATTCCCCTCTAGGATCC

CTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAL
CTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTT
GATTGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGC GG (EE0GAGETOGET TGGATOBIGEICT
CTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACG®
CTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCA
CACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTT GGA QITCIGRATC
CCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATT
AAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCTTACA
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GTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTTCA”
AGCATCAAATGAAACTGCAATTTATTCATATCAGGATTATCAATACCATATTTTTGAA!
ACTCACCGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGCGATTCCGAC
TAATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTGACGACT
TTAGICATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAAATC
CATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGATCGCTGTTAAAAGGACAATTA
GCGCAGGAACACTGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATATTCTTCT
GGATCGCAGTGAGMAACCATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTCGGA
GCCAGTTTAGTCTGACCATCTCATCTGTAACATCATTGGCAACGCTACCTTTGCCATG
GGGCTTCCCATACAATCGATAGATTGTCGCACCTGATTGCCCGACATTATCGCGAGCC
CCATGTTGGAATTTAATCCASGAGCAAGACGTTTCCCGTTGAATATGGCTCATAACACCC
TAAGCAGACAGTTTTATTGTTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCAC
ATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAZA
TTTGTTTGCCGGATCAAGAGCTACCBBGARGETAACTGGCTTCAGCAGAGCGCAGATA
TCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATAC
GTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGT
GGGCTGAACGGGGGGTTCGTGCACACAGCCCAGEATGIGAGICGCARMACTGAGATACCTA
CTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCC
CGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTC
ATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGBCASGTCARCGEGGECC
GCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCC
ACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAA
CTCCTTACGCATCTGTGCGGTATTTCACACCGCAATGGTGCACTCTCAGT A C A AGTAICTAG
GTATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAA
GGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTG
CATCACCGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGAAGCGH
TCCGCGTCCIAGKXTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCGGG
TCCTGTTTGGTCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGA
CTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGAGGGTA
CGGGACCAGAGAAAAATCATCAXLATGGC CAGCGCTTCGTTAATACAGATGTAGGTGTTCC
GCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCC
CGAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCGCTTC/
CATTCTGCTAACCAGTAAGGCAACCCCGGGAGCTTCABCGBCAGGAGCACGATCATGCC
GGCCGCCATGCCGGCGATAATGGCCTGCTTCTCGCCGAAACGTTTGGTGGCGGGACCH
GCGTGCAAGATTCCGAATACCGCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCGAZRA
CCAGAGCGCTGCCGGCACCTGTCCTACGAGTTGCATGAT A AGANGGGAGAIGGAACCAGATTAVGITACAAG T
GCGCCCACCGGAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATC
ACTTACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGC
ACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTT T CTAGACTAT
GCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCC
ATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCCACTA
GCCCGGACTCGGTAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAC
CTCATTCAIGAOAGCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCGT
TTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAACTTA
TTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCGTACCGTCTTCATGC
TGTCTGGTCAGAGACATICAMWAOACACAGGAACATTAGTGCAGGCAGCTTCCACAGCAATGG
CGGATAGTTAATGATCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCT
GTTCTACCATCGACACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGC
TGCAGGGCCAGACTGGAGGTGGCAACGCCGABTGAGTBBCCGCCAGTTGTTGTGCCAC(
TGTAATTCAGCTCCGCCATCGCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGT(
GAAACGGTCTGATAAGAGACACCGGCATACTCTGCGACATCGTATAACGTTACTGGTT
TCTCTTCCGGGCGCTATCATGCCATACCGCGAAAGGT TITATAIOIEEBIATTIACTEAATACEGCT C
TGCGACTCCTGCATTAGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCC
GGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAY
GTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCRALTEGCR
GCCACGATGCGTCCGGCGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACT
ATAACAATTCCCCTCTAGGATCCGGGAGACCCTCGACCGTCGATTGTCCACTGGTCAA
GAAGGTGCAGAGACTCGACGGGAGCTACCCTAACGTCAAGACGAGGGTAAAGAGAGAC
CAGTGICGAAAGCTGCAAGAGAATGAAAATCCGTTGACCTTAAACGGTCGTGTGGGTTC
GGAAACGCAATAGCCGAAAAACAAAAAACAAAAAAACCCCCCTCTCCCTCCCCCCCT¢H#
GAATAAGGCCGGTGTGCGTTTGTCTATATGTTATTTTCCACCATATTGCCGTCTTTTG
GCCCTGTCTTCTTGXAMOGACTAGGGGTCTTTCCCCTCTCGCCAAAGGAATGCAAGGTC
AAGCAGTTCCTCTGGAAGCTTCTTGAAGACAAACAACGTCTGTAGCGACCCTTTGCA!
GACAGGTGCCTCTGCGGCCAAAAGCCACGTGTATAAGATACACCTGCAAAGGCGGCAC
TTGGATAGTTGTGGAAAGAGT CAGRACKAEGCGCGEGTATTCAACAAGGGGCTGAAGGATGCCC
TTGTATGGGATCTGATCTGGGGCCTCGGTGCACATGCTTTACATGTGTTTAGTCGAGG
ACCACGGGGACGTGGTTTTCCTTTGAAAAACACGATGATAATATGGCCACAACCATGA
TAGTCTACTGCGCCACTGTTCATTGCCAGGACTGATCTRLCCAMMCACAGTTCCAACT
CTAAAGAAGGAGAATGTATTGATAGCAGCTGTGGCACCTGCACGAGAGACATACTATC
AGGAAAAACATGTTGCCGAATGTGTCAGTATGTAATTGAATGCAGAGTAGAGGCCGCA
AAGAGATTCCAGTTCCAGGAACCTGGTACATACGTGT T G3EECXCAGNEIGTAGNGCACAMGAGSEIGG T C
CCTGGAGAACCTGGATGGAACCAAGGGGGCTGTGCTGACCAAGACAAGACTGGAAGT!
