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Abstract

Humans are starting to explore extreme environments such as space due to
advancements in Science and Technology. Although current manned missions have
involved short -durations with emergency supply or return to earth, future long-
duration space travel will not have this luxury. Moreover, 87% of current spaceflight
medications have a limited shelf-life of less than 2 years. Thereforethere is a severely
limited capacity to supply a pharmacy for human exploration of Mars, which is a
combined goal of 15 space agencies in the next decade. This research project, under
OT 1T wOAUOAI Guxsi EUOE E a z O w s bhallgngdthroughtoik-tdemand amd) 1
on-site synthesis of biopharmaceuticals.

The increasing share of biologics in the pharmaceutical market can be attributed to
their therapeutic abilities against challenging targets, but they are conventionally
produced in centralized, large-scale facilities using living cells, and typically require
cold chain storage and transportation. This severely limits their applicability in low -
resource and extreme environments, where a largely untreated human population

are present. A platform based on cell-free protein synthesis (CFPS)technology is
capable of surpassing many limitations of cell -basedexpression and is the system of
choice for the astropharmacy vision in this thesis.

This thesis begins by describing the development and optimisation of an in-house
CFPS system, which was optimised for high-level protein production, using
chromogenic reporter superfolder green fluorescent protein ( SfGFB as a model.Next,
the system was benchmarked against commercial systems such as the NEB
PURExpress and PromegaE.coli SPA extract system for circular DNA , with sfGFP
yields increasing and surpassing commercial systems and others reported in
literature . The sfGFP yield improvements are seen from 0.8 mg/mL in experiments
described in the initial chapter to > 5 mg/mL in that of the final chapters.

Experimentation with freeze-drying, microglassification a and cellulose stackswere
carried out in order to explore platforms with ease-of-storage and distribution .
Lyophilised pellets and cellulose stacks were two main approaches that met some
astropharmacy goals. The latter platform was composed of lyophilised CFPS
components on cellulose discs, which were layered and rehydrated to kickstart
protein synthesis. Such paper-encompassed reactionswere shown to be capable of
robust expression after drying , and the system can be modulated by simply changing
the DNA element.



To further address the gap in our knowledge of storing and transporting active CFPS
compounds for longer periods of time , stability studies were conducted . This was
particularly important for VITA (Visualising In -situ Tx-TI Astropharmaceuticals) ; a
student payload being developed with the European Space Agency. VITA aims to
International Space Sation. The thesis finishes with a short, but final note on
producing therapeutic proteins -of-interest using the developed platform, along with
ideas and initial experiments for in situ purification. As this research progresses
numerous applications in healthcare for space and Earth, such as elimination of
transport and provision in extreme environments, are hoped to be realized.

Keywords: Cell-free protein synthesis; on-demand biomanufacturing ; protein
therapeutics; freeze-drying; sfGFP reporter; stability testing; protein purification ;
quality control
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Chapter 1 Introduction

1.1 Astropharmacy and Astromedicine

1.1.1Humans in extreme environments

Extreme environments can be defined as hostile or harsh natural areas that typically

do not support life (Rothschild and Mancinelli, 2001). Most life is presenton $ EUUT z Uw
superficial layers t+ deeper parts of the oceans do not receive sunlight and is highly
pressurized. On land, extreme environments such as frozen, arid deserts and other
latitudinal and topographical variations in temperature, water and nutrient
availability make it difficult for species survival. A remarkable class of organisms,

known as extremophiles, are perhaps the most complex capable of surviving and

thriving in such extreme environments (Rampelotto, 2013).

Although human beings are adaptable organisms, survival is significantly low in
extreme environments. This is attributed to the high complexity of the human body

in comparison to relatively simpler microscopic extremophiles. Neverthele ss,
advancements in science and technology have improved our tolerance and made
exploration of these areas, a reality (Piantadosi, 2003) Space is perhaps the most
extreme environment that humans have ever faced. In the 1960s, the Apollo program
marked the farthest and most extreme point humans have ever been from Earth ¢ the
far side of the Moon. Other advances include the International Space Station (ISS), an
artificial research satellite in low earth orbit, launched on the 20 of November 1998
(NASA, 2018). The ISS is still in orbit with astronauts working onboard, contributing
heavily to our scientific, geological and medical knowledge on Earth. Space
exploration has advanced further in the 215t century; NASA (National Aeronautics
and Space Agency, United States) and other agencies have already sent orbiters and
OEOQOET EwUOYIT UUwm? 0T 1 w" UUd éiplbratianuoflMa.]HumaA wi OU w U
exploration of Mars is now the combined long -term goal of 15 space agencies around
the world (ISECG, 2018)

1.1.1.a Physiological effects of space travel on the human body

Although commercial spaceflight/tourism is emerging, current space missions are
only embarked by well -trained, professional astronauts. Applicants undergo a strict
s/ UAaET 0001 PEEOWE GEWA B 1 EREEGwWI U3 U BRI Q0T E0 wUOT 1]
health requirements for enduring the physiological effects related to space
exploration (Johnston et al, 2014p us EE T w, D BmtoDélicigemu PUwWEwW i D1 OE
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science that aims to deliver healthcareto humans travelling to space, the need for

which will increase considerably with more manned deep -space missions. Medical

standards are classified based on the traveller and the type of spaceflightt Suborbital,

Low Earth Orbit (LEO) and Exploration class missions. Suborbital flights are short

journeys that do not complete one full orbit around the Earth ( e.g.Virgin Galactic
A0PUawi OPTTUUABW3T T w(22whUwhPOw+$. Owl kYwOD(
Exploration class missions involve long -duration space travel through deep space

(e.g. Mars) (Hodkinson etal., 2017)

The group of symptoms observed by most astronauts within the initial three days in

space are termed as the Space Adaptation Syndrome. This is primarily due to the
EOEazUw Ul UxOOUI w UOw OPEUOT UEYDPUaw i 11 OP
symptoms include headaches, illusion, vertigo, nausea and disorientation

(@]}
S

(Hodkinson et al, 2017) More complex bodily changes are observed in longer
duration missions. A frequent complaint among US astronauts was sleep disturbance
t sleep inducers such as zolpidem were the most used medications on the ISS
followed by pain, congestion and allergy medi cations (Wotring, 2015).

Exposure to radiation is the number one concern for long-duration space travel;
ionising radiation (IR) causes ionisation of atomsin molecules such as DNA, leading
to cell damage and disrepair Galactic cosmic radiation (GCR) and solar particle
events (SPESs) are the main sources of radiation in outer spacéHodkinson et al, 2017)
At the cellular level, IR causes damage through direct and indirect effects. Direct
effects involve DNA damage caused by breakage of the phosphatesugar backbone
and/or chemical bonds within base pairs. Exposed cells try to repair the damage or
otherwise undergo apoptosis, if irreversible. DNA is a crucial yet small part of the
cell, therefore, the probability of direct IR exposure is also low. Other components
like water, however, form a major part of cellular volume. IR causes disassociation of
water molecules thereby releasing free radicals such asO2, 0220 w 3 .ahdCDH-
(Desouky et al, 2015) These radicals are calledreactive oxygen species (ROS) and
they cause indirect damage by oxidizing biomolecules, leading to oxidative stress.
The unstable unpaired electron in ROS readily interacts with biomolecules such as
proteins, lipids, RNA and DNA leading to their breakdown. Further caspase
activation, mitochondrial dysfunction and activation of cytokines (Interleukin 1/8,
Tumour Necrosis Factor-Y Aead to inflammation and result in apoptosis (Bai et al,
2018)

In addition to the above, various other organ system-level changes take place in the

human body in space, collectively summarised in Figure 1.1 Redistribution of fluid

OOwUT T wUxxT UWEOGEawbUwbhOO!I EPEUI OawUIp&EdT OPUEE(
facg WUAa OEUOO] AGw( OwOPEUOT UEYPUAOWUT T wUl OUOUa w



space environment, causing temporary disorientation. But the body again
experiences changes upon reentry, whether it be Earth or Mars, which can often be
more dangerous (Hodkinson et al., 2017).

Effects of space flight on human body:

FLUID REDISTRIBUTION OTOLITHS IN INNER EAR
CAUSES HEAD CONGESTION ~ RESPOND DIFFERENTLY caNGED SENSORY
AND PUFFY FACE _ TO MOTION INPUT CONFUSES BRAIN,
o CAUSING OCCASIONAL
4 | / DISORIENTATION

LOSS OF BLOOD PLASMA
CREATES TEMPORARY ANEMIA
ON RETURN TO EARTH
\
\

WEIGHT-BEARING BONES
AND MUSCLES DETERIORATE

\-\ KIDNEY FILTRATION RATE
INCREASES; BONE LOSS MAY
CAUSE KIDNEY STONES

' FLUID REDISTRIBUTION
SHRINKS LEGS

TOUCH AND PRESSURE
_— SENSORS REGISTER
NC DOWNWARD FORCE
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Figure 1.1: Effects of spaceflight on the human body, caused by exposure to radiatiemd/or microgravity.
Adapted from Hodkinson et al., 201gppyright Daniels and Daniels.

1.1.2Why astropharmacy?

Medications for common ailments were carried on spaceflights for a stronaut use on
all previous manned missions. More number of medications are being provided to
the ISS in recent years; medical kits on the ISS contained 78 medicines in 2014,
whereas 107 medicines were available in 201{Eyal and Derendorf, 2019). This is due
to increased research, newer treatments and drugs approved by the Food and Drug
Administration (FDA). 87% of medicines supplied to the ISS have a shelf-life of less
than 2 years(Blue et al, 2019) On that account, we have a severely limited ability to
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years.

All previous crewed spaceflight involved short dur ations with the safety net of
emergency return to earth or resupply of food, oxygen, fuel , and medicine. Crew
living and working aboard the ISS have an on-call doctor (practice termed
Mars, the next target for a manned mission, is between 34 million and 240 million
miles from Earth, in which case, telemedicine may not be feasible due to shuttle-Earth
communication lag time. Astronauts will also have limited resources to ta ke from
Earth to sustain for a longer period of time (Hodkinson et al, 2017) Furthermore,
astronauts will have to endure exposure to extreme environments; in which all
adverse events are unlikely to be predicted in advance. Therefore, it will be highly
beneficial to develop a technology that will allow on -site production of therapeutics
as and when needed.

In addition to outer space, there are humans living and working in numerous other
extreme environments on Earth. The development of an on-site production system
would be beneficial for conducting long d uration expeditions to such places (e.g.
researchcamps in Antarctica, submarine missions). Even today, particularly in rural
areas, some communities do not receive a regular supply of therapeutics that require
cold chain supply. Controlling the temperatur e during transport of temperature -
sensitive products is important to preserve the integrity of the cargo. The cold chain
logistics industry has boomed in the past decade primarily due to the demand for
transport of insulin and vaccines. Together with rapid arrival of biologics on the
market, cold chain for biopharma alone will be worth $ 21.3billion by 2024 (Shelley,
2022) With the advent of on-site production, cold chain may no longer be required
to maintain integrity of biologics . This new avenue may potentially save the
phenomenal amounts of energy consumed and the effects on the environment.

Conventionally, c ells of many species (bacteria, yeast, insecand human) are used on
Earth for the production of proteins through the recombinant protein technology
(Fothergill -Gilmore, 1993). With the appropriate DNA input, such as plasmid
containing the gene of interest, cells can be programmed to syntheske protein s of
interest. The protein production pipeline, cons isting of the above process, typically
takes place in a laboratory. One way of synthesising therapeutics on-site is to adapt
protein synthesis to take place outside the lab in a said environment. This new
approach, with many advantages over cell-based recanbinant protein expression, is
termed cell-free protein synthesis (CFPS)and is the core technology that is researched
in this project.



1.2 Cell -free protein synthesis

1.2.1An introduction to protein synthesis

Proteins are a complex class of biomolecules that areessential to life. They contain a
defined sequence of amino acids folded in specific 3:dimensional conformations that
allow interactions with other biomolecules. Proteins play crucial roles inside cells, not
limited to enzymes, switches, channels, receptors and signal molecules (Berg JM,
2002a) Biosynthesis of proteins is a common process in prokaryotes and eukaryotes;
however, the more complex nature of eukaryotes gives rise to some key differences
in the way proteins are made, changed, and processed. According to central dogma,
a gene is firsttranscribed to messenger RNA by RNA polymerases, then translated
into proteins, catalysed by ribosomes (Arnstein, 1965, Crick, 1970a) Both
transcription and translation have three main steps, namely initiation, elongation,
and termination, as summarised in Figure 1.1 below. Transcription initiation takes
place when the RNA polymerase and transcription factors bind to the promoter
region of the DNA ( e.g.T7 promoter). During elongation, the polymerase moves
along the DNA strand, unwinding the double helix and synth esizing a
complementary RNA strand using a single DNA strand as template. Transcription
continues until the RNA polymerase reaches a termination signal in the DNA ( e.g.T7
terminator) following which the polymerase detaches and releases the synthesized
RNA molecule. Transcription takes place in the nucleus in eukaryotic cells and
translation takes place in the cytoplasm in both prokaryotic and eukaryotic cells.

Transcription Translation
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Figure 1.2: lllustration of transcription and translation and the various cellular machinery required.

The central dogma of molecular biology involves transcription of a DNA template (double stranded; black) by the

5



enzyme RNA polymerase. The resulting single stranded RNA molecolsr{pis translated by a ribosom@NA -
tRNA complex.

