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The intricacies and complexities of cancer render it a difficult disease to treat,
and existing treatments are frequently non-selective. This project investigated
two selective cancer therapeutic approaches: organelle-targeted drug

delivery, and genetic re-wiring to achieve a switchable CAR-T model.

Cancer mitochondria are different to healthy cells, including a higher
mitochondrial membrane potential (MMP) which can be exploited for selective
delivery of a therapeutic. Cyanine dyes Cy3 and Cy5, along with a dimer Cy3-
Cy5 and a CPP conjugate Cy3-Cy5-R8 were characterised, and all constructs
stained the mitochondria of HeLa in an MMP-dependent manner. Staining
capacities of Cy3, Cy5 and Cy3-Cy5 were not hindered by serum proteins or
endocytosis inhibition. Conversely, serum proteins reduced Cy3-Cy5-R8
staining capacities, and its uptake was endocytosis-dependent. Cy3 was
subsequently tested as a mitochondrial-drug delivery vehicle, and Cy3
conjugation to mitochondrial toxins improved ECso values by up to 1000-fold.
The Cy3-drug conjugates were more toxic to cancerous (HelLa) vs non-
cancerous cells (HEK293), but toxicity was still present in HEK293. Further
studies are therefore needed to enhance Cy3-drug selectivity to cancer cells.

Cancers can alternatively be targeted via CAR-T cell immunotherapy;
however, CAR-T frequently over-activate and bring unwanted toxicity to the
patient. Through genetic code expansion, a new logic gates approach was
developed. 11 quadruplet-decoding pyrrolysyl tRNA variants that incorporate
BocK were analysed. Unlike their literature representation in E. coli, only five
variants were functional in HEK293. Increasing tRNA copy number from 1 to
4 improved BocK-incorporation, and PyIRS/ARNA was found to function
orthogonally alongside a mutant TyrRS/tRNA pair. A split GFP reporter system
was subsequently developed, where AND and OR logic operations were
successfully generated whereby GFP output can be controlled via the
unnatural amino acid makeup of the cellular media. The cell circuits developed
here provide a new approach to mammalian cell logic operations, and can
potentially be translated into a switchable ON/OFF CAR-T model.
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CHAPTER 1:
Introduction



CHAPTER 1: Introduction



To comprehend the fundamental differences between a cancer cell and a
healthy cell, it is essential to understand the basics of cellular communication
and replication, as disruption of these machineries is responsible for cancer
cell generation.1'3 Cell division contributes to repair, growth and reproduction.2
During the growth or repair of tissues, cells increase in size as they mature.
As a cell grows larger however, its ability to cope with internal metabolic
processes is compromised due to a finite limit of intracellular resources.? In
light of this, when a critical volume threshold is reached, most cells undergo a
process of cell division called mitosis. This division process not only enables
cells to cope with metabolic needs,* it additionally increases the overall surface
area of the tissues which improves the efficiency of gas exchange, waste

removal, and receipt of extracellular signalling communications.? *

There are two types of cell division that occur in the human body. These
processes are called mitosis and meiosis. Mitosis is a process that results in
two daughter cells that are genetically identical to each other and the original
parent cell, and is the form of cell division responsible for tissue growth and
repair. On the other hand, meiosis occurs for the purpose of reproduction, in
which a germ cell is divided into four genetically unique gametes.® The cycle
of the cell is integral to sustaining life, and for complex multi-cellular
eukaryotes, the phases of the cell cycle enable the generation of vital tissues,
organs, and limbs.®® A cell preparing to divide first proceeds through the
interphase stage, which is split into 3 distinct phases; G1 (duplication of cell
contents except DNA), S (duplication of DNA), and G; (increase in cell size
and preparation for cell division).>”® Once these stages have been passed at
their respective checkpoints, a cell can then move into its designated form of
cell division. G is the first growth phase and often the longest,> ® and it is
during this stage that a cell can enter Gy where it becomes dormant or



senescent.? 3 A cell typically enters Gy when it reaches its Hayflick limit, or
alternatively when there is no requirement for growth or repair.* * '® Notably
however, these dormant cells can be reactivated and re-enter G4 phase upon
the receipt of certain growth factors and signals.* ®  When a cell has passed
through the G, checkpoint, it enters the M phase of the cell cycle. For mitotic
division, during M phase, cytokinesis occurs which divides the cell contents to
opposite poles of the cytoplasm, and a contractile ring cleaves the cell centrally

to generate two genetically identical daughter cells (Figure 1.1).2% "8

Cell division takes place. Duplicated cell contents are
divided to opposite poles of the cell and the membrane
contracts and cleaves centrally to form two daughter cells

NSRS N\ e

Normal cell growth
and function. The role
of a cell in an
organism is fulfilled in
this phase

Cell growth in
preparation for
mitosis. Mass of the
cell and quantity of
organelles doubles

Cellular DNA is unwound and
replicated in preparation for cell
division

Figure 1.1: The main stages of the cell cycle for the purpose of mitotic cell-division
Diagram to demonstrate the phases of the cell cycle leading to mitosis and what processes
occur at each stage. G; phase is where a cell matures and performs its designated function
in an organism, this is also where a cell enters G, phase (cellular senescence). S phase is the
process of DNA replication. G, phase is the expansion of a cell to duplicate its volume. Mitosis
takes place where a parent cell is divided into two genetically identical daughter cells.

Unlike healthy cells that divide in an incredibly controlled manner, cancer cells

exhibit an extremely disrupted cell cycle."” These unregulated malfunctioning



processes are due to the constant procurement of mutations in the cancer cells
genetic code; which alter protein expression, conformation, and function.”' As
a result, these changes modify the speed, activity, and regulation of the core
intrinsic pathways designed to prohibit excessive and unrequired cell division,
as well as hindering a cancer cells susceptibility to anti-growth signals and
entry into Go."" All these factors lead to the uncontrolled cell division which is
exhibited in cancerous tumours, and this persistent proliferative activity is one

of the main hallmarks of cancer.?

Cancer, in short, is a disease of a person’s self-tissue. Mutations that occur in
the genetic information of the cells cause them to proliferate out of control, and
ultimately lead to death if left untreated. * ' Although most see the term
cancer as one type of disease, it actually is an umbrella term used to describe
a group of diseases that all follow the same fundamental hallmarks.'* The core
distinction of cancer from a benign tumour is the ability of cancer cells to
spread to other parts of the body, which is referred to as malignancy.'® There
are six core hallmarks that are used to describe any form of cancer (Figure
1.2). Coined by Douglas Hanahan and Robert Weinberg in 2000, the hallmarks
are (1) evasion of cell death, (2) self-sufficient proliferative signalling, (3)
evasion of growth-suppressing signals, (4) the ability to invade other tissues
and metastasise, (5) established replicative immortality and (6) the ability to

induce and sustain angiogenesis (growth of blood vessels)."?



Apoptosis
evasion

Limitless replicative
potential

Figure 1.2: The six fundamental characteristics described as the hallmarks of cancer
The hallmarks of cancer are the core cellular characteristics that allow a tumour to persist and
can be used to describe cancer cells of any tissue type.

Hallmark 1: Evasion of cell death

All cells have two fundamental programmes hardwired into them; a set of
proliferative pathways (which play key roles during tissue growth and repair),
and a set of programmed cell death pathways (termed as cellular suicide or
apoptosis, amongst other terms)."®'® Crucially, programmed cell death is a
normal process of cellular function during growth, development, infection
management, and tissue maintenance."” ?° Cancer cells however, through
their continuous acquisition of random mutations, often obtain re-wired or
malfunctioning apoptotic pathways, and in some instances the systems
become completely inactive. * ' There are numerous gain-of-function or
loss-of-function mutations that can occur in cancer cells which lead to the end
result of death-evasion, however the most prominent is interruption of p53.2"

% The core function of p53 is DNA surveillance. When damaged DNA is



detected by p53, it either arrests the cell cycle to allow the DNA to be repaired,
or alternatively induces apoptosis through upregulation of the pro-apoptotic

mitochondrial protein Bax.'® ?* The purpose of this activity is to prevent

incomplete or incorrect genetic material spreading through the tissues.?'?

When it comes to cancer cells however, they exhibit major disruption apoptotic
pathways and, most prominently, p53 activity. Mutations that result in a

malfunctioning p53 are typically responsible for evasion of cell death, and

21, 25

uncontrolled proliferative activity. mutations in p53 are represented in

21.25 and in many

26-28

approximately 50-60% of all cancers diagnosed globally,
cancers, p53 malfunction is unfavourable regarding long-term prognosis.

Hallmark 2: Self-sufficient proliferative signalling

In contrast to evasion of cell death, cancer cells additionally exhibit self-
proliferative activity. The ability of tissues to promote cell proliferation is critical
for growth and development, and this is achieved through changes in the
extracellular microenvironment such as upregulation of growth factors.?* & 7 °
However, cancer cells are understood to upregulate their proliferative
signalling primarily through excessive growth factor production, and self-
stimulation.” 3 ' 293" A healthy cell cannot self-stimulate its proliferation, it
relies on receiving signals from neighbouring cells. Cancer cells however have
been shown to synthesise and release growth factors that bind their own
receptors, therefore exhibiting self-proliferative signalling.?®** 3 Additionally,
many acquire mutations in their growth factor receptors and their downstream
pathways. These mutations create hyper-responsive receptor pathways that
carry a lower threshold for successful stimulation, which increases their

susceptibility to proliferative signalling significantly.'® 2 %32

Hallmark 3: evasion of growth-suppressing signals

Similar to the ability of cancer cells to self-proliferate and become hyper-
sensitive to growth signals, they additionally become insensitive to anti-growth
signals. Contrary to the mutations procured to enhance proliferative activity,

the receptors responsible for receiving anti-growth signals are mutated to



become poorly-functional in cancer cells.® *3* Typically, they are mutated to
an extreme where larger quantities of anti-growth factors are required to
successfully stimulate an apoptotic pathway; levels mostly unobtainable within
a tissue microenvironment."” 1% 23 gecondly, they incur further mutations
within the downstream signalling pathways responsible for growth
suppression, enabling the cells to avoid destructive processes and continue to

unrestrictedly proliferate.’® 3434

Hallmark 4: The ability to invade other tissues and metastasise

When a cancerous tumour grows to a substantial size, a small number of cells
in the tumour near blood vessels undergo a series of changes, such as a
reduction of surface adhesion proteins which allows them to move freely within
the cell mass.*** These mobile cancer cells can then penetrate the blood
vessels and travel through the vasculature to a new region where they develop
into a new growth.*" > % This process is called metastasis, and when
metastasis has occurred, cancers are typically much harder to treat.>* *° Once
in the vasculature, the metastasising cancer cells are vulnerable to patrolling
immune cells in the blood, however reports have described metastatic cancer
cells evoke various immune-evasion tactics to elude immune-mediated

destruction during transport to a new site.*" #?

Hallmark 5: Established replicative immortality

During embryogenesis and peak developmental stages, an enzyme called
telomerase is expressed to prevent telomere shortening during exponential
growth. This prevents a cell from reaching the Hayflick limit during these critical
growth stages.'® **** Normally, in later developmental phases this enzyme is
deactivated and no longer expressed; meaning telomeres then function
normally to control the replicative lifespan of a health cell. However,
approximately 90% of cancer cells commonly incur mutations in this pathway,
which ultimately leads to abnormal re-initiation of telomerase expression,
production and activation.*® 4" This is detrimental to the health of the

surrounding tissues as the enzyme provides the cancer cells with a limitless



replicative capacity. This leads to an immortal cell-mass and, subsequently,
an indefinitely replicating tumour; draining the surrounding healthy tissues of
space, nutrients and oxygen. Moreover, cancer cells also sustain the cell cycle
by avoiding entrance into the senescent Gy; rendering the cessation of tumour

growth unobtainable through natural cellular signalling in the tissue." %"’

Hallmark 6: The ability to induce and sustain angiogenesis

Angiogenesis refers to the process of new blood vessel formation.*** This is
an event that naturally occurs throughout our lifespan such as during
development, wound healing, and physical changes including puberty and
pregnancy.*® The presence of blood vessels is paramount to the supply of
oxygen and nutrients to the tissues, whilst also removing waste and toxic
substances such as carbon dioxide. To enable a cell to continuously divide, a
constant supply of oxygen and nutrients is crucial to provide the required
energy resources.?* In the case of cancerous tumours, the uncontrolled rapid
cellular proliferation described previously causes tissues to become cramped
and hypoxic. Without an ample supply of oxygen and nutrients, the cells and
tissues would become necrotic. To alleviate this, cancer cells promote the
angiogenesis process. They stimulate nearby blood vessels to expand and
grow new branches that intertwine through the tumour, enabling cells to
receive the nutrients they require for replication and survival.®® 37 48
Fascinatingly, within every cancer tumour, residential healthy cells from the
original tissue remain. These cells naturally produce angiogenesis-suppressor
factors unless new vasculature is required such as for tissue-repair or healing.
As these suppressor molecules prevent new vasculature formation through
the tumour, malignant cells additionally influence these resident cells through
extracellular signalling. The signalling from tumour cells consequently inhibits
the production and release of suppressor factors by healthy cells, enhancing
vasculature growth through the tumour and thus adequate levels of resources

are supplied to the cancer cells.** %%



Due to the clear complexities in how a cancer cell functions, it is a notoriously
difficult disease to treat. The disease has a major impact on the health and
finances of the global population, with an estimated 1 in 2 people having a
cancer diagnosis in their lifetime, and treatment often being extensive and

costly.*®

Unlike other diseases that have emerged and vanished from the human
population over the course of our 7-million-year existence, cancer is a disease
that has run side-by-side with us throughout the megaannums of our species.
The earliest malignant tumour detected was in a turtle bone fossil dated to
approximately 250 million years ago in the Jurassic period.® It is without
question that as long as there have been complex multi-cellular organisms,
there have been cancers. In 2020 alone nearly 20 million new cancer
diagnoses were made and, globally, cancer accounts for an average of 10
million deaths per year; a number continuing to rise with increasing life
expectancies. With the cost of medical treatments for all cancer patients
surmounting to over £555 billion worldwide, cancer forms an economic burden

of over £7 billion annually to the United Kingdom alone.*" *?

As seen in Figure 1.3, the most common form of cancer in the female
population is breast and cervical, while for males it is predominantly cancers
of the prostate and lung. There are clear geographical trends regarding the
predominant form of cancer for each country; this is largely influenced by
population genetics, lifestyle, and environmental influences.*® For example,
the countries that have the most diagnoses of lung cancer are typically those
that have the highest percentage of smokers in their population, such as
Russia, Indonesia, and Eastern European countries. Additionally, forms of
breast and lung cancer account for a quarter of all cancers diagnosed
globally.*®
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Figure 1.3: Most common cancer diagnoses in males or females per country in 2020
Breakdown of global incidence of cancers diagnosed in 2020. Countries are colour coded to
show the most common forms of cancer diagnosed separated by gender. (Chart data
generated by the World Health Organisation).

Given the large economic cost of cancer to the global economy, there is
demand for cures and new treatments to manage this catastrophic disease.
However, the complexities of cancers and their propensity to avoid detection,
disruption, and suppression makes them extremely difficult to treat. Moreover,
every type of cancer is drastically different, meaning the chance of finding a
“magic bullet” cure is incredibly remote, if not impossible. For the best
outcome, treatments must be adapted to accommodate for the individual type

11



of cancer being targeted (i.e. its characteristics, location, forms and functions).
As cancer cells are self-tissues, the only way to selectively locate and destroy
them is to identify a particular target that distinguishes them from their healthy
counterparts.®> 3 3% %3 % Byt as our understanding of different cancers
continues to broaden with scientific research, we are discovering each cancer
to be so unique, that all likely require a tailored treatment to obtain the greatest
outcome. However, with over 200 different forms of cancer identified to date,

this is becoming an increasingly complex task.

The treatment for cancers that people are most familiar with is a combination
of surgical removal, chemotherapy and radiotherapy; officially called adjuvant
therapy. The adaptation of adjuvant therapy has vastly improved survival
outcomes of cancer patients. Surgical removal allows for the main tumour to
be removed with minimal damage to surrounding tissues, while targeted
radiotherapy aims to destroy any remaining cancer cells missed by the
surgeon, and chemotherapy is responsible for destroying any other cancer
cells that may have already metastasised to other regions of the body.

Surgical removal of cancers became increasingly popular as the go-to
treatment option during the mid 1800s which coincided with an improved field
of anaesthesia techniques, although these treatments were often fatal due to
subsequent infection and blood-loss related deaths.>® However, the first
known recording of surgical removal of a cancerous growth incredibly dates
back to the Ancient Egyptians in 1500 BC.°® However, although the
improvement in oncological surgery techniques prolonged the lifespan of
patients, it was still clear that without a combined therapy to remove all
remaining cancer cells left by the surgeon, the rate of patients that went on to

develop new tumours remained high.*®
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Radiation therapy (radiotherapy) was first introduced into the field of oncology
during the turn of the 20" century. The notion behind radiotherapy was how
ionizing radiation damages the cellular DNA during the cell cycle, leading to
cell death.”” *® The most effective radiation damage occurs when cells are in
the M phase of the cell cycle, and because cancer cells divide much quicker
than the surrounding tissues, this in turn leads to repeated radiation treatments
favourably damaging and destroying malignant cells compared to local healthy
tissues. Radiotherapy is a valuable tool to destroy any cancer cells remaining
after surgical resection of a tumour, however the treatment requires targeted
radiation at a specific site (i.e. the region where the tumour is present),
therefore it is only successful in eradicating a patient of their cancer providing
the tumour has not already metastasised to any other regions of the body.*"
%8 When there is suspicion or evidence that metastasis has occurred, this is
when chemotherapy becomes the preferred option.

Coined from the words chemical (chemo-) and therapeutic (therapy), the first
cohort of systemic chemotherapeutics was initially used in the early 20™
century during the world wars when nitrogen mustards were used as chemical
weapons, but their anti-cancer properties were not attributed to them until the

mid 20™ century.*® ®°

It is understood that nitrogen mustard drugs react with
the nucleotides in DNA. By forming covalent linkages between nucleotides on
opposite strands, inter-strand cross links are produced and their accumulation
prevents DNA unwinding; blocking translation pathways. As a result, this
disables the cell’'s gene expression and subsequently leads to cellular
apoptosis.®! From this, analogues of the original compounds were synthesised
and tested in humanised mouse models with promising results.>® ®° To this
day alkylating drugs based on these compounds are readily used to treat
certain forms of cancer but efficacies are varied.®? Other drug classes soon
followed including plant alkyloids (i.e. vinblastine and vincristine), anti-tumour
antibiotics (i.e. doxorubicin and epirubicin), topoisomerase inhibitors (i.e.
ironectin and amsacrine), and antimetabolite agents (i.e. methotrexate and
foxuridine).?® Antimetabolite agents function by mimicking natural cellular

metabolites. They bind-to and compete-for receptors and enzymes alike to
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cause cellular disruption. As cancer cells replicate much faster than healthy
tissues they require a larger supply of metabolites, therefore this higher
demand for nutrient supplies causes these drugs to favour cancer cells, even

though they are not technically cancer-specific in their own right.* > ¢°

The process for an oncologist to decide on the best treatment for a patient’s
cancer is lengthy and complex. Many criteria need to be taken into
consideration such as patient factors, likely outcomes, costs, skills and
resources, treatment intent, comorbidity and risk of toxicity, as well as the
general disease presentation and type of cancer being treated.®* To put it
widely, all therapies carry pros and cons. However, as radiotherapy is typically
less invasive and toxic compared to surgery or chemotherapy, it is often used
to treat cancers that are not predicted to have metastasised to other regions
of the body (especially when surgical removal would be an invasive
procedure).®* ®° Additionally, radiotherapy is also used when a patient is not
deemed fit for surgery such as when the procedure required is lengthy and/or
high risk i.e. surgical removal of lung cancer.®® ®® In these circumstances,
radiotherapy is commonly employed, sometimes in conjunction with
chemotherapy. However, on other occasions, radiotherapy is not deemed as
the best option; such as when a tumour can be easily surgically resected, or
alternatively when the tumour is suspected to have spread. Under these
circumstances the more common approach is surgery or chemotherapy, or a

combination of both.®*

As a whole, there is no set treatment for every cancer patient. The therapy
decided upon is typically tailored to each case depending on a unique set of
factors, circumstances and criteria. However, even with this in mind most
treatments provided to patients will carry a certain degree of side effects or
toxicities, especially in the case of chemotherapeutics.®” % This is due to the
general non-selective nature of current chemotherapeutics which have
adverse effects on other tissues and organs in the body. In general, this non-

selectivity is undesirable for the purpose of patient quality of life, and in some

14



instances the therapies bring a risk of causing damage to vital organs and
tissues unrelated to the cancer that is being treated.®® In short, overcoming
this non-selectivity is one of the biggest hurdles to be tackled for the furthering
and advancement of current cancer treatments. Notably, there are more-
selective treatments becoming available to oncologists, however these
therapies are significantly more expensive compared to the pre-established
options.”® As a result of this, these new and improved therapies are scarcely
opted for instead of the conventional drugs available due to the incredibly high
costs that they incur.”® An additional hurdle relating to the development of
selective treatments is the interface between cancer and the immune system,
especially with regards to the emerging field of immunotherapy which aims to
treat a patients cancer through manipulation of their own immune system. The
processes by which cancer cells hinder or downregulate the immune system
is problematic in this field, and there remains many complex stumbling blocks
to be addressed in order to improve the overall efficacy of

immunotherapeutics.*® °* 774

In order to achieve a new generation of cancer treatments with less side
effects and higher potency, one of the major hurdles to overcome is the lack
in selectivity of current treatments within the public health system. Developing
therapeutics selectively targeted to the cancer cells will significantly increase
the success rate of systemic cancer therapeutics because, currently, doses
are limited by accompanying toxicities associated with drugs’ non-selective
interactions.®” ®® As most drugs have a degree of non-selectivity or indeed
non-specificity, side effects generated are the result of the drug affecting other
tissues unrelated to the cancer.®® If a drug could be selectively and reliably
delivered to cancer cells with no interaction with neighbouring tissues, a higher
dose could be administered without side effects emerging. With that in mind,
the patient can receive a higher concentration of drug, subsequently
increasing the probability of total malignancy eradication and therefore
expanding the likelihood of total disease cure.
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Although recent advances have been made in the development and study of
selective and targeted cancer therapeutics, these therapies are often
expensive, and there remains much to be tested and analysed before they can
be transferred into the public health system. There is a clear divide between
these two generations of therapeutics, with the earlier generation being non-
selective and toxic but much more cost effective, while the newer generation
is selective, specific, and significantly less toxic, but carry much higher
treatment costs. To benefit the movement of current cancer treatments into a
new generation of more targeted and less toxic therapies, it would be
beneficial for these new-and-improved treatment options to carry a competitive
and more affordable fee.”