GCTCAAGCTACTGAGAATCCCATCACTGTAAACGGTGGAGCTGACCCTATCATCGCCA
ACCATCGCTGTTGTTGAGATGCCAGGCTTCAACATCACCGTCATTGAGTCRATTCRARARGG
GAAGATCTGTAAGAATCGCCCCAGACACAGCAAACAAAGGAATGATCTCTGGCCTCTC
ATACAGACTTCACTTCAGATCCAGAACAACTCGCTATTCAGCCTAAGATCAACCAGGA
AAATCCTGATGACGTTGCATACTGCAAAGGTCTTCTGGAGCCGTACAAGGACAGCTGC
CTACACCATCTCCTGCGCCTTCGCCCGCTGTATGGGTGGAGACGAGCGAGCCTCACAC
CGTGCGCTGCTCCCGAAACTAGAGGAACCTGCGTTTTGTCTGGACATACTTTCTACG/#
ATTCCAGGGTCCCTGCAAGGAGATTCTTATGGCCGCCGACTGTTTCTGGAACACTTGC
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TGTTGACTCTITAAMAGTAGAGAAAGTACGAATCAGGAAACAATCGACTGTAGTAGAACS
ATTCTGGTTGGAGGAGAAGCCGTGTCCGTCCCGTACAGCTCTCAGAACACTTCCATCI
ACTACAGCCATCCTACCTGAAGCTCTGGTGGTCAAGTTCAACTTCAAGCAACTGCTC(
ATGGTAAGACTTGCGGTAAATCAAECBAACCAGGATTTCAGTGATGATTCTTTTGATGCTC
GACCCCCAACCCACCGGGATGCACCGAAGAACAGAAACCTGAAGCTGAACGACTCTG
GTGATCTTGATCAGAAATGTAACGTGTGCCACAAGCCTGACCGTGTCGAACGATGCAT
AACAGGGTTTCTGTGACCACGCAT GG GMCATTTGCATAECAAMAAGCATGGAGACACCCTAG
AATGCAAATAGAAAAAACAAAAAACAAAACAAAAAAAAAAAAAAAAAAAAAAAAAAAYL
ACGCTACGGACTTAAATAATTGAGCCTTAAAGAAGAAATTCTTTAAGTGGATGCTCTC
TATAGACAAGGCAATCCTGAGCCAAGCCGAAGTARTCA ACTGTAAGATAATAAGMA CGGATAACAGC

CTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAL
CTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTT
GATTGGCGAATGGGACGCGCCCTGTAGCGGCGCGATGTTAAGEGIGEIAT ACGCGCAGCGTG,
CTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACG®
CTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCA
CACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTMTE&ATAARGABLETEGTCGBAALAC
CCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATT
AAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCTTACA
GTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATT CAAATATG TTATCACAGATACCAI
AGCATCAAATGAAACTGCAATTTATTCATATCAGGATTATCAATACCATATTTTTGAA/
ACTCACCGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGCGATTCCGAC
TAATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCAT GARTTGGCERAART
TTATGCATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAAAT
CATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGATCGCTGTTAAAAGGACAATTA
GCGCAGGAACACTGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATATTCCCTGG
GGATCGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCTTGATGGT
GCCAGTTTAGTCTGACCATCTCATCTGTAACATCATTGGCAACGCTACCTTTGCCATG
GGGCTTCCCATACAATCGATAGATTGTCGCACCTGATTGCCCGACATTATCGCGAGCC
CCATGGGAATTTAATCGCGGCCTAGAGCAAGACGTTTCCCGTTGAATATGGCTCATAA
TAAGCAGACAGTTTTATTGTTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCAC
ATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAZA
TTTGTTTGCCBBSRAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCG
TCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATAC
GTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGT
GGGCTGAACGGGGGGTTCGTEIXCAAM AT TGGAGCGAACGACCTACACCGAACTGAGAT
CTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCC
CGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTC
ATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCRAOICRARNMCAACACIEAT TTTACGGTTCC
GCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCC
ACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAA
CTCCTTACGCATCTGTGCGGTATTTCACACCGCAATGGTGCATGATGBGEBEEARAGTTA
GTATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAA
GGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTG
CATCACCGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGABTGTGY
TCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGC
TCCTGTTTGGTCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGA
CTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGAGGGTA
CGGGACGAGAAAAATCACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGT
GCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCC
CGAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCGCTTC!
CATTCTGCTAACCAGTBBGGGBBAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATC
GGCCGCCATGCCGGCGATAATGGCCTGCTTCTCGCCGAAACGTTTGGTGGCGGGACCH/
GCGTGCAAGATTCCGAATACCGCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCGAZRA
CCAGAGCGCTGCCGGCACCTGTCCTACGAGGAGEATHSATBATAAGTGCGGCGACGATA
GCGCCCACCGGAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATC
ACTTACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGC
ACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGT GATGATGATGIGGCAALAGA
GCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCC
ATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCCACTA
GCCCGGACTCGGTAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCBATGBC
CTCATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCC
TTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAACTTSA
TTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCGTACCGTCTTCATG(C
TGTCTGGAGAGACATCAAGAAATAACGCCGGAACATTAGTGCAGGCAGCTTCCACAGC
CGGATAGTTAATGATCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCT
GTTCTACCATCGACACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGC
TGCAGGGCCAGACTGGBBGBTGGCAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGT!
TGTAATTCAGCTCCGCCATCGCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGT(
GAAACGGTCTGATAAGAGACACCGGCATACTCTGCGACATCGTATAACGTTACTGGTT
TCTCTTCCGGGCGCTATCATGCCATATTCGGGBBBSGTCGATGGTGTCCGGGATCTCGA
TGCGACTCCTGCATTAGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCC
GGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAY
GTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATACETGIGAOCEGLCALCGGT Gy
GCCACGATGCGTCCGGCGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACT
ATAACAATTCCCCTCTAGGATCCGGGAGACCCTCGACCGTCGATTGTCCACTGGTCAA
GAAGGTGCAGAGACTCGACGGGAGCTACCCTAACGTCAAGACGAGGGTAAAGBGASBAR
CAGTAGCGAAAGCTGCAAGAGAATGAAAATCCGTTGACCTTAAACGGTCGTGTGGGTT1
GGAAACGCAATAGCCGAAAAACAAAAAACAAAAAAACCCCCCTCTCCCTCCCCCCCT!/
GAATAAGGCCGGTGTGCGTTTGTCTATATGTTATTTTCCACCATATTGCCGTCTTTTG
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GCCCTGTCTTCTTGACGAGCATTCCTAGGGGTCTTTCCCCTCTCGCCAAAGGAATGCA
AAGCAGTTCCTCTGGAAGCTTCTTGAAGACAAACAACGTCTGTAGCGACCCTTTGCA!
GACAGGTGCCTCTGCGGCCAAAAGCCACGTGTATAAGATACACCTGCAAAGGCGGCAC
TTGGATAGTTGAGEGBACAAATGGCTCTCCTCAAGCGTATTCAACAAGGGGCTGAAGGHA
TTGTATGGGATCTGATCTGGGGCCTCGGTGCACATGCTTTACATGTGTTTAGTCGAGG
ACCACGGGGACGTGGTTTTCCTTTGAAAAACACGATGATAATATGGCCACAACCATGC
CCTCTGGTGTCCAGCCAGT GTGAGAMCAAGAACCCAGCTGCCTCCAGCCTACACCAAC
CGTGTACTACCCCGACAAGGTGTTCAGATCCAGCGTGCTGCACTCTACCCAGGACCTC
GACCTGGTTCCACGCCATCCACGTGTCCGGCACCAATGGCACCAAGAGATTCGACAAC
GGGTGTACTTTGCCAGCACCGAGAAGTCCARTASGCGOATTCAGSGGACCACACTGGACAGH
AGCCTGCTGATCGTGAACAACGCCACCAACGTGGTCATCAAAGTGTGCGAGTTCCAG
CGTCTACTATCACAAGAACAACAAGAGCTGGATGGAAAGCGAGTTCCGGGTGTACAGC
AGTACGTGTCCCAGCCTTTCCTGATGGACCTGGAAGGCA A G CCATGIEIGE0CAGAAGGT TTTACAGATGEAT
AACATCGACGGCTACTTCAAGATCTACAGCAAGCACACCCCTATCAACCTCGTGCGGC
CTGGAACCCCTGGTGGATCTGCCCATCGGCATCAACATCACCCGGTTTCAGACACTGC
GACACCTGGCGATAGCAGCAGCGGATGGACAGCTGGTGCCGCCGCTTACTAT & IC@EFAC
TGCTGAAGTACAACGAGAACGGCACCATCACCGACGCCGTGGATTGTGCTCTGGATCC
CTGAAGTCCTTCACCGTGGAAAAGGGCATCTACCAGACCAGCAACTTCCGGGTGCAG(
CCCCAATATCACCAATCTGTGCCCCTTCGGCGAGGTGTTCAATGCCACCAGATTCGCC
GCGGATOMATTGCGTGGCCGACTACTCCGTGCTGTACAACTCCGCCAGCTTCAGCAC
CCCCTACCAAGCTGAACGACCTGTGCTTCACAAACGTGTACGCCGACAGCTTCGTGAT
ATTGCCCCTGGACAGACAGGCAAGATCGCCGACTACAACTACAAGCTGCCCGACGACT
GAACAGCAACAACCTGGAXLITABGAAGAGCAACTACAATTACCTGTACCGGCTGTTCCGGA
CCTTCGAGCGGGACATCTCCACCGAGATCTATCAGGCCGGCAGCACCCCTTGTAACGC
TTCCCACTGCAGTCCTACGGCTTTCAGCCCACAAATGGCGTGGGCTATCAGCCCTACA
ACTGCTGCATGCCCCTGCCACAGTGTGCGGCAEACTCAATGARBBTGAAGAACAAATGCGTC
CAACGGCCTGACCGGCACCGGCGTGCTGACAGAGAGCAACAAGAAGTTCCTGCCATT!
GCCGATACCACAGACGCCGTTAGAGATCCCCAGACACTGGAAATCCTGGACATCACCC
TGTGATCACCCCTGGCACCAACACCAGCAATCAGGTGGCAGRBCTGTACCSBBLATGT!
CCATTCACGCCGATCAGCTGACACCTACATGGCGGGTGTACTCCACCGGCAGCAATGT
CTGATCGGAGCCGAGCACGTGAACAATAGCTACGAGTGCGACATCCCCATCGGCGCTC
ACAGACAAACAGCCCCGCCTCTGTGGCCAGCCAGAGCATCATTGCCTACACAGIOEGETA
GCCTACTCCAACAACTCTATCGCTATCCCCACCAACTTCACCATCAGCGTGACCACAC
AAGACCAGCGTGGACTGCACCATGTACATCTGCGGCGATTCCACCGAGTGCTCCAACC
CTGCACCCAGCTGAATAGAGCCCTGACAGGGATCGCCGTGGAACAGGACAAGAACACC
AAGCAGAACAAGACCCCTCCTATCAAGGACTTCGGCGGCTTCAATTTCAGCCAGATTC
AGCAAGCGGAGCTTCATCGAGGACCTGCTGTTCAACAAAGTGACACTGGCCGACGCC!