Translation is initiated when the ribosome, complexed with the starting tRNA and
initiation factors, bind s to the mRNA molecule at the start codon (typically AUG).
During elongation, the ribosome complex moves along the codons sequentially, and
as each codon is read, the corresponding amino acid is brought to the ribosome by
corresponding tRNAs. Peptide bonds form between neighbouring amino acids,
forming the polypeptide chain. This continues until the rib osome encounters a stop
codon (typically UAA, UAG, or UGA) on the mRNA molecule. The polypeptide
chain is released as the complex dissociates and translation is terminated.

In eukaryotic cells, there are additional steps for processing mRNA ( e.g.splicing, kK Z w
cap and PolyA tail). Prokaryotic cells have limited post -translational modifications,
whereas, more complex modifications are present in eukaryotes (e.g.glycosylation,
phosphorylation, acetylation, ubiquitination) (Berg JM, 2002b) Due to these
differences, choice of organism is an important determinant in the intended
application for synthesised protein (Brondyk, 2009). The four most common
expression systems are based on bacterial (prokaryotic), yeast, insect and
mammalian (eukaryotic) cell types. By cultur ing cells with modified DNA templates ,
recombinant protein technology has allowed production of pure protein s in large
quantities for commercial purposes (Fothergill-Gilmore, 1993). However, a new
method of producing proteins, called cell -free protein synthesis is being used, due to
its various advantages discussed below.

1.2.2Fundamentals of cell -free protein synthesis

Cell free protein synthesis (CFPS) refers to thein vitro production of proteins using
molecular machinery derived from cellular extracts. These cellular extracts (derived
from prokaryotic or eukaryotic sources) contain most biomolecules that are required
for translation of exogenic RNA/DNA templates. As discussed in Section 1.2.1, these
include tRNA, ribosomes, initiation, elongation , and termination factors. Amino
acids are supplemented to cellfree reactions for synthesis of the polypeptide chain
and energy sources (such as adenosine triphosphate) are also supplemented along
with cofactors (Mg 2+ and K#) to maintain and sustain protein synthesis. CFPS is
increasingly becoming the method of choice over cell-based systems for expression
of cytotoxic, synthetic, and complex proteins. The numerous advantages of CFPS
stems from its open, protean nature and free of concern over viability (Carlson et al,
2012)

A cell free protein synthesis reaction is often broken down into three broad elements:
cellular extract, template DNA , and reaction mixture (Figure 1.2). The extract strain
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is initially grown in media followed by lysis to obtain the cellular extract. A variety

of methods have been employed for cell lysis, including sonication, high pressure

homogenization, freeze-thawing, bead-beating, and lytic enzymes. The reaction

mixture consists of a cocktail of salts, nucleotides, amino acids, energy sources,
transfer RNAs (tRNAs) , and metabolic co-factors and additives that fuel expression.

Lastly, linear or plasmid DNA or RNA serve as templates for gene expression. Protein

synthesis occurs upon combining the above components and incubation at desired

temperatures (typically between 25°C and 37°C) over a period of time (hours ¢ days)

(Gregorio et al, 2019b)

(3) Reaction mix

[ 1
@
@ O O O
(1) Extractstrain WW O OOQ & O O
(e.g.Bacterial) (2) DNAtemplate lons Energy ~ Amino acids

Cell-free extract

Protein of choice

Cell growth and lysis “ | Clarification ” Expression

Figure 1.3: Overview of Cell -FreeProtein Synthesis (CFPS). Cell extracts are first prepared by growing the

extract strain and subjecting them to lysis. The lysate is clarified by centrifugation to obtain functiofiedecell

extract. Upon supplementing the extract with amino acids, iengrgy and DNA, the desired protein can be

produced.

1.2.3Historical overview of CFPS

The origins of CFPS can be traced back to the late 1940s, when scientists began to
study incorporation of amino acids into proteins (Zamecnik et al, 1948) The CFPS
methodology played a role in many crucial discoveries during that decade. Perhaps
the most notable isthe Nobel Prize-winning work of Nirenberg and Matthaei in 1961.
The duo first discovered that triplet nucleotides code for specific amino acids by
establishing the cell-free synthesis of phenylalanine from poly -uridylic acid using
E.coliextracts (Nirenberg and Mat thaei, 1961) CFPS was employed in the following
five years for successfully deciphering all such genetic codes (Crick, 1970b,
Nirenberg, 2004).

The next breakthrough in CFPS was the development of a coupled transcription-
translation (TxTl) system that enabled DNA -directed protein synthesis (Lederman


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4211078/#R70

depletion of resources in the reaction mixture, which prevented reactions to exceed
20 minutes. In an effort to increase protein yields, scientists explored a continuous
exchange format. This newv format allowed continuous removal of products from
reaction mixture in addition to a feed of fresh buffer, thereby improving reaction time
and yield (Spirin et al, 1988) Secondary energy sources such as gluase-6-phosphate
and pyruvate were also explored for regeneration of ATP in the reaction (Kim and
Swartz, 2001)

The onset of the 2% century saw various groups optimising cell -free extract
preparation to create a protocol that was more efficient and costeffective. This
involved various lytic procedures, centrifugation steps and genome alterations such
as the expression of T7 polymerase to enhance protein expression. Such continued
optimization for tailored applications has produc ed efficacious methods for extract
preparation (Kigawa et al., 2004, Liu et al., 2005, Kim et al., 2006b, Didovyk et al.,
2017)

Mathematical modelling has been extensively used in the biosciences to investigate
metabolic and regulatory biological processes. Recently, mathematical modelling of
CFPS has created a better understanding of system capabilities,with regards to
transcription and translation processes. By generating simple models using ordinary
differential equations (ODES), scientists are able to follow gene expression in celtfree
systems in the first instance (Karzbrun et al, 2011) Modelling has further enabled the
identification of bottlenecks in CFPS reactions without the need for thorough
experimentation (Niel3 et al, 2017) Other commonly used tools to study cellular
metabolism such as flux balance analysis (FBA) and constrain based models have
been used to increase CFPS efficiency. Dat aladmitted that although flux estimation
remains a challenge for the future, modelling can greatly aid in predicting cell -free
metabolite production. The author s discuss promising features of modelling for RNA
and multi -protein circuits and even small-molecule production (Dai et al, 2018)
Initial efforts in metabolic and mathematical modelling have contributed to our
understanding of the production limits of CFPS. There is promising potential and
research advanes will address these gaps and aid in the development of new
technologies such as ondemand manufacturing of therapeutics.

1.2.4Cell -free components

1.2.4.a Cell -free extract sources

The most common choice of prokaryotic extract for cell-free expression isEscherichia
coli, owing to its simplicity and vast number of experimental tools available.



However, extracts from Bacillus subtilis Vibrio, Streptomyceand Pseudomonastrains
have also been explored(Rosanoet al, 2019, Dondapatiet al, 2020, Failmezgeret al,
2018) Achieving expression of proteins with complex post -translational
modificati ons (PTMs) is a challenge in prokaryotic extracts. Nevertheless, recent
efforts in cellular systems engineering have allowed incorporation of basic PTMs like
glycosylation, thereby improving the cost -effectiveness of production
(Jaroentomeechaiet al, 2018) Eukaryotic extracts are typically chosen for expression
of complex eukaryotic proteins. A majority of therapeutic proteins intended for
human use are produced using Chinese hamster ovary (CHO) cells (Thoring and
Kubick, 2018). This cell line is an attractive choice due to its ability to produce
complex PTMs such as glycosylation, phosphorylation, and ubiqui tination . Other
extract sources come from insect cells $f21), yeast, wheat germ and tobaccohave also
been used for expression of complex proteins in high yields and quality (Ezure et al,
2010, Hodgman and Jewett, 2013, Buntruet al, 2014, Moritaet al, 2003)

1.2.4.b DNA templates

A great advantage of CFPS is the direct addition of the coding template to the
reaction, in the form of plasmid DN A or linear expression templates. Plasmid DNA
is easy to prepare from commercially available DNA extraction kits and was the
template of choice in this work. With a well -designed plasmid, templates of any size
can be used in celifree reactions and is often the chosen method for expression of a
designated protein (Stark et al, 2018) On the other hand, for high throughput
screening of proteins, linear expression templates are an ideal choice as PCR products
can directly be added to the cell-free reactions, thereby decreasing the cloningto-
expression time (McSweeney and Styczynski, 2021) Recent work with strain
modifications has increased the expression efficiency from linear expression
templates by decreasing nuclease activity (Sato et al, 2022) Furthermore, codon
optimisation has been shown to play a key role in improving protein yields by
improve translation efficiency through enhancing the rate of mRNA elongation (Yu
et al, 2015)

1.2.4.c Energy sources

Protein synthesis is perhaps the most energyintensive process in a cell (Buttgereit
and Brand, 1995) The primary energy currency in biological systems is adenosine
triphosphate (ATP), and ATP is required for various steps in CFPS (Figure 1.3). There
are a variety of ways through which ATP can be supplied in cell -free reacions and
perhaps the most popular method is through direct supplementation of nucleotide

triphosphates (NTPs): ATP, GTP, CTP, and UTP(Levine et al, 2019) An alternative



and cost-effective method is through the addition of glucose, which can generate ATP
and other metabolites through glycolysis (Calhoun and Swartz, 2005) The use of
phosphoenolpyruvate (PEP), creatine phosphate or acetyl phosphate as a secodary
energy source is also popular, as ATP can be regenerated in simple substratdevel
phosphorylation reactions. However, this requires kinases to be endogenously
present in the cell-free extract or be supplemented to the reaction. Not only does this
increase the cost of each reaction, but the accumulation of phosphate also inhibits
protein synthesis due to precipitation of Mg 2* that is required for translation
(Khambhati et al, 2019)

ATP ADP
HN
NH2 =N
o N =N + H,0 )
Ho*"flfof'l]‘l’*of'%fo </N | P : > ! ! Q \ N/>
OH OH OH 0 N - A T |
Energy + phosphate ion o o ©
OH OH
OH OH
—
Lys Ribosome GTP
movement regeneration
Aminoacyl @
tRNA charging GbP GTP

Figure 1.4: The role of ATP in protein synthesis. Hydrolysis of ATP, the cellular energy currency, results in

the production of ADP, energy and a phosphate ion. The released energy is used by cells to fuel ibosome movement,
aminoacyl tRNA charging (both essential for translation) and GTP regeneration (GTPaltalesin translation

initiation, elongation and termination secondary to ATP).

Less popular carbon and energy sources such as-phosphoglycerate (3-PGA),
fructose-1, 6-bisphosphate and other organic compounds have been utilised to
produce ATP and fuel CFPS to varying degrees of successes in the pagiSitaraman et
al., 2004, Kimet al, 2007) Due to its low cost and utilisation of inorganic phosphate
in the reaction, maltodextrin (MDX) has gained popularity as a secondary energy
compound in CFPS (Wang and Zhang, 2009) More recently, CFPS systems energised
with MDX was shown to perform similarly to costlier PEP -based systems, making it
more suitable for distribution in extreme/low resource environments and for
educational projects (Guzman-Chavez et al, 2022) In summary, the choice of energy
systems for CFPS will vary depending on the application of the desired protein and
the source of extract and should be optimised to achieve high protein yields. In this
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project, nucleoside triphosphates (ATP, GTP, CTP and UTP) were chosen as the
primary energy source along with 3-PGA and other cofactors (N-2-

hydroxyethylpiperazine -N-2-ethane sulfonic acid, coenzyme A, nicotinamide

adenine dinucleotide, cyclic adenosine monophosphate, folinic acid, and

spermidine), however, the suitability of PEP and MDX as secondary energy

compounds was also further studied.

1.2.4.d A note on the importance of opti misation

Supplementing the cell-free reaction with chaperones such asDnaK/DnaJ/GrpE and
GroES/EL has been shown to improve protein folding efficiency in cell -free
expression using prokaryotic extracts (Jin et al, 2019) Similarly, as a result of
increased catalytic activity (including T7 RNA polymerase) in reactions
supplemented with optimal concentrations of magnesium and potassium ions, an
increase in protein yields was observed (Schwarz et al, 2007, Thoring et al, 2017)
Many groups working in the area of cell -free synthetic biology have embraced
optimisation of reaction conditions such as vessel volumes, freezethaw cycles,
membrane disruption methods, temperature, template DNA concentration etc
(Hodgman and Jewett, 2013, Au - Levine et al., 2019) Collectively, optimisation is
necessary to achieve high protein yields in bespoke CFPS platforms and the open
nature of CFPS allows for easier optimisation and manipulation compared to cell -
based protein expression optimisation.

1.2.5CFPS formats

1.2.5.a Formats for liquid CFPS reactions

There are two formats for implementing CFPS; batch, and continuous exchange.
Batch-basedformats are commonly chosen for fast and easy protein output. Protein
yield in a cell-free batch format can range from the microgram to milligram scales,
with prokaryotic extracts typically producing higher yields than eukaryotic extracts.
Sutro Biopharma, one of the handful num ber of companies working on CFPS,
recently showed bioactive cytokine production in batches of up to 100 litres, without
compromise on yield (Zawada et al, 2011) On the other hand, the continuous
exchange famat trades time for yield. The set-up consists of the reaction and feed
chamber comprised of fresh buffer, separated by a semipermeable membrane. This
format allows inflow of fresh reaction components in exchange for removal of
metabolites, thereby allowing prolonged expression over time. The continuous
exchange format has been successfully applied to express proteins that are
conventionally difficult to express ( e.g.membrane proteins) (Stechet al, 2014, Thoring
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et al, 2017) Although the continuous exchange format has great potential for

applications in well -equipped laboratories, they are not suitable for on-site and on-
demand applications as they are difficult to set up and operate, hence, batch based
methods were mainly studied in this project.