The second hurdle that needs to be overcome is the ability to overcome the
intrinsic ability of cancers to evade the immune system.®#% %% 7 75 The
immune system is designed to rid the body of any unhealthy or abnormal cells,
and often works hand-in-hand with p53 to ensure malfunctioning or damaged
cells are eradicated.”® As the incidence of mutation in our genetic code during
cell division and replication is relatively high compared to other cell types such

as bacteria or yeast,”” "8

it is accepted that a person develops a pre-cancerous
mutant cell almost daily, but the immune system is extremely effective in
recognising these mutants and destroying them before they spread.*
However, in some cases, cancer cells can mutate and hijack particular
pathways that enables them to avoid the patrolling immune system.*" In most
cases with solid tumours, they create an immunosuppressive
microenvironment. This microenvironment acts as a barrier that deactivates
and suppresses any patrolling immune cells within the vicinity and prevents
the cancer from being detected and destroyed.®® 3% 3 3 %8 However, an
emerging approach to tackling the failing interface between a patient’s immune
system and their tumour is re-training the immune system to recognise the

cancer cells more readily.
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Cancer therapy researchers are now trying to identify treatments that largely
overcome these two hurdles of target specificity and immune evasion. Recent
developments have identified therapies that can negate non-selectivity, some
treatments have been sourced that can suppress the cancer-promoting
microenvironment of a tumour, and even treatments that overcome both of
these hurdles simultaneously are under development and investigation. With
an increasing understanding of the mechanisms and processes tumours adapt
and exploit to remain viable, great strides are being made in the negation of
these two hurdles. The next section will delve into these further, where a range
of methods are being investigated that can establish a new generation of more
potent, selective and effective cancer therapies.
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As is the case with most non-selective treatment approaches, the use of non-
selective cancer agents brings high toxicity to the patient; causing generalised
damage to tissues and organs leading to undesirable and often severe side
effects.® % 7 %8 Moreover, the ADME of these drugs can be rather poor,
causing a decrease in drug-availability at the tumour site. This lower
availability in the target region often is the results of the drugs sequestering
elsewhere in the system, reducing the therapeutic output while simultaneously
increasing the toxicities of the chemotherapeutics (due to non-selective
activities).79 Moreover, it is noteworthy to mention that a prolonged low
concentration of chemotherapeutics can influence the tumours to become
multi-drug resistant.>* *® This drug resistance is a phenomenon that increases
the difficulty of treating cancers, as the cells generate multiple means of drug-
evasion including the development of efflux pumps, re-programming
pathways, and even changing their metabolic processes entirely.®® 3°
Selective drug delivery is the employment of drugs or vehicles that deliver a
therapeutic to a targeted tissue or region. Most common examples are the
selective administration of drugs to a particular site, for example the use of
local anaesthetics that permits a localised region to be numbed for procedures
to be undertaken. In general practice, there is also the administration of
steroids via injection to alleviate joint problems, or the topical application of a
cream to an affected area of skin. By delivering a drug selectively to the area
it is required to treat, the effect of the treatment is improved due to a higher
final concentration of drug at the target site. The use of targeted therapies also
drastically improves the quality of life for the patient, as it typically leads to a
subsidence of side effects and toxicities caused by drug interactions with
unrelated tissues and organs. The design and development of a targeted
treatment spans multiple scientific disciplines; chemists, biologists, engineers,
pharmacists, medics and epidemiologists are typically all required to some
degree to take a drug from design to production and medical application.
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Regarding targeted cancer therapies, great strides have been achieved in
recent decades.®® An increasing understanding of how cellular pathways and
interactions are different between tumour cells and their healthy counterparts
has illuminated potential therapeutic targets that would favour the cancer cells
against the surrounding tissues. As tumour responses to chemotherapies and
cytotoxic compounds are typically brief and unpredictable,*® ®* by targeting
these inherent pathways that are crucial to the cell survival, the overall efficacy
of the treatment should increase. Moreover, this selectivity to cancer cells
gives oncologists a broader treatment window as residual toxicities are

markedly reduced in the patient.

Various opposing approaches have been taken to establish more-selective
cancer cell destruction, and a range fields are showing great promise in
ascertaining a new generation of targeted cancer therapeutics. The following
sections delve into some new and leading fields of cancer treatment research.
This ongoing research spans a range of approaches and targets, including
therapies focussing on plant-derived therapies, intracellular targets (organelle
targeting and kinase inhibitors), nanomedicines such as the use of
nanoparticles, residential stem cells, and immunological based therapies
(cytokines, antibodies, vaccines and adoptive cell therapy). This section aims
to discuss recent the advances in these treatments, along with relevant
examples, their impact on the research field, and current limitations.

Many chemotherapies used today were derived from plant molecules,
including drugs such as vinblastine, camptothecin, paclitaxel and
epipodophylotoxin.80 Plant-derived drugs are commonly known as plant
alkyloids, or by the broader term of phytochemicals (Figure 1.9). As efficient
as these drugs are in the treatment of cancers, their non-selective activities
and toxicities limits their long-term applications.?"* As current research is
increasing understanding of how cancer cells function (regarding what
proteins are upregulated and what signalling pathways are modified) this in
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turn has provided a new selection of potential targets for previously

disregarded plant-derived molecules.?+%°
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Figure 1.4: Using plant-derived molecules to establish selective cancer cell destruction
Plants are analysed for chemical and biological products. These products are then screened
and potential candidates are tested on tumours to assess their potency and selectivity for
targeted tumour destruction.

It is estimated that approximately 50% of all anticancer drugs approved
between 1940-2014 originated from a plant derived source,®® however most
have exhibited non-selectivity to a certain degree. Their versatility in the field
is staggering however, spanning from inhibitors of receptors, kinases,
transcriptional factors, microRNAs, cyclins and caspases to name a few.?%%
8587 Additionally, newer treatments have shown promise in early studies
including clinical trials. Pre-clinical studies have identified numerous
candidates for further exploration, however, and one example includes
baicalein. Baicalein was identified as an active component in Scutellaria
baicalensis (commonly known as the Chinese skullcap), which is a plant that
has been used for herbal medicinal purposes for thousands of years.?" 88
When testing its effects in NSG mice xenograft models of colon cancer, tumour
growth was inhibited and apoptosis was readily induced.® Further exploration
recorded a downregulation in human telomerase reverse transcriptase
(hTERT), along with inactivation of MAPK, ERK and p58 signalling
pathways.?’ It also repressed expression of C-Myc and oncogenic microRNAs

during intraperitoneal administration.®® Other examples of preclinical trials
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include Dercursin, Emodin, and Thymoquinone. All of these drugs however
have rather broad modes of action, and many impact the core functions of all
living cells, owing to their lack of selectivity.® Some drugs have progressed

94-96 and

into clinical trials however, including curcumin,®*® berberine,
lycopene.®® °: %8 Curcumin is a product of turmeric, and has shown promise
as a highly effective chemopreventative agent such as cancers of the blood,
skin, breast, liver, ovary and prostate.®**® Early trials have alleviated concerns
regarding its safety and efficacy, via representation of safety, tolerability and

non-toxicity at respectively high doses.?* 909

It's low bioavailability has been
discussed previously however so its use as a sole treatment remains
questionable,® nevertheless its use in combination with other therapeutics has
shown improved cancer regression; namely its combination with gemcitabine
in the treatment of metastatic pancreatic cancer.?® %' Many other clinical
trials are underway using plant-derived treatments, however the results of
many remain to be published, and most that have been published lack the
selectivity and/or non-toxicity predicted.?*#* 8587 This is most likely due to their
interactions with core cellular pathways that are not specific to cancer cells,

and are alternatively critical for the activity of generalised cell function.

It is well documented that many cancer therapeutics are derived from plant
molecules, and more recently a new cohort of plant-derived cancer
therapeutics is under investigation to identify treatments with higher cancer
antigen selectivity.?%> #%" Nevertheless, these studies remain in the early
stages of investigative development, with many showing less selectivity than
that indicated in their pre-clinical studies. In general, most that have shown
some efficiency are demonstrating signs of cyclin-dependent kinase inhibition

84-86 and some more

or interference which induces cessation of the cell cycle,
recently identified drugs include Quercetin and Flavopiridol which have shown
evidence of tumour regression in vitro."”" but there remains much to be
explored, harnessed and perfected prior to their transfer into a clinical setting,
notably due to the discussed frequent lack of bioavailability, reliability and

generalised cytotoxicity.
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Kinases are enzymes that use ATP to phosphorylate a protein and in doing so
transduce a cellular signal.” ** %2 Kinases are a broad family of proteins, and
can be receptor protein kinases, or non-receptor protein kinases. Receptor
protein kinases span the cell membrane and translate extracellular signals into
cytoplasmic pathways, whereas non-receptor protein kinases relay internal
signalling.* 19219 One family of kinases is the tyrosine kinases which influence
a range of biological processes such as DNA synthesis, cell growth,
differentiation, migration and death.'® % As they play a key role in a variety
of processes significant to cell survival, they have become an increasingly
attractive target for cancer therapeutics.’® " One drug example that's widely
used is imatinib, which is a derivative of phenylaminepyrimidine. It works by
selectively blocking the active site of bcr-abl; a mutant tyrosine kinase
commonly present in cancers.'%""° Ber-abl is mutated to the point where it is
permanently stuck in the “on” position, so continuously transducing and
activating signals. Imatinib, by binding to the active site, permanently locks
ATP in position on the kinase (therefore it is locked in a closed conformation)
and hence prevents subsequent phosphorylation of target residues.”"" 12
Moreover, it can also stimulate the kinase to internalise into the cell, therefore
it is unable to transduce its anti-apoptotic signals as normal. Bcr-abl is
predominant in a range of tumours, and typically solid tumours are shown to
be solely dependent on bcr-abl integrity and activity.'®® Therefore, by default,
imatinib is particularly effective in treating these tumours specifically. Overall,
Imatinib is reasonably selective to the ber-abl kinase, however it does continue
to have some residual interaction with healthy cellular kinases, but these
interactions are largely non-toxic to the healthy tissues as they are more
efficiently adapted to accommodating for the loss of signalling through
adopting other pathways. Mutations in bcr-abl that can be acquired are a
challenge though, as these mutations can change the conformation of the
kinase and in turn render imatinib non-functional.’"*""® There are other kinase

116, 117

inhibitors developed that work in a similar manner, including gefitinib and

erlotinib. Tamoxifen is also a kinase inhibitor (non-specific), which works by

22



binding to surface oestrogen receptors and ultimately blocking their oncogenic
pathways.""®

Importantly, unlike cytotoxic drugs, many kinase inhibitors under development
have shown low levels of toxicity in clinical trials. Conversely however, some
of the leading drugs have been associated with severe side effects, such as
pulmonary bleeding (bevacizumab), cardiac damage (trastuzumab), and
interstitial lung disease (gefitinib).""® Moreover, the long-term impact of kinase
inhibition therapy is poorly understood. Additionally, in some cases cancer
cells develop resistance through further kinase mutations; a common
occurrence with imatinib treatment.”’*""® In summary, kinase inhibitors are
typically very successful regarding the destruction of cancer cells, however
multiple problems remain regarding their safety, treatment longevity, and their
long-term impacts on patient health.

Widely referred to as nanomedicine, the adoption of nanomaterials to aid in
the delivery and transportation of chemotherapeutics is a continuously
advancing field of medicine.'*'?2 With a large ratio of surface area to volume,
nanocarriers can transport a range of anti-cancer agents such as small-
molecule drugs, DNA, RNA and even peptides, while they are capable of
carrying fluorescent entities that can be used for imaging purposes to allow
the drug localisation within a tumour to be ascertained.'? The availability of
small molecule delivery systems is relatively broad, with the smallest vehicles
being the likes of quantum dots and carbon nanotubes, and the larger
consisting of protein-based vehicles, micelles and liposomes. One method to
increase the delivery and uptake of cancer drugs is their conjugation to
albumin. Albumin is a natural protein that is found in a variety of sources such
as egg whites, grains and dairy products.’® '** As a naturally available
substance, albumin has great advantages as a delivery vehicle because it is
biocompatible, biodegradable, non-toxic and non-immunogenic, while it
advantageously possesses a long half-life in circulating blood plasma.’®*
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Furthermore, albumin is cheap to produce, easy to work with and possesses
a high binding capacity to a variety of drugs.'® Drugs can additionally be
tethered to albumin through genetic modification. By changing certain amino
acid residues in the protein sequence, a functional group can be exposed on
the surface of the protein. This presence of a functional group subsequently
permits researchers to perform chemical conjugation between a drug and the
functional group, resulting in an albumin-drug conjugate.'® '# Conjugation of
doxorubicin to human serum albumin has been shown to increase anti-tumour

activity compared to drug-only,'*" 128

while conjugation of the drug paclitaxel
to bovine serum albumin has also shown increased efficacy against prostate
cancer.'® The drug delivery abilities of albumin are widely due to its natural
role of transporting and delivering a range of hydrophobic cargos like
hormones and vitamins to cells.”*® Importantly, an albumin-conjugated
chemotherapeutic is already approved for commercial use and is widely used
in the treatment of metastatic breast cancer. The drug, commercially known
as abraxane, is a tethered form of paclitaxel and albumin. The albumin is
harnessed as a delivery vehicle to transport paclitaxel to the cells, and upon
cell delivery, paclitaxel elicits its effects by preventing the normal breakdown
of microtubules during cell division.'”® Abraxane has shown significant
improvements in treatments of breast, lung and pancreatic cancer since its

| 123, 125
)

approva and other similar drug products are currently undergoing the

various phases of clinical trial.'"’

In general, nanoparticles are a new and exciting approach to
chemotherapeutics. They have enabled researches to overcome many
obstacles with regards to selective and specific drug delivery, and have
advanced the field of targeted drug delivery to cancer cells as a whole. Their
versatility in cargo is also a great advantage, as they can be adapted to
multiple selected fields of drug development such as immunotherapy, gene
therapy, and general intracellular disruption. As with all treatments
improvements are required, but so far nanoparticle therapies are arguably one

of the leading contenders in the new generation of cancer therapeutics.'?*'%
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Organelles are cellular components that are vital to the survival of a cell; as
many therapeutics elicit their end result on particular cellular organelles,
generating systems for targeted delivery to cancer organelles has potential for
increasing their overall potency. For example, the mode of action of cisplatin
is crosslinking with cellular DNA, therefore targeted delivery of cisplatin (or
other DNA-targeting drugs) to the cell nucleus is desirable if obtainable.""
Over the past few decades, developing systems that can target therapeutics
to select organelles of cancer cells is gaining traction, with some organelle-
homing devices showing great promise, such as the delivery of therapeutics
to the nucleus, Golgi body endoplasmic reticulum network, mitochondria and
lysosomes (Figure 1.4)."*%"** A broad overview of the progress made in each

of these fields is provided in this section.
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Figure 1.5: The emerging cellular organelles being targeted for cancer drug therapies
Cancer drugs are being developed that selectively deliver to cancer organelles, with some of
the most promising including the Golgi-endoplasmic reticulum network, nucleus and DNA,
mitochondria and lysosomes.

Nucleus targeting

Many cancer drugs elicit their activities by interaction and disruption of cellular
DNA, therefore their overall target is the nucleus of the cell where most
endogenous DNA is stored. The nucleus is double-membrane bound and
entry is permitted via nuclear pore complexes (NPCs) on the nuclear surface.
NPCs are highly complex structures, and their central channel has an
approximate diameter of only 5.2 nm in humans.'® This restrictive channel
size of NPCs create a major obstacle with respect to the delivery of DNA-

targeting therapeutics, as nuclear-entry of larger drug molecules and
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complexes is scarcely successful. Some research has stretched into the use
of mesoporous silicone-based nanoparticles (MSNs). These microscopic
vehicles are reported to be diverse in the cargoes they can transport, and
moreover are small enough to penetrate the nuclear membrane.'® A
comprehensive study was conducted with them relatively recently, where Pan
et al. described a series of MSNs conjugated to the cell penetrating peptide
TAT (MSNs-TAT) that deliver a cargo of the toxic drug doxorubicin (DOX)."%
The MSNs-TAT constructs were made with varying diameter sizes to identify
an MSNs-TAT size that was most efficient at penetrating the cellular nuclear
membrane. The study concluded that that the general size cut-off for these
constructs was a diameter of 50 nm; any MSNs-TAT conjugates with a
diameter of 50 nm or larger were unsuccessful at nuclear accumulation and
consequently resided around the exterior of the cell nucleus."® Importantly,
this study was conducted with fixed cells which are metabolically inactive,
therefore the nuclear entry of MSNs-TATs described may not be obtainable in
a live cell culture. However, the group further developed a very small MSNs-
TAT with a diameter of 30 nm which was tested in vivo. This 30 nm MSNs-
TAT was shown to traffic through extremely small and narrow tumour
vasculature, in turn enabling it to localise in hard-to-reach areas of solid
tumours. Whether the drug was able to enter the cell nucleus was not clearly
documented, nevertheless the 30 nm MSNs-TATs successfully localised in
tumour regions and showed a 98% efficiency of tumour-growth inhibition in
vivo."®” Other similar methods using cell penetrating peptides and nucleus-
localising signal peptides in this fashion of have also been documented.’®?
Alternative approaches to targeted nucleus treatments include the re-direction
of photothermal agents to the organelle. Put simply, photothermal conversion
agents are designed to induce hyperthermia (high temperature) within the
cancer cell which causes rapid cell death. Cancer cells however have
demonstrated resistance to these treatments, as they typically upregulate
certain heat-shock proteins which enhance their thermal resistance and
therefore become more thermally stable.”®? '*® 139 Therefore, the idea to target
these agents specifically to the nucleus shows promise as the method

overpowers the cell’s cytoplasmic compensatory strategies.? '’
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Lysosome targeting

Lysosomes are vacuolar compartments within the cell cytoplasm that have an
acidic content. They play particularly important roles in the degradation,
recycling, trafficking and storage of compounds, proteins and molecules of the
cell while also being a key contributor to cellular homeostasis and
maintenance.'**"'** Importantly, lysosomes have been shown to impact
chemotherapy resistance in cancer cells, typically through drug-
sequestration.'® They are also involved in the evasion of immune-surveillance
through failure to release immune-checkpoint and —related molecules such as
CD200, CD70 and PDL1. They additionally have been shown to degrade MHC
class Il (preventing antigen presentation), and promote surface expression of
the T-cell inhibitory protein CTLA-4.""'%® As key players in cellular metabolic
processes,'* the changing metabolic pathways observed in cancer cells
evoke lysosomal alterations and resultantly compromise their homeostatic
properties, consequently impacting the activities and characteristics of
malignant tumours.’*® Lysosomes are an interesting target for cancer
therapies, as they carry an enzyme called cathepsin. The release of cathepsin

149,150 therefore if a treatment was

into the cellular cytosol initiates apoptosis,
designed to break down lysosomal membranes this should subsequently force
the cell to enter an apoptotic pathway via cathepsin exposure. Interestingly,
some cathepsins are used as extremely reliable diagnostic markers which can
depict the likely disease outcome and prognosis.'®''*® Such examples include
aspartate cathepsin D and cysteine cathepsins B and L; all of which have

direct influences on p53 activation and the cellular apoptotic pathways."" 4%

9213 gome promising cancer therapeutic targets include the
phosphatidylinositol-3’-kinase (P13K) and HSP70 network. PI3K is commonly
overexpressed in cancer cells, and its activity contributes to the promotion of
lysosomal surface expression of HSP70, which leads to increased lysosomal
stability.”* '*° Therefore, interrupting the activities of either of both of these
proteins would cause lysosomal destabilisation and subsequent membrane
permeability leading to content leakage and release of cathepsins into the
cytosol. However, this pathway is not cancer-specific; therefore, current

research is ongoing to identify a suitable nanocarrier or other delivery system
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that can ensure tumour specificity and targeted apoptosis of malignant cells.
A promising target for this is peroxidised low density lipoproteins (LDL). LDLs
are overexpressed on cancer cell surfaces and are internalised into
lysosomes,'*% 1°¢-1°7 therefore the conjugation of an inhibitor to an LDL-binding
moiety would theoretically ensure more specific tumour delivery of lysosomal
drugs.