TTGTCTGGGCGACATTGCCGCCAGGGATCTGATTTGCGCCCAGAAGTTTAACGGACTC
CCGATGAGATGATCGCCCMAIETIAGCCACCTGCTGGCCGGCACAATCACAAGCGGCTGGACA
GCTCTGCAGATCCCCTTTGCTATGCAGATGGCCTACCGGTTCAACGGCATCGGAGTGA
CAGAAGCTGATCGCCAACCAGTTCAACAGCGCCATCGGCAAGATCCAGGACAGCCTGH
GAAAGCTGCAGGACGTGGTCAACCAGAATBBCORALRGCGGTCAHSGTEGAAGCAGCTGTCCTCCA
CATCAGCTCTGTGCTGAACGATATCCTGAGCAGACTGGACcctcct GAAGCCGAGGTC
AGGCTGCAGTCCCTGCAGACCTACGTTACCCAGCAGCTGATCAGAGCCGCCGAGATTA
CACCAAGATGTCTGAGTGTGTGCTGGGCCAGAGCAAGA G AT GGEATCATCTCTATARICTGREACTAG A
CTCAGTCTGCCCCTCACGGCGTGGTGTTTCTGCACGTGACATACGTGCCCGCTCAAG!
GCCATCTGCCACGACGGCAAAGCCCACTTTCCTAGAGAAGGCGTGTTCGTGTCCAAC(
GCGGAACTTCTACGAGCCCCAGATCATCACCACCGACAACACCTTCGTGT CCTGERWTAI(
TGAACAATACCGTGTACGACCCTCTGCAGCCCGAGCTGGACAGCTTCAAAGAGGAACT
CAAGCCCCGACGTGGACCTGGGCGATATCAGCGGAATCAATGCCAGCGTCGTGAACAT
AACGAGGTGGCCAAGAATCTGAACGAGAGCCTGATCGACCTGCAAGAACTGGGGAAG™
CAGCGGGCTTGGTCCCACGTGGCTCACCCGGATCTGGATACATCCCGGAGGCCCCTAC
AGAAAGGACGGCGAATGGGTTCTGCTGTCGACCTTCTTGGGACATCATCATCATCATC
AAACAAAACAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAGGCTATTATGCGTTACCGC
GAGCCTTAAAGAAGARARAAGTGGATGCTCTCAAACTCAGGGAAACCTAAATCTAGTTA
CCAAGCCGAAGTAGTAATTAGTAAGACCAGTGGACAATCGACGGATAACAGCATATCT

GCCCGGATAGCTCAGGCGGGAGAGCAGCGGCCGAGTAATTTACGTCGACGGTGACGTC
CAGGGTTCAAGTCCCTGTTCGGGCGCCAGTAGAAGTTTAGAATAAACGCTCAACTTT(
TGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGG,
AGTTCAGCGTGTCTGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGA!Y
GCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCT GA C C TCAWIG333303ECT TRNGCACGCTOBATCTIC
AAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACC!
CTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAC
GAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACA AXCAGSTAGAT
GAACGGCATCAAGGCGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAC
AACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCC
CCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCAC
CAAGTAAAACCPGAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTAC
CAAAATGTAGCCATTCGTATCTGCTCCTAATAAAAAGAAAGTTTCTTCACACCGCGGG
GCGCCGGCGTTGGTAGCTGCAGTGGCAGCTGCATTTAATGAGCCGGCGACGAGAGGGC
GCACCACCACCACCACCACTGGKLGASICOAACAAAGCCCGAAAGGAAGCTGAGTTGGCTG
CAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGA
CGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGC
AGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTGCCATGTTTECCGGCTTTCCCCGTC!
CGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAAC
AGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTC1
CTGGAACAACACTCAACCCTATCTCGGTCTATTCTT TGEGRAGRATATAACEGEEECATATTTI GGTT
AGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCTTACAATTTA
CGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAAT®
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AAATGAAACTGCAATTTATTCATATCAGGATTAT CAATAEGCATAITIGITIATAG FCAALKA G A
CGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGCGATTCCGACTCGTCC
CCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTGACGACTGAATCC
ATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTRATARAABBGTALRTTC
TGATTGCGCCTGAGCGAGACGAAATACGCGATCGCTGTTAAAAGGACAATTACAAACA
GAACACTGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATATTCTTCTAATACC
CAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTBGGEBAG
TAGTCTGACCATCTCATCTGTAACATCATTGGCAACGCTACCTTTGCCATGTTTCAGA
CCATACAATCGATAGATTGTCGCACCTGATTGCCCGACATTATCGCGAGCCCATTTAT.
GAATTTAATCGCGGCCTAGAGCAAGACGTTTCCCGTTGAATATGGCTCATAACA AGAC
CAGTTTTATTGTTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTC
ATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCH
CCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAG/
AGCCGGATAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGC
CTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGA
ACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGA™
AAGCGCCACGCTTCCCBBASLSGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACA
GGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTC
ATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGC
TTGCTCACATGTTCTTTCCTGCGTTATTGCGATRBALTTIGARETACCGCCTTTGAGTGAGCT
CGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTG
ATCTGTGCGGTATTTCACACCGCAATGGTGCACTCTCAGTACAATCTGCTCTGATGCC
CGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCREBAGATGCRAEGCHBLECTLET GACGGG!
GCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAC
AACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGAAGCGATTCACAGAT
AGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATAT
TCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAA
GGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGAGGGTAAACAACTGGC
AGAAAAATCACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCAC
ATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGACTTTACC
CATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCG!
CCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGC
CGGCGATAATGEBLCICNTCTCGCCGAAACGTTTGGTGGCGGGACCAGTGACGAAGGCTTGA
TCCGAATACCGCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCGAAAGCGGTCCTCC
GCCGGCACCTGTCCTACGAGTTGCATGATAAAGAAGACAGTCATAAGTGCGGCGACGA
GAAGGAGCTGACTGGGTTGAAGGCCACTTOOGAGATAIBAAGATCCCGGTGCCTAATGAGT GAGC
TGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTA,
GAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGC/
CTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCRAGGTLGRBBBTCCRAEGGTTTGATGG
GCGGGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCCACTACCGAGATATCCGC
TAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGC
GCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCAGCGTGATEGTHARGG(
ATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTAA
AATGCGACCAGATGCTCCACGCCCAGTCGCGTACCGTCTTCATGGGAGAAAATAATAC
ACATCAAGAAATAACGCCGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCRARTG
TCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGA(
ACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGCCGCGACAATTTGCC
TGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACGC!
GCCATCGCTGCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACC,
AGAGACACCGGCATACTCTGCGACATCGTATAACGTTACTGGTTTCACATTCACCACC
TATCATGCCATACCGCGAAAGGTTTTGCGCCATTCGATGGTGTCCGGGATCTCGACGC
AGGAAGCAGCCCAGTAGRGGELTGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCA.,
ACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACAAGCGCTCATGAC
TTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTEC
GCGTAGAGGATCGAGATCTCGATCCCGCGARATTAARSGGASBATTGTGAGCGGATAAC
AGGATCC

CTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAL
CTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTT
GATTGGCGAATGGGACGCGCCCTGCGTTARMAGEGEGGCCGGGTGTGGTGGTTACGCGCAGC
CTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACG®
CTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCA
CACGTAGTGGGCCATCGCCCTGATAGACGGTT T TITGIGACTACICTATAATCTACIT TTAATAGT G
CCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATT
AAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCTTACA
GTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATATBAATARBGTATCCBABGAAA
AGCATCAAATGAAACTGCAATTTATTCATATCAGGATTATCAATACCATATTTTTGAA!/
ACTCACCGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGCGATTCCGAC
TAATTTCCCCTCGTCAAAAATAAGGTTATCAAGT GAGA A AGACATOOCAT GSTAGSAT GAAACTGRAGCCT,
TTATGCATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAAAT
CATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGATCGCTGTTAAAAGGACAATTA
GCGCAGGAACACTGCCAGCGCATCAACAATATTTTCACCTGAAT CA QGAGICAITGTCITTITTCCT!
GGATCGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCTTGATGGT
GCCAGTTTAGTCTGACCATCTCATCTGTAACATCATTGGCAACGCTACCTTTGCCATG
GGGCTTCCCATACAATCGATAGATTGTCGCACCTGATTGCCCGACATTATCGCGBSGGET
CCATGTTGGAATTTAATCGCGGCCTAGAGCAAGACGTTTCCCGTTGAATATGGCTCAT
TAAGCAGACAGTTTTATTGTTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCAC
ATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAZA
TTTIGTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGA
TCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATAC
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GTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGT
GGGCTGAACGGGGGGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGH
CTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCC
CGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTC
ATTTTTGTGATGCTCGTCAGGGG G GIERAGRACRALITCACICAGCAACGCGGCCTTTTTACGGT
GCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCC
ACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAA
CTCCTTACGCATCTGTGCGGTATTTCACACCGCA AATCAGATTACTAALTTACTTAGAMATGCCGCATAL
GTATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAA
GGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTG
CATCACCGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGCGT®ATGGETEALAGCC G/
TCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGC
TCCTGTTTGGTCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGA
CTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGAGEGIA
CGGGACCAGAGAAAAATCACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGC
GCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCC
CGAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCGCTTC/
CATTCTGCTASLTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACC
GGCCGCCATGCCGGCGATAATGGCCTGCTTCTCGCCGAAACGTTTGGTGGCGGGACCH
GCGTGCAAGATTCCGAATACCGCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCGARA
CCAGAGCGCTGCCGGCACCTGTICTGGICAACTGGM AT AAAGAAGACAGTCATAAGTGCGGCGAC
GCGCCCACCGGAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATC
ACTTACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGC
ACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGTCATGEETBGTATGTGAGACGGGCAAL
GCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCC
ATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCCACTA
GCCCGGACTCGGTAATGGCGCGCATTGCGCCCAGCGCCATCTGABCSETGGGAACGAT
CTCATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCC
TTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAACTTA
TTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCGTACCGTCTT TATGEX
TGTCTGGTCAGAGACATCAAGAAATAACGCCGGAACATTAGTGCAGGCAGCTTCCACA
CGGATAGTTAATGATCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCT
GTTCTACCATCGACACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGC
TGCAGGGCBAGGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCCGCCAGTTGT
TGTAATTCAGCTCCGCCATCGCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGT(
GAAACGGTCTGATAAGAGACACCGGCATACTCTGCGACATCGTATAACGTTACTGGTT
TCTCTTCCGGGCGCTATCACGCEAAAGGTTTTGCGCCATTCGATGGTGTCCGGGATCT
TGCGACTCCTGCATTAGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCC
GGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAYL
GTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGGBGRRPATCACGCACCTGTGGCGCCGH
GCCACGATGCGTCCGGCGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACT
ATAACAATTCCCCTCTAGGATCCGCCCGGATAGCTCAGGCGGGAGAGCAGCGGCCGACG
CGATGGTTGCGGCCGCGGGTCCAGGGTTCAAGTCCCTGTT CGGGEGLEALCTATCTAEA A
GCTCAACTTTGGGCCGCCACCATGAAGACCTTAATTCTTGCCGTTGCATTAGTCTACT
GTCCTTACGAACCTGATCCACCAAACACAGTTCCAACTTCCTGTGAAGCTAAAGAAGC
CACCTGCACGAGAGACATACTATCAGATGGACTGTGTGAAAATAAACCAGGRABSAATSE
ATTGAATGCAGAGTAGAGGCCGCAGGATGGTTTAGAACATTCTATGGAAAGAGATTCC
TGTTGGGTCAAGGAACCAAGGGCGGCGACTGGAAGGTGTCCATCACCCTGGAGAACCT
GCTGACCAAGACAAGACTGGAAGTGGCTGGAGACATCATTGACATCGCTCAAGCTAC1T
TGBGCTGACCCTATCATCGCCAACCCGTACACCATCGGCGAGGTCACCATCGCTGTTC
CACCGTCATTGAGTTCTTCAAACTGATCGTGATCGACATCCTCGGAGGAAGATCTGTA
CAAAGGAATGATCTCTGGCCTCTGTGGAGATCTTAAAATGATGGAAGATACAGACTTC