1.2.5.b Lyophilisation

Several anti-microbial peptides, with high yield and solubility, have been produced
using E. colibased CFPS to target viruses, bacteria, fungiand parasites. Such class of
medications are important for elevation of human heath, particularly in poor and
low -resource environments. This led researchers to gain interest in the ability of
extracts to retain viability following lyophilisation and kick  start protein synthesis for
therapeutic applications in austere environments. Pardee et al have shown
production of anti -microbial peptides (Cecropin P1, Cecropin B etc), vaccines
(antigens for botulinum, diphtheria , and anthrax), and enzymes for synthesis of
small-molecule pharmaceuticals in a portable on-demand biomanufacturing model.
Their system consisted of freezedried cell -free extractthat can be hydrated and made
to express proteins upon addition of DNA up to a year subsequently (Pardee et al,
2016h) In the same year, Salehit al showed the production of onconase, a cytotoxic
different temperatures and time setting and concluded that soluble, active protein
can be synthesised upto a year later when stored above ¢+ 80°C (Salehiet al, 2016a)

1.2.5.c Hydrogels

Hydrogels are made up of a polymeric network of hydrophilic monomers. Recently,
crosstalk in the science of hydrogels and CFP$wasbrought about interesting thoughts
and applications. Whitfield et al, demonstrated cell-free expression of mCherry in
hydrog els made from a variety of materials such as agarose, agar, hyaluronic acid,
xanthan gum, alginate, GelzanE , collagen, gelatin, HydroMatrix E , 108, F127, and
polyacrylamide. It showed successful Iyophilisation of hydrogel that was
reconstituted with fres h CFPS components and vice versaand further discussed both
components in a hydrogel without a free liquid phase. The authors concluded that
the gel acted as a structural molecular crowding agent, which positively impacted the
CFPS reactionthat was furth er enhanced through the addition of 2% polyethylene
glycol (PEG) (Whitfield et al, 2020)

In a different study, DNA hydrogels were fabricated with the DNA template (GFP)
and polyethylene glycol diacrylate (PEGDA) . It was shown that the hydrogel can be
used repeatedy (10 times) with cell -free reaction buffer to induce protein synthesis
with little effect on protein yields (Cui et al, 2020) This strategy may work well with
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batch and continued exchange cellfree systems and offers a safe and sustainable
mode for carrying DNA templates for cell -free applications. This work could be
further expanded to identify excipients that may confer DNA stability against
environmental stressors such as temperature, humidity, and radiation for
applications in extreme and low -resource environments.

Lastly, hydrogels have also been fabricated in a microchannd device for micro -
compartmentalising CFPS which once again has the beneficial molecular crowding
effect. CFPS components were casted in 2% alginate and the synthesised Hitagged
protein was further extracted with agarose beads immobilised with cobalt (Benitez
Mateos et al, 2020) This work could be expanded for synthesis of protein therapeutics
and may benefit from functional studies, as this type of synthesis system coupled
with purification is highly advantageous for on -site and on-demand applications.

1.2.5.d Microfluidic devices

Time consuming molecular cloning can be surpassed by the direct addition of PCR
DNA templates. These attributes make CFPS an attractive method for
implementation in high -throughput synthesis, which can be miniaturised in multi -
well plates. CFPS is often coupled with microfluidic devices, in order to achieve high -
throughput expression. This format allows simultaneous detection and rapid
analysis of expressed proteins, thereby minimizing time and cost of protein synthesis.
In a DARPA supported project, Jacksonet al describe a microfluidic device with
continuous exchange, consisting of CFPS and nutrient reservoir in a chamber
separated by a dialysis membrane. This 96well microfluidic device produced up to
87 times more protein in comparison to the batch format (Jacksonet al, 2014) Fallah-
Araghi et al published an ultrahigh -throughput screening platform based on droplet -
based microfluidics for directed evolution of proteins. A droplet containing PCR -
amplified gene and one containing CFPS components were fused to initiate gene
expression (Fallah-Araghi et al, 2012) Batch based formats have also been utilised in
microfluidic devices. One study reported coupling of CFPS with a microfluidic
bioreactor in an effort to demonstrate higher synthesis rates of single-dose
therapeutic proteins at point -of-care (Timm et al, 2016)

A good example of the use of CFPS in microfluidic devices for production of protein

U1 UEx]T UUPEUWPUWUT T ws UT T UEhowed b gdduct®ddal E WE T D x 2
cecropin B (antimicrobial peptide) in < 5 hours and further in -chip purification in 40

minutes. A bead-based approach was taken for the purification procedure, where

separate channels were fabricated for the various wash and elution steps (Murphy et

al., 2019) The parallelisation and multiplexing nature of microfluidics , as exploited

in the previous work, can elevate CFPS capabilities by combining purification,
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formulation , and delivery of produced protein in one device, hence, microfluidic s
contain s promising potential for on -site and on-demand biomanufacturing.

1.2.6Applications of CFPS

1.2.6.a Difficult to synthesis e proteins ¢+ membrane proteins

Membrane proteins, such as Gprotein coupled receptors (GPCRSs), ion channels and
transporters, contribute to more than a third of drug targets in the pharmaceutical
industry (Santoset al, 2017) Despite being popular targets, cell-based synthesis of
membrane proteins gives rise to aggregation and improper folding, causing
challenges in expression, purification and crystallisation (Sachseet al, 2014) Cell-free
systems have been thoroughly explored for expressing membrane proteins due to
ease of solubilisation and reconstitution in liposomes and nanodiscs. Both
prokaryotic and eukaryotic extrac ts have been used but lysates lacking microsomes
require additional supplements in the form of detergents, whereas most eukaryotic
lysates such CHO andsf21 endogenously offer proper folding machinery (Zemella et
al., 2015b, Dondapatiet al, 2019)

1.2.6.b Virus -like part icles

Virus -like particles (VLPs) are small proteins that self-assemble and mimic native
viruses. Since they lack viral genome, these particles are effectively used as vaccines
to elicit an innate immune response in humans. Higher yield and more soluble VL Ps
can be obtained using CFPS in comparison to ceHbased methods, partly due to lower
contamination from cellular proteins and membranes (Khambhati et al, 2019) VLPs
have served as delivery vehicles when encapsulated with DNA or protein, and
particles are often fused with antigens. Therefore, VLPs have broad applications
ranging from vaccination to gene therapy, drug delivery and nanotechnology
(Shirbaghaee and Bolhassani, 2016)This expands the repertoire of products that can
synthesised through on-site and on-demand biomanufacturing platforms.

1.2.6.c Biosensors

CFPS has been employed for the development of biosensors for three broad
applications, namely diagnostic, environmental, and food safety sensing. By
combining CFPS-synthesised proteins with detection platforms , such as lateralflow
kits or paper-based devices, rapid and sensitive diagnostic tests can be developed.
Such biosensors have beenused for detecting infectious diseases from pathogens
such as the Zika and Chikungunya viruses, and hormones, such as thyroid hormone
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and edrogen, at point-of-care (Karlikow et al, 2022, Huntet al, 2022) CFPS has been
harnessed for biosensing applications related to environmental monitoring involving
the detection of pollutants, heavy metals, and toxic compounds in environmental
samples. CFPScan be programmed for synthesis receptors or enzymes that
specifically bind to target molecules, enabling sensitive and selective detection
through regulated genetic circuits. Many such sensors comprise of cellfree
components freezedried and/or immobilised on paper, enabling the sensor to be
stable and portable and detection capabilities range from heavy metal contaminants
in water to bacterial quorum sensing signals (Lin et al, 2020, Junget al, 2020) Thirdl y,
CFPSbased biosensors havealso been developed for monitoring food safety and
water quality. Also freeze-dried onto paper, one study discussed a platform for the
detection of mercury in water, based on super folder green fluorescent protein
(sfGFP) expression. The same study also developed a biosensor for the detection of
gamma-hydroxybutyrate , a substance used as a dategape drug, and further devised
a 3D-printed cassette with a GFP filter for easy detection using a smartphone (Grawe
et al, 2019) Such CFPS biosensors are gaining tratdn due to their ease-of-use and
deployment where analytical facilities such as laboratories are scarce, and this
evolving field may benefit from increased sensor stability in the future.

1.2.6.d CFPS in vesicles

Vesicles are influential in drug delivery owing to properties such as effective drug
encapsulation and selective targeting. In addition, vesicles are currently gaining the
spotlight in synthetic construction of artificial cells, where CFPS has an important
role to play. Perhaps the first notable encapsulaton in this field was that of
Noireaux and Libchaber in 2004. The duo built an artificial cell -like bioreactor by
encapsulating E. coli extracts in a phospholipid vesicle (Noireaux and Libchaber,
2004) Since then, the researchers have worked towards building artificial cells in the
form of programmed vesicles that are also capable of selforganisation and
reproduction, like living cells. Noireaux et al share this vision and extensively discuss
the advantages and bottlenecks of cellfree expression in encapsulated vesicles to
achieve this. Briefly, the needs for higher protein synthesis rate, advanced promoter
networks to create large DNA programs and methods to control inactivation of RNA
and degradation of proteins (source-sink dynamics) are highlighted as bottle -necks
(Noireaux et al, 2011)
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proteins, in a similar mission towards developing cell -mimetic structures. DNA
oligonucleotides were cleverly used to tag vesicles which were shown to fuse upon

hybridization. Methods to alter biophysical features on the vesicles were described

to control extent of fusion using FRET (Forster resonance energy transfer). This
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technique was then used to monitor delivery of DNA cargo to vesicles that initiated
CFPS upon fusion; expression of a soluble and membrane reporter protein was
shown for proof -of-concept (Peruzzi et al, 2019) The bottom-up construction of
artificial cells is an evolving area of research that aims to achieve canplex
biomanufacturing of useful compounds. CFPS is continuing to be explored in
conventional vesicles such as liposomes(Cascheraet al, 2016, Nishimura et al, 2012)
and microcapsules (Saekiet al, 2014)and collectively, these efforts in engineering will
contribute to development of more advanced, programmable and high -achieving
cell-free technologies.

1.30n-demand bio manufacturing

1.3.1The need for on -demand biomanufacturing

Science, driven by innovation , has led to discovery of products and compounds that
save patientg lives. The approved pharmaceuticals that are released to the patient
population are typically manufact ured in a large scalebatch format to meet
demands. Regardless, drug shortage is a major challenge for the pharmaceutical
industry, particularly aggravated by epidemics or pandemics (FDA, 2013). Drug
shortage may be attributed to inefficient adaptabil ity of the batch manufacturing
system to meet changing demands in the industry (Adamo et al, 2016) Furthermore,
access to biopharmaceuticals inremote areas and extreme environments is still a
major challenge, to date. To overcome challenges such as the above, scientists have
recently begun to investigate on-demand biomanufacturing systems, creating an
attractive avenue for personalised medicine and point -of-care applications. In
addition, on-demand synthesis aims to eliminate the need for cold storage and
sUUOGEOxPODPOT zw Ol wol E bdlehsd IAdVanued RasehréhEPbj@ats# 1/ w
Agency), part of the United States Department of Defense, have séected on-demand
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to employ genetic engineering and cell-free protein synthesis to synthesise biologics

on the battlefield and in other austere environments (Jenkins, 2023)

1.3.2Examples of cell -based biomanufacturing methods

The on-demand biomanufacturing platform is based on either a cell -based or cellree
source. The celtbased biomanufacturing briefly entails cell line development,
fermentation, purification and formulation (Cao et al, 2018) Cao and colleagues
describe an integrated platform for on -demand prod uction of multiple therapeutics
at one time. They demonstrate three strategiest (1) Inducible synthesis with control
of drug expression ratios, (2) Consolidated bioprocessing (post-translational
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processing) and (3) Coexpression/purification, for flexible and low -cost production

of combinatorial therapies where resources are limited. Programmed expression of
biologics was attained in portable micro -bioreactors, integrated with genetically

engineered Pichiapastorisfor on-demand applications (PerezPinera et al, 2016, Cao
et al, 2018)

Based upon a similar ideology, a team of DARPA-funded scientists have described a
Scalable CytoTechnologyz 6 w( 02" a3 wPUWEOQWEUUOOEUI EwEIT OET U«
of produ cing clinical -grade biologics in less than three days. The setup involves three
modules that are responsible for recombinant synthesis, purification, and
formulation respectively. Once again, the authors chose to use P. pastorisin the
protein production module due to its favourable characteristics for protein
expression. They also incorporated two to three stage chromatography procedures
and ultrafiltration in the purification module, prior to tangential flow filtration in the
formulation module. Expressi on of human growth hormone, granulocyte colony
production system. Purity, potency, biochemical and biophysical traits of final
products were tested to ensure similitude to markete d drug (Crowell et al, 2018)

1.3.3The advantages of cell -free biomanufacturing

The successful deployment of CFPS for onsite and on-demand biomanufacturing of
protein -based therapeutics will require integrated systems that are firstly portable for
easy transportation and accessibility in extreme environments, and secondly of high
efficiency. The latter is veritable for sustainable production of target therapeuti cs of
good-manufacturing -practice (GMP) quality within a reasonable time and at dose
relevant amount. As discussed in Section 1.3.5, the open nature of CFPS has allowed
it to be performed in various formats such hydrogels, in microfluidics devices , and
lyo philised systems. This has previously allowed successful and wide applications of
such systems from biosensing and diagnostics in remote environments to generation
of artificial cells with unique properties, as discussed in the Section 1.3.6. The open
nature of cell-free systems is more useful for on-site and on-demand applications
compared to cell-based routes and these are summarised inTable 1.1 below.
Although cell-free biomanufacturing also has its limitations, it is younger than cell -
based biomanufacturing and ongoing research and technological advancements are
addressing these challenges and expandingits scope.