Endoplasmic reticulum and Golgi body network targeting

The endoplasmic reticulum and Golgi body network is responsible for protein
production and folding. After synthesis in ribosomes, proteins are transported
to the endoplasmic reticulum for folding and initial N- and O-glycosylation.
Once this is complete, the proteins are then transported to the Golgi body by
chaperone proteins for glycan maturation, folding into their final conformation,
sorting and trafficking.158 In cancer cells, there is a significant upregulation of
these chaperone proteins in order to accommodate for the high demand for
production of upregulated proteins such as surface markers and receptors.’®
134,159, 160 Research into the endoplasmic reticulum and Golgi body has
identified a link between the network and the activation of pro-survival anti-
apoptotic signals.’> '3* Therefore, targeting the network would not only
supress the pro-survival signalling, it would also significantly inhibit the
synthesis of proteins crucial for the survival of the cancer cell. Moreover,
cancer cells take different production pathways to healthy cells due to the
hypoxia-induced stress within solid tumours, therefore there are grounds to
identify a cancer-specific target within this network. Treatment of cultures with
oxovanadium(lV)-vitamin-B6 showed a selective accumulation in cancer cell
endoplasmic reticulums, and moreover the internalisation of the same
molecule by healthy cells was significantly slower.’®" Therefore, conjugation
of this to drug compounds could prove useful, however it is light-sensitive and
easily degradable, therefore the applicability is more challenging.’?* '°
Another approach using cyanine-based pH responsive agents have shown
promise; their assembly with bovine serum albumin (BSA) enhanced the
selectivity to the site of a tumour, then additionally the pH acidity of the cancer
cells allowed for selective intracellular activation of the drug.'®® The study

29



showed Golgi function to be interrupted as a result, and subsequently the
tumour growth was significantly inhibited. Problems with targeting the Golgi
body and endoplasmic reticulum network remain however due to their lack of
predominance in the organelle-targeting world of research.’®* 9% 1%* As such,
a big lapse in understanding of the general function of this network makes
positive-identification of a cancer-specific target more problematic.
Nevertheless, it is anticipated that as knowledge of how the network function
grows, discrepancies between the activities of a cancerous-network and a
healthy-network will be ascertained and as such more selective treatments
can be identified and investigated.

Mitochondria targeting

Mitochondria are organelles that are involved in the survival and death of a

Ce”.165-167

More importantly however, cancer cell mitochondria are
categorically different to those of healthy cells. Such differences include
changes to their membrane organisation, metabolism, mitochondrial
membrane potential, inactivation of their apoptotic pathways, and promotion
of oncogenic activities.?* 3* 188 1%° These differences largely mediate around
the metabolic changes and hypoxia-induced stress of solid tumours
(conditions that are resulting of low vasculature and high metabolic demand).
A range of mitochondria-targeting drugs have already been approved by
governing bodies for the treatment of certain cancers. Lonidamine is a drug
that acts as an inhibitor of hexokinases; a key player in the glycolysis of a
cell."”®""2 \When Lonidamine is administered, the glycolytic flux of cancer cell
mitochondria is disrupted which subsequently induces mitochondrial-mediated
apoptosis.’® %172 | onidamine has undergone phase Il clinical trials, and
50% of patients treated showed stabilisation of disease following treatment."”
' Moreover, Lonidamine can be used as a combinatory treatment; a cocktail
of lonidamine, cisplatin and paclitaxel lead to an 80% response rate in ovarian
cancer patients, and 50% of these respondents exhibited complete cessation
of disease.'® Betulinic acid is also extremely effective and has very high
selectivity for cancer cells over healthy cells."”®""® The drug leads to
mitochondrial DNA fragmentation, loss of mitochondrial membrane potential

30



and an increase in ROS production; all triggering activation of the caspase cell
death pathway. Additionally, the drug was not successfully blocked when using
caspase inhibitors therefore it is highly potent, and importantly it is a p53
independent method of treatment which allows it to be used on p53 negative
malignancies, or in conjunction with p53-targeted treatments."”® Another drug
example that targets the mitochondria of cancer cells is GSAO (4-(N-(S-
glutathionylacetyl)amino) phenylarsonous acid). GSAO preferentially targets
proliferating cells due their naturally higher levels of Ca®" ions in the
mitochondria, and elicits its effect through inhibition of adenine nucleotide
translocase (ANT) of the mitochondrial inner membrane.®® '®" As a pro-drug,
GSAO relies on cleavage by cell-surface y-glutamyltranspeptidases to
generate GCAO ((4-(N-(S-cysteinylglycylacetyl)amino) phenylarsonous acid),
before cell entry and further processing by dipeptidases to generate the active
metabolite CAO (4-(N-(S-cysteinylacetyl)amino) phenylarsonous acid) which
subsequently elicits its effects in the mitochondria.'®® However, the efficacy of
this drug is not great, and is thought to be due to a combination of its bulky
size and reliance on multiple metabolic steps for activation. As a result, a
second-generation drug has since been generated called PENAO (4-(N-(S-
penicillaminylacetyl)amino) phenylarsonous acid), which has an accumulation
rate 85% faster than the parent GSAO, and more importantly a 20-fold
improvement in tumour specificity.'® This improvement is theorised to be
related to PENAO not having a requirement for metabolic activation, and its
smaller size is suggested to increase its success in mitochondrial entry.'® An
intriguing example is the drug Mangafodipir; this dug shows that it is relatively
harmless to healthy cells and merely acts as an antioxidant, however in
malignant cultures the H»O, pool becomes substantially elevated, increasing
intracellular toxicity and leading to cell death.'®® Additionally, co-treatment of
mangafodipir with paclitaxel showed an enhanced treatment efficacy in mouse
colon cancer models.”® '8 2-methoxyestradiol is a drug that induces
overproduction of ROS through targeting mitochondrial peroxiredoxins;
treatment has shown promising selective toxicity towards leukaemia cells with
no effect on healthy residual lymphocytes.'®*'®” Other small molecule
inhibitors of Bcl-2 proteins show interesting selectivity, including the dugs ABT-
737, gossypol, Obatoclax and HA14-1."*® Overall, great strides have already
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been accomplished in identifying treatments that can interrupt malignant cell
activity through mitochondrial disruption. However, the specificity of these
treatments ranges from poor to highly selective, therefore their investigation
with cancer-specific carriers or delivery vehicles is worthwhile of further
investigation, as this is likely to simultaneously improve their potency and

selectivity.

In general, organelle targeting shows great promise for a new generation of
targeted therapeutics, however as with other treatments many drawbacks and
unknowns remain. As previously discussed, lysosome targeting has shown
promising efficiency in cancer cell destruction, but the current selectivity of the
drugs towards cancer cells is limited, and much remains to be overcome and
understood to achieve reliable cancer-specific targeting."*" 132 5147 This also
applies to the ER-Golgi network; recent research has significantly furthered
the understanding of how this network operates and how it differs in cancer
cells, 31 133.134.161. 164 however there is still a large void in understanding of its
integral pathways and functions, making therapeutic targeting a challenge that
carries higher risk of toxicities that may not be immediately explainable.'" '3
134,158 Nucleus targeting has demonstrated great progression in its field, with
vast enhancement in treatment potencies and successful improvement in
surpassing the nuclear membrane, but similarly penetrating the nuclear
membrane is an incredibly complex task which has continuously limited the
success of multiple treatment approaches.”" %188 Qut of the four organelles
discussed, mitochondrial targeting contestably shows the most promise. As an
organelle that is so critical to cellular apoptosis, while exhibiting fundamental
differences in cancer cells compared to healthy cells that can easily be
targeted (such as an increase in charge), mitochondrial targeting is arguably
the most obtainable. 3% 131. 133, 168, 169,174, 189193 £\, thermore, mitochondria
are one of the most researched and understood organelles of the cell, and this
comprehensive knowledge and understanding of the intrinsic pathways and
functionality of the organelle can only benefit researches and alleviate their

plight in the design of new and improved targeted cancer therapeutics.
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The emerging subject of cancer stem cells is an important one. Evidence
gathered over the last few decades has suggested that most if not all tumours
carry residential stem-cell-like cancer cells that permit the growth and
persistence of a tumour.'* % 1% |mportantly, these cells metabolise at a much
slower rate than their tumour counterparts, meaning they commonly lay
dormant for a long period of time which subsequently renders
chemotherapeutics that destroy fast-dividing cells non-effective.’®® % This
dormancy means that after the body of the tumour is destroyed by treatments,
the stem cell then reactivates itself and produces more cancer cell clones.
Cancer stem cells are hence deemed as partially responsible for the high
relapse rate in some forms of solid tumours.’®* % More critically, some stem
cells over time accumulate mutations that render them resistant to treatments,
so when they reproduce a new tumour, the following population is then
resistant to the initial treatment used to kill the first tumour.’® An example of
this is where stem cells have been identified to acquire mutations in their
kinases, which renders kinase inhibitor drugs such as imatinib ineffective, and
in-turn an imatinib-resistant tumour of sub-clones from these stem cells then
emerges.'” "% Therefore, in order to improve the longevity of cancer
therapeutics, for some forms of cancer the co-treatment of these residential
stem cells is crucial to prevent later relapse. To accomplish this, research is
needed to identify surface antigens that can distinguish the cancer stem cells
from other stem-cell-like tissues of the body, or to identify target metabolic
pathways that the stem cells exploit. This identification of target pathways is
difficult however, as most pathways used are those of healthy residential stem
cells that are crucial for tissue survival.'®> % Moreover, the low metabolic rate
of stem cells means that even if a treatment is ascertained, its effect will be
incredibly slow leading to months or years of prolonged exposure to a
therapeutic to achieve a desired effect. Additionally, this requirement for a long
treatment time is an obstacle because if the treatments unwittingly lead to loss
of residential stem cells in healthy tissues, there is a high risk of severe
toxicities.'®* Specifically, the loss of healthy stem cells can lead to tissue and
organ failure, and because of the nature of the stem cell functions, these side
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effects would not immediately be recognised or surface until much later down

the line when permanent damage has occurred.

Antibodies are inherently crucial to the immune system. They circulate in the
blood and lymphatic vasculature and their role is to bind to foreign antigens on
the surface of cells and pathogens, which marks the target for cell destruction
by macrophages and complement. Antibodies have been used in targeting
cancer cell surfaces, and also as neutralising agents via binding to growth
factors and signalling molecules in the tumour microenvironment (Figure
1.5).%% 74194200 1mportantly, antibody therapies can be used as an adjuvant
therapy, whereby they can be wused in conjunction with other

chemotherapeutics  simultaneously.?"’

Antibodies can induce apoptosis
directly, or simply neutralise tissues by binding their receptors and in-turn

causing cessation in signalling and growth.
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Figure 1.6: Using monoclonal antibodies to selectively destroy cancer cells
Monoclonal antibodies are infroduced to the system and exposed to the cancerous tissues.
Antibodies bind cancer cells specifically and flag them to be destroyed by complement and
immune cells. Antibody-mediated immune destruction of cancer cells is established.

There are a range of antibody therapies that have been developed for cancer
treatment, such as Trastuzumab (commercially called Herceptin). This
antibody is designed to bind to HER2 (Erb-B2) proteins. These proteins are
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responsible for cell growth, survival, adhesion and migration.?® HER2 positive
breast cancer cells have a mutant HER2 receptor that is overexpressed on
their surface and locked in an active conformation; causing continuous pro-
growth signal transduction and uncontrollable proliferation.?>> Treatment of
these cells with Herceptin causes cell arrest at the G4 phase of the cell cycle,
and additionally reduces angiogenesis at the tumour site.'% 2229 There are
other antibody treatments available, including Rituximab which is used to
target CD antigens expressed on lymphomas, and Alemtuzumab.'®
Unfortunately, alemtuzumab treatment causes depletion of the patient’s
immune defences and creates an ideal environment for opportunistic
infections to flourish,'®" 2°* however this is now being trialled as a therapy for
autoimmune diseases that exhibitimmune system hyper-activation.’®" Another
example is Bevacizumab which is designed to target angiogenic pathways
used by cancer cells, thus reducing blood vessel production at the tumour site
and starving the cells of nutrients and oxygen (subsequently reducing their
growth capacity).?”® As these antibodies are ready-made before delivery into
the patient, the treatment is categorised as ‘passive immunotherapy’. This
means that the immunotherapy will only have an effect for as long as the
antibodies are present in the circulation (as the patient’s immune system is not
being trained to make replacements), therefore treatment efficacy time
windows are limited. Additionally, multiple phase | trials using antibody therapy
have exhibited extensive toxicities and undesired immunological effects in
patients, % 194 202203 tharefore much remains to be researched to improve the

safety and reliability of these therapies.

Cytokines are a large family of small proteins that are commonly referred to as
the messengers of the immune system. Their role is to relay conversational
signals between immune cells and environmental tissues; rendering them as
regulators of both innate and adaptive immune responses.?®® Cytokines work
as an interconnected signalling network, therefore for a desired output or
activity a simultaneous presence of multiple cytokines is required.?® Their

central role in activating and stimulating the immune system is a desirable field
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to exploit for targeted cancer therapy in the means that they can stimulate the
immune system to identify and destroy residential tumour cells in tissues.?”
298 Moreover, they can be administered directly to the tissues to alleviate the
immuno-suppressive microenvironment of the tumour, enabling patrolling
immune cells to infiltrate the tissues more effectively; leading to immune-

mediated identification and destruction the cancer cells (Figure 1.6)."°" 206207
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Figure 1.7: Principles of using cytokines to establish selective cancer cell destruction
Cytokines are introduced to the site of the tumour and subsequently disrupt the
microenvironment. The immunosuppressive qualities of these treatments permit natural
immune infiltration and targeted tumour destruction.

Despite these strong theories and hypotheses, vast investigations have been
conducted using cytokines to treat cancerous tumours, however few have
exhibited an observable tumour regression, and heightened toxicity is
common.' Some examples include the administration of IL-6, which was
shown to ultimately act as a growth factor for myeloma cells and promote
tumour growth.?*® Other studies looked into IL-2 which showed great efficacy
in tumour regression, however its administration proved extremely toxic to the
patient with side effects with the subsequent development of septic shock
syndrome.?'% 2" However, modification of the IL-2 sequence has shown some
promise, where two amino acid substitutions from the WT sequence (named
BAY 50-4798) substantially alleviated toxicity while retaining a high potency in
mouse models.'?! 212 213 Additionally, the potency of IL-2 is not always a

hindrance, as lower doses have been suggested to be immuno-restorative;
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benefitting other methods of combinatory therapies.’®" ?'* Given the low
efficacy or applicability of single-cytokine use in cancer treatment, the field has
more recently spread into using a cocktail of cytokines with hopes of a more
desirable output, and some combinations are showing promise. IL-13 alone
was unsuccessful in improving cancer regression, but combining it with 1L-2
alleviated any IL-2 toxicity while retaining its mediated tumour destruction.'"
210. 215 Another cocktail of IL-2 and IFN-a2b has shown selective tumour
eradication in patients, and has been approved by the FDA for the treatment
of renal cancers, blood cancers such as lymphoma and leukaemia, and certain
forms of melanoma.?’® #'® Cytokines are additionally being tested as adjuvants
for other therapies, such as cancer vaccinations. IL-12 alone is non-functional,
however when used in the adjuvant of a peptide vaccine for cancer, an
increased immunisation and immune response was observed, leading to an

improved tumour regression.?'"1?

The IFN-a family of cytokines broadly
promotes immune responses, such as upregulating the surface expression of
MHC class one and adhesion molecules on immune cells.??® They further
promote the activities of B-cells and T-cells, and have anti-angiogenic
activities. This leads to improved immune cell interaction with cancer cells, and

therefore a higher ability of immune cells to recognise and destroy tumours.?°"
208

As a whole, cytokine therapies have shown a great improvement over recent
years, and overall have furthered the understanding of the cytokine networks
that are present in the interface between cancers and immunology.'®": 206 207
At present however, progression in cytokine treatment is slow, and this is
particularly impacted by the inherent complexities and intricacies of cytokine
networks that are yet to be fully comprehended, or understood.?'% 2"
Nevertheless, the inclusion of cytokines as part of adjuvant therapies has been
immeasurable, as it has greatly improved the overall efficacy of countless

drugs and treatments that were prior relatively unsuccessful %"+ 208 217-220
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Employing of vaccination as a treatment for cancer is categorised as ‘active
immunotherapy’ because, unlike passive immunotherapy, the patient’s
immune system is promoted to initiate its own intrinsic responses.?' As the
immune system is stimulated to target the residential tumours and their
antigens favourably, the use of vaccination is classed as a selective
therapeutic to treat cancers.?? As vaccinations induce a broad stimulation of
the immune system, they are widely accepted to be more specific and more
effective than cytokine therapies. The method of using vaccinations to treat
patients with cancer is not a new one; initial efforts in the mid 1900s involved
isolating cancer cells, irradiating them to prevent them from multiplying into a
tumour, and injecting them into a patient.”® The principle was the same in the
sense that the patient's immune system would be trained to believe that the
cancer cell is a foreign entity, therefore leading to immune-mediated
eradication. Most modern approaches to cancer vaccination therapies centre

around the use of peptides alone, or as part of a viral vector system (Figure
1 7) 221, 223
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Figure 1.8: Principles of vaccination use as a targeted cancer therapeutic approach
Delivery of cancer vaccines in varying forms aims to train the immune system to recognise
cancer antigens as targets. Immune cells subsequently infiltrate the tumour environment to
selectively destroy the cancerous growth.

When peptides are used solely, they have an accompanying adjuvant that

contains fragments of virus or bacterial cell wall in order to stimulate an
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inflammatory reaction and hence initiate immune-recognition.” 01 222, 223

Another interesting technique that evolved from initial efforts of using entire
irradiated cancer cells is where a biopsied tumour cell is infected with a virus
and then deactivated prior to re-introduction into the patient.'" 222 224 The
principle of this is when the virus has infected the cell, viral proteins are
expressed on the cell surface. This expression of viral molecules on the
surface of the cell heightens its immunogenicity, creating a higher
inflammatory response.'®" As a result, once the cell has been destroyed by the
immune system after inoculation into the patient, it is theorised that antigens
from the cancer cell are spilled into the vicinity and picked up by immune cells
and recognised as antigens. Immune-recognition of the antigen follows, and
subsequently the immune system destroys the cancer cells presenting the
antigen on their surface. Viral vectors have also shown promise as cancer-
vaccine vehicles. They have been modified to present to the immune system
in a range of ways, including expression of surface cancer antigens, carrying
DNA encoding tumour antigens, and even having a cargo of therapeutic

cytokines that enhance the immune reaction.??®

Vaccination for cancer remains in its infancy, but the potential to use
vaccination to immunise a patient against their own cancer is a potentially
groundbreaking approach, providing it can successfully be developed into a
fully reliable and effective system.”* 2?2224 Much remains to be discovered in
order to make these approaches more reliable, more specific, and more
effective. Nevertheless, with the momentum that vaccination is progressing
through modern day research in regard to cancer therapy, if these stumbling
blocks can be overcome it would present with an astonishing new take on

modern day cancer therapeutics.