ATTCAGCCTAABRERTCAGGAGTTTGACGGTTGTCCACTCTATGGAAATCCTGATGACGTI1
TGGAGCCGTACAAGGACAGCTGCCGCAACCCCATCAACTTCTACTACTACACCATCTC
GTGGAGACGAGCGAGCCTCACACGTGCTGCTTGACTACAGGGAGACGTGCGCTGCTC
TTTGTCTGGACATACTTTCTAGALAMAMEGCAAGATACCAATTCCAGGGTCCCTGCAAG(
CCGACTGTTTCTGGAACACTTGGGATGTGAAGGTTTCACACAGGAATGTTGACTCTT/
CAGGAAACAATCGACTGTAGTAGAACTCATTGTTGATGGAAAACAGATTCTGGTTGGA
CAGCTCTCAGAACACTTCCATCTACTGGERAGAESGTASBAGCCATCCTACCTGAAGCT
GTTCAACTTCAAGCAACTGCTCGTCGTACATATTAGAGATCCATTCGATGGTAAGACT
AGGATTTCAGTGATGATTCTTTTGATGCTGAAGGAGCCTGTGATCTGACCCCCAACCC
AACCTGAAGCTGAACGACTCTGCAATAGTCTCT T CAICITCEGAGTTCCARNCATTEATTAACGT GT G
CTGACCGTGTCGAACGATGCATGTACGAGTATTGCCTGAGGGGACAACAGGGTTTCTC
AAAGAATGCTACATAAAGCATGGAGACACCCTAGAAGTACCAGATGAATGCAAATAGA
GAGTCTCTAAGCTACATAATACCAACTTACACTTTACAAAAT GATITTGAO @&TCACTOICTAGACATAT G5
AAAGAAAGTTTCTTCACACCGCGGGCTTGTCCCTGAACTTGGGACCTGGGCGCCGGC
GCATTTAATGAGCCGGCGACGAGAGGGCGGACTCGATAGGCCCG

CTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAC
CTGAGCAATAABTASCCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTG#
GATTGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTT
CTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACG®
CTAAATCGGGGGCTCCCTTTAGIGIGATGTABXGIATTACGGCACCTCGACCCCAAAAAACTTG
CACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCAC
CCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATT
AAATGAGCTGATTTAACAAAAATTTARCBBBAATTAABGBCTTACAATTTAGGTGGCAC
GTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCA
AGCATCAAATGAAACTGCAATTTATTCATATCAGGATTATCAATACCATATTTTTGAA!
ACTCACCGAGGCAGTTCCATAGGAT GGC ACACATTCCTOGICBATTATCCGACTCGTCCAACATC
TAATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTGACGACT
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TTATGCATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAAAT
CATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGATRESTTATCAAABAGGAATCGAA
GCGCAGGAACACTGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATATTCTTCT
GGATCGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCTTGATGGT
GCCAGTTTAGTCTGACCATCTCATCTGTAACATCATT GGC A ACCAGCATAMCCCATATOT TCECTCAAG @G
GGGCTTCCCATACAATCGATAGATTGTCGCACCTGATTGCCCGACATTATCGCGAGCC
CCATGTTGGAATTTAATCGCGGCCTAGAGCAAGACGTTTCCCGTTGAATATGGCTCAT
TAAGCAGACAGTTTTATTGTTCATGACCAAAATCCCTTAACGTGAGTTCTCTCCGTAGBAC
ATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAZA
TTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAC(
TCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACAKTMAC
GTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGT
GGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGA,
CTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCC
CGCACGAGGGAGCAIGBGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCA
ATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCC
GCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCC
ACCGCTCGCCGCAGCCGAACGRBEGGBHSBGCGECAGTGAGCGAGGAAGCGGAAGAGCCGCCCT
CTCCTTACGCATCTGTGCGGTATTTCACACCGCAATGGTGCACTCTCAGTACAATCTGCG
GTATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAA
GGCTTGTCTGCTCCCGGCATCCGCTTACAGACRATAGCAEITAGCRACTCEIATGTGTCAGAGGT
CATCACCGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGAAGCGH
TCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGC
TCCTGTTTGGTCACTGATGCCTCCGTGTAAGGGGGATTTCT EGTTGAATAGBGBEGRALATCRA
CTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGAGGGTA
CGGGACCAGAGAAAAATCACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGC
GCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGGAAKLC
CGAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCGCTTC,
CATTCTGCTAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAC
GGCCGCCATGCCGGCGATAATGGCCTGCTTCTCGCCGAAACGTTTGGTGGCGGGACCH
GCGTGCAAGATCGAATACCGCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCGAAAGC
CCAGAGCGCTGCCGGCACCTGTCCTACGAGTTGCATGATAAAGAAGACAGTCATAAGT
GCGCCCACCGGAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATC(
ACTTACATTAATTGCGTTGCGCGCATTGCAGTCGGGAAACCTGTCGTGCCAGCTGCAT
ACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTTTCACCAL
GCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCC
ATGGTGGTTAACGGCGGGATATAACATGAGCTEGORTCGGRARERTAGCGAGATATCCGCA
GCCCGGACTCGGTAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAC
CTCATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCC
TTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGACGATCECEAGRAERATAAMACAIGR
TTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCGTACCGTCTTCATG(C
TGTCTGGTCAGAGACATCAAGAAATAACGCCGGAACATTAGTGCAGGCAGCTTCCACA
CGGATAGTTAATGATCAGCCCACTGACGCGTTGCGCGAGAAGATTGT GC A Qa0033333ICIT
GTTCTACCATCGACACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGC
TGCAGGGCCAGACTGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCCGCCAGT®
TGTAATTCAGCTCCGCCATCGCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGT(
GAAACGGE@TGATAAGAGACACCGGCATACTCTGCGACATCGTATAACGTTACTGGTTTCH#
TCTCTTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTTGCGCCATTCGATGGTGTC
TGCGACTCCTGCATTAGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCC(C
GGAGATGGCGCCCAACBGGGCCACGGGGCCTGCCACCATACCCACGCCGAAACAAGCC
GTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCA
GCCACGATGCGTCCGGCGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACT
ATAACAATTCCCCTCTAGGATCCGCCCGCGGBEAGARECAGGGGCCGAGTAATTTACGTCG
CGATGGTTGCGGCCGCGGGTCCAGGGTTCAAGTCCCTGTTCGGGCGCCACTTGTTCT®
GCTCAACTTTGGGCCGCCACCATGGTGTTCGTGTTTCTGGTGCTGCTGCCTCTGGTG”
CACAAGAACCCAGCTGCCTCCAGCCTACACCAACAGCTTARCCAGAGBBGGETGACTCTA!