17



Tablel.1: Comparison of ceftee and celbased biomanufacturing routes for-site and ordemand applications

Attributes

Cell -free synthesis

Cell-based synthesis

References

DNA template

Synthesis time

Post-
translational
modifications
(PTMs)

Incorporation of
materials

Cost of
production

Biomass

Expression from
plasmid DNA or linear
PCRtemplates.

Cellular energy is
primarily focused on
expression of protein.
Downstream
purification easier and
quicker due to lack of
membrane barrier.

Expression from
plasmid or genome.

Energy is primarily
focused on cellular
metabolism, hence
longer time necessary
for expression.
Intracellular protein
purification requires an

additional cell lysis step.

Dependant on choice of cell type/extract.

Eukaryotic cells/extracts contain PTM machinery

which prokaryotic extracts largely lack. Prokaryotic

cells/extract can beengineered/supplemented to

perform PTMs.

Easy due to open nature
of reaction.

Comparatively high .
Current and on-going
advances in research
may improve cost-
effectiveness €.g.
energy regeneration).

Fixed biomass

Challenging due to
compartmental nature
of cells.

Comparatively low

Capable of self
replication

(Carlson et al,
2012)

(Levine et al,
2019,
Rosenblum and
Cooperman,
2014)

(Zemella et al,
2015a, Amann
et al, 2019)

(Gaoet al, 2019)

(Kim et al.,
2006b, Kim et
al., 2015)

(Claassenset al,
2019)

1.3.4Delivery of pure, functional , and approved products

1.3.4.a Protein purification

An advantage of the cell-based system is ease of purification of proteins secreted from
cells into media; this method has been used conventionally since the birth of
recombinant protein synthesis. There are signficantly less contaminants except for
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other metabolites secreted from the cell and media components(Le and Trotta, 1991)
For purifying intracellular proteins, affinity tags are universally used. Tags are cloned
in the DNA sequence of protein at the design stage. Many tags such as the poly-
histidine (His) tag have affinity for metal ions, nickel in this case, and this
characteristic can be used to exclusively capture the protein attached to tag. Further
considerations like the number of affinity tags (one or more types), location (N/C -
terminal) or whether to have a self-cleavage system is decided on a caséy-case basis,
dependent on the application of that specific protein. Although residual tags such as
the His-tag may not produce a concern, it is required by the FDA that therapeutic
proteins for human intake do no t have any residual elements (Kimple et al, 2013,
Wingfield, 2015).

Let us consider the purification process for His -tagged proteins as an example. The
downstream purification techniques for proteins synthesized via CFPS and cell -based
expression is similar. To separate proteins secreted from whole cells, the cells ardirst
centrifuged, and the supernatant is used for purification. An immobilised nickel-
affinity chromatography column (Ni 2-IMAC) or nickel charged affinity resin in
binding buffer is added to extract (CFPS)/supernatant (cell-based), where His-tagged
proteins interact and bind to metal ions that are later separated from mixture. The
proteins are eluted by washing the resin with molecules with higher affinity to  nickel
(e.g. imidazole). The purity of elutions can be examined through sodium dodecyl
sulphate - polyacrylamide gel electrophoresis (SDSPage/Western blot analysis, and
massspectrometry (Kimple et al, 2013, Rothchildet al, 2019)

The PUREexpress system (New England Biolabs) is a commercially available CFPS
OPUwWUT E0wUUT UWEwWO]I POWEDI i1 Ul ODwExxUOEET WEEO
translation machinery is entirely composed of recombinant proteins that are
individually His -tagged, except ribosomes and tRNAs. The protein of interest is
synthesized from DNA template without any purification tags. Following synthesis,
ribosomes are removed from the mixture by ultracentrifugation. All the tagged
translation factors are removed by addition of nickel affinity resin by centrifugation.
The remaining synthesized protein is left in the tube devoid of contaminants (NEB,
2020, Shimizu et al, 2001) Humans using an on-site technology in extreme
environments may not have the appropriate scientific expertise to carry out
complicated processes. Therefore, this appro&h could be advantageous, especially
in spaceflight due to the simplicity of purification.

Post-translational modifications (PTMs) are critical for eukaryotic proteins, especially
for human therapeutic proteins. Bacterial extracts may not provide the appro priate
PTMs; in which case, a eukaryotic cell line may be better suited for extract preparation
(Sachseet al, 2013) However, the aforementioned therapeutic proteins do not require
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additional PTMs, thus they are well suited for pilot CFPS experiments using bacterial
extracts. It is worth mentioning that E. coliplatforms have been modified to produce
some PTMs due to their otherwise favourable characteristics such as ease of obtaining
extract and high protein yields (Gregorio et al, 2019a) Therefore, E. coliis an excellent
candidate for extract preparation in CFPS systems.

1.3.4.b Quality control

Biopharmaceuticals are subject to rigorous quality control measures and thisinvolves
a combination of analytical testing, process monitoring , and adherence to regulatory
standards to ensure consistent production of safe and effective medicines (EMA,
1994) Analytical testing verifies the identity, purity, potenc y, and quality of
manufactured and purified product through techniques such as chromatography
(like high-performance liquid chromatography; HPLC) , electrophoresis, mass
spectrometry and immuno/activity assays The results are analysed in accordance
PPUT ws EUPUPEEOWO@UEOPUAWEUUUPEUUI UZ WEOQEwWxUOQY-
PTMs, structure-function relationships, impurity and sterility profiles (Alt et al,
2016) Enforcing quality control is particularly challenging for on -demand
biomanufacturing platforms as it is imprac tical to carry above systems and
equipment to extreme or austere environments. Therefore, innovation is required for
developing in -situ quality control measures that allow (near) real-time monitoring
and assessment ofcritical quality attributes during the manufacturing process. Such
new technologies offer several advantages including timely interventions and
adjustments to respond promptly to deviations or process variations.

1.3.4.c Shelf -life and stability

Perturbations in the stability of a biomolecule is cau sed by degradation or chemical
or physical alteration due to extremal stimuli such as thermal stress. In the case of
proteins, this causes alternations in the 3D structure and affects its functionality
(Daniel and Cowan, 2000). Hence, the biopharmaceutical industry must follow strict
guidelines, such asthose instated by the International Council for Harmonisation of
Technical Requirements for Pharmaceuticals for Human Use (ICH). This involves
performing stability studies to assess factors that may cause degradation/aggregation
that affects bioactivity such as temperature, pH, humidity , and oxygen exposure. The
results of such studies in turn inform the shelf -life and suitable storage conditions of
the product (EMA, 2003). Any platform that is being developed for human use, such
as an onsite and on-demand platform, must also comply with these regulations.

The degradation rate of proteins (due to above physical and chemical alterations) can
be largely reduced by storing the protein in a solid and/or dry state. This is because
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the Brownian motion of molecules is reduced and restricted, which in turn reduces
aggregation and hence degradation (Tang and Pikal, 2004) Around 50% of protein
therapeutics manufactured via cell-based routes are therefore, either stored in
reduced temperatures (< 4°C) and/or lyophilised (or freeze-dried) in powder or pellet
form, which are also easier to store and transport (Butreddy et al, 2021) Similarly ,
cdl-free reaction components also require cold-storage to remain active, and
lyophilisation has been employed to improve stability of cell -free systems without
cold-storage. The stability of lyophilised extracts and energy systems out performs
agueous extractsand energy systems and one study demonstrated this up to 60 days
by monitoring expression of reporter protein (Smith et al, 2014) Other studies have
developed robust methodologies for antimicrobial peptides, vaccines, small
OO0O0I EUOI UOWEaAUOUORPEWUT I UExadd-BPEUUWEDEEPIODOE
systems (Pardee et al, 2016b, Pardeeet al, 2016a, Salehiet al, 2016b, Pardeeet al,
2014) Such lyophilised cell-free systems are ideal for onsite and on-demand
applications because they offer ease of storage, distribution and use in environments
outside a typical scientific laboratory.

Sugars are often incorporated as excipients in biotherapeutic stabilisation for their
ability to preserve native protein structure and also as lyoprotectanats during
lyophilisation ) O Y E é@ly ®o6juSimilar agents have been explored for CFPS
stabilisation as well, where the cell extract is the most sensitive component involving
complex mixture of biomolecules (proteins and RNA). The most commonly reported
candidates for CFPS stabilisation included sugars such as scrose, trehalose and
lactose, and molecular crowding agents such as PEG, trimethylglycine and dextrans
(e.g.¢-cyclodextrin) (Jiang et al, 2021, Gregorioet al, 2020, Warfelet al, 2023, Smith
et al, 2014) The sugarsprotect proteins in the cell-free mix from denaturation and
aggregation by forming a protective shell and by exhibiting water replacement
properties. This also allows it stabilise proteins under stressful conditions, such as
during lyophilisation, freeze-thaw, and heat shock, makes it a valuable additive in
CFPS reacions. Osmolytes, such as trimethylglycine , are typically small molecules
that aid stress response in cells but are useful in CFPS throughcounteracting the
effects of osmotic stress, preventing protein denaturation, and promoting proper
folding. Similar to PEG, dextrans promote molecular crowding and prevents protein
aggregation. Through these mechanisms of action, the above agents have shown to
increase stability of lyophilised cell -free systems at storage temperatures ranging
from 20°C ¢ 37°C.

Agents with different mechanisms of actions (e.g.sugars and crowding agents) can
be supplemented together for a beneficial combinatorial effect on stability. One study
showed no loss in stability when lyophilised CFPS reactions were stored at 23°C for
two weeks through the combinatorial effect of three supplements (trehalose,
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trimethlyglycine and PEG) (Gregorio et al, 2020) Based on the work and findings
described in this study, the key message is the importan ce of optimi sation of
component/additive ¢ oncentrations based on the CFPS system, target protein, and
desired stability requirements. This may have an effect on the duration of the
reaction, which should be well understood based on storage temperature conditions.
Additionally, it is crucial to consider the potential impact of these additives on
downstream applications, such as protein purification or functional assays .

1.3.4.d Meeting biopharmaceutical regulatory standards

The regulatory requirements and challenges vary depending on the country or region
where biomanufacturing will take place. Cell-based biomanufacturing is the
conventional route thus far in the biopharmaceutical industry and will heavily
inform the development of regulations for cell -free biomanufacturing. I n the
biopharmaceutical industry , biosafety and efficacy are the two main attributes
regulatory agencies focus on (Keiper and Atanassova, 2020) These arecritical to
ensure the safety of workers, protect the environment, and maintain the integrity of
the products being manufactured. Companies are subject to regulations and
guidelines set by regulatory authorities specific to a region, e.g.the FDA in the US,
and the European Medicines Agency (EMA) in Europe . Biosafety measurestaken by
the facility include containment strategies to prevent the spread of biological agents
and regular monitoring and surveillance of facilit ies/processes ensure compliance.
Workers in thesefacilities must adhere to strict personal protective equipment (PPE)
protocol to minimize exposure to hazardous agents. Proper training in topics such as
handling of biological agents, emergency response procedures, waste management,
and decontamination protocols are essential prior to entering and working in the
facility. It should further include the regulatory guidelines for containment and safe
disposal of waste (chemical/biological/sharp). Whilst start-ups such as Sutro
Biopharma, SwiftScale Biologics and Arbor Biosciences are tapping into the
commercial potential of cell-free systems, they will also encounter the first set of
regulatory milestones and challenges that will hopefully provide more clarity for
other initiatives to learn from. It is believed that these procedures may not be too
different to the biopharmaceutical industry standards discussed above but may have
additional challenges such as reproducibility and standardisation.

1.3.4.e Biosafety and ethical considerations
In addition to meeting regulatory standards for manufacturing cell -free products, it

is important to address biosafety and security risks concerning the misuse of such
platforms for harmful applications. Given that defence organisations suc h as the U.S.
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Department of Defense fund projects aiming to develop synthetic biology tools for
military use, they recognise the risks associated with biosecurity such as bioterrorism
(National Academies of Sciences and Medicine, 2018)On-demand cell-free platforms
lower the technological barrier, enabling any user to operate it and obtain products
with the correct DNA template. Issues arising from users being able to obtain open
access to DNA sequences and print templates using a DNA printer vastly increase
the risks associated with the platform (Grinstein, 2023). A global strategy, involving
all countries and a joint initiative with governments, industry , and academia, is
required to make informed decisi on and regulate the distribution, training , and best
practises for disruptive on -demand biomanufacturing tools.

1.4 Research opportunities

To summarise the topics discussed so far,CFPS is a powerful synthetic biology tool
that offers numerous advantages over traditional in vivo protein expression systems
such rapid protein production, high yield s of difficult -to-synthesise proteins and
flexibility in protein engineering. CFPS has gained significant attention in recent
years and has the potential to revolutioni se biomanufacturing (Figure 1.4). These
attributes make CFPS a great tool for ondemand and on-site CFPS platformsthat are
versatile, portable, and customizable for therapeutic applications in extreme and low-
resource environments.
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Figure 1.5: Summary of the components, formats and applications of cell -free systems
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Since the use of CFPS for ordemand biomanufacturing is a new concept, there are
many research opportunities starting with the development and optimisation of a
portable CFPS platform. Research should initially focus on miniaturi sing the CFPS
platforms and/or scaling up CFPS reactions with an emphasis on optimising reaction
condition s (component concentrations, temperature, shaking, supplements etc),
improvement of vyields and purification strategies (for obtaining regulatory
approval). Research should then shift focus to the development of formats that make
them compact, userfriendl y and capable of producing dose relevant concentrations
of a wide range of proteins without the need for cold -chain storage and
transportation. Successful onsite and on-demand biomanufacturing platforms also
require integration of synthesis (i.e.CFP with upstream and downstream processes
such as ondemand DNA synthesis (upstream) and purification methods and quality
control (downstream) to create a complete on-demand production pipeline .