Gene therapy is an approach that has become of increasing interest in the
field of cancer treatment over recent years.??>??° The technique involves the

delivery of gene-silencing material for oncogenes or pathogenic genes, or
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alternatively can be used to deliver therapeutic genes into the cells. The field
of gene therapy is a large one, but it is generally split into two disciplines;
transcriptional control (DNA level interference) and post transcriptional control
(mRNA level interference). Targeting a therapy to the nucleus is preferential
because DNA strand degradation in the cytoplasm is common.?*® Adding to
the previously described methods of CPP and nanocarriers (pores/micells),
these have also been adapted to deliver therapeutic genetic material to cancer
cell nuclei. One group described a complex of MSNs-TAT that can
successfully deliver therapeutic DNA and mRNA to the nucleus with a

136, 137

reasonably high efficacy. siRNA has been delivered using similar means,

with the ultimate target being the disruption of oncogenic kinase expression

which leads to marked reduction in tumorigenesis.?*’

Alternative approaches
to gene therapy includes CRISPR-Cas9 which can effectively replace mutated
and malfunctioning genes with the correct sequence leading to an alleviation
of disease.’® Delivery of CRISPR-Cas9 remains a difficulty however,
especially given the size of Cas9.2*? Typically, virus particles are required to
enable Cas9 delivery to the cell, and therefore the use of viruses adds an
additional complexity to the system. Moreover, the regulation of transgene
expression is highly important to obtain a desired effect and negate any
potential side effects from overexpression or overproduction of the therapeutic
sequence.??® 232 233 Gjyen these obstacles, Cas9 treatments are in need of a
switchable expression system, where if toxicity is observed or the treatment is
no longer required, the gene can be switched off. Some studies obtain this by
the use of inducible gene promotors which can be induced by small molecules
or hormones, with such examples including Lac or IPTG.??": 2% 2% Another
obstacle with viral gene delivery is the immune system. In order for the gene
to be delivered to the cancer cells, it is important that the virus vehicles don’t
evoke too-strong an immune response because in the event of an immune
reaction, most will be destroyed prior to reaching the target tumour. To negate
this, some have researched the inclusion of polyethylene glycol (PEG) in the
viral capsid. Commonly referred to as a “magic cap”, inclusion of hydrophobic
polymers such as PEG leads to a stable water shell around the viral capsid
when in solution. This in turn shields the virus from unwanted host-vector

interactions (such as antibody binding) by steric hindrance, and subsequently
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permits immune-evasion.?*® Put simply, this method reduces the ability of
immune cells to detect and destroy the virus, leading to a larger load of virus
evading immune destruction and successfully reaching the tumour site.
Additionally, including proteins specific to the patient in the viral membrane
has shown improvement to a similar end, as the overall immunogenicity of the
virus is reduced as it is more frequently recognised as self.”* ?> 22" Some viral
carriers are natively less immunogenic such as lentivirus and adeno-
associated virus, so using these as gene therapy carriers typically comes with

less immune interruption and improved delivery.

Regardless of evading the immune system, viral particles carrying gene
therapies also need to be selective to their target. Viral proteins for these
delivery vehicles are commonly modified to increase their specificity to cancer
cell surface antigens, which in turn reduces the risk of infecting non-malignant
tissues which would understandably lead to toxicity and a reduced treatment
potency. Another problem with viral delivery is the accumulation of viral load
in the liver. Studies have shown that up to 90% of therapeutic viral loads are
sequestered in the residential immune cells of the liver, which substantially
depletes the availability of the treatment for tumour infiltration.??” To enhance
the selective infectivity of the viral carriers, an alternative method is to ensure
that the therapeutic virus is only produced and/or functional in cancer cells;
leading to a high concentration of therapeutic viral load within a solid
tumour.?®” The method is an interesting one if it works, but understandably is
fraught with complexities and unknowns. It concentrates on designing a
therapeutic gene-therapy virus that can only replicate within cancer cells via
exploitation of cancer-selective gene promotors such as PSA, hTERT, E1A
and AFP.??"* 27 Thjs selective reproduction thus means that the virus is
exclusively reproduced at the site of the tumour and therefore more particles
can then go on to infect neighbouring cancer cells. But the health and safety
concerns of administering an active and replicative virus to a person is
understandably concerning, and therefore without intrinsically precise and
understood mechanisms and modes of action to ensure acute selectivity and

100% reliability, the likelihood of this method of gene therapy being approved
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for general practice remains remote. Additionally, some studies have used
gene therapy viruses in conjunction with therapeutic agents which is a
technique broadly termed as Cancer Terminator Virus (CTV) therapy.?’
Asides from viral delivery of gene therapies, other methods of gene delivery
include chemicals, liposomes, albumin and gold nanoparticles.

A very interesting approach under investigation is the use of genetically
modified mesenchymal stem cells. These cells when administered naturally
home to the tumour microenvironment due to the concoction of stimulatory
signals present within the region.'®® "% Some researchers have modified
these cells to highly express certain cytokines that promote the integral
immune response.??” Therefore, when administered, these genetically
modified cells track to the tumour site and then highly stimulate the patrolling
immune system, leading to tumour immune infiltration and initiation of an
adaptive immune response that destroys the cells. On the subject of cytokines,
one highly promising gene target is MDA-7/IL-4; termed by some as a potential
magic bullet for cancer therapies.?*®?** The gene is naturally tumour
suppressive, and most importantly, incredibly potent as it only harms cancer
cells with ultra-specificity. Moreover, abnormally low levels of this cytokine
have been identified in a wide range of solid tumours such as breast, liver,
prostate, colon, lung and ovary.?*® Crucially, injection of terminal patients with
an adenovirus expressing this cytokine showed a significant response in 44%

of patients treated.*’

Overall, the field of gene therapy for cancer treatment is relatively new, and it
has already exhibited great promise through a range of techniques, however
researchers still need to prove that it can be accurately controlled, targeted
and regulated.®® ?” Most gene therapies can be used as part of a combinatory
treatment in tandem with other drugs. Nevertheless, many obstacles remain
to ensure selectivity, and of course the restrictions of genetic modification use
for general practice, and generalised public trepidation about the method

remains a problem.?*® However, it is anticipated that gene therapy could be
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the new leading form of targeted treatment for a range of diseases, however
this can only be achieved when all the outstanding unknowns can be

addressed to obtain a high degree of safety and reliability.*® %’

Cell based therapy (also referred to as Adoptive Therapy) is a technique that
exploits the immune system of a patient to achieve cancer cell destruction.?*’
The method uses varying techniques that can involve increasing the
population of a patient’s natural immune cells, or more complex models using
genetic modification to achieve enhanced cancer targeting and destruction.?*’
Adoptive therapy has three major classifications; Tumour-Infiltrating
Lymphocyte (TIL) therapy, engineered T-Cell Receptor (TCR) therapy, or
Chimeric Antigen Receptor (CAR) cell therapy (Figure 1.8). An up and coming
additional classification is Natural Killer Cell (NKC) therapy, but many hurdles

remain to be overcome for this treatment approach to be a viable option.?*®
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Figure 1.8: The three principle approaches to Adoptive Cell Therapy; TIL, TCR and CAR
Varied immune cell modification techniques used to achieve targeted cancer cell destruction.
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Tumour-Infiltrating Lymphocyte therapies (TIL)

TIL therapy works by isolating T-cells that have already successfully infiltrated
a patient’s tumour, then manually proliferating and activating them prior to re-
infusion into the patient. These T-cells are commonly called killer T-cells, as
they are extremely effective at recognising cancer cells and eliminating them
in a targeted manner. Moreover, their presence in a tumour is commonly used
as a biomarker to predict positive outcomes from a cancer diagnosis.?*®: 2°°
They were first reported to be effective against tumours by Spiess et al.,?’
and since then Phase I-1l clinical trials are ongoing against a range of cancers

which have reported mixed results’* ?°#%*” Typically, the treatments were most
y
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effective against melanoma and easily accessible superficial tumours, but
some recent studies have shown promise in pancreatic, gastrointestinal and
ovarian cancers which are typically harder to treat with common therapies.?*®
%1 Although relatively successful, TIL therapy has setbacks. Difficulties in
obtaining prolonged activation and proliferation are common, and these
characteristics are required to achieve effective anti-tumour activity. Co-
treatment with IL-2 supplementation has been reported to improve this,
however frequent infusion of IL-2 is typically required to achieve a noticeable
improvement.?*” Moreover, TIL therapy relies on the cancer cells to present
the target antigens via MHC; a hurdle in the case of tumours that have hijacked
the MHC presentation pathway and thus do not present it on their surface.?®?

Engineered T cell receptor (TCR) therapy

Using TCR therapy is an adaptation of TIL therapy, however the T-cells
harvested from the tumour site of additionally modified to express a mutated
T-cell receptor that has enhanced tumour homing capabilities.?” The use of
these engineered receptors provides oncologists with the opportunity to
personalise patient treatments, as an individual’s cells can have a specialised
TCR introduced that would enable selective and effective tumour destruction.
Moreover, the treatments are typically more effective than TIL as the cells are
modified to have a higher activity.?*” Examples of TCR therapy have shown
promising results, especially when targeting MART-1 antigens in
melanomas.?* %4 One study promoted the targeting of gp100 which is a
common antigen present on metastatic melanomas, and tumour reduction was
observed in up to 30% of candidates in clinical trial.??® Some groups have
investigated the targeting of Cancer/Testis antigens (C/T). This population of
genes are expressed during normal embryogenesis then later silenced in all
tissues except the testis for spermatogenesis. However, C/T genes are
commonly reactivated in cancers to promote growth and survival with a high
incidence in melanomas.?*’ C/T antigens such as SSX, NY-ESO-1 and the
MAGE gene group have been targeted with TCRs and generally show an
effective tumour regression when treating cancers such as neuroblastoma,

liposarcomas and ovarian cancers.?®>?%” Although a potential improvement
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compared to TIL therapies due to the heightened activation and targeting, TCR
therapy still relies on MHC presentation of antigens which is a hazard that can
limit the efficacy of the treatment.*’- 262

CAR-T cell therapy

As previously stated, the limitations of TIL and TCR therapies are the
requirement of MHC presentation and cytokines to enable prolonged and
effective tumour destruction. An exciting approach to evade this requirement
is the use of chimeric antigen receptor (CAR) therapies. Unlike TIL or TCR,
CAR can bind to raw antigens on the cell surface, bypassing the MHC

268, 269 and in

pathway.?*’” The first generation of CARs was in the 1980s,
October 2017 a CAR modified T-cell (CAR-T) therapy was approved by the
FDA for treatment of B-cell Iymphoma.71 CAR therapies are most frequently
effective with haematological based cancers, such as forms of lymphoma and
leukaemia, where CD-19 has been most explored as a target antigen given its
overexpression on the surface of the cancer cells.?’>?"* Newer generations of
CAR have since been developed after the first in 1980, with these second and
third generations focussing on inclusion of intracellular domains to promote
co-stimulation, survival and proliferation once the cells are infused into the
patient.**” Such domains used most widely include CD28, 4-1BB, OX-40, IL-
12 and 4-1BBL.?">%° The inclusion of an intracellular CD3Z domain on the
CAR structure creates efficient and constant promotion of IL-2 production;
removing the requirement for IL-2 co-administration in the infusion cocktail.?*’
However, this heightened activity of CAR treatments has its complications as
their rapid destruction of cancer cells often leads to adverse toxicity in the form

of cytokine storms 207 281. 282

Overall, the technique of adoptive cell therapy shows promise, however many
hurdles need to be addressed, such as immune cytokine over-activation in the
case of CAR and the restriction of MHC presentation requirement for TIL and
TCR.™ 247, 283285 Additionally, introduction of genetically modified cells to

patients is wrought with trepidation within the general public, alongside
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extensive regulation and health and safety concerns; which will undoubtedly
impact the approval of the therapies within a public health service.?*®

Great strides have been made in the development of new and improved
targeted cancer therapeutics, spanning a vast range of disciplines and
techniques adopted.*” 5% 101, 121, 133, 140, 168, 191, 226, 227 Ag With most new
approaches under development, difficulties remain regarding the overall
efficacy and reliability of the treatments. Additionally, adverse side effects and
toxicities remain a concern, which is a common observation the case of plant-

derived therapeutics,®*®% 8% 194-196

stem cell targeting, and antibody
therapies.'% 194 202.203 Other approaches additionally demonstrate a degree
of unreliability with regard to their therapeutic output, and longevity. For
example, due to the key roles of kinases in the propagation and sustenance
of cancer cells, kinase inhibition is a rational approach." ** %2 However, the
frequent acquisition of mutations in the kinases of a cancer cell often impacts
the durability of these treatments; whereby these gain-of-function kinase
mutations have been attributed to the development of kinase-inhibitor
resistance in tumours after prolonged treatment.”**"'® Cytokine treatment has
also improved over recent decades and expanded the knowledge of the
interface between cancer and immunology,'®" 2% 297 put progression in
cytokine treatment remains slow. The inherent complexities and intricacies of
cytokine networks is not fully understood, and this in turn can lead to
unpredictable results.?'® 2" Nevertheless, the inclusion of cytokines in tandem
with other treatment approaches has been immeasurable, as it has greatly
improved the overall efficacy of countless therapeutic approaches including

antibody therapies, vaccination, and even drugs.?°’: 208 217-220

More reliable and promising fields include organelle targeting,”" '3

227, 286

gene
therapies, and adoptive cell therapy.?*” 2% 2% Qrganelle targeting has
greatly improved the efficacies of drugs, and can be obtained through a variety

of means such as the use of nanotechnologies, delivery vectors and charged
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molecules.™®” ' Arguably the development of mitochondrial targeting
treatments is advancing the fastest, as the mitochondria of cancer cells
harbour multiple characteristics that are inherently different to health cells
which can be exploited with relative ease.?* 3% 131:133. 168,169,193 \15re0ver, the
exploitation of these characteristics has not only improved the mitochondrial
toxicity of therapeutics, it has additionally improved their cancer cell selectivity;
reducing toxicities and side effects. 24 34 131:133.168,169,174,189193 ‘\p5reover, the
use of fluorescent dyes can also be harnessed as vehicles for selective
mitochondrial delivery, and their ability to be visualised within a cell can only
benefit researches in gaining understanding of their localisation and modes of

action when conjugated to toxins. 9" 193 287-292

Gene therapies have additionally contributed to, and enhanced cancer
therapies. %" 2% The technique has expanded multiple research fields, and its
versatility has been harnessed in numerous ways; including incorporation of
therapeutic genes, gene silencing techniques, enhanced viral particles for
vaccination procedures, and the development of adoptive cell therapies
through the use of engineered TCR and CAR receptors.??’: 2% 247. 283, 285, 286
Gene based therapies in the field of immunology have greatly advanced the
field, with the use of CAR-T arguably showing the most promise as a new
immunotherapy technique.”" 226 229. 273, 293. 294 Thge |imijtations of these cells,
however, is the immune response generated when they are infused into the
patient. While the CAR-T cells successfully target and kill the cancer cells with
a high affinity, their rapid reaction often results in an overwhelming immune
response, with non-selective cell destruction and flooding the system with
inflammatory cytokines which is extremely toxic to a patient.?8" 282 284, 295
Nevertheless, further genetic modification of CAR-T is within reach, and more
recent studies are focussing on methods to modulate the activity of these cells

with aims to alleviate the toxicities they bring to patients.?8% 29629
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Although large leaps have been achieved in the treatment of cancer over the
last few decades, the disease continues to be one of the biggest contributors
to global mortality. Moreover, the economic burden of cancer continues to
increase, with an annual predicted global economic cost of over £7.2 billion to
the United Kingdom alone.”® % 7 The focus of cancer therapeutics has
been turned to a new generation of treatment approaches that aim to be
simultaneously more effective and less toxic. The use of delivery vehicles to
improve therapeutic selectivity and potency has shown promise, with major
progress being made in the development of new mitochondrial-targeting
therapies. " 133 168.193.300 Alternatively, the combination of gene therapy with
immunotherapy is also an advancing field of research.??” 236 247, 283,285,286 Ty o
ability to genetically modify a patient’s immune system to generate cancer-
destructive CAR-T cells has not only shown effective cancer remission in
patients, it also enables long term immunity towards certain forms of cancer,
namely cancers of the blood.”" 226 229. 273, 293. 294 Mgy hyrdles remain between
the current status of cancer therapies and the end-goal aim of disease
eradication. However, the continuous expansion of knowledge concerning the
functionality of different cancers, and the relentless efforts of scientists to push
the boundaries of modern science means this end-goal remains a potential
reality that is not out of reach.

The aim of this project was to develop two opposing systems that contribute
to the field of selective cancer therapies. The project explores mitochondrial
drug targeting through the use of cyanine dye molecules, and improved cancer
immunotherapy through the proposed development of a switchable CAR-T

model.
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As the relationship between cyanine dyes and cellular mitochondria is not
entirely understood with contradictory reports in the literature, the project here
provides an in-depth categorisation of the simple cyanine dyes in HelLa cells,
and assesses their capacity as a mitochondrial-targeting delivery vehicle. It
was crucial to identify their dependencies such as mitochondrial membrane
potential, presence of serum and reliance on endocytosis; as these criteria will
influence their applicability as a delivery vehicle. The project then applied the
knowledge gained from these studies to investigate the dyes as drug delivery
vehicles when transporting a range of cargo, and comparing the toxicities of
these conjugates when compared to their native drug alone, and similarly in
the non-cancerous cell line HEK293.

Regarding a new approach to a switchable CAR-T, the project aimed to
determine whether unnatural amino acid incorporation can be modified into a
logic gate design, which can then be transferred into a switchable CAR-T
model. It focuses on uses the technique known as genetic code expansion
which can permit the expression of multiple proteins simultaneously within a
cell via the unnatural amino acid makeup within the culture. The main
objectives for this project include identification and testing of a quadruplet
decoding system that is active in mammalian cells, and subsequently
combining it with an amber-decoding system and transferring the two into a
switchable GFP reporter design. Building on this, if found to be successful, this
proposed switch system could then be transferred to a switchable CAR-T
model whereby the cells can be activated or deactivated depending on the

unnatural amino acid makeup in the cellular media.