GCGTGCTGCACTCTACCCAGGACCTGTTCCTGCCTTTCTTCAGCAACGTGACCTGGT®
ACCAATGGCACCAAGAGATTCGACAACCCCGTGCTGCCCTTCAACGACGGGGTGTACT
CATCATCAGAGGCTGGATCTTCGGCACCACACTGGACAGCAAGACCCAGAGCELTGAAC
TGGTCATCAAAGTGTGCGAGTTCCAGTTCTGCAACGACCCCTTCCTGGGCGTCTACT!¢/
TGGAAAGCGAGTTCCGGGTGTACAGCAGCGCCAACAACTGCACCTTCGAGTACGTGT(
GAAGGCAAGCAGGGCAACTTCAAGAACCTGCGCGAGTTCGTGTTCAAGAACATCGAC!
GCACACCTATCAACCTCGTGCGGGATCTGCCTCAGGGCTTCTCTGCTCTGGAACCCCT
TCAACATCACCCGGTTTCAGACACTGCTGGCCCTGCACAGAAGCTACCTGACACCTG!
GCTGGTGCCGCCGCTTACTATGTGGGCTACCTGCAGCCTAGAACCTTTCTGCTGAAGT
CGACGCCGTGGATTGTQAOTCTE&I GAGCGAGACAAAGTGCACCCTGAAGTCCTTCACC
ACCAGACCAGCAACTTCCGGGTGCAGCCCACCGAATCCATCGTGCGGTTCCCCAATAT
GAGGTGTTCAATGCCACCAGATTCGCCTCTGTGTACGCCTGGAACCGGAAGCGGATC¢t
CGTGCTGTACAACTCCGCCAGCTTCAGCABCGGCHBAGTGCCCTACCAAGCTGAACGA
CAAACGTGTACGCCGACAGCTTCGTGATCCGGGGAGATGAAGTGCGGCAGATTGCCCC
CGACTACAACTACAAGCTGCCCGACGACTTCACCGGCTGTGTGATTGCCTGGAACAG(C
GCGGCAACTACAATTACCTGTACCGGCTGTTCCGGAAGTGEBBGGTGBAATGCTCTACCC
ATCAGGCCGGCAGCACCCCTTGTAACGGCGTGGAAGGCTTCAACTGCTACTTCCCACT
ACAAATGGCGTGGGCTATCAGCCCTACAGAGTGGTGGTGCTGAGCTTCGAACTGCTGC
CCCTAAGAAAAGCACCAATCTCGTGAAGAACAAATGCGTGAACTTCAACTACRAAEGIGE
CAGAGAGCAACAAGAAGTTCCTGCCATTCCAGCAGTTTGGCCGGGATATCGCCGATAC
CAGACACTGGAAATCCTGGACATCACCCCTTGCAGCTTCGGCGGAGTGTCTGTGATC/
TCAGGTGGCAGTGCTGTACCAGGACGTGAACTGTACCGAAGTGCCCGTGGCCATTCAC
GGCGG®GMACTCCACCGGCAGCAATGTGTTTCAGACCAGAGCCGGCTGTCTGATCGGA
CTACGAGTGCGACATCCCCATCGGCGCTGGCATCTGTGCCAGCTACCAGACACAGAC®
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GCCAGAGCATCATTGCCTACACAATGTCTCTGGGCGCCGAGAACAGCGTGGCCTACTC
CCAACTTCACCATCAGBGAGAGBTCCTGCCTGTGTCCATGACCAAGACCAGCGTGGAC(
GCGGCGATTCCACCGAGTGCTCCAACCTGCTGCTGCAGTACGGCAGCTTCTGCACCC!