CFPS offers the ability to customise and personalise therapeutic proteins, allowing
tailored treatments for patients at point-of-care. To achieve this, research should aim
to first demonstrate the synthesis of therapeutic proteins through a cell -free platform
and showcase their activity. To make spaceflight-relevant protein therapeutics ( Table
1.2). Five drugs highlighted in Table 1.2 (reteplase*, alfimeprase*, teriparatide*, G-
CSF* and entolimod*) were chosen as candidate therapeutics for celifree expression
as part of the work described in this thesis. The rationale for this choice are, diversity
in terms of size and structural features (e.g.number of di sulfide bonds; Table 1.3,
and their value for spaceborne medical emergencies, as outlined in the
s UUUOxT EUOGEEAaz wx UOx O tidaad coilamanod eiveed NASE w O U O U b (
Ames Research Centre and the Universities of Minnesota and Nottingham
(Rothschild, 2020).

Tablel.2: Examples ofiblogics with potential use in a spasern emergency; adapted fr@wiilliams et al., 2022)

Drug Indi cation References

Alteplase (t-PA) | Thrombolytic used to treat ischemic stroke,

N . . (Reed, 2023)
myocardial infarction and pulmonary embolism

Reteplase Similar to alteplase but with sequence
modifications to give a longer half-life of 13to 16 (Goldhaber, 2001)
minutes

Tenecteplase Similar to alteplase but with sequence

modifications to provide higher fibrin specificity .
. ) L (Harvison, 2008)
and greater resistance to inactivation;

glycosylated
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Alfimeprase* Previously discontinued thrombolytic to treat
. (NIH, 2008)
stroke and catheter occlusion

Bivalirudin Anticoagulant (thrombin inhibitor) (NCBI, 2023)

Lepir udin Anticoagulant (thrombin inhibitor) ; sulphated

. . (Petros, 2008)
tyrosine residue

Epoetin alfa Human erythropoietin used for treating some
. (EMA, 2007)
anaemias
Salmon . . (Chesnut et al,
o Severe hypercalcemia and osteoporosis
calcitonin 2008)
Teriparatide * Form of parathyroid hormone used to promote (Brixen et al,

bone formation and in treatment of osteoporosis 2004)

Filgrastim (G- Used for neutropenia following chemotherapy or (Mehta et al,
CSFY) radiation poisoning 2015)
Entolimod * Radioprotective agent. Unlike G -CSF entolimod
should be given immediately before or after (Songet al, 2019)
exposure

Below is a brief introduction to the five therapeutic proteins summarising the
therapeutic indication, size, structure, and dose. While G-CSF, entolimod and
EOI POI xUEUI wx Ul E O O-belichl 6dddddawy Etiddl ¥ O E-dh i@ iivrefe
also present in reteplase and alfimeprase. Teriparatide does not contain any
secondary structural elements (Figure 1.5). While none of the selected drugs require
post-translational modifications, this could be considered in futuristic systems
especially in cases where modifications may enhancepharmaceutical stability (Sola
and Griebenow, 2010) During the construction of an expression system, it is
important to consider tags to aid purification and cleavage sites for obtaining scarless
proteins (further advantage in cell -free systems is the avoidance of secretion tags
which may be necessary in @ll-based systems). As tags do not serve a purpose in the
final protein product and may increase the risk of modification of biological activity

or illicit unwanted immunological response, they need to be removed to obtain
regulatory approval. In this work , a histidine tag (6¢ Wwi PUUDPEDOI UOws' DUz A
to be added to expression constructs as they are small and relatively non
immunogenic for initial development of an on -demand cell-free expression system.
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(@) Reteplase (b) G-CSF (c) Entolimod

(@)

(e) Teriparatide

Figurel.6: Swiss homology models of the five therapeutic proteins, created using SwissModel (Expasy) and images
generated using PyMOL 2.5 &chrédinger, Inc.)
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Tablel.3: Descripton of the five chosen therapeutic proteins, their critical features and dosing information, summarised from literature

Drug Description Clinical indication in space Size/ number No. of S-S  Dosing Total dose  References
of amino acids  bonds regimen per patient
Recombinant metalloproteinase Potentially faster acting therapy for 23 kDa /203 3 Unknown 1% 3mg (Joneset al,
derived from the venom of the catheter related thrombosis residues 2001,
Alfimeprase southern copperhead snake Adivitiya
and Khasa,
2017)
A polypeptide derived Countermeasure to acute radiation 25 kDa/ 329 Unknown 0.02 mg 0.1 mg (Burdelya et
from Salmonella flagellin and an syndrome given immediately before residues per day x al., 2008)
Entolimod agonist for toll -like receptor 5 or immediately after acute radiation 5 days
(TLR5) exposure from an un-shielded solar
particle event
Naturally occurring glycoprotein Treatment of radiation -induced 18.8 kDa/ 174 2 0.3 mg 2.1 mg (Brems, 2002)
that stimulates the production of neutropenia after acute radiation residues per day x
G-CSF neutrophils by binding to a exposure from an un-shielded solar 7 days
transmembraneous receptor particle event
Thrombolytic agent consisting of Thrombolytic therapy for acute 39 kDa/ 355 9 18.1 mg 36.2 mg (Mandi et al,
Kringle -2 and protease domains of  coronary artery blockage or other residues IV x2, 30 2010)
human tissue plasminogen vascular blockage, as a resultof min apart
Reteplase

activator

radiation -induced vascular disease
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Teriparatide

Recombinant version (1 -34) of
human parathyroid hormone

Role in accelerated fracture healing
during spaceflight induced bone
demineralization

4.1 kDa/ 34
residues

0

7.5 ug/ kg
per day
for 30
days

~15mg

(Yari et al,
2017)
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1.5Aims and objectives

The main aim of this thesisis to explore the feasibility and effectiveness of cell-free
protein synthesis platforms for on-site and on-demand biomanufacturing of
therapeutic proteins in extreme and low resource environments. In order to achieve
this aim, work packages were created with the following main objectives:

Chapter 3: Development of an in-house CFPS platform based on bacterial cell extract
by leveraging advanced biochemical and synthetic biological techniques.

(a) Identification of optimal growth, induction and harvest conditions to obtain
cell-free extract with the highest level of T7 RNA polymerase.

(b) Cloning of expression constructs for the five therapeutic proteins and a
fluorescent reporter protein.

Chapter 4: Optimisation and adaptation of CFPS for on -site and on-demand synthesis

(c) Optimisation of the system for high synthesis efficiency based on fluorescent
reporter production and benchmarking the optimised platform against highly
efficient commercially availab le systems.

(d) Exploration of formats through which the cell -free platform could be
transported and distributed for point -of-care applications in remote locations
on Earth and for space-based applications. Build formats based on previously
published work rela ted to lyophilisation or drying but also test new methods
such as microglassification and the use of other scaffolds that may allow ease
of use in a remote setting by any individual.

Chapter 5: Towards testing the developed platform in an extreme environme nt

(e) Design, build and test the platform for the VITA mission, a European Space
Agency Orbit Your Thesis 3! payload for technology demonstration on the
International Space Station.

(f) Perform stability studies to understand the shelf -life of the on-demand CFPS
platform and research ways to enhance sample stability.

(g) Perform instrumentation tests to ensure the ability to collect real -time data on
reaction kinetics.

Chapter 6: Towards obtaining functional and pure therapeutic proteins

(h) Expression of the five candidate therapeutic proteins and study their structure
and functionality.
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(i) Explore new approaches for in-situ purification and quality control for
obtaining regulatory approval.

Overall, these aims and objectives allow assessment of the potential of celifree
systems for on-site applications compared to traditional expression methods, and
their ability to be employ ed in resource-constrained settings in a userfriendly
manner. Each results chapter begins with a brief introduction and a recap of the above
aims aong with detailed objectives coordinated with the outlined experiments.
Finally, Chapter 7 (Conclusions) summarises the results and evaluates the extent to
which the objectives were met.
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Chapter 2 Methodology

2.1 Materials

Unless otherwise specified, Table 2.1 details the general items that were procured
from the listed suppliers for all methods provided in this chapter below.

Table2.1: Materials used in this thesis and supplier information

Application Supplier

Chemicals Sigma Aldrich

DNA extraction kits Qiagen

Cloning (assembly/enzymes) kits New England Biolabs
Custom primers IDT

Tubes (1.5 mL/50 mL) Eppendorf/Sarstedt
Water (for media and buffer preparation) Milli -Q

2.2 Methods in microbiology and molecular biology

2.2.1Bacterial growth
2.2.1.a LB agar and LB broth starter cultures

LB agar plates were prepared by pouring 20 mL autoclaved LB agar solution (Sigma
Aldrich; L3147) supplemented with 100 pg/mL ampicillin, in petri dishes (Thermo
Fisher Scientific) which were left to cool at room temperature for at least 30 mins. E.
coliwas streaked onto LB agar plate and incubated at 37C overnight. A single colony
was picked from this plate the next morning and inoculated in 5 mL autoclaved LB
broth (Sigma Aldrich; L3522) supplemented with 100 pg/mL ampicillin in a 50 mL
falcon tube. The falcon tube was not fully screwed tight in order to maintain air
circulation and the lid was taped to the side of the tube. The culture was grown
overnight at 37°C, 250 RPM (~ 16 hours).

2.2.1.b Bacterial growth for cell -free extract preparation

1L YTPG (Yeast Tryptone Phosphate Glucose) media was prepared by combining
750 mL 2x YTP media and 250 mL 0.4 M glucose solution autoclaved separately, as
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per Table 2.2. Cells usedor cell-free extract preparation were grown in 750 mL YTPG
media supplemented with 100 pg/mL ampicillin.

Table2.2: YTPG media components

Ix YTGP
NacCl 5g/L
Tryptone 16 g/L
Yeast extract 10 g/L
KH 2POs 7 g/l
K2HPO4 3g/L
Glucose 0.4M

2.2.1.c Optical density measurements

Optical density at 600 nm (ODeog) was measured to monitor the growth of bacterial
cultures over time, using a UV-Vis spectrophotometer (Agilent Multicell Peltier).
Where ODsoo Was expected to be greater than 1, 1:10 dilutions were made with the
appropriate media.

2.2.2 E. coli strains and 32ryostocks preparation

Table2.3: Bacterial strains used in this thesis and their applications

Strain

Application

E

E

E. coli- $!
E. coli- $ !
E. coli- $ !
E. coli- $ !
E. coli- $ !
E. coli- $ !
E. coli- $ !
E. coli- $ !
E. coli- $ !

. coliBL21*(DE3)

. coliBL21*(DE3)}pAR1219

KY

KYwx$31 YEpHA
kK Ywx $ BIGKPE g HIA
K Y wx $ BIGHPEHP HIA
kK Vwx $ RetyphspHiK
k Y wx $ 3rerigatatulelis
K Y wx $ Enteyiag HA
k YV wx $ SECYHHp HIA
K Ywx $ 3AlfingeBrgseUMis

Growth experiments
Cell-free extract preparation
Plasmid preparation

Cloning vector; negative control

CFPS DNA template library
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Master cryostocks were created for all the above strains (Table 2.3), by combining 300
pL of culture with 200 pL 20% glycerol in 1 mL cryovials with internal thread.
Cryovials were stored at -80°C. Master cryostocks were created for the BL21 Star
(DE3) ¢+ p AR1219 strain and working cryostocks were created for fresh starting
cultures for cell-free extract preparation.

2.2.3Plasmid design

2.2.3.a Plasmid designs

The sfGFP gene was obtained from pBAD24-sfGFPx1 , which was a gift from Sankar

Adhya & Francisco Malagon (Addgene plasmid #51558;

http://n2t.net/addgene:51558;  RRID:Addgene_51558Malagon, 2013) DNA

sequences for the therapeutic proteins were identified from literature and Drugbank ,

respectively: reteplase (DB00015, alfimeprase (DB04919, granulocyte-colony

stimulating factor (G -CSF; DB00099, teriparatide (DB06285 and entolimod

(DB2304. The Nbs07 sfGFP nanobody gene was obtained from literature, based on
the work of Abbady et al., 2014(Nbs07 was chosen as it exhibited highest affinity for

sfGFP). Sequences were codon optimized for Escherichia cokxpression and custom
synthetized by Biomatik with the inclusion of Ndel and Xhol restriction sites and G

terminal histidine tag ( CACCACCACCACCACCAC ). Full sequences and design
strategies have been provided in the supplementary information .

2.2.3.b Polymerase chain reaction (PCR)

Gene templates were amplified by Polymerase Chain Reaction (PCR), using Q5®
High -Fidelity DNA Polymerase (NEB #M0491) as per Table 2.4.