As a whole, with one part of the project focussing on targeted and selective
delivery of therapeutic agents to cancer cells, and the other exploring methods
to generate a new stimulus-responsive CAR-T model, it is anticipated that this
project will simultaneously contribute new techniques to the fields of
mitochondrial drug delivery, and CAR-T therapies.
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CHAPTER 2:

Cyanine dyes as cancer
drug delivery vehicles
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Cellular mitochondria are the core regulators of energy production and cell
fate. Moreover, there are many distinct differences that have been identified
between mitochondria of healthy cells and their cancerous derivatives.
Additionally, mitochondrial drug targeting has shown promise in the treatment
of cancer as interruption of mitochondrial function is detrimental to cell health,
leaving mitochondria-targeting drugs of interest to researches developing new
and improved chemotherapeutics. Fluorescent dyes that specifically bind to
cellular organelles and entities are an incredibly valuable tool for cell imaging
and understanding cellular processes. With their organelle specificity in mind,
it was decided to investigate whether conjugation of mitochondrial-toxic drugs
to fluorescent mitochondrial-seeking dyes would improve their overall toxicity.
In this chapter, cyanine dyes Cy3 and Cy5 were investigated as drug delivery
vehicles. Due to an inconsistent representation across the literature, it was
important to conduct a full assessment of their mitochondrial-targeting
activities and dependencies; such as the influence of mitochondrial membrane
potential, or presence of serum. Two conjugates were also included; a Cy3-
Cy5 dimer with hopes of increased staining potency, and a CPP conjugate to
ascertain whether CPPs can alter the entry mechanism of the construct. When
these characteristics were deciphered, there were no detectable
improvements between Cy3-Cy5 and Cy3 or Cy5 individually, and inclusion of
a CPP sequence hindered overall staining of the dyes. With this in mind, the
simple Cy3 was conjugated to three different forms of mitochondrial drug (a
toxic peptide, a small molecule, and a metallocomplex) and in each case
toxicity was significantly improved compared to drug alone, or an
unconjugated mix of dye and drug. Confocal imaging showed clear disruption
of mitochondrial structure, and the potency of the drugs was improved up to
1000-fold with Cy3 conjugation. Notably, the toxicity was significantly higher in
cancer cells compared to non-cancerous cells, however toxicity was still
exhibited in the non-cancerous models, therefore improvements are required

to further-enhance the selectivity of the constructs.
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Mitochondria are central to most key mechanisms of cell survival, including
oxidative phosphorylation, central carbon metabolism and biosynthesis of
intermediates critical to cell growth and proliferation.>’ They play crucial roles
in almost all aspects of cellular activity (Figure 2.1), spanning from metabolic
signalling, inflammation, cell death, cell transformation and cell fate."®": 300 301
They contribute to the immune system, hormone homeostasis and even the
aging process. Given their participation in almost all aspects of cell fate and
functionality, it comes without surprise that they are often central to the

development and persistence of chronic diseases and cancers.?* 3 168169, 190,

192, 300, 302

Figure 2.1: Mitochondria at the centre of most aspects of cellular survival and lifespan
Mitochondria maintain metabolic processes, hormonal balances, energy production, apoptotic
pathways, immuno-regulation and the aging process.
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Mitochondria were first extensively reported in the literature in the late 19"
century, but were not associated with cellular respiration until the 20" century.
Their history of evolution is debateable; however, the Endosymbiotic Theory
is the most widely accepted.’**% As double-membrane bound organelles
with their own genome, the theory states that mitochondria originated as an
oxidative bacterium holding a symbiotic relationship with a methionagen cell;
a relationship influenced by external pressures and environmental
changes.®® *% The bacteria provided chemical energy to the methionagen,
and in exchange the methionagen stored most of the bacteria’s genetic
material and synthesised its proteins. By making less of its own materials, the
bacteria’s energy production rate increased; creating an efficient and constant
supply of chemical energy to the methionagen. Eventually, this dependence
on each other resulted in the methionagen phagocytosing the bacteria and
forming a eukaryote (Figure 2.2). Eukaryotes produce approximately 80% of

mitochondrial proteins, however a small portion of genetic material, known as

mito-DNA, is retained and transcribed by mitochondrial ribosomes.'®": 393 305
306
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Figure 2.2: The symbiotic theory of mitochondrial evolution from oxidative bacteria
Environmental changes and pressures influence the formation of a symbiotic relationship
between a methionagen and oxidative bacteria, exchanging energy supplies for genetic
storage and production. Over an extensive period, the oxidative bacteria is invaginated and
the eukaryote precursor cell is formed.
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The mitochondria (singular, mitochondrion) are double membrane bound
organelles found in most eukaryotic cells.'®” Named from the Greek “mitos”
(thread) and “chondrion” (granule or grain-like), they provide the largest supply
of chemical energy to the cell in the form of ATP (adenosine triphosphate).'®"
%1 Commonly within the region of 0.5 — 1.0 pm in length, they can vary
tremendously in size and structure, depending on external pressures,

metabolic signals, and cell cycle stages.**" %%’

Structurally, mitochondria are complex organelles. Their central matrix is
where the Krebs Cycle is located, and is encompassed by two distinctive
membranes, the outer mitochondrial membrane and the inner mitochondrial
membrane (Figure 2.3). Although both are formed of a phospholipid bilayer,
the two membranes are categorised by distinctly diverse compositions and
functions.'®” The outer membrane is relatively uniform and smooth, where its
permeability typically permits diffusion of molecules up to approximately 5 kDa
in size. It acts as a cell signalling platform, enabling the merging of signalling
cascades that are read, translated, and transmitted into the mitochondrial
space. In contrast, the inner membrane is pleated to form an arrangement of
cristae: these deeply convoluted and pleomorphic invaginations dramatically
expand the surface area of the inner membrane, while harbouring machinery
required for mitochondrial respiration.*®® Adding to their complex structure,
mitochondria can also morph their appearances depending on cell type,
incoming metabolic signals, or even deviate their appearance relative to the
stages of the cell cycle; these morphological changes (known as mitochondrial
fusion and fission) are paramount to sustain the function of the mitochondria
under various external stimulus and environments.'®"3%"-30% \itochondria can
be found as single organelles, but most frequently converge into large
interconnected networks through a cell, frequently transported throughout the
cytoplasm to match the local energy needs of an intracellular region.**
Moreover, the interactions of mitochondria with neighbouring cellular
organelles are critical for signalling and overall mitochondrial function. They

engage in complex membrane dynamics with the endoplasmic reticulum, the
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plasma membrane, lysosomes, endosomes and peroxisomes to name a few
examples.**® These relationships are critical for the maintenance of cellular
health, and the translation of signalling pathways where mitochondria act as a

central hub for signal input and output.'®® 1%

Of all the important functions of mitochondria that have been identified, their
ability to provide chemical energy in the form of ATP has always been their
central and most important role in the cell.*'° Decades of research through the
mid 20™ century slowly characterised and identified how this is achieved, and
it is by the electron transport chain (often referred to as the ETC). By a series
of proton pumps across the inner mitochondrial membrane, protons (H") are
pumped into the intermembrane space in an irreversible direction. This one-
way trafficking of protons into the intermembrane space results in a high
concentration of protons locked in the inter membrane space, subsequently
generating a proton gradient across the inner membrane.®™® As the
mitochondrial matrix is consequently rendered negatively charged, the protons
will naturally seek transport back into the matrix to balance the opposing
charges. This transport of protons back into the matrix can only occur through
a specialised transmembrane pump called ATPase. By harnessing the energy
generated from the electron transport chain complexes, ATPase subsequently
transfers protons through to the negatively charged mitochondrial matrix, and
this passage of protons through ATPase simultaneously fuels the
phosphorylation of ADP to form ATP (Figure 2.3).%"°
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Figure 2.3: Mitochondria structure and mechanism of the electron transport chain (ETC)
Mitochondria are double-membrane bound organelles with invagination of the inner
mitochondrial membrane increasing surface area. Mitochondria have their own DNA and
ribosomes for protein production. The infermembrane space is where the electron transport
chain is located, which produces energy for the cell in the form of ATP via the trafficking of
protons across the inner mitochondrial membrane.
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2.1.3 Mitochondria: cellular disease and cancer

As the indispensable energy supply for the cell, the central regulator of intrinsic
apoptotic pathways, and puppeteer of a plethora of metabolic and signalling
processes, mitochondria are crucial to the survival of a cell, and therefore their
mutation or malfunction can subsequently lead to a range of diseases that
span from mild to life-limiting.2* 3% 766 168 169, 190, 192, 300, 302, 307 Ty hica|ly,

mitochondrial diseases are more severe when they affect cells of the muscles,
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cerebrum, or nerves. This is the case as these tissues contain cells that use
much more energy than other cells in the human body, therefore a lack of
mitochondrial function and energy production is more detrimental to the
sustainability and maintenance of these tissues. Nevertheless, diseases that
manifest from mitochondrial dysfunction cover a vast range of medicinal

disciplines including diseases in the fields of psychology,®''"

314-317 165, 322-324

endocrinology, neurology,®'®%?" developmental biology, and

optometry, 32> 326

Given the central control of mitochondria to determine cell survival,
proliferation and death, they can consequently be utilised as a lethal weapon
by cancer cells to maintain tumour survival and growth. As mitochondria house
many pro-apoptotic proteins in their intermembrane space, they dictate the
onset of intrinsic apoptotic pathways by controlling the release of these
proteins into the cell cytosol.?* 3 There has been an onslaught of research
into the functionality of mitochondria in cancer cells compared to their normal
counterparts, and there is ample evidence that they are categorically
different,?* 34 188 3% djrectly contributing to tumorigenesis and its progression.
Cancer cell mitochondria typically have modified levels of reactive oxygen
species, which has been linked to cancer cell resistance to some
chemotherapies.'®® 192 302 Mutations developed in the mito-DNA can cause a
malfunctioned electron transport chain, leading to inefficient ATP production
and overproduction of reactive oxygen species. This overproduction of
reactive oxygen species in turn results in oxidative damage to DNA and
surrounding tissues, favouring chromosomal instability and furthering
carcinogenesis. Mutation in mito-DNA has also been linked to a significant
increase of developing cancers of the breast, thyroid and prostate,’®
alongside development of a plethora of other diseases.'®® Notably, many of
the cancer hallmarks such as excessive proliferation, resistance to death or
anti-growth signals, impaired apoptosis and enhanced anabolic activity have
all been connected to mitochondrial dysfunction.?* 34 168 190, 192, 302

Interestingly, tumour cells exhibit an extensive reprogramming of their
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metabolic pathways, resulting in an increased susceptibility to mitochondrial
perturbations.

To acquire the amount of carbon needed to enable tumour progression and
growth, remarkably cancer mitochondria can interchangeably use glycolysis,
oxidative phosphorylation, or fatty acid oxidation as the source of energy to
compensate and adapt to local micro-environmental conditions and pressures
(such as acidosis).>* This consistently provides the cell with the carbon source
and energy it requires, enabling tumour growth, proliferation and metastasis.
The changeable diversity and adaptability of cancer cells and their
mitochondria is a challenge to therapeutics. Not only can cancer cell
mitochondria employ a range of drug evasion and cell survival mechanisms,
the cell itself can also adapt to therapeutics — using them as a selective
pressure to generate a new method or approach to gain the desired outcome.
Cancer mitochondria most distinctively have a higher mitochondrial membrane
potential, and this is due to their deviating mechanisms of energy production.?*
'%8 This variation in charge alongside production of different metabolites, make
them relatively distinctive targets for cancer therapy. Moreover, mitochondrial
destruction results in the release of pro-apoptotic peptides which can override

the death-evasion mechanisms and cause the cell to die.
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Figure 2.4: The influence of mitochondrial processes on the hallmarks of cancer
Cellular changes occurring in cancer cells that are purely or partly related to, or caused by
changes of pathways and signalling of the residential mitochondria.

Direct drug targeting to mitochondria is applicable to a wide range of primary
or secondary mitochondrial diseases (diseases directly or indirectly caused by
mitochondrial dysfunction).**” As mitochondria are responsible for numerous
vital cellular processes, mitochondrial drug targeting is arguably the most
efficient method of inducing controlled and targeted cellular senescence and
apoptosis. Mitochondrial drug targeting can be applied to numerous highly
prevalent diseases and pathological processes, all with important social,
medical and economic impacts.?* ' This makes mitochondria attractive

targets regarding cancer therapy specifically, as cancer cells have been shown
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numerously to develop (multi-)drug resistance, particularly by adapting

alternative cellular pathways in order to sustain survival.>*=3% 2

The negative charge of mitochondrial membranes is the most commonly
exploited factor used for construct mitochondrial localisation, and as cancer
mitochondria have hyperpolarised membranes (approximately -220 mV)
compared to healthy equivalents (-160 mV), positively charged compounds
tend to favour the mitochondria of cancers.?* ** '®® The most common cationic
compound studied for this purpose is arguably the biologically stable
triphenylphosphonium ion (TPP) which has been widely used as a
mitochondrial targeting vector.”® 32 Attributed to its charge and
hydrophobicity, TPP readily penetrates cells and accumulates in the
mitochondria, obtaining a mitochondrial concentration 100-500 times higher
than that in the cell cytosol.”®" ' Moreover, cancer-drug delivery to
mitochondria using TPP-modified vesicles or liposomes has been reported.>**
330 Nevertheless, other small cationic molecules have been shown to exhibit
mitochondrial-penetrating traits, such as rhodamine, pyridinium and cyanine
dyes.?®”?°2 The additional fluorescent properties of these compounds mean
they are frequently employed as fluorescent probes, imaging reagents, and
photodynamic therapy agents.”" 2% |n light of this, as mitochondria have
found attention as drug targets for a variety of diseases, employment of
mitochondria-targeting dyes as theranostic delivery systems is worthy of
further exploration. Drug-targeting with cationic lipophilic dyes is within reach,
as the Nernst equation shows that for every 60 mV increase in membrane
potential, the concentration of lipophilic compounds increases 10-fold.3% 33
Further, these dyes successfully function after oral or intravenous
administration and are reported to be safe in the long term for human trials,

therefore therapeutic applications are possible.??% 33

Organelle-specific fluorescent labelling by small molecular dyes is an
established and fundamental technique in any discipline working with
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mammalian cell imaging.'®® %% 3% |t facilitates the assessment of cell
structure, cytoplasmic changes and can be employed as a tool to determine
the specificity of labelled compounds by co-localisation assessment.

Cationic, poly-aromatic dyes have been developed as mitochondria-selective

stains preViOUS|y,288' 290, 291, 328, 336, 337

and due to their hydrophobicity, the dyes
can passively diffuse through the cell membrane, while their positive charge
leads to mitochondrial accumulation (mediated via negative mitochondrial
membrane potential). The most commonly employed dyes are structurally

based on rhodamines or heteroatom doped cyanines.

Cyanine dyes come in a range of structures and indeed the most established
mitochondrial fluorescent stains are cyanine-derived, such as the MitoTracker
family (Figure 2.5a). By maintaining an array of conjugated hydrocarbon
chains (alternating single and double C-C bonds), the amount of conjugation
determines the emission wavelength of the molecule, and therefore
determines its fluorescent colour (Figure 2.5b). The lesser conjugation, the
lower the emission wavelength (ranging in blues and greens), but as the
conjugation increases, the emission wavelength increases — leading to
fluorescence within the oranges, reds and far-reds region.®*® So far, the
simplest cyanine dyes Cy3 and Cy5 are structurally similar to benzoxazolium
dyes, and have found wide use as fluorescent labels or FRET pairs to study a
variety of cellular processes including protein-protein interactions.>®": 339341
The literature surrounding the use of cyanine dyes for mitochondrial targeting
is contradictory, and papers can rarely be directly compared due to
discrepancies in techniques used between research groups. The major
differences include variations in the cells used (mesenchymal stem cells,
macrophages, or canine kidney cells), construct design (inclusion of additional
ring structures, or tethering to esters and use of succinamide) and
contradictions in the results reported.?®! 3% 339 342 Dye to this plethora of
inconsistencies in pre-established published results and methods, a full

categorisation of a range of cyanine dye compounds is worthwhile to provide
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a more consistent and comprehensive overview of their modes of action and

potential limitations as fluorescent probes.
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Figure 2.5: Chemical structures and fluorescence of MitoTracker and cyanine dyes.

(a) Structure of MitoTracker dyes MitoTracker Green, Orange, Red and Deep Red. (b)
Structure of simple cyanine dyes Cy3, Cy5, Cy7, Cy3.5, Cy5.5 and Cy7.5. All constructs are
coloured to symbolise their colour of fluorescence.
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The aim of this chapter was to determine whether mitochondrial targeting
cyanine dyes can be harnessed as cancer drug delivery vehicles.

This aim is built on the premise that mitochondria are impressive targets for
cancer therapeutics under development, with many reporting a high efficiency
and efficacy. With cancer mitochondria being inherently different to healthy cell
mitochondria, this provides the possibility of targeting them more specifically,
and hence favourably destroying cancer cells. One of the crucial differences
in cancer cell mitochondria that can be targeted is their mitochondrial
membrane potential, which is significantly more negatively charged. As a
result, using positively charged moieties as a vehicle would theoretically
deliver therapeutics to the cancer cells more favourably, and the use of
charged materials to deliver cancer therapeutics has been widely discussed in
recent literature. Moreover, the use of fluorescently charged entities could
enable a greater understanding of how the therapeutic functions via
fluorescent imaging. With this in mind, cyanine dyes were selected as drug-
delivery vehicle candidates as they have been described to locate in cellular
mitochondria previously, and exhibit fluorescence which is beneficial for
imaging purposes with regard to their characterisation. With this in mind, it was
decided to investigate conjugation of cyanine dyes to mitochondrial drugs of
varying characteristics (a small molecule, a metallocomplex and a toxic
peptide) to investigate both the drug delivery capacities of cyanine dyes, and

the versatilities in cargo they can transport.

As the literature representation of cyanine dyes in mammalian cells is
contradictory, this project aimed to analyse the intrinsic behaviours of Cy3 and
Cy5 in Hela cells, and to assess their capacity as a delivery vehicle. It was
crucial to identify their dependencies such as mitochondrial membrane
potential, presence of serum, and reliance on endocytosis, as these criteria
will influence their applicability as a delivery vehicle. The project then applied
the knowledge gained from these studies to investigate the dyes as drug
delivery vehicles and their capability in transporting a range of cargo;
comparing the toxicities of these dye-drug conjugates to their native drug
alone, and testing their toxicity in the non-cancerous cell line HEK293.
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Prior to assessing the capability of cyanine dyes to act as drug delivery
vehicles, it was important to characterise their habitual activity in mammalian
cells. The compounds in this chapter were tested in Henrietta Lacks cells
(HeLa). HeLa are an aggressive cervical cancer cell line frequently used in
cancer research studies throughout the biochemistry and pharmaceutical
sciences.’”® The localisation studies performed here create a broader
understanding and characterisation of the compounds employed; giving a
more uniform comprehension of the intracellular behaviours which may

influence their employability as delivery vehicles.

The construct designs used throughout this project are detailed in Figure 2.6.
All constructs detailed were kindly synthesised by Dr. Alexander Nodling, Mr.
Davide Cardella and Dr. Xufei Li for the purpose of these experiments.
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Figure 2.6: Chemical structure of cyanine dye and drug compounds used in this project
(a) Cy3 and Cy5. (b) Cy3-Cy5 and Cy3-Cy5-R8. (c) Dye-drug conjugates Cy3-KLA, Cy5-
KLA, Cy3-Cip and Cy3-CPT.
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The constructs described were chosen for a range of reasons. As the simplest
and smallest cyanine dye molecules, Cy3 and Cy5 were the leading
candidates as drug delivery vehicles, and their full characterisation was
required prior to drug conjugation. It was also noteworthy to investigate
whether conjugation of the two dyes together (Cy3-Cy5) could improve
potency, as the presence of two cyanine dyes in a single molecule increases
the molecular charge (so theoretically the efficiency of the molecules would
improve). Regarding Cy3-Cy5-R8, conjugation of a cell-penetrating peptide
(CPP) to a cyanine dye has been reported to inhibit mitochondrial
localisation,** so it was worthwhile to determine whether conjugation of a CPP
to a double-cyanine dye molecule (increased charge) would permit
mitochondrial targeting. Additionally, this could ascertain whether the
presence of a CPP entity could alter the entry pathway of the construct into a
cell. Referring to the drug conjugates (Figure 2.6c), three distinctive drug
molecules; a mitochondrial toxic peptide (KLAKLAK), (KLA), a small chemical
mitochondrial drug Ciprofloxicin (Cip) and a metallocomplex mitochondrial
drug Carboplatin (CPT) were conjugated to Cy3 or Cy5 respectively. These
represent three important classes of drugs in clinical application and the
molecular targets of all these drugs are believed to be the mitochondria.?**%"
KLA is a pro-apoptotic, antimicrobial peptide that is understood to engage in
disruption of the mitochondrial membrane.>** 3¢ Cip, a fluoroquinolone with
antibiotic activity, has previously exhibited cytotoxicity in eukaryotes due to
damage caused to mitochondrial DNA.>*"**° CPT is a derivative of Cisplatin
(a widely established cancer drug) that impairs mitochondrial function,
inducing apoptosis.®*’ The diverse properties of these candidates would
indicate whether the drug-delivery capacity of the dyes is affected by the size
and molecular makeup of the transported cargo.

The first set of experiments were conducted to characterise the mitochondrial
localisation of the dye constructs. The activities and dependencies of the dyes
alone needed to be established prior to investigating drug conjugation; a
necessary step as the presence of a drug-cargo could alter the natural cellular
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activities and subsequently hinder the ability to determine the mitochondrial-
homing capacity of the constructs. To assess this, HelLa cells were treated
with 10 yM Cy3, Cy5, Cy3-Cy5 or Cy3-Cy5-R8 respectively in serum free
media at 37 °C 5% CO, atmosphere for 1 h. Prior to imaging, cells were
washed with PBS and incubated with Hoechst 33258 nuclear stain for 10
minutes. Confocal assessment of construct localisation revealed clear
fluorescent staining patterns reminiscent of mitochondrial structures (Figure
2.7), represented by filamentous architectures located within the cell
cytoplasm. Cellular staining patterns of mitochondria is distinctive, with

numerous examples in the literature.?3’: 288 336, 352

For all four compounds, Cy3 and/or Cy5 fluorescence was observed to be of
equal intensity, while Hoechst nuclear stain visualised the cell nucleus.
Regarding Cy3-Cy5 and Cy3-Cy5-R8, it was anticipated that Cy3
fluorescence would be weaker due to a FRET (Forsters Resonance Energy
Transfer) interaction with Cy5. FRET occurs when the emission wavelength of
one compound falls within the excitation range of the other, so when molecules
are within close proximity, the energy from compound-1’s fluorescence is
transferred to excite compound-2. In this case, Cy3’s emission of 575 falls
within the range of Cy5’s excitation spectra, leading to Cy5 fluorescence. The
reasons for the equal imaging intensity is unclear, but for efficient FRET to
occur, molecules need to be precisely positioned and arranged. It is possible
that the lack of reduced Cy3 fluorescence as anticipated is related to
discrepancies in compound solubility, stacking, or potentially self-
quenching.**® These can all manifest into a weak FRET efficiency, resulting in

an inability to visualise the difference via imaging alone.