GATCGCCGTGGAACAGGACAAGAACACCCAAGAGGTGTTCGCCCAAGTGAAGCAGAT(
ACTTCGGCGGCTTCAATTTCAGCCAGATTAREGAEARGGBTAGCAAGCGGAGCTTCATCGH
TTCAACAAAGTGACACTGGCCGACGCCGGCTTCATCAAGCAGTATGGCGATTGTCTG(C
GATTTGCGCCCAGAAGTTTAACGGACTGACAGTGCTGCCTCCTCTGCTGACCGATGAC
CCTGCTGGCCGGCACAATCACAAGCGGCTGGACATTT GEAORAGCAGECECaTATEETT AT G
CCTACCGGTTCAACGGCATCGGAGTGACCCAGAATGTGCTGTACGAGAACCAGAAGCT
GCCATCGGCAAGATCCAGGACAGCCTGAGCAGCACAGCAAGCGCCCTGGGAAAGCTG
CCCAGGCACTGAACACCCTGGTCAAGCAGCTGTCCTCCAACTTCGGCGCCATCATCEAC
AGACTGGACcctcct GAAGCCGAGGTGCAGATCGACAGACTGATCACCGGAAGGCTG(C
AGCAGCTGATCAGAGCCGCCGAGATTAGAGCCTCTGCCAATCTGGCCGCCACCAAGAT
GAGCAAGAGAGTGGACTTTTGCGGCAAGGGCTACCACCTGATGAGCTTCCCTCAGTC™
TGCAUOGACATACGTGCCCGCTCAAGAGAAGAATTTCACCACCGCTCCAGCCATCTGC
CCTAGAGAAGGCGTGTTCGTGTCCAACGGCACCCATTGGTTCGTGACCCAGCGGAACT
CACCGACAACACCTTCGTGTCTGGCAACTGCGACGTCGTGATCGGCATTGTGAACAAT
CCGAGCTGGACAGCT TGOCMWNGIAGGATAAGTACTTTAAGAACCACACAAGCCCCGACGT
AGCGGAATCAATGCCAGCGTCGTGAACATCCAGAAAGAGATCGACCGGCTGAACGAGC
GCCTGATCGACCTGCAAGAACTGGGGAAGTACGAGCAGTACATCAAGTGGCCCAGCGC
ACCCGGATCTGGATACATCCCGGAGGCC CATAGIIGIGIMIBIGITGAGAAAGGACGGCGAATG
CGACCTTCTTGGGACATCATCATCATCATCACCGAATTCAGTAAAACCAGCCTCAAGA
ACATAATACCAACTTACACTTTACAAAATGTTGTCCCCCAAAATGTAGCCATTCGTAT
CACACCGCGGGCTTGTCCCTGAACTTGGGACCTGGBGGTGGBGEGEGGBTGCTGCATTT
GGCGACGAGAGGGCGGACTCGATAGGCCCG

CGCCCGGATAGCTCAGACGGAAGAGCAGGATATCCGAGTAATTTACGCCCGGGAGTGC
GGCCGAAACCCGTGAAAACGGGTCCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCT
GAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGH
CAGCGTGTCTGGCGEASAGEGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCT
CCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGC!
AGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCT
AAGACCCGCGCCGAGGTGAAGTTCGAGCGGEGGGLHLBABMACCGCATCGAGCTGAAGGGCATCG
GACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATA
CGGCATCAAGGCGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTC
ACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACA A COCAACCITCACOBICTAATGICAMBIXCA AA G
ACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCT
GTAAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTA
AATGTAGCCATTCGTATCTGCTCCTAATAAAAAGAAAGTTTCTTCACBATEEATGTAA
GGACGAATTACTTGTACCTCCCGGGTGGTTGCGGATATCCGGGTCCAGGGTTCAAGTC
ACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGT™®
ATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAARA
GAARAGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAC
GCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCG
GGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACT
GTGGGCCATCGCCKEAIAGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATA
TGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCG
GCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCTTACAATTTAG
GGAACCCCTATTTGTTTAAATACATTCAAATATGTATCCGCTCATGAATTAATTCTTAC
AATGAAACTGCAATTTATTCATATCAGGATTATCAATACCATATTTTTGAAAAAGCCG®
GAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGCGATTCCGACTCGTCCA
CCCTCGTCAAAAATAAGGCTGRGIAWAEIACCATGAGTGACGACTGAATCCGGTGAGAAT
TTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAAATCACTCGC
GATTGCGCCTGAGCGAGACGAAATACGCGATCGCTGTTAAAAGGACAATTACAAACAC
GAACACTGCCAGCGCATCAACAATATTAGGATATGARTCTAATACCTGGAATGCTGTT
CAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTCGGAAG
TAGTCTGACCATCTCATCTGTAACATCATTGGCAACGCTACCTTTGCCATGTTTCAGA
CCATACAATCGATAGATTGTCGCACCTGATTGCGRAGCELAATTATACGCEATATAAATCAG
GAATTTAATCGCGGCCTAGAGCAAGACGTTTCCCGTTGAATATGGCTCATAACACCCC
CAGTTTTATTGTTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTC
ATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCT G CATAECATCTCEEOCATAAACICANAGACAGAGAT GG T
CCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAG!/
AGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCT
CTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACT CAAGA C ®&ATGAISETGI TAGOBIGEIEIA
ACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGA®
AAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTC
GGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTC
AGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGG
TTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGC
CGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCCCTG
ATCTGTGCGGTATATCGCAATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATA
CGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGH
GCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAC
AACGCGCGAGGCAGCTGCGGTAABGGTGSTCGTGAAGCGATTCACAGATGTCTGCCT(
AGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATGT
TCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAA
GGGTTACTGATGATGAACATGCCCGGTTACTGEGRALLTALITCAGCGCGGTATGGATGCGG
AGAAAAATCACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCAC
ATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGACTTTACC
CATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGT CGEGIATTITCGCOGATTERAT T E®
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CCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGC
CGGCGATAATGGCCTGCTTCTCGCCGAAACGTTTGGTGGCGGGACCAGTGACGAAGG(C
TCCGAATACCGCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCGAAAGCGGTCGTAC
GCCGGCACCTGTCCTACGAGTTGCATGATAAAGAAGACAGTCATAAGTGCGGCGACGA
GAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTAY
TGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTA!
GAGGCGGTTGGATTGGGCGCCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCAAC!Y
CTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGCGAAA,
GCGGGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCCACTACCGAGATATCCGC
TAATGGCGCGCATTGCGCCATAGIOEGACITACGT TGGCAACCAGCATCGCAGTGGGAACGATG
GCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCGTTCCGCTATCGC
ATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTARA
AATGCGACCAGATGCTCCACGCCCAGTCGEBTGEEGSGCGBGABARTAATACTGTTGATGGGTC
ACATCAAGAAATAACGCCGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCT
TCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGA(
ACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATT TASCGCACCECGALGCAALTAGGG
TGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACGC!
GCCATCGCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTC,
AGAGACACCGGCATACTCTGCGACATCGTATAACGTTACTGGTTTCACATTCAECGAGC
TATCATGCCATACCGCGAAAGGTTTTGCGCCATTCGATGGTGTCCGGGATCTCGACGC
AGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTC
ACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACAAGCGCTCATGAC
TTCECCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGA
GCGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATT
AGGATCC
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