Table2.4: PCR reaction seip

Component Amount
5X Q5 Reaction Buffer 10 yL
10 mM dNTPs lpL

10 uM Forward Primer 2.5
10 pM Reverse Primer 2.5
Template DNA 1ug
Q5 High-Fidelity DNA Polymerase 0.5 uL
Nuclease-Free Water to 50 pL
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The PCR reactions were carried out in PCR tubes in aPTC-200 thermocycler (MJ
Research) with the following setting:

Table2.5: PCR thermocycler settings

STEP TEMP TIME
Initial Denaturation 98°C 30seconds
98°C 10 seconds
35 Cycles *50t 72°C 30 seconds
72°C 201 30 seconds/kb
Final Extension 72°C 2 minutes
Hold 4°C

*dependent on primer annealing temperature calculated by the NEB Tm calculator

Forward and reverse primers were custom designed for each construct clones, by
Integrated DNA Technologies. Sequences are shown in Table 2.6:

Table2.6: PCR primer information sheet

Construct Forward primer Reverse primer Cloning method
actttaagaaggagatatacatat
tttgtacagttcatccataccatgc .
sfGFP gcgtaa Hifi assembly
gtgatg
aggcgaagagctgttc
Reteplase acgacggccagtgaattcg catgattacgccaagcttgc Restriction digest
Alfimeprase  acgacggccagtgaattcg catgattacgccaagcttgc Restriction digest
G-CSF acgacggccagtgaattcg catgattacgccaagcttgc Restriction digest
Entolimod acgacggccagtgaattcg catgattacgccaagcttgc Restriction digest
i , ccggcgatgggagctcatat gtggtggtgcggatccctcgagt .
Teriparatide Hifi assembly
gagcgtgagcgaaatc tattaatggtgatg
NbsQ07 aaggagatatacatatgcaggttc .
gtggtggtggtggctgectcacggt  Hifi assembly
nanobody agct

2.2.3.c Restriction digestion

All restriction enzymes were purchased from New England Biolabs and experiments
were planned by utilising the NEBcloner® tool. The following reaction s were set up

for generating vector and insert fragments (separately):

34


https://tmcalculator.neb.com/
https://nebcloner.neb.com/#!/

Table2.7: Restriction enzyme digestion reaction-spt

Component Amount

DNA (vector orinsert) 1ug

10X cutSmart Buffer 5puL

EcoRI 1L
Xhol 1L
Nuclease-free water to 50 pL

The above reaction was incubated at37°C in a water bath for 30 minutes. In order to

EIl xT OUxT OQUAaOEUI wUOT T wkzwl OEVwWOT wOT T w#- Owl wh -
was added to the reaction. Samples wek further incubated for 30 minutes at 37°C in

a water bath. Enzymatic activity was stopped by heat inactivation at 65 °C for 5

minutes. Ligation was performed using the NEB Quick Ligation Kit (NEB #M2200).

Briefly, the following reaction was set up un a mic rocentrifuge tube with a 1:3 vector:

insert ratio as per Table 2.8.

Table2.8: Ligation reaction setip

Component Amount

Reaction Buffer (2X) 10uL

Vector DNA (3 kb) 50 ng (0.020 pmol)
Insert DNA (1 kb) 37.5 ng (0.060 pmol)
Nuclease-free Water to 20 pL

Quick Ligase 1L

Reaction was incubated at room temperature (on the bench) for 5 minutes. Following
this, 2 uL of the ligated mixture was transformed into component cells.

2.2.3.d NEB Hi -Fi assembly
Vector and insert fragments were generated by PCR with an overlap region of < 20
nucleotides. The NEB HIFI DNA assembly kit was used (NEB #E5520S), instructions

for the following reaction set up were followed (Table 2.9).

Table2.9: NEB Hi-Fi DNA assembly reaction seip

Component Amount
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Vector and Insert (1:2 ratio) 0.20.4pmol
Assembly Master Mix huy w4

Deionized H 20 to 204L

Reactions were incubated in a thermocycler at 50C for 30 minutes. Following this, 2
uL of the ligated mixture was transformed into component cells.

2.2.3.e Transformation of DNA into competent cells

"T1 OPEEOOQaAaWEOOXxOOI OUWEIT OOU wmedboh ikeYut BNAws " | N WA
was added to the cells and mixed by flicking t he tube. Tube was place on ice for 30
minutes. Heat shock was carried out by placing tube in a 42°C water bath for 45
seconds. Tube was placed back on ice for 5 minutes. Following this, 950 yL SOC
(outgrowth media) was added to the tube. The mixture was in cubated in a shaker
incubator at 37°C, 250 RPM for 1 hour. To freshly prepared LB-Amp agar plated, 100
puL to 200 pL of the mixture was spread onto the plate and incubated overnight at
37°C. The following day, individual colonies were picked and subcultured . Picked
colonies were grown in LB-Amp broth and subsequently extracted DNA (QlAprep
spin mini kit) was sequenced (Eurofins overnight sequencing service). Cryostocks
and starter cultures were created as appropriate.

2.2.3.f Plasmid preparation for CFPS

Cells were first prepared for plasmid extraction by inoculating 50 pL of cells from the

working cryostocks in 5 mL LB broth (with 100 pg/mL ampicillin) in a 50 mL falcon

tube. Culture was grown at 37°C and 250 RPM overnight. This culture was then

transferred into fr esh 250 mL LB broth (with 100 pg/mL ampicillin) in 1 L baffled

shake flasks and grown overnight at 37°C and 250 RPM Cells were harvested by

centrifuging the culture at 7000 RPM for 5 mins. A maxiprep kit (Qiagen) was used

to perform plasmid extraction and OPUwWOEOUI EEUUUI Uz Uwx UOUOEOOL
DNA was eluted in nuclease free water and the final concentration was measured

using a Nanodrop & 2000 spectrophotometer (ThermoFisher Scientific).

2.2.3.g Agarose Gel electrophoresis

Agarose gel electrophoresis was emgoyed for detection and size verification of
synthesised/cloned DNA. 1 % agarose gels were prepared by dissolving 1 g of
agarose in 100mL TAE buffer. The mixture was heated for 2 minutes in a microwave
oven to make a molten gel solution. Following a 10-minute cooling period, ethidium
EUOOPEI wbhEUWEEEI E ulyghdrthelgél wds polradgrjodakasting trayO
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with a comb placed on one end. The DNA samples were mixed with 6x gel loading
buffer and loaded into the wells, alongside a 1 kb plus DNA ladd er (Invitrogen
#10787028. The gel was run with a constant voltage of 100 V in TAE buffer for 1 hour,
following which it was imaged under UV transilluminator.

2.2.3.h Quantification of nucleic acids

DNA was quantified using a Nanodro pa 1000 spectrophotometer(Thermo Fisher
Scientific) at a 260 nm wavelength. Water was used as a blank (as DNA was always
eluted with nuclease-free water).

2.3 CFPS reactions

2.3.1Commercial kits

Two commercial cell-free systems were used to benchmark inhouse reaction
compositions. The E. coliT7 S30 Extract System for Circular DNA kit (Promega

#L.1130) and PURExpress®In Vitro Protein Synthesis Kit (New England Biolabs

#E6800L) were purchased and stored at -80°C. Unless otherwise specified,

EOOOI UEPEOwWUI EEUPOOUwWPIT Ul wUIl OwUx wEEEOQUEDOT O:
UL reaction volumes.

2.3.2Extract preparation

Cell-free extract was prepared as described previously (Au - Levine et al., 2019)
Briefly, BL21-pAR1219 cells were grown overnight in LB broth supplemented with

100 pg/mL ampicillin. This overnight culture was used to inoculate 750 mL 1x YTPG

media supplemented with 100 pg/mL ampicillin in 2 L baffled shake flasks, at a
starting optical density (OD soonm) Of 0.1. Cell growth was conducted at 37°C, 250 RPM,

and T7 polymerase expression was induced with 1 mM IPTG (PUOx UGD<& Ow ¢
thiog alactopyranoside) at ODsoom 0.8. Thereafter, cells were allowed to grow up to
ODsoam 4.0 and harvested by centrifugation at 7000 RPM and 4°C for 5 minutes. Cell

pellet was washed three times and lastly resuspended in S30A buffer (L mL per gram

of wet cell mass; as per recipe in Table 2.10 below).

Table2.10: S30A buffer components

S30A buffer (autoclaved and stored at 4°C)

Tris 50 mM
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Magnesium Glutamate 14 mM
Potassium Glutamate 60 mM

Acetic acid topH 7.8

Cell suspension was supplemented with RNAse inhibitor (Roche), protease inhibitor

(Roche) and 2 mM dithiothreitol . Extract was prepared by sonication of harvested cell
suspension for 3 minutes (four cycles of 45 seconds with onemin ute rest intervals)
on ice using a Bandelin Sonopuls HD 2070 ultraprobe Digital Sonicator (Bandelin

Electronics, Berlin, Germany) at 70% amplitude. Lysate was supplemented with an

additional 2 mM d ithiothreitol followed by clarified by centrifugation for 1 0 minutes
at 4°C. A run-off reaction was then carried out for one hour at 37°C and 250 RPM.
The final extract was prepared by centrifuging the run -off reaction for 10 minutes at
4°C, which was flash frozen in liquid nitrogen and stored at -80°C until use. Protein
concentration was quantified using a Micro BCA & Protein Assay Kit (Thermo Fisher
Scientific).

2.3.3CFPS huffer components preparation

2.3.3.a Amino acids

A 4x amino acid mixture was prepared for use in CFPS: each amino acid (Sigma
Aldrich BioUltra) was weighed separately to make a 3 mL solution at a 300 mM
concentration (as per Table 2.11 below). Appropriate amount of each amino acid was
dissolved first in 1 mL of 2 M KOH at room temperature by vortexing until
completely dissolved. Then 2 mL distilled water was added to bring the total volume
to 3 mL. 2 mL of each prepared amino acid was pipetted into a bigger flask and DI
water was added to adjust the final concentration to 10 mM (4x working
concentration). The flask was vortexed at regular intervals and placed on ice. 1 mL
aliquots were created, flash frozen in liquid nitrogen and stored at -80°C until further
use.

Table2.11: List of amino acid components

Amino acid Amount (mg) Molecular Weight (g/mol)
Alanine 80 89.1

Arginine 157 174.2

Asparagine 119 132.1

Aspartic Acid 120 133.1

Cysteine 109 121.2

Glutamic acid 132 147.1

Glutamine 132 146.2
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Glycine 68 75.1

Histidine 140 155.2
Isoleucine 118 131.2
Leucine 118 131.2
Lysine 132 146.2
Lysine monohydrochloride 164 182.65
Methionine 134 149.2
Phenylalanine 149 165.2
Proline 104 115.1
Serine 95 105.1
Threonine 107 119.1
Tryptophan 184 204.2
Tyrosine 163 181.2
Valine 105 117.1

2.3.3.b Energy solutions

Individual components for preparation of energy solutions were purchased from
Sigma Aldrich (Bio Ultra) and stored at -20°C. A 20x master mix was prepared by
weighing individual components (as per Table 2.12 below) and mixing them in 5 mL
nucleasefree water. After addition of each component, the solution was vortexed to
ensure even mixing while otherwise being kept on ice. The final mixture was divided
into 200 uL aliquots, flash frozen in liquid nitrogen, and stored at -80°C until further
use.

Table2.12: List of energy components

Final concentration in Mol. Weight
Component Amount (mg)

CFPS (g/moal)
HEPES 50 mM 1192 238.3
ATP.Naz22H:0 1.2 mM 83 551.14
ATP.K2.2H20 1.2 mM 88 583.4
GTP 1.2 mM 68 523.18
UTP 1 mM 55 484.14
CTP 1mM 53 483.15
Coenzyme A 0.3 mM 23 76753
NAD 0.4 mM 27 663.43
cAMP 0.8 mM 26 329.2
Folinic acid 0.07 mM 4 473.44
Spermidine 1mM 15 145.25
3-PGA 30 mM 690 186.06
PEP* 33 mM 554.5 168.04

* PEP was only added to teaergy mixture where specified

39



2.3.3.c Other components for optimisation

1 Magnesium glutamate (molecular weight 388.62 g/mol) and potassium
glutamate (molecular weight 185.22 g/mol) were individually weighed and
reconstituted to a final concentration of 1 M in nuc lease free water. The
mixtures were sterile filtered (Millex -GP 0.22 um filter) and stored at 4°C until
further use.

1 Polyethylene glycol (PEG; molecular weight 600 g/mol, 6000 g/mol, and 8000
g/mol) was diluted in nuclease -free water to produce a 50% w/v stock, stored
at room temperature (in the case where PEG had solidified, heat was applied
to obtain a solution first).

1 RNase inhibitor was purchased from Roche (#333539900) and stored at -
20°C. For each 50 pL celifree reaction, 8 units of RNAse inhibitor was added.

1 Master stocks (1 M, in nuclease free water) of the following stabilising agents
were created and stored at 4°C:

0 Sucrose(molecular weight: 342.3 g/mol)

o0 Trehalose (molecular weight: 342.3 g/mol)

0 Y ¥-lctose(molecular weight: 342.3 g/mol)

0 ' -cyclodextrin (molecular weight: 1134.98 g/mol)
o Trimethlyglycine (molecular weight: 117.148 g/mol)
0 Maltoldextrin (molecular weight: 504.5 g/mol)

2.3.4Setting up a cell -free protein synthesis reaction

For implementing in -house CFPS, reactions were set up in 50 yL volumes in
Eppendorf tubes and were incubated at 37°C and 180 RPM with compositions as
outlined in Table 2.13. For kinetic sSfGFPfluorescence assays, reactions were set up in
50 pL volumes in black, flat bottom 96-well assay plates Thermo Fisher Scientific).

Reactions were supplementedwith PEG 600 (Merck #2532268-3) where specified.

Table2.13: CFPS setip for standard irhouse reactions

Reagent (final concentration) Reaction (n=3 Control (n=3
E. coli cell-free extract (40% v/v) 20 pL 20 pL
Energy components master mix (1x) 8 pL 8uL
Amino acid mixture ( 2.5 mM) 125 125

250ng ¢ 500ng protein 250 ng ¢ 500 n
Plasmid DNA const?uct o pETZ(?b vector ’
Magnesium glutamate (20 mM) luL lpuL
Potassium glutamate (50 mM) 2.5uL 2.5puL
RNase Inhibitor (4 units) 0.2puL 0.2puL
Nuclease free water to 50 pL to 50 pL
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2.3.5Freeze-dried CFPS on cellulose stacks

For investigating freeze-dried CFPS on paper format, three types of paper were used:
Toilet paper; hand towel (Boots Science Building); blue roll (laboratory). Paper circles
were cut using a 5mm diameter hole puncher and one paper was deposited in each
Eppendorf tube. Each tube was supplemented with one type of solution as outlined
in Table 2.14. Tubes were flash frozen using liquid nitrogen and freeze-dried
overnight under vacuum (<120 mTorr) and condenser (60°C) settings VirTis
Benchtop Lyophili ser Sentry 2.0. In order to test air-dried paper, samples were left
inside biological safety cabinet with tubes open overnight. In the following morning,
tubes were retrieved from freeze-drier and safety cabinet and the three papers (lysate,
S.1 and S.2Were combined in one tube, followed by rehydration with 50 L nuclease
free water. Reactions were incubated at 37°C and 180 RPM overnight, unless

otherwise specified. Fluorescence recordings were recorded, and protein samples
were retrieved for analysis.