Importantly, the absence of co-localisation between the constructs and
Hoechst nuclear stain is clear, and calculated Pearson’s coefficients between
the cyanine compounds and Hoechst stain respectively range between -0.055
to 0.145. Pearson’s coefficient scores range from 0 to 1, O being no co-

localisation and 1 being absolute co-localisation.>*® These low scores illustrate
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the compounds inabilities to cross the intact nuclear membrane to bind to

negatively charged DNA,; findings that are consistent with the literature.?*"- 33"
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Figure 2.7: Cellular localisation of the cyanine dye constructs described
Hel a cells were treated with 10 uM Cy3, Cy5, Cy3-Cy5 or Cy3-Cy5-R8 at 37 °C for 1 h before
staining the nucleus with Hoechst and imaging. Pearson’s correlation coefficients for Cy3 or
Cy5 with Hoechst are detailed and fluorescence profiles show fluorescence readings across
the drawn yellow line profile. Scale bars denote 25 um. Representative (N = 10) confocal
microscopy images are shown here.
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For the two conjugate compounds Cy3-Cy5 and Cy3-Cy5-R8, Pearson’s co-
localisation co-efficient between Cy3 and Cy5 fluorescence were 0.952 and
0.909 respectively, and fluorescence intensity graphs show a consistent
fluorescence pattern between the two channels, corroborating the Pearson’s
colocalisation readings. The Cy3-Cy5-R8 observations are a counteraction of
Ross et al.’s findings which stated that cell penetrating peptides are incapable
of crossing the mitochondrial membrane regardless of conjugation to a
lipophilic cation.*** Indeed, the study was conducted using CPPs Tat (HIV-1
derivative), and Penetratin (Antennapedia homo-protein derivative) which
have relatively similar amino acid sequences compared to R8 and nearly
identical charged states.>** However, using TPP (triphenolphosphonium) as a
lipophilic cation is a noteable discrepancy. Comparing this to Figure 2.7, there
remains the suggestion that results cannot be directly compared to Ross et
al., therefore the accuracy of the statement should be determined by the
combination of lipophilic cation and CPP employed. Another report concluded
that Cy5 conjugation alone to R8 is not capable of tracking to the
mitochondria,>*? but the conjugated cationic molecules used in Figure 2.7
have a higher charge with the addition of Cy3, which potentially permits
mitochondrial delivery.

Along with mitochondrial staining patterns with Cy3-Cy5-R8 treatment, notably
there was further staining reminiscent of endosomes (small vesicular
structures in the cytoplasm). As an endocytosis-dependent moiety,*** it is
plausible that R8 may divert the mode of entry from the dyes favoured

transduction pathway, engaging in an R8-mediated endocytosis pathway.

To confirm the suggested mitochondrial-selective staining, co-localisation
studies of the constructs with MitoTracker Green were performed (Figure 2.8).
Cy3 and Cy5 had Pearson’s coefficients with MitoTracker Green of 0.863 and
0.877 respectively, supporting the understanding that these dyes selectively
stain cellular mitochondria. However, performing the same experimental

procedure with the conjugated Cy3-Cy5 or Cy-Cy5-R8 was less informative.
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Cy3-Cy5-R8 had Pearson’s coefficients with MitoTracker of 0.418 and 0.601
for Cy3 or Cy5 fluorescence, values much lower than that of the unconjugated
Cy3 or Cy5 compounds. Moreover, it is clear from the imaging that the
mitochondrial structures remain intact, however they are mostly either stained
with Cy3-Cy5-R8, or MitoTracker Green with minimal evidence of co-staining.
It is noteworthy to highlight the likely deviation in cell-entry mechanisms used
by MitoTracker Green or Cy3-Cy5-R8. With MitoTracker Green entering a cell
by endocytosis-independent transduction, and Cy3-Cy5-R8 suggested to be
endocytosis-dependent, the colocalisation values will be impacted by the
presence of endosomes solely containing Cy3-Cy5-R8.

Interestingly, Cy3-Cy5 co-treatment with MitoTracker Green showed dye
aggregation and no mitochondrial staining; with low Pearson’s coefficients of
0.449 and 0.593 for Cy3 or Cy5 fluorescence with MitoTracker. As this was
unexpected, it was worthy to alter the procedure to test different processes of
compound treatment (Figure 2.9a-b). The rearrangement of treatment-order
aimed to resolve this observation, however negligible improvement in staining
pattern and Pearson’s coefficients were detected. As a control, cells were co-
stained with unconjugated Cy3 + Cy5 and MitoTracker Green. This lead to an
increased Pearson’s co-efficient of 0.758 and 0.837, and distinctive
mitochondrial staining patterns were observed (Figure 2.9¢). This control
demonstrated that the three dyes are capable of co-localising within a single
cell, therefore the observed aggregation and poor co-localisation between
Cy3-Cy5 and MitoTracker is unclear. It could potentially be caused by an
exposed amine group on the Cy3-Cy5 conjugating link reacting with Cl groups
on MitoTracker, however this was not investigated further as it exceeded the
scope of the project.
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Figure 2.8: Mitochondrial localization of Cy3 and Cy5 with MitoTracker Green

Hela cells were treated with 10 uM Cy3 or Cy§ at 37 °C for 1 h before staining the
mitochondria with 20 nM MitoTracker Green and imaging. Pearson’s correlation coefficients
for Cy3 or Cy5 with MitoTracker are 0.863 and 0.877, respectively. Excitation wavelength for
MitoTracker Green, Cy3, and Cyb5 is 488, 543, and 633 nm, respectively. Scale bars denote
25 um. Representative (N = 10) confocal microscopy images are shown here.



() washed with PBS: washed with PBS: washed with PBS: Pearson’s coefficient

” addition of Mito'll'racker (20 nM) addition of Cy3-Cy5 (10 uM) imai;ing Cy3/MitoTracker: 0.653
s::dsed = T T =5 T Cy5/MitoTracker: 0.636
24 h 0 30 min 90 min Cy3/Cy5: 0.827
FL at 520 nm (MitoTracker) FL at 575 nm (Cy3) FL at 680 nm (Cy5) Intensity profiles along the
. . ' \~. N
" Distance
b washed with PBS: washed with PBS: washed with PBS: Pearson’s coefficient
( ) addition of Cy3-Cy5 (10 uM) addition of MitoTracker (20 nM) imaging .
cells | Cy3/MitoTracker: 0.449
seeded SS T SS I T Cy5/MitoTracker: 0.593
24 h 0 60 min 90 min Cy3/Cy5: 0.997

FL at 520 nm (MitoTracker) FL at 575 nm (Cy3)

FL at 680 nm (Cy5)

Intensity profiles along the
yellow line (left to right)

(.

Distance
washed with PBS: washed with PBS: washed with PBS: Pearson’s coefficient
(C) addition of MitoTracker (20 nM) addition of Cy3 (10 uM) and Cy5 (10 pM) imaging .
cells | Cy3/MitoTracker: 0.758
seoded —S i . S i Cy5/MitoTracker: 0.837
24 h 0 30 min 90 min Cy3/Cy5: 0.824
FL at 520 nm (MitoTracker) FL at 575 nm (Cy3) FL at 680 nm (Cy5) Intensity profiles along the

yellow line (left to right)

A,

FL

Distance

Figure 2.9: Colocalization of Cy3-Cy5 or Cy3-Cy5-R8 with MitoTracker Green in HeLa
(a) Cells were treated with 20 nM MitoTracker for 30 min in serum free DMEM, followed by
incubation with 10 uM Cy3-Cy5 in serum free DMEM for 1 h before imaging. (b) Same as (a)
except cells were incubated with Cy3-Cy5 first, followed by treatment with MitoTracker. (c)
Same as (b) except a mixture of Cy3 and Cy5 was used instead of Cy3-Cy5. (d) Same as (b)
except Cy3-Cy5-R8 was used instead of Cy3-CyS. Excitation wavelength for MitoTracker
Green, Cy3, and Cy5 is 488, 543, and 633 nm, respectively. Scale bars denote 25 um.
Representative (N = 10) confocal microscopy images are shown here.
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After characterising the mitochondrial targeting of Cy3, Cy5, Cy3-Cy5 and
Cy3-Cy5-R8, identifying crucial external factors that may influence the
habitual activities of the dyes was a necessity. Deciphering the dependencies
of the constructs and external influential factors required for mitochondrial
staining is critical to understanding their mode of action, and identifying
limitations that could hinder their use as mitochondrial drug-delivery vehicles.
This section explores a range of important fundamental conditions and
establishes the construct behaviours within each. It investigates mitochondrial
staining efficiencies across treatment-concentration variation, the influence of
serum presence, staining characteristics during mitochondrial membrane
potential disruption, and construct mitochondrial staining patterns during

endocytosis inhibition.

Concentration dependence is a beneficial aspect of pharmaceutical drugs as
it enables tailored treatments and temporal control to aid alleviation of side
effects. For example, if a patient receiving drug treatment begins to exhibit
symptoms of non-selective drug activity, or the side effects are presenting at
a high severity, the ability to reduce the treatment concentration of that drug
and it still retain its function facilitates the omission of symptoms, while
retaining a level of drug effect. Therefore, it was important to determine
whether the mitochondrial targeting specificity of the constructs can be
retained across a range of concentrations, as this in turn supports their
feasibility as mitochondrial drug delivery entities.

To investigate this, HeLa cells were treated with 10 yM, 2.5 yM or 1 uM Cy3,
Cy5, Cy3-Cy5 or Cy3-Cy5-R8 respectively in serum free media at 37 °C 5%
CO, atmosphere for 1 h. Prior to imaging, cells were washed with PBS and
incubated with Hoechst 33258 nuclear stain for 10 minutes. Confocal
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assessment of construct localisation revealed clear concentration-dependent
fluorescent staining (Figures 2.10 and 2.11). All four constructs displayed a
clear positive correlation between fluorescence intensity and concentration of
treatment, with 10 uM the clearest for detailed fluorescent imaging. These

results are consistent with previous research.?%!: 342 344. 355

Interestingly, when the concentration of Cy3-Cy5-R8 specifically is reduced
from 10 uM to 2.5 yM, there is a marked reduction in mitochondrial staining
pattern, with the most prominent fluorescent entities appearing to be
endosomal structures. Endosomes are cytosolic membrane-bound vesicles
which are involved in intracellular transport, and are described as small
rounded entities approximately 0.5 um in diameter."® The fluorescence
pattern of Cy3-Cy5-R8 at 2.5 uyM gives potential insight into its mode of entry,
suggesting the construct is endocytosis dependent. It is unclear however,
whether Cy3-Cy5-R8 is capable of using its Cy3-Cy5 moieties as an
endosomal escape unit once inside the cell cytoplasm, or whether the Cy3-
Cy5 moiety promotes endocytosis-independent uptake of the conjugated CPP

at higher concentrations.
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Figure 2.10: Concentration-dependent cellular uptake of Cy3 and Cy5
(a) Cy3 concentration-dependent uptake. (b) Cy5 concentration-dependent uptake. Scale
bars denote 25 um. Representative (N = 10) confocal microscopy images are shown here.
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Figure 2.11: Concentration-dependent cellular uptake of Cy3-Cy5 and Cy3-Cy5-R8

(a) Cy3-Cy5 concentration dependent uptake. (b) Cy3-Cy5-R8 concentration dependent
uptake. Scale bars 25 um. Representative (N = 10) confocal microscopy images are shown
here.
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To be used as drug cargo delivery vehicles, it is necessary that the
compound’s behaviours are not hindered by the presence of serum. Foetal
Bovine Serum (FBS) is a commonly employed supplement to recreate the
natural extracellular environment within in vitro settings.**® Containing a
mixture of nutrient molecules, natural proteins and amino acids, a 10% v/v
supplementation of FBS is commonly used to assess the potential behaviours
of a compound in vivo. HelLa cells were treated with 10 yM Cy3, Cy5, Cy3-
Cy5, or Cy3-Cy5-R8 respectively in media supplemented with 10% v/v FBS
at 37 °C 5% CO, atmosphere for 1 h. Prior to imaging, cells were washed with
PBS and incubated with Hoechst 33258 nuclear stain for 10 minutes (Figure
2.12). The fluorescence of Cy3, Cy5 and Cy3-Cy5 were found to be
unaffected by 10% FBS media supplementation during treatment, with no
visible deviation in the staining pattern or fluorescence intensity compared to
those observed in Figure 2.7. However, there is a clear decrease in the
fluorescence intensity of Cy3-Cy5-R8 under 10% FBS media conditions

compared to that observed in a serum-free environment.

Serum proteins have been shown to hinder the efficiencies of CPP

molecules,®* 3%

mostly linked to the presence of serum albumin and
enzymes. Serum albumin is the most abundant protein found in blood plasma,
accounting for approximately 50% of all serum proteins. Albumin is
responsible for transportation of hormones, fatty acids, and a plethora of other
compounds due to its monomeric design.'?® **® As a charged peptide, it is not
surprising that R8 has “sticky tendencies”. It is clear from Figure 2.12 that
serum in the media during treatment reduces Cy3-Cy5-R8 uptake, and it is
plausible that electrostatic interactions occurring between the conjugate and
albumin or other serum proteins caused a reduced delivery of Cy3-Cy5-R8 to

the cells.

The propensity for Cy3-Cy5-R8 to have a markedly reduced efficiency in the

presence of serum is a concern for its translation into a pharmaceutical setting.
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It could consequently entail a demand for higher treatment concentration to
establish a comparable availability of treatment to the tissues. Additionally,
given its suggested interactions with serum proteins that are not
comprehensively understood, a substantial risk of side effects developing is
presented. An interesting murine study using Cy7-derivatives as cancer
targeting entities suggested albumin as a critical component for cancer cell
retention, however the structures of the molecules used in the report carried
many discrepancies compared to the molecules in this study, and the authors
deemed the presence of a Cl residue responsible for the interaction with

% a residue that is not included in the structures used here.

albumin;*®
Moreover, an explanation for the specific interactions of serum with R8 and
not the other dye molecules is unclear as all are positively charged.
Nevertheless, the interactivity may be dependent on the charged arginine

residues on Cy3-Cy5-R8 specifically.
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Figure 2.12: Presence of serum in growth media and its impact on uptake of constructs
Representative (N = 10) confocal microscopy images of HelLa cells treated with 10 uM of Cy3,
Cy5, Cy3-Cy5 or Cy3-Cy5-R8 in presence of 10% serum at 37 °C for 1 h before imaging.
Scale bars denote 25 um.

Mitochondrial membrane potential (MMP) is a charge generated by proton
pumps along the mitochondrial membrane.?®” 2°2 MMP is crucial for the
storage and generation of cellular energy, where the production of a proton
gradient facilitates the production of ATP. Changes in the MMP of
mitochondria can be linked to cell death, homeostatic dysfunction, and is a
common observation in cancer cells.?* %8 3% Cancer cells typically have a
higher MMP than their healthy counterparts, and this has been linked to their
alternative approach to energy production and storage to promote cell survival

under hypoxic conditions.?* 3% 168159 |t is subsequently crucial to characterise



the cyanine dye constructs’ dependability on MMP, and identify whether MMP
disruption has an effect on their targeting behaviours. It has been shown
previously that cyanine dyes are typically MMP dependent,®® but other
compounds studied have structural differences compared to the compounds
used here, so it was deduced as important to establish whether this statement
applies to the compounds being investigated in this project specifically.

For this proof of principle approach, the experiments were focussed on the
activity of Cy3 specifically. As the simplest molecule of the compounds used,
and the main investigative vehicle for drug delivery cargo in later studies, it
was deemed the most important molecule to investigate MMP dependence.
The MMP disruption agent used was CCCP (Carbonyl cyanide m-
chlorophenyl hydrazine) which is an established MMP-disruption inducing
drug.?®” CCCP causes uncoupling of the proton gradient present across the
mitochondrial membrane by inhibition of the electron transport chain. Acting
as an ionophore, it inhibits the proton gradient and reduces the functionality of
ATP synthetase. Hela cells were treated with 10 uM Cy3 in serum-free media
at 37 °C 5% CO, atmosphere for 1 h. Cells were then washed with PBS and
incubated with Hoechst 33258 nuclear stain for 10 minutes as an imaging
control prior to treatment with 20 yM CCCP. Cy3 staining was evaluated over
a 6-minute period of CCCP treatment, then a 10 minute and 60-minute interval
after CCCP removal (Figure 2.13a).

Upon CCCP treatment, a clear loss of mitochondrial filamentous staining was
observed, where the dye appeared to “bleed” into the cellular cytoplasm and
overall staining pattern represented a smudged appearance. This deduces
that Cy3 used here is dependent on MMP, as the mitochondria specific
staining is lost once the MMP is disrupted. CCCP was then removed and cells
washed to assess whether the dye would track back to the mitochondria once
MMP is re-established. Cells were imaged at 10 minutes and 60 minutes post-
CCCP removal. At 10 minutes, there is a definitive staining pattern reminiscent
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of what was observed during CCCP treatment. This is likely due to the inability

for a membrane potential to be re-established within the 10-minute timeframe.

Interestingly however, after 60 minutes of incubation post-CCCP removal,
MMP has had sufficient time to recover and mitochondrial staining is re-
established. This is in line with previous studies using similar molecules, and
corroborates the literature representation. Overall this supports the
understanding of the dependence of cyanine dyes on mitochondrial
membrane potential, but has also highlighted that the mitochondrial staining

can be re-established once the MMP has returned.

The evidence in Figure 2.13b is supportive of the theory that simple cyanine
dyes do not irreversibly bind to the mitochondria, a process that is common in
most commercial mitochondria stains.?®” 2% As a result, it was important to
perform cell fixing studies on cells treated with Cy3, as it would help determine
whether the dyes form a permanent or semi-permanent interaction with the
mitochondria themselves. Cell fixation is a process involving the treatment of
cells with a fixing agent, typically paraformaldehyde. The process Kkills the
cells, but importantly retains all cellular structures. Cell fixing importantly
removes all membrane potentials in the cells (as they are no longer living).
MitoTracker has been widely understood to bond covalently to mitochondrial
membrane proteins,?®” ** therefore fixing cells after MitoTracker treatments
does not alter the staining pattern as the dyes are permanently bound to the

structures.

Hela cells were treated with MitoTracker, and then co-treated with Cy3 at 10
MM. Cells were imaged before and after fixing, and Pearson’s coefficients
calculated under both conditions (Figure 2.13b). Prior to cell fixing,
MitoTracker and Cy3 co-localised as expected, with clear mitochondrial
staining and a Pearson’s coefficient of 0.863. After fixation, however, there is
an evident shift in staining pattern of Cy3. Resembling staining observed

during CCCP treatment, Cy3 appears to bleed into the surrounding cellular
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space and distinctive mitochondrial staining patterns are lost (Figure 2.13b).
This resulted in a substantial reduction in the Pearson’s co-efficient value that
came to 0.379 after cell fixing. Overall these experiments have determined the

importance and reversible dependence of cyanine dyes on MMP.
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Figure 2.13: Influence of mitochondrial membrane potential on construct localisation
(a) Confocal analysis of HeLa cells stained with Cy3 during mitochondrial depolarisation with
20 uM CCCP treatment over a 6-minute period. Further imaging of HelLa cells 10 and 60
minutes after CCCP removal. (b) Before and after cell fixing with paraformaldyhide treatment.
Scale bars denote 25 um.

Endocytosis is a process by which cells take up molecules from their
extracellular environment. The term endocytosis is broad, encompassing a
wide range of mechanisms, but the general process involves invagination of a
cargo via the cell membrane and subsequent generation of membrane-bound

vesicles (Figure 2.14). The entry of a molecule into a cell can be strictly
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endocytosis-dependent, strictly endocytosis-independent, or a mixture of both;
attributed to their biological properties, size and charge. Smaller charged
molecules tend to be directly transduced across the membrane due to
interactions-with and the biochemical-properties-of the lipid bilayer, whereas
larger or uncharged compounds rely on endocytosis pathways to enter a cell.
CPPs are designed to promote endocytosis by interacting with cell surface
proteins and thus promoting internalisation in an endocytosis dependent

manner.

Macropinocytosis

Clathrin- Caveolin-
dependent dependent Clathrin- and Caveolin-
endocytosis endocytosis independent pathways

\ Dynamin
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Early endosome

p

A
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Figure 2.14: Various mechanisms of how mammalian cells endocytose molecules
Mechanisms can be dependent or independent of clathrin or caveolin proteins, and enter
various phases of maturation once in the intracellular environment.

Regarding the potential mechanism of Cy3-Cy5-R8 cell-entry, the
observations so far not been clear-cut, and it was crucial to identify the effects
of endocytosis inhibition on the constructs in this project. Cancer cells have
been known to be selective about what molecules they intake, with an
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astonishing ability to fine-tune their endocytic pathways to avoid delivery of
drugs and other toxic substances.? Drugs that are not reliant on endocytic
pathways and enter via passive diffusion (transcellular or paracellular) are
typically more effective in the treatment of cancers as the cells are limited in
the mechanisms or approaches they can adapt to evade drug delivery and

uptake.

There are many drugs that are used to disrupt endocytosis, but they typically
inhibit a particular branch of endocytic pathways, and have a plethora of
underlying influences on general cellular behaviour. Considering this, the
results cannot be accurately representative of a selective endocytosis halt. A
common approach that is arguably the most accurate in specifically inhibiting
all endocytic pathways is incubation of cells at 4 °C for a short period of time.
This cold shock therapy slows the metabolic rate of the cells, and prevents
temperature-dependent mechanisms from occurring. As vesicle-fusion events
are temperature-dependent processes, they cannot occur at cold
temperatures, therefore endosomes cannot be formed during 4 °C
incubation.*®® Of course, cells are unable to survive at 4 °C for a prolonged
period of time, but cold shock therapy is a commonly-used and effective
method to inhibit endocytosis for a short period of time, while maintaining live

cells.>®"

HelLa cells were pre-chilled to 4 °C for 10 minutes prior to treatment with 10
MM or 2.5 uM of Cy3, Cy5, Cy3-Cy5 or Cy3-Cy5-R8 respectively for a further
10 minutes prior to imaging. Confocal imaging concluded the prediction that
Cy3, Cy5 and Cy3-Cy5 were all capable of staining mitochondrial structures
at 10 uM or 2.5 yM (Figure 2.15), with fluorescence intensity and pattern
indistinguishable from that of incubation at 37 °C (Figure 2.16).

The staining observed for Cy3-Cy5-R8 however was interesting. At the higher
concentration of 10 uM, cells display intracellular mitochondria-like staining,

but presented with large aggregates around the cell membrane (Figure 2.15).
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However, at the lower concentration of 2.5 yM, no fluorescence is detected at
all. Intriguingly, this points to the possibility of Cy3-Cy5-R8 being able to
undergo endocytosis-dependent and endocytosis-independent uptake. The
presence of aggregates around the cell membrane suggests binding of Cy3-
Cy5-R8 to lipid rafts on the cell surface, but inhibition of endocytosis results in
a halt of transport at the outer membrane after binding. Nonetheless, it is
interesting that a lower concentration sees no staining at all, and there are a
few potential explanations for these findings. It is possible that, under higher
concentrations, the conjugate is at a concentration where it can over-saturate
the cell’s lipid bilayer, forcing transduction of some Cy3-Cy5-R8 through the
membrane into the cytoplasm where it subsequently engages with
mitochondria. But this explanation would predictably result in a weakened
fluorescence of Cy3 or Cy5 compared to the other compounds, which is not
the case. Therefore, it may suggest that at lower concentrations the compound
is solely dependent on endocytosis, but at higher concentrations it can enforce
both endocytosis-dependent and endocytosis-independent pathways. This
theory is corroborated by the results in Figure 2.11, where treatment of cells
with Cy3-Cy5-R8 at 2.5 yM saw only endosomal structures, and treatment at
10 uM saw mitochondrial staining alongside endosomes. Nevertheless, the
results in Figure 2.15 and Figure 2.16 clearly demonstrate that Cy3, Cy5, and
Cy3-Cy5 are strictly endocytosis-independent, whereas Cy3-Cy5-R8 remains
dependent on a combination of the two; depending on the level of construct

crowding at the cellular membrane.

86



Cy5

10 uM
FL at 575 nm (Cy3) \

FL at 680 nm (Cy5)

Merge

l

2.5uM
FL at 575 nm (Cy3) \

FL at 680 nm (Cy5)

Merge

Figure 2.15: Concentration-dependent cellular uptake of constructs at 4 °C incubation
HelLa cells were incubated in pre-chilled media at 4 °C for 10 min before addition of the
indicated compound at either 10 uM or 2.5 uM. Cells were incubated at 4 °C for another 10
min before imaging. Scale bars denote 25 um. Representative (N = 10) confocal microscopy
images are shown here.
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Figure 2.16: Concentration-dependent cellular uptake of constructs at 4 °C and 37 °C.
Hela cells were incubated in pre-chilled media at 4 °C for 10 min before addition of the
indicated compound at either 10 uM or 2.5 uM for 10 min incubation before imaging. For 37
°C, Hela cells were incubated with the indicated compound for 1 h before imaging. All images
merges of Cy3 and Cyb recorded fluorescence. Scale bars denote 25 um.
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Prior to testing cyanine dyes as drug delivery vehicles, characterisation of their
activities was crucial to establish their sustainability and viability for such a
role. From the experiments detailed so far, it was clear that the simplest
cyanine dyes Cy3 and Cy5 were able to consistently track to mitochondria
under most external pressures (excluding MMP disruption). The theory was
that the conjugated Cy3-Cy5 or Cy3-Cy5-R8 would result in a higher targeting
ability due to their increased charge, however this didn’t appear to be the case
with negligible improvement in fluorescence intensity (Figure 2.7). Moreover,
the use of multiple dyes in a single molecule may entail a higher propensity for
aggregation, therefore, it was deduced to focus on the simple Cy3 and Cy5 as
targeted delivery vehicles for mitochondrial-toxic cargoes. Mitochondria serve
as the powerhouse as the cell, being the central dogma for cellular
metabolism, energy production and survival. It is well understood that
mitochondrial drug targeting is one of the most efficient ways to treat cells, and
moreover cancer cell mitochondria are relatively different to their healthy

counterparts,®* 168 300

suggesting an opportunity to target them preferentially.
It remains the question as to whether cyanine dyes can be exploited as drug
delivery moieties, so it was time to investigate this theory. Alongside toxicity
testing of cells treated with drugs conjugated to Cy3, imaging was conducted
to establish whether the dyes were preferentially tracking the drugs to the

cellular mitochondria.

To assess both the mitochondrial-delivery capacity of Cy3 and its cargo
diversity, the dye was conjugated to three distinctive drug molecules; a
mitochondrial toxic peptide (KLAKLAK), (KLA), a small chemical
mitochondrial drug Ciprofloxicin (Cip) and a metallocomplex mitochondrial
drug Carboplatin (CPT). These represent three important classes of drugs in
clinical application and the molecular targets of all these drugs are believed to
be the mitochondria.®>****" KLA is a pro-apoptotic, antimicrobial peptide that is
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understood to engage in disruption of the mitochondrial membrane.*** 3¢ Cip,
a fluoroquinolone with antibiotic activity, has previously exhibited cytotoxicity
in eukaryotes due to damage caused to mitochondrial DNA.**">*° CPT is a
derivative of Cisplatin (a widely established cancer drug) that impairs

mitochondrial function, inducing apoptosis.®"

Confirmation of the drug conjugates tracking to the mitochondria specifically
would aid in understanding their interactions in the cell, and Cy3 fluorescence
serves as a visualisation tool to track cargo localisation. Co-localisation
analysis of Cy3 and MitoTracker fluorescence was conducted from confocal
imaging. HelLa cells were pre-treated with MitoTracker and Hoechst and
washed with PBS prior to treatment with 10 yM Cy3-KLA, Cy3-Cip or Cy3-
CPT respectively for 10 minutes. To enable clear fluorescent imaging of the
Cy3 moieties, 10 yM drug concentration was used. Co-localisation analysis
between Cy3 and MitoTracker fluorescence revealed Cy3-Cip to have a
Pearson’s coefficient of 0.927, whereas Cy3-CPT had a Pearson’s coefficient
of 0.873, and Cy3-KLA had a coefficient of 0.830, confirming high co-
localisation of the dyes (Figure 2.17).

It is clear from the imaging results that mitochondrial structures are lost after
10 minutes incubation with the drug conjugates. For Cy3-KLA, the cells nuclei
became abnormal in structure, with the DNA appearing to coil up (resulting in
intermittent blue fluorescence of Hoechst). Further, pockets of dye
fluorescence can be seen in the nucleus of the cells, showing that the toxic
activity of Cy3-KLA likely has interactions with the nuclear membrane,
permitting drug entry into the organelle. Notably, alongside the observed Cy3
fluorescence present in the nucleus after treatment with Cy3-KLA, there is a
faint presence of Mitotracker green fluorescence evident within these pockets
which is markedly less than that observed in cytoplasmic regions. As
MitoTracker is described to covalently bond within the mitochondria,?®’ the
reasons for this presentation are unclear. Additionally, there is no presence of

MitoTracker within the nucleus when cells were treated with Cy3-Cip, or Cy3-
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CPT. It is difficult to find a concrete explanation for this presentation with
regards to Cy3-KLA, but it is plausible that an excess of MitoTracker was
present within the cells at the time of Cy3-KLA treatment. As the cells were
treated with Cy3-KLA within 20 minutes of MitoTracker staining, potentially an
excess of MitoTracker meant that although the dye had associated with the
mitochondria via charge, not all of the dye had covalently bonded with its target
prior to the addition of Cy3-KLA. This circumstance would have subsequently
lead to MitoTracker nuclear localisation upon Cy3-KLA's predicted
interruption of the nuclear membrane, as the remainder of un-bound
MitoTracker present would subsequently be available to interact with the
exposed negatively charged DNA. This theory is also supported by the fact
that the MitoTracker fluorescence within the nucleus is observably less when
compared to the cytoplasmic regions of the cells; illustrating the potential that
only the leftover and unbound dye was available to subsequently relocate to
the nucleus. As previously stated however, explanations for these findings are
unclear; without further experimental exploration, the reasons behind the
finding can only be hypothesised. Treatment with Cy3-CPT resulted in
rounding and disassembly of mitochondrial structures, and evident blebbing of
the cell membrane (seen as green-edged circular structures expanding from
the cell surface). Treatment with Cy3-Cip caused cells to round up; there was
no evident fluorescence in the nucleus, therefore Ciprofloxacin isn'’t likely to
have direct interaction with nuclear integrity at the 10-minute interval. With
Cy3-Cip treatment, mitochondrial structures appear to coil up within the
cytoplasm with a different phenotype to the bleeding of staining seen with Cy3-
KLA, or the breakdown of filamentous structures with Cy3-CPT treatment.
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Figure 2.17: Co-localisation of Cy3 conjugates with MitoTracker Green in HelLa at 37 °C.
Pearson’s correlation coefficients for Cy3-KLA, Cy3-Cip or Cy3-CPT with MitoTracker are
0.830, 0.927 and 0.873, respectively. All incubations with Cy3-drug were 10 min. Scale bars
denote 25 uym. Representative (N = 10) confocal microscopy images are shown here.
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To accurately assess mitochondrial targeting by Cy3-drug conjugation, for
each drug Hela cell viabilities were assessed under 4 conditions for each
conjugate: Cy3-drug, Cy3 + drug, Cy3 alone and drug alone. The additional
control of Cy3 + drug was used to provide insight into whether the conjugation
to Cy3 is necessary to achieve an increase in toxicity if one is observed, and
not simply due to the combination of molecules regardless of conjugation. The
toxicity of Cy3 alone is also crucial to understand any background toxicity that
may occur during fluorescent imaging. Standard dose-response curve fitting
was performed for each condition to establish individual ECs5y values. Cell
viability testing was conducted using CellTiter-Blue; a commercially available
assay that provides a homogeneous fluorescent method to monitor cell
viability. The assay is based on a live cell’'s ability to convert the non-
fluorescent redox dye resazurin into the highly fluorescent pink dye resorufin
(excitation/emission 571/584 nm). Therefore, high pink fluorescent values are
representative of the reduced product resorufin, and thus are indicative of the
viability of a culture.

Across all three Cy3-drug conjugates, an increase in toxicity was observed
when covalently conjugated to Cy3 (Figure 2.18a-c). Comparing the toxicity
of covalent conjugation to Cy3 with the toxicity of the lone cargo, toxicity
increases from 100-fold (ECsp = 0.8 uM vs 85 uM for Cy3-CPT vs CPT) to
1000-fold (ECs0 = 4 uM vs 4020 uM for Cy3-KLA vs KLA) were obtained. Cy3
alone exhibits a cytotoxicity ECso value of 26 uM, however a 5- to 30-fold
enhancement was nonetheless observed across all covalently conjugated

constructs (Figure 2.18).

As these toxicity results were promising, a further conjugate was tested, Cy5-
KLA. This was to evaluate whether the results can be replicated using Cy5 as
a delivery vessel and to determine whether the results in Figure 2.18 are

specific to Cy3, or can be transferable across the cyanine dye range. Indeed,
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Cy5-KLA presented the same way as Cy3-KLA, with an ECsp of 5 yM vs 4020
uM for Cy5-KLA vs KLA (Figure 2.18d).

Crucially, the Cy3-drug conjugates were all shown to be more toxic in cancer
cells than non-cancer cells when comparing their toxicities in HeLa to HEK293.
The ECsp value of Cy3-KLA is significantly lower (p > 0.01) in HeLa (4.0 uM)
compared to HEK293 (11.1 yM). Furthermore, a 10-fold increase in ECs, (and
therefore potency) was observed with Cy3-CPT (0.8 uM vs 11.1 uM) while a
2-fold increase was observed for Cy3-Cip (3.9 uM vs 6.7 pM). Their selectivity
in different cell lines may be derived from the MMP being more negative in
cancer cells compared to non-cancer cells.>* %% 3% However, it needs to be
considered that the cell lines used here are immortalised so cannot be
considered as a clear representation of how the conjugates would behave in
an in vivo model. A natural mammalian system carries a plethora of additional
complexities that cannot be assessed in vitro; therefore, testing these
conjugates in vivo is crucial to ascertain whether the promising results

obtained here are transferable to a clinical setting.
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Figure 2.18: Cytotoxicity and ECs, values of Cy3-drug conjugates in HeLa and HEK293
(a—d) Effects of covalent conjugation of small molecules to cyanine dyes on HeLa cell viability:
(a) Cy3-KLA, (b) Cy3-Cip, (c) Cy3-CPT, (d) Cy5-KLA. Hela cells were treated with the
indicated compounds at the indicated concentration for 48 h before the quantification of cell
viability using CellTiter-Blue. (e, f) Comparison of ECs, values of small molecules and their
cyanine dye conjugates. Hela cells were treated with the indicated compounds at the
indicated concentration for 48 h before the quantification of cell viability using CellTiter-Blue.
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To summarise, the work depicted in these studies has characterised the
mitochondrial-homing capacity of simple cyanine dyes, and represented their
capability for exploitation as an anti-cancer drug delivery vehicle. The
compounds detailed can effectively localise at the mitochondria at relatively
low concentrations, and Cy3, Cy5 and Cy3-Cy5 are not dependent on
endocytic pathways to enter a cell. Cy3-Cy5-R8 was generated and tested to
analyse whether the addition of a CPP can alter the pathway in which the dyes
enter a cell, and moreover to test previously reported behaviours of cyanine
dyes in cell entry when conjugated to a CPP entity. The dyes were found to be
dependent on the mitochondrial membrane potential, and conjugation of
simple cyanine dyes Cy3 or Cy5 dramatically increased the toxicity of a
cytotoxic peptide, small molecule and a metallocomplex drug. Strong evidence
was gathered to determine the mode of entry Cy3-Cy5-R8 adapts, concluding
that it is endocytosis-dependent at lower concentrations until a particular
concentration threshold where direct membrane transduction can be
achieved. The dyes do not irreversibly bind to the mitochondria, but their
targeted staining behaviours can be restored when MMP is re-established.

Although the results show a clear toxicity to cancer cells, determining their
specificity was crucial to address their future applications as cancer drug
delivery entities. Although an increased toxicity was observed in cancer cell
lines compared to non-cancer cell lines, there was still a marked toxicity in
non-cancer cell lines, illustrating a minimal level of specificity. To translate
these findings into a clinical setting, it would be necessary to test on a wider
range of cancer and non-cancer cell lines, alongside a range of primary cancer
and non-cancer cells. These results will be required to determine whether the
results found here can be converted into a clinical setting. Specificity of the
compounds could possibly be improved via addition of a receptor-targeting
entity to specifically bind to cancer cell surface markers, however this
approach is complex and lengthy with no promise of success. The conjugation
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to a receptor-targeting molecule will make the compound much larger, likely
more complex, and risks the retention of molecular stability. Moreover, in
targeting receptors or surface proteins, a release-mechanism will also be
required to facilitate drug conjugate release into the cell once the membrane
has been targeted. This cell-homing moiety may also restrict the efficiency of
cyanine dye entry into the cell, bringing the risk of a reduced toxicity or efficacy.
There are many hurdles to be addressed before these findings can potentially
be transcribed into a therapeutic setting, however the findings to this point are
promising — the next stage of research will need to focus on improving
specificity, whilst not detrimentally damaging the toxicities or efficacies of the

constructs.
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Dye-containing constructs were dissolved in dH,O and concentrations were
calculated from the Beer—Lambert law [ A = € ¢ [ ] where A is the absorbance
value, lis the path length and ¢ is the extinction coefficient. For Cy3-containing
constructs, concentration was determined using ¢ of Cy3 (150,000
L-mol™"-cm™ at the excitation wavelength of 555 nm), and for the dual dyes
using ¢ of Cy5 (250,000 L -mol™"-cm™ at the excitation wavelength of 646 nm).
10 Measurements were conducted using a ThermoFisher NanoDrop ND-
ONE-W spectrophotometer and an average taken to calculate the
concentration. Absorbance values were measured in 10 mm path-length
cuvettes (Fisher Scientific, #11847832).

HelLa and HEK293 cells were obtained from ATCC and routinely tested for
mycoplasma infection. HeLa and HEK293 were maintained in T75 flasks at 37
°C in a 5% CO; atmosphere in DMEM (Fisher Scientific, #11574516)
supplemented with 10% (v/v) FBS (Fisher Scientific, #11573397). Cells were
maintained at a sub-confluent monolayer, and split at 80-85% confluency. For
splitting, cells were washed with PBS, trypsinised in 1 mL of trypsin (Fisher
Scientific, #11560626) and 200 uL of the 1000 uL trypsin cell suspension is
re-suspended in 12 mL fresh DMEM containing 10% (v/v) FBS in a new T75
flask.

Hela cells were seeded at a density of 3 x 10° cells per imaging dish (MatTek,
#P35G-1.5-10-C) and grown at 37 °C in a 5% CO, atmosphere in DMEM
(ThermoFisher, #61965026) supplemented with 10% (v/v) FBS

98



(ThermoFisher, #10270106) for 24 h. Cells were washed twice with 1X PBS
(pH 7.4) and once with the imaging medium, i.e. serum free RPMI
(ThermoFisher, #32404014) containing 1% (w/v) BSA (Fisher Scientific,
#11493823) prior to undertaking the relevant staining procedures. For nuclear
staining, cells were incubated with Hoechst 33258 (10 mg/mL; Invitrogen,
#H3569) at 10 pg/mL in the imaging medium at 37 °C for 5 min. For
mitochondrial staining, cells were washed with PBS and incubated with
MitoTracker Green (Invitrogen, #M7514) at 20 nM in imaging medium at 37 °C
for 30 min and washed twice with PBS before imaging in imaging media. For
the constructs, concentrations and procedures are detailed in each protocol
listed.

Cell analysis was conducted using a Leica TCS SP5 confocal laser-scanning
microscope using 488 nm Argon laser, and 543 nm, 633 nm HeNe lasers.
Images were collected using a 63 x 1.4 NA objective at 2.5 times zoom.
Images were 16bit depth, 98.6 x 98.6 microns with 5.192 pixels per micron
resolution gathered through a 95.5 ym pinhole. Excitation/emission used for
Hoechst 33258, MitoTracker Green, Cy3, and Cy5 were 405/480 nm, 488/520
nm, 543/575 nm, and 633/680 nm respectively. Line-by-line generated images
were acquired via sequential scanning between the fluorophores. To permit
accurate comparability across all data sets presented, microscope settings
(including offset, gain and laser power) remained constant. For each
representative image displayed, 5 to 10 distinct fields of view were imaged. All

imaging was performed on live cells unless otherwise stated.

Hela cells were seeded at a density of 3 x 10° cells per imaging dish and
grown at 37 °C in a 5% CO; atmosphere in DMEM supplemented with 10%
(v/v) FBS for 24 h. Cells were then washed twice with 1X PBS (pH 7.4) and
once with the imaging medium. Cells were treated with a compound at the
indicative concentration for 1 h at 37 °C in imaging medium with or without
10% FBS (for serum dependent uptake). Media was removed, cells washed
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twice with PBS and once with serum free RPMI. For nuclear stain, cells were
incubated with Hoechst nuclear stain (Fisher Scientific, #10778843) following
the procedure previously described, and then imaged. When nuclear stain was
not used, cells were washed after compound treatment three times with PBS
and incubated in serum free RPMI prior to imaging.

Hela cells were seeded at a density of 3 x 10° cells per imaging dish and
grown at 37 °C in a 5% CO; atmosphere in DMEM supplemented with 10%
(v/v) FBS for 24 h. Cells were then washed twice with 1X PBS (pH 7.4) and
once with the imaging medium. Cells were chilled to 4 °C for 5 minutes before
washing with chilled PBS and 10 minutes treatment with the constructs at
indicated concentrations at 4 °C. They were washed with chilled PBS and

incubated in pre-chilled RPMI for imaging.

Hela cells were seeded at a density of 3 x 10° cells per imaging dish and
grown at 37 °C in a 5% CO; atmosphere in DMEM supplemented with 10%
(v/v) FBS for 24 h. Cells were then washed twice with 1X PBS (pH 7.4) and
once with the imaging medium. Cells were washed with PBS and incubated
with MitoTracker (20 nM) for 20 minutes, washed with PBS and then incubated
with Cy3 (10 uM) in serum free DMEM for a further 20 minutes. Cells were
washed with PBS and incubated in serum free DMEM when imaged on the
microscope, prior to fixation. Fixation was conducted via media removal, cells
washed with PBS and then incubated at the room temperature with 3%
paraformaldehyde in PBS for 20 minutes. Cells were further washed with PBS
and incubated with 10 mM NH4CI for 5 minutes prior to imaging again on the

confocal microscope.
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Hela cells were seeded at a density of 3 x 10° cells per imaging dish and
grown at 37 °C in a 5% CO; atmosphere in DMEM supplemented with 10%
(v/v) FBS for 24 h. Cells were then washed twice with 1X PBS (pH 7.4) and
once with the imaging medium. Cells were washed with PBS, and Cy3 (10 uM)
was added and incubated for 10 minutes in 10% v/v FBS DMEM. Cells were
washed and incubated in 500 pL of the aforementioned DMEM for imaging 0
minutes, then a further 500 pL of carbonyl cyanide m-chlorophenyl hydrazine
in 10% FBS DMEM (CCCP, Fisher Scientific, 10175140) at 40 yuM was added
to the cells (final concentration in well of 20 uM CCCP, 10% FBS). Cells were
imaged at 0, 2 and 6 minutes of CCCP treatment. CCCP media was then
removed and cells washed 3 times with PBS prior to incubation in
aforementioned 10% FBS DMEM. Cells were incubated at 37°C 5% CO,

atmosphere, and imaged at 10 minutes and 60 minutes after CCCP removal.

Hela cells were seeded at a density of 3 x 10° cells per imaging dish and
grown at 37 °C in a 5% CO; atmosphere in DMEM supplemented with 10%
(v/v) FBS for 24 h. Cells were then washed twice with 1X PBS (pH 7.4) and
once with the imaging medium. Media was removed, and cells washed three
times with PBS prior to staining with MitoTracker at 20 nM in serum free DMEM
for 20 minutes. Cells were washed again twice with PBS and incubated with
Hoechst stain (at concentrations previously described) in serum free DMEM
for 5 minutes. Cells were washed twice with PBS and treated with the
appropriate conjugates at 10 uM for 10 minutes under tissue culture conditions
prior to washing with PBS and imaging.

All images were processed equally and analyzed using the software program
Fiji (version 1.0) as part of the ImageJ suite. For co-localization graphs, guides
of 45-52 ym were drawn on the image and profile plots generated for each
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channel along the guide from left to right. Data sets generated from this were
collected and processed in Microsoft Excel. Pearson’s coefficient values were
calculated with Fiji using the “Coloc 2” function. Ten images were analysed to

calculate the mean Pearson’s coefficient.

Cells were seeded at a density of 2 x 10* cells per well in a Corning 96-well
plate (Fisher Scientific, #10357891) and grown at 37 °C in a 5% CO;
atmosphere in DMEM supplemented with 10% (v/v) FBS for 24 h. Constructs
were diluted into DMEM supplemented with 10% FBS to the appropriate
concentration, and cells in each well were incubated with 100 pyL of the
suspension. After 24 h at 37 °C, 20 uL of CellTiter-Blue (Promega, #G8080)
was added to each well. The plate was incubated for another 4 h at 37 °C
before analysis on a Perkin Elmer Victor X plate reader (excitation 531 nm;
emission 595 nm). Each data point is calculated from three biological
replicates (i.e. cells split from three different passages), and each biological
replicate is calculated from three technical replicates (i.e. cells split from the
same passage). Values from cell-only (i.e. non-treated) wells with CellTiter-
Blue in each biological replicate were set as 100% viability. For treatments
containing Cy3, blanks were generated with cell-free wells containing the
compounds and not adding CellTiter-Blue. The fluorescent reading for these
wells depicted background Cy3 fluorescence, and values were deducted from
the treatment readings. A logs or logio scale of treatment concentration was
used throughout toxicity analysis of the various conditions (Table 2.1).
Concentrations used for each condition remained the same across HEK and
HelLa analysis.
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Table 2.1: List of concentrations used to analyse construct toxicity

Treatment Concentration (uM)
KLA 0 1 8 40 200 1000 1500 3000 5000
Cy3 0 2.2 111 55.3 276.7 1383.3
Cy3 + KLA 0 0.1 1 10 100 1000
Cy3-KLA 0 0.5 14 2.6 6.9 12.9 34.3 171.7 858.3
KLA 0 1 8 40 200 1000 1500 3000 5000
Cy5 0 0.1 1 10 100 1000
Cy5 + KLA 0 0.1 1 10 100 1000
Cy5-KLA 0 0.056 0.56 5.6 56 560
Cip 0 0.1 1 10 100 1000 5000 10000 20000
Cy3 0 2.2 111 55.3 276.7 1383.3
Cy3 + Cip 0 0.1 1 10 100 1000
Cy3-Cip 0 0.04 0.4 40 400
CPT 0 0.1 1 10 100 1000
Cy3 0 0.1 1 10 100 1000
Cy3 +CPT 0 0.1 1 10 100 1000
Cy3-CPT 0 0.02 0.2 2.0 20 200

For all statistical analysis, data for each condition was obtained from three

independent biological replicates, each formed of a minimum of 2 technical

replicates, and significance values were calculated using a paired Student’s t-

test. For curve fitting (Figure 2.18a-d), data was plotted in OriginLab® (version

9.4) and a standard “dose response curve” was fitted: y = A1 +

A2—-A1

1+10(LOGXO—x)p "

Data analysis for Figure 2.18 was completed with the assistance of Dr

Alexander Nodling.
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Table 2.2: Pearson’s coefficient values for Figure 2.7

Cy3 Cy5 Cy3-Cy5 Cy3-Cy5-R8
Replicate Cy3:Hoechst Cy5:Hoechst Cy3:Hoechst Cy5:Hoechst Cy3:Cy5 Cy3:Hoechst Cy5:Hoechst Cy3:Cy5
1 -0.085 0.132 0.074 0.114 0.987 0.069 0.117 0.915
2 -0.070 0.129 0.320 0.137 0.860 0.108 0.052 0.817
3 -0.010 0.227 0.080 0.180 0.992 0.099 0.062 0.949
4 -0.120 0.205 0.099 0.320 0.940 0.112 0.075 0.877
5 -0.040 0.134 0.215 0.211 0.889 0.052 0.059 0.993
6 -0.030 0.081 0.116 0.218 0.912 0.089 0.106 0.831
7 -0.042 0.118 0.087 0.085 0.983 0.130 0.145 0.994
8 -0.010 0.152 -0.020 0.120 0.986 -0.030 -0.050 0.984
9 -0.032 0.090 0.016 0.007 0.992 0.071 0.021 0.785
10 -0.110 0.050 0.046 0.058 0.975 0.068 0.087 0.949
Average -0.055 0.132 0.103 0.145 0.952 0.077 0.067 0.909
StDev 0.039 0.054 0.099 0.090 0.049 0.045 0.054 0.078
Table 2.3: Pearson’s coefficient values for Figure 2.8
Cy3 Cy5 Cy3-Cy5 Cy3-Cy5-R8
Replicate Cy3:MT Cy5:MT Cy3:MT Cy5:MT Cy3:Cy5 Cy3:MT Cy5:MT Cy3:Cy5
1 0.966 0.987 0.330 0.438 0.732 0.324 0.575 0.903
2 0.896 0.738 0.449 0.593 0.997 0.355 0.484 0.797
3 0.947 0.786 0.462 0.302 0.905 0.622 0.601 0.879
4 0.738 0.899 0.184 0.329 0.852 0.397 0.482 0.779
5 0.979 0.739 0.177 0.120 0.761 0.274 0.342 0.735
6 0.870 0.891 0.385 0.299 0.784 0.259 0.328 0.712
7 0.864 0.993 0.582 0.272 0.976 0.668 0.782 0.979
8 0.721 0.815 0.195 0.253 0.762 0.418 0.601 0.891
9 0.851 0.984 0.170 0.318 0.847 0.556 0.350 0.766
10 0.796 0.939 0.254 0.448 0.987 0.428 0.436 0.818
Average 0.863 0.877 0.319 0.337 0.860 0.430 0.498 0.826
StDev 0.090 0.101 0.146 0.129 0.101 0.142 0.144 0.085
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Table 2.4: Pearson’s coefficient values for Figure 2.9

Cy3-Cy5 + MitoTracker | MitoTracker + Cy3-Cy5 | Cy3/Cy5 + MitoTracker

Replicate Cy3:MT Cy5:MT Cy3:Cy5 Cy3:MT Cy5:MT Cy3:Cy5 Cy3:MT Cy5:MT Cy3:Cy5
1| 0.330 0.438 0.732 0.549 0.543 0.862 0.782 0.754 0.945

2| 0449 0.593 0.997 0.539 0.538 0.832 0.617 0.654 0.780

3| 0.462 0.302 0.905 0.723 0.567 0.963 0.760 0.756 0.851

4| 0.184 0.329 0.852 0.765 0.524 0.991 0.744 0.748 0.842

5| 0.177 0.120 0.761 0.653 0.636 0.827 0.730 0.765 0.856

6 | 0.385 0.299 0.784 0.595 0.527 0.953 0.651 0.631 0.824

7| 0.582 0.272 0.976 0.569 0.652 0.888 0.746 0.753 0.877

8| 0.195 0.253 0.762 0.732 0.638 0.938 0.766 0.799 0.879

9( 0.170 0.318 0.847 0.391 0.479 0.749 0.742 0.810 0.905

10 | 0.254 0.448 0.987 0.719 0.576 0.992 0.801 0.659 0.896
Average | 0.319 0.337 0.860 0.624 0.568 0.900 0.734 0.733 0.866
StDev | 0.7146 0.129 0.101 0.117 0.057 0.081 0.057 0.062 0.046

Table 2.5: Pearson’s coefficient values for Figure 2.17

Cy3-KLA | Cy3-Cip | Cy3-CPT
Replicate Cy3:MT Cy3:MT Cy3:MT
1 0.730 0.876 0.747
2 0.736 0.991 0.923
3 0.932 0.996 0.931
4 0.917 0.942 0.853
5 0.838 0.994 0.914
6 0.769 0.782 0.980
7 0.897 0.914 0.934
8 0.889 0.859 0.899
9 0.879 0.923 0.792
10 0.712 0.991 0.759
Average 0.830 0.927 0.873
StDev 0.085 0.072 0.081
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CHAPTER 2: Cyanine dyes as cancer drug delivery vehicles
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CHAPTER 3:

Genetic code expansion
as therapeutic switches
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Although the approach to drug delivery in Chapter 2 was successful and
demonstrated efficient delivery of toxic compounds to cancer cells, limitations
remained regarding cancer cell specificity as the compounds continued to
show toxicity (albeit significantly lesser) to non-cancerous cells. The next
objective was to investigate an alternative approach to cancer therapeutics.
By manipulating the immune system with internal cellular control of genetic
processes, non-selective activity and generalised toxicity commonly observed
in drug-mediated cancer treatments can be negated. Opposed to external drug
delivery, the aim of this chapter was to introduce a mammalian cell logic gate
system to allow the temporal control of engineered cancer-homing T-cells via
targeted incorporation of unnatural amino acids. As a whole, mammalian cell
logic gates hold great potential for wide ranging applications, but most
currently available use drug molecules or their derivatives that carry intrinsic
biological activities. To construct truly orthogonal circuits and artificial
regulatory cellular pathways, biologically inert molecules are ideal as
molecular switches, such as unnatural amino acids. A technique known as
‘genetic code expansion’ is used to incorporate an unnatural amino acid. An
aminoacyl-tRNA synthetase and tRNA pair that decodes a blank codon is
engineered and introduced into a cell to incorporate a designated unnatural
amino acid at a targeted site during protein production. In mammalian cells,
genetic code expansion remains highly restricted to incorporation of a single
unnatural amino acid due to a lack of blank codons. Therefore, this work
focussed on the emerging field known as quadruplet decoding, where a
quadruplet codon is used to increase the availability of blank codons. 11
pyrrolysyl tRNA variants that decode quadruplet codons were screened, and
the most efficient quadruplet was put through a series of optimisation prior to
transfer into a mammalian cell logic gate design. Using a quadruplet-decoding
orthogonal pair with an amber (UAG)-decoding pair, novel logic gates that can
be efficiently controlled by two different unnatural amino acids were
constructed and achieved; projected to be applied to a switchable cancer-
targeting CAR-T design.
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The central dogma to molecular biology is the conversion of DNA coded
sequences to functional proteins.**? All living organisms carry a genetic code;
a double helix sequence made entirely out of 4 distinct nucleotides (adenine
(A), guanine (G), cytosine (C) and thymine (T)) (Figure 3.1a). Arranged in a
precise sequence and held in place by two adjacent sugar phosphate
backbones, the nucleotide sequences throughout the DNA encodes every
fundamental aspect of a living organism.?*? The DNA double helix is formed of
a “sense” strand, and an “anti-sense” strand (Figure 3.1b), held together by
hydrogen bond interactions between adjacent bases. As adenine always pairs
with thymine (A-T) and cytosine always pairs with guanine (C-G), the anti-
sense strand encodes a perfect complementary replica of the sense strand.

Within the DNA of a cell there are sections known as genes; the coding regions
that are converted into proteins.*®® Within the genes, each triplet of nucleotides
on the DNA sequence is called a codon and each codon encodes for a
particular amino acid; the building blocks of proteins.*®® There are 64 distinct
A/C/TI/G combinations, resulting in 64 codons. Of the 64 triplet codons, 61 are
responsible for all of the 20 canonical amino acids (naturally occurring) and
the remaining three (TAG, TAA and TGA) are used as stop codons. These
stop codons only appear at the end of a gene, and signal the termination of a
gene sequence,*®* consequently evoking the cessation of protein production.
However, to convert a gene into a protein, a sequence of events occur that

can be simplified to two distinct steps; transcription and translation.
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Figure 3.1: DNA structure and processes of protein production from a DNA sequence
(a) Double-helix structure of DNA and chemical structures of A/T/C/G nucleotides and how
they form base pairs. (b) Process of transcription; converting a DNA sequence to mRNA. (c)
process of translation; converting an mRNA sequence to protein (AA = amino acid, aaRS =
aminoacyl tRNA synthetase).
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The first stage is transcription, where a single stranded messenger RNA
(mRNA) is generated from the gene sequence (Figure 3.1b). mRNA is also
formed of 4 nucleotides like DNA, but in mRNA the thymine (T) is replaced
with uracil (U). It is widely accepted that cellular production of uracil is more
energy efficient than thymine production, and as RNA is constantly being
produced for various purposes unlike DNA, the substitution of thymine for
uracil renders RNA production is understood to be more energy efficient as a
whole.?**® Moreover, the distinct difference between RNA and DNA via thymine
substitution facilitates the intracellular distinction between DNA and RNA,
enabling targeted DNA recognition for a variety of purposes, such as mutation
detection, DNA folding and transcription. The mRNA of a gene is made by
forming a complimentary strand to the anti-sense strand (in other words,
replicating the sequence of the sense strand as a single stranded RNA).

Once transcription has occurred, the mRNA is trafficked to the cellular
ribosome (in eukaryotes, it is trafficked out of the cell nucleus prior to locating
at the ribosome). Ribosomes are specialised cellular macromolecules
distributed throughout the cytoplasm and facilitate the translation of mMRNA into
proteins.>®® Once the mRNA binds the ribosome, tRNA is employed to permit
translation (Figure 3.1c). tRNA (transfer RNA) are cloverleaf shaped single-
stranded RNA structures that decode the mRNA sequence and facilitate the
formation of the peptide chain.*®’ Each tRNA is specific to its amino acid, and
has a designated tRNA synthetase to aminoacylate them together.*®® tRNA
carry an anticodon at the bottom of their stem loop which is complimentary to
the mRNA codons, therefore they permit the assignment of the 20 canonical
amino acids to a designated codon (Figure 3.2). With the mRNA within the
ribosome, the anticodon of the charged tRNA interacts with the complimentary
codon on the mRNA sequence, in-turn bringing their amino acid within close
proximity of the neighbouring amino acid and provoking hydrolysis and
creating a covalent amide bond between the two residues.**® **’ This process
results in a chain of amino acids, which then undergoes a series of folding to

generate the final functional protein.36® 364 366, 367
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(a) Canonical amino acid structures, names and abbreviations. (b) Genetic code amino acid

codon-assignment table.
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Genetic code expansion is a process that has been used to improve protein
investigation over the past 20 years, and relates to incorporation of unnatural
amino acids into polypeptide chains. The technique has advanced
understanding of protein structure, enzyme active site functionality, and
facilitated studies on intracellular protein trafficking and localisation via the use
of targeted probes.****"2 Genetic code expansion is a powerful technique with
wide-ranging applications in protein research.’"#3" By repurposing the innate
cellular translation machinery, the method enables site-specific unnatural
amino acid incorporation into a target protein. To incorporate an unnatural
amino acid, an orthogonal aminoacyl-tRNA synthetase (aaRS) and tRNA pair
that decodes a blank codon is required.>?*"” The amber (UAG) codon is
typically used as the blank codon in genetic code expansion (Figure 3.3)
because it is typically the least-frequently employed stop codon in most
organisms, and does not encode an amino acid.?’® An orthogonal pair refers
to a set that functions independently of its surrounding cellular machinery,
therefore it theoretically has no interaction with naturally occurring tRNA/aaRS
pairs. Thus far, a multitude of orthogonal pairs have been developed and
optimized for unnatural amino acid incorporation in response to the amber
codon (i.e. amber suppression) in various organisms.>"?3"% 37 Arguably,
pyrrolysyl (Pyl)-tRNA synthetase (PylRS) and its cognate tRNA from the
archaeal Methanosarcina species is the most widely utilized orthogonal pair in
prokaryotic and eukaryotic systems.>?3"> 37" Thjs is particularly so because
PyIRS does not recognise the anticodon step loop of the cognate tRNA during
amino-acylation unlike other tRNA/aaRS pairs. Nevertheless, various
Escherichia coli aaRS (e.g. EcLeuRS, EcTyrRS, EcTrpRS) and their cognate
tRNAs have also been exploited, and specifically engineered to function as
orthogonal pairs to incorporate unnatural amino acids with diverse chemical
and physical properties in mammalian cells.>"2 Theoretically, it is possible to
employ multiple orthogonal pairs concurrently in mammalian cells,?"% 37 380
however such applications are often thwarted as these pairs are all originally
engineered for amber suppression. Advances in targeted UAA incorporation
are becoming increasingly inhibited by the limitations of the natural genetic

114



code. As all triplet base combinations are occupied by naturally occurring
tRNA and amino acids throughout all organism genomes, the expansion and
incorporation of multiple unnatural amino acids into a single protein is

extremely limited, restricting its employment in more complex biochemical

studies.
Peptide
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tRNA |
AA |
+ —_— charged |
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charged !
I % — IR