Table2.14: Cellfree reaction saip for paper and microglassification reaction formats

Components Contents

Lysate 30 uL cell-free extract supplemented with 4 units of RNAse Inhibitor
Solution S.1 23 pL amino acid mixture + 250 ng to 500 ng DNA

23 uL energy components, 20 mM magnesium glutamate, 50 mM
potassium glutamate

Solution S.2

2.3.6Microglassification of CFPS components

Microglassification was conducted in 1.5 mL tubes containing 1 mL solvent
(pentanol) and cell-free extract or complete celtfree reactions amounting to 50 pL
was pipetted. The mixture was vortexed in short bursts (3x, 10 seconds each) and
briefly centrifuged (10 seconds at 4000 RPM) to collect the beads in the bottom of the
tube. Excesssolvent was removed by pipetting and the rest was allowed to evaporate
from the samples, which were placed inside a vacuum desiccator overnight. The
microglassified beads were rehydrated with either nuclease -free water or S30A buffer
to 80% original reaction volume (~ 40 uL). Viability of microglassified reactions or
extract (all other reaction components fresh) was assessed by utilisation in cellfree
reactions and synthesis of sfGFP, which was recorded using a Nanodrops- 3300
Fluorospectrometer. Variation s in mixing methods were carrier out by tilting (tube
was tilted on each side three times), injection (using a 30G 0.5 inch UniSharp needle)
and no mixing (solution was slowly pipetted into solvent).
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RNA extraction was carried out from BL21 Star (DE3)¢ pAR1219 cells grown in LB
broth, similar to cell -free extract preparation. RNeasy kit (Qiagen) was used to isolate

UOUEOw1l- wEEUI EwOOwWOEOUI EEUVUUUI Uz UwbOUUUUEUDC

using a Nanodropa 2000 instrument. Samples were loaded on a TBEUrea gel
(BioRad) in 2x NOVEX loading dye (Invitrogen) after being heated at 70°C for 5
minutes. The gel ran for 35 minutes at 200V in 1x TBE running buffer (BioRad) and
was further washed two times in TBE buffer . Then, the gel was incubated in 25 mL
TBE buffer containing 25 mg/mL ethidium bromide. The gel was visualised under
UV light after two further washes with TBE buffer to remove any excess ethidium
bromide stain.

2.4 Analytical methods

2.4.1Protein concentration

The Micro BCA & Protein Assay Kit (Thermo Fisher Scientific) was used to determine
total protein concentration. Dilutions and replicates of protein samples and BSA
(bovine serum albumin) standards were created in 20 pL volumes. 500 pL of working
reagent A and 250 pL working reagent B were added to each sample/standard. After
a 30-minute incubation period at room temperature, absorbance readings were taken
at 562 nm using a UV-Vis spectrophotometer (Agilent Multicell Peltier). Lastly,
quantities of unknown protein concentrations were interpolated from a standard
curve generated from the BSA standards. GraphPad Prism software 9.0 was used for
statistical analyses like linear regression.

2.4.2Quantification of fluorescence and protein yield

For kinetic sfGFP fluorescence assays, continuous fluorescence readings were taken
for 12 hours to 24 hours in a plate reader (TECAN Spark® Multimode Microplate
reader) for every 10 minutes. For four-hour timepoint analysis, fluorescence
recordings and protein samples were retrieved after incubation of cell -free reactions
for four hours in a shaker incubator revolving at 180 RPM. Recordings were taken
using a NanoDropa 3300 Fluorospectrometer (Thermo Fisher Scienfic). The
excitation and emission wavelength for detection of sfGFP were 485 nm and 510 nm,
respectively. For both kinetic and timepoint cell -free analysis, sfGFP protein yield
was determined by interpolating fluorescenc e recordings (RFU) in a standard curve
generated from known sfGFP concentrations. To achieve this, pure sfGFP stock
concentration was determined using a Micro BCA & Protein Assay Kit (Thermo
Fisher Scientific) and appropriate dilutions were made. |1t was assuumed that all
sfGFP proteins in a sample were correctly folded.
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2.4.3SDS-Page and western blotting

Protein samples were combined with 2x protein loading buffer containing 5% ¢-
mercaptoethanol and heated at 95°C for 5 minutes for SDSPAGE and western blot
analysis. Samples were run on a 12% TGX gel (BioRad) alongside a Precision Plus
protein ladder (BioRad) and submerged in 1x TGX running buffer (BioRad) for 45
minutes at constant 200 V. For SDSPage analysis, the gel was retrieved and incubated
in 10 mL coomassie stain (Protein Ark) for 1 hour to 3 hours (for crude cell-free
reactions) or overnight (for low yield purified proteins) with gentle shaking on a
shaking platform. The stain was discarded, and the gel was washed with water three
times for 10 minutes each and further incubated for 1 hour. The gel was then imaged
using the Invitrogen white light transilluminator and an image was captured with
OT1T wOUT UzUwb/ 1T OOI1 duw

For western blot analysis, aThermo Scientifice- SuperSignale- West HisProbe kit was
used and the gel was first transferred onto a nit rocellulose membrane (BioRad) using
a BioRad TransBlot Turbo Transfer system. This membrane was blocked with BSA
for one hour and washed with TBS-tween (Tris Buffered Saline with 0.1 % Tween-20).
Then, the membrane was incubated with HisProbea -HRP conjugated antibody
(Thermo Fisher Scientific) for one hour. Five more washes with TBStween were
performed for 10 minutes each and membrane was incubated with 4 mL ECL
substrate (Thermo Fisher Scientific) and finally visualized using a GelDoc system to
image the blot.

The following variations in the above protocol were opted for non-reducing, native
gel and fluorescent gel analysis. The protein samples for non-reducing gels were
prepared with 2x protein loading buffer without 5% ¢-mercaptoethanol or heat. For
Native -Page analysis, samples were prepared in native protein loading buffer
(BioRad) and loaded on a 12% TGX gel. The pl of the protein to be separ&ed was
calculated based on its amino acid compositions. Only proteins with a net negative
charge (typically pl 3 to 8) are able to migrate through the gel or the polarity of the
electrodes was inversed to allow basic proteins to migrate. A native running buffer
(1x) was used to run the gel at 200 V for 1 hour. The absence of SDS and-
mercaptoethanol in the native-page analysis provided a non-reducing and non-
denaturing environment that in turn allowed protein separation in its native state.

Lastly, fluorescent gels were simply imaged by placing the gel of interest on a blue
light transilluminator and the resulting signal was captured using the user z iPhone.
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2.4.4RT-gPCR analysis

Cell-free reactions amounting to 100 pL were prepared with the following templates
each: pET20b(+), sfGFMHis, reteplase-His, teriparatide -His, alfimeprase-His,
entolimod -His and G-CSFHis. The reactions were prepared without th e amino acid
mixture to prevent translation (S30A buffer was added in place of 4x amino acids)
and incubated at 37°C for 4 hours. The RNA was extracted from each reaction using
extracted RNA was quantified using a Nanodrop & 2000 instrument with the RNA
guantification setting (absorbance at 260 nm). Yields around 200 ng/uL with a purity
(260 nm / 280 nm) ratio of ~ 1.8- 2 was considered satisfactory. Next, reverse
transcription of the RNA was carried out using the Qiagen Quantitech reverse
transcription kit. Briefly, 1 pg RNA pertaining to each template was added and a
DNA wipeout reaction was performed. Next, reverse transcription (along with a no
reverse transcription control) reactions were performed using primers provided with
the kit to obtain cDNA.

2x QuantiFast SYBR Green PCR Master Mix, the template cDNA, primers and RNase
free water were thawn on ice and combined according to Tables 2.15 and 2.16.
Reactions were set up n triplicate for each construct and controls (pET20b and no
reverse transcription controls), were thoroughly mixed and aliquoted in gPCR strip
tubes (cDNA was added in last).

Table2.15: Primer information shet for RF-qPCR

%

Construct Forward primer Reverse primer Size Ge
sfGFP ATGCGCAAGGGCGAG GGTGGTGCAGATGAACTTCAG 15/21 67/2
Reteplase AACCTGCATGACGCCTG CAGTCCAGGTAGTTGGTCAC 17/20 59/56
Alfimeprase = ATGAGCTTCCCGCAGC GGATATTCAGCGGGCGATAG 16/20 63/55
G-CSF CGCAGAGCTTCCTGCTG ACGGAATGCCCAGGC 15/17 65/67
Entolimod TAGCCTGAGCCTGCTGAC GGTGAAGCGATTGGCAATG 18/19 61/53

Teriparatide ATGAGCGTGAGCGAAATCC  GAAGTTATGCACATCCTGCAG 19/21 53/48

Table2.16: RT-gPCR reaction set up

Component Amount

Quantifast mastermix (2X)  10ul
Forward primer (10 pM) 2puL
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Reverse primer (10puM) 2puL
cDNA (< 100 ng/reaction) 2puL

RNase free water 4uL

The following cycle settings were used for the gPCR in the Rotor-Gene Q instrument
(Qiagen):

Table2.17: gPCR thermocycler settings

Step Temp. Time
Heat activation 95°C 5 minutes
95°C 10seconds
40Cycles
60°C 30 seconds
Hold 4°C

The realtime fluorescence recordings were taken during all cycles, and the cycle
threshold values were exported as a .csv file and cycle threshold values were plotted
for analysis.

2.4.5FTIR spectra collecti on and data analysis

Purified proteins in need of FTIR investigation were first lyophilised (protocol
detailed in Section 2.5.1) and the subsequent pellet was rehydrated in 2O to achieve
a concentration of > 1 mg/mL. An Agilent Cary 630 FTIR spectrophotometer was used
to take IR absorbance readings from 4000 cnt ¢+ 500 cm?! with 16 scans at a 4 cmt
resolution. The instrument was cleaned thoroughly with i sopropyl alcohol, and the
pedestal was purged with dry air for 10 seconds before loading a protein sample (~ 5
uL). Background subtraction was carried out with D 20 and three spectra were
collected per sample. The spectra were then subject to mathematical analysis using
the Origin Lab software. A user -defined baseline correction was performed, and the
second derivative method was used to deconvolute the peak in the 1700cm ¢ 1600
cm? amide | region. The derivative curve was smoothed using the Savitsky-Golay
function and gaussian curves were fitted for each identified peak. Curve fitting was
judged by the goodness-of-fit to the original baseline subtracted data. Peak
assignments were made based on previously assigned wavenumbers and the
percentage secondary structure was determined by the area integral of each
individual peak in the 1700 cm-1¢ 1600 cm! region.
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2.4.6CD spectra collection

Far-UV CD spectra were obtained using a ChiraScare- spectrophotometer (Applied
Photophysics) at ~ 25°C. An average of three scans were obtained for all spectra,
which were recorded in a 10 mm path length cell from 260 nm to 190 nm. A water
background recording was first taken and subtracted from all subsequent spectra. All
spectra were collected in water, protein samples and dilutions were made in water as
well. The HT (photo multiplier) voltage and the absorbance values were recorded
for each sample. Absorbance readings that recorded HT values above 600 were
discarded due to high noise. The cell was cleaned thoroughly with water and then
purged with nitrogen gas for 30 seconds between each reading and sample type. The
exported absorbance recordingsfor the dilutions that reported HT < 600 were plotted
on GraphPad Prism to obtain the raw spectra.

2.4.7Statistical analysis and software

Statistical parameters such as then value and standard deviations are detailed in the
figures and legends. For CFPS time point analysis, each data point represents a mean
of biological triplicates measured at 10-minute intervals, where the error bars
represent the standard deviation. GraphPad Prism (version 9) software was used to
calculate the means and standard deviations. Oneway ANOVA was performed to
determine significant differences in optimized reaction compositions. Other software
such as SnapGene was used for cloning of reporter/theapeutic constructs and ImageJ
was used for imaging and editing western blots.

2.5 0ther methods

2.5.1Lyophilisation

Tubes were flash frozen using liquid nitrogen and placed in a freeze -drier overnight
under the following vacuum ( <120 mTorr) and condenser (-60°C) settings {irTis
Benchtop Lyophiliser Sentry 2.0). Unless otherwise specified, each reaction (~50 pL)
was lyophilised in 1.5 mL Eppendorf tubes, lid open and sealed with parafilm. A hole
was made in each parafilm seal to allow for water to leave the tubes during
lyophilisation. After lyophilisation, the seals were removed, the Eppendorf lids were
closed and tubes stored until later use. Note that freeze-drying/freeze -drier may be
used interchangeably with lyophilisation and Lyophiliser.
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2.5.2Stability studies

The accelerated stability studies were planned according to temperature, humidity
and time requirements in lyophilised pellets and cellulose stacks format. Appropriate
time points for sampling and the number of samples required at each time point
(taking biological triplicates into account ) were calculated beforehand. The adequate
number of stability samples were prepared and lyophilised in 1.5 mL Eppendorf
tubes to a volume of 50 pL in the case of lyophilised pellets or three individual
cellulose gacks as described inSection 2.3.5.Eachstability sample was labelled with
a batch number, temperature, date of preparation, and sampling time point. Samples
were placed in a stability oven or cold room for 40°C and 4°C temperatures
respectively. For room temperature experiments, samples were placed on the lab
bench and a temperature monitor was placed directly beside the samples. Sample
stability was analysed by first rehydrating the sample with S30A to 80% original
reaction volume (40 pL unless otherwise specified). Reactions were incubated at 37°C
for at least 16 hours at 180 RPM and fluorescence recordings were taken with a
Nanodrop & 3300 Fluorospectrometer (ThermoFisher Scientific).

2.5.3Bead-based protein purification

HisPura Ni-NTA Magnetic Beads (ThermoFisher Scientific) were used for the bead
based purification approach. The beads composed of Nickel (Ni2*) - nitrilotriacetic
acid, have high affinity to proteins with a histidine tag (6x) and other substances such
as imidazole and can be pulled down using a magnetic holder. First, the binding
buffer (50 mM NaH 2PQOs, 300 mM NaCl and 20 mM Imidazole) and elution buffers
(50 mM NaH2PO4, 300 mM NaCl and 400mM Imidazole) were prepared from the
appropriate stock solutions in water and adjusted to pH 8.0. The buffers were then
sterile filtered and stored under refrigerated conditions until use. The protein
mixtures (500 ul for each protein) were added to the magnetic beads (125 uL) after
the beads were washed thoroughly in binding buffer. For mixing, slurries wer e
vortexed briefly and for collection of beads, a magnetic Eppendorf stand (Invitrogen)
was utilised. The protein -bead slurry was incubated at 4°C for 1 hour on a rolling
platform with gentle rotation. The beads were then collected, and supernatant was
removed. The beads were washed with binding buffer 3 times and the supernatant
was discarded after taking fractions each time. The pure protein was eluted by adding
25 pL elution buffer and two supernatant fractions were collected, combined and
examined by SDS-Page or western blot analysis. A Vivaspin® 20 centrifugal column
was used to concentrate and exchange the protein sample from elution buffer to
DNase and RNase free water (Invitrogen).
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2.5.4 AKTA start column -based protein purification

Similar in principle to the beadbased purification method, the column -based
method utilised a HisTrap & affinity chromatography column (Cytiva Life Sciences)
containing the Ni-NTA resin and an AKTA start fluidic system to automate the
purification process. The system was first washed with water to remove the storage
buffer (ethanol) and the column was connected to a liquid chromatography system
(10x column volume). The system was thoroughly washed with binding buffer an d
then the protein sample (~ 1 mL) was loaded. The column selectively bound the
histidine -tagged proteins, while other non-specific proteins passed through , and this
was observed through the real-time UV absorbance readings at 280 nm (10x column
volume at a flow rate of 1 mL/minute). Then, the bound proteins were eluted using
elution buffer containing imidazole (6x column volume at a flow rate of 1 mL/minute;
six fractions collected). UV absorbance recordings informed which fractions were
combined (in the case of sfGFP, the fractions that contained pure sfGFP was readily
visible doe to the bright green signal). A Vivaspin® 20 centrifugal column was used
to concentrate and exchange the protein sample from elution buffer to DNase and
RNase free water (Invitro gen), carried out three times.
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Chapter 3 Generation of in-house bacterial cell-free

extract and DNA templates

3.1Introduction and aims

CFPS is a method that utilises components extracted from living cells to produce
various proteins of interest, when supplemented with the appropriate building
blocks (DNA template, energy, amino acids etc.). Of these starting materials, cellfree
extract and the DNA templates are particularly susceptible to batch -batch variation
(i.e.small changes in the preparation process can lead to large variations in the celt
free reactions yields). Therefore, this project began with the aim to establish a reliable
in-house CFPS system, founded orE. coli cell-free extract, with expression driven by
T7 polymerase.

BL21 (DE3)(and its variants BL21 Star, Rosetta, and ClearColi® BL2} and the Shuffle
T7 strain are among the most commonly used bacterial strains in literature, for
steady, endotoxin-free synthesis in the former category, and inducing di sulfide bonds
in the later (Krinsky et al., 2016, Wilding et al., 2019, Kwon and Jewett, 2015, Kim et
al., 2006b, Dopp and Reuel, 2019)

BL21 Star(DE3) was chosen as the lead candidate for celfree extract preparation
owing to its high protein expression capabilities, quick growth/reaction times, and an
already well -established history with CFPS (Au - Levine et al., 2019) It is a genetically
engineered strain offering higher mRNA and protein stability (low endogenous
RNAses and proteases) and has been optimized for protein expression from low-copy
number T7-promoter based plasmids. However, a high level of soluble and active T7
polymerase is required for cell-free synthesis in such extracts. Hence, the enzyme is
often added as a supplement to BL21 Star (DE3) celfree extracts, making it a more
expensive and time-consuming procedure. To address this challenge, a plasmid
(pPAR1219) coding for T7 polymerase was transformed, in addition to the basal T7
polymerase already expressed in the BL21 Star (DE3) strain. Impact of this
transformation was studied through turbidimetric analysis. Furthermore, solubility

of T7 polymerase was sudied at various timepoints to identify most soluble T7
polymerase levels for cell-extract preparation.

DNA template design is a nother critical step for successful CFPS. Codon optimisation
significantly enhances expression when tailored to the strain of choice for cell-free
extract preparation (Zhang et al., 2021) Many types of nucleic acid templates have
been utilised for CFPS: Plasmid DNA (Levine et al., 2019)and linear DNA (PCR
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products) (Wu et al., 2007, Nomoto and Tada, 2018, Sato &tl., 2022) with very limited
work on understanding mRNA, perhaps owing to its instability (Hansen et al., 2016)
Plasmid DNA was the main source of genetic material for this work, primarily for
ease of production (e.g.large-scale DNA isolation using midi -preps) and ease of
generating linear templates trough PCR using existing primers, if needed.

The broad aims for this chapter are -

(a) Identify the optimal growth, induction and harvest conditions to obtain cell -
free extract with the highest level of T7 RNA polymerase

(b) Clone the expression constructs for the five therapeutic proteins and a
fluorescent reporter protein.

3.2 Results and discussion

3.2.1Development of the BL21 Star (DE3) ¢ pAR1219 strain

3.2.1.a Effect of pAR1219 transformation on expression host BL21 Star (DE3) growth
kinetics

The T7 bacteriophage RNA polymerase has been widely reported for efficient
expression of recombinant proteins in both cell-based and cellfree systems(Angius
et al., 2018, Failmezger et al., 2017, Tabor, 200DAR1219, a commercially available
plasmid traditionally used for gene knockout experiments, has more recently become

a tool for T7 polymerase overexpression in cell-free synthetic biology (Krinsky et al.,
2016, Krinsky et al., 2018) pAR1219 can be transformed in bacterial strains to
enhance the endogenous levels of T7 polymerase in strains already expessing the
polymerase (such as BL21 Star (DE3)). Similar to endogenous expression, pAR1219
expresses T7 RNA polymerase under the control of inducible lac promoter.

Firstly, E. coliBL21 Star (DE3) was transformed with pAR1219 to create recombinant
strain E. coliBL21 Star (DE3}pAR1219 (Figure 3.1, a). Then, the growth ofE. coliBL21
Star (DE3)}pAR1219 was monitered to study the impact of the transformation.
Detailed protocols for this experiment are provided in Section 2.2.1. Briefly, the
experimental set up consisted of two strains, BL21 Star (DE3) and BL21 Star (DE3)
pAR1219 studied with and without IPTG induction (0.2 mM) when cultures reached
ODsoo=1.0.

The results indicate a clear exponential growth pattern in all batches, shifting to a
stationary trend after nine hours of incubation. The recombinant strain, E. coliBL21
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(DE3)-pAR1219, grew slower (growth rates 0.1838 hr* for induced and 0.1809 hr for
un-induced) in comparison to E. coliBL21 Star (DE3) (growth rates 0.2605 ht for
induced and 0.2825 hr! for un-induced; Figure 3.1, b). Although linear regression
analysis confirmed that the difference between slopes is not significant, the
recombinant strain is expected to have a lower growth rate due to additional protein
expression from transformed plasmid.

@) pAR1219 (9.4 Kb) pUC19 (2.7 Kb)

0

3 Kb

e —
e
e
Ter——
e

E

(b) Effect of pAR1219 transformation on BL21 Star (DE3)
10
- +IPTG m =0.2605X
- -|PTG m=0.2825X
19 —o— +IPTG +pARI1219  mo0.1838X
8§ — -IPTG +pAR1219 m=0.1809X
c

0.1
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Figure 3.1: (a) A stained agarose gel showing DNA corresponding to plasmid purified from BaR1 S
(DE3) t pAR1219 cells. Samples were run alongsidé Plus DNA ladder for comparison of size.
Arrow shows bands corresponding to plasmid pAR1219 (leftkB)4and control plasmid pUC19
(right; 2.7 kb); (b) Growth curve of BL21 Star (DE3) pAR1219 cmpared with BL21 Star (DE3)
shown with and without IPTG induction. Growth rates calculated from linear regression analysis are

shown in the legend (n = 6)

3.2.1.b pAR1219 transformation enhances the levels of T7 polymerase in BL21 Star (DE3)
cells

The T7 RNA polymerase expression profiles of both strains were studied by SDS
Page analysis, in an effort to enhance T7 polymerase levels. Proteins were stained
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using coomassie dye and the T7 polymerase bands (99 kDa) were identified adjoining
the 100 kDaband of molecular ladder.

T7 polymerase expression was detected in both conditions with and without

x 1hl NwupPBDUT POwUPOwWT OUUUWEI Y HdwaverGtoddedt © O O w p%
expression was seen in BL21 Star (DE3pAR1219 induced with IPTG (Figure 3.2, b;

sl Wl WIPOPOEUWXxEUUI UOWPEUWOEUT UYI Ewi YT wi 60U
from which T7 polymerase was present predominantly in the insoluble fraction.
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Figure 3.2: SDS-Page analysis of (a) BL21 Star (DE3) and (b) BL21 Star (DE3}pAR1219.Both

soluble and insoluble fractions were collected in the following times: 0 hr sample taken before jnduction

|l wi UOwKk wi UWEOE w!l Kwi UWwUEOXx Ol UwUEOI OwEatetrholgaulari OUT wi C
OEEEI UBw UUOPWDOEPEEUI Uwi Rx1 EUI EwUP&T woOl w3Awil-
soluble sample are highlighted within a grey box.

3.2.1.c Time course analysis of BL21 Star (DE3) ¢ pAR1219 under various growth
temperatures

In order to improve solubility of T7 polymerase, a number of culture conditions were
tested. Firstly, two lower incubation temperatures, 25 °C and 30°C, were tested in
addition to previously used 37 °C. Next, the concentration of IPTG used to induce
expression was expanded to 0.2 mM, 0.5 mM and 1 mM (with 0 mM as the un-
induced control). Collectively, 12 different temperature-IPTG combinations were
tested and ODsoo measurements were plotted over time to obtain growth curves. It
was evident that cells had slower growth rates as incubation temperatures decreased
(Figure 3.3 b, ¢, d).
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Figure 3.3: (a) Experimental set up for time course analysis of BL21 Star (DE3) t pAR1219.Each circle indicates 1 fladk_21 Star (DE3)_pAR1219growth
curves at (a) 25°C, (b) 30°C and(c) 37°C respectively. Grey dotted line indicates time of induction and error bars are smaller than data points, where they are

not visible (n = 9).
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3.2.1.d SDS-Page analysis reveals best temperature and IPTG concentrations for most
soluble levels of T7 polymerase

SDSPage analysis was carried out to determine solubility of T7 polymerase, similar
to Section 3.2.1.bAt 25°C, little expression was detected two hours post-induction at
0.5 mM and 1 mM IPTG concentrations (Figure 3.4; soluble fraction). Stronger
expression was detected at 0.5 mM, five hours postinduction in comparison to 1 mM,
suggesting that 0.5 mM is perhaps adequate (Fgure 3.4; soluble fraction). Most T7
RNA polymerase was insoluble at 24 hours (Figure 3.4; insoluble fraction).

(a) IPTG (mM) IPTG (mM) IPTG (mM) IPTG (mM)

0 02 05 1 lad o0 02 05 1 0 02 05 1 lad 0 02 05 1

SOLUBLE

100KDa
FRACTION -

Before induction 2hrs after induction 5hrs after induction 24 hrs after induction
(b) IPTG (mM) IPTG (mM) IPTG (mM) IPTG (mM)
0 02 05 1 lad o0 02 05 1 0 02 05 1 lad 0 02 05 1

INSOLUBLE
FRACTION 00KDa

Before induction 2hrs after induction 5hrs after induction 24 hrs after induction

Figure 3.4: SDSPage analysis of (a) soluble and (b) insoluble BL21 Star (DE3)-pAR1219 cell
extract obtained from cells grown at 25°C and induced using varied concentrations of IPTG (0
O, w(/ 3&KAB3ws +EEzZwbOEPEEUI UwbOOOI EUOEUWOEEET U
At 30°C, the enzyme was produced two hours post-induction at all IPTG
concentrations (Figure 3.5; soluble fraction). Strong bands around 100 kDa were
observed at 0.5 mM and1 mM five hours post -induction ( Figure 3.5; soluble fraction).
However, strong bands in the insoluble fraction were also observed (Figure 3.5;
soluble fraction). Very little soluble T7 polymerase was dete cted at 24 hours Figure
3.5; 24 hrs soluble and insoluble fractions).
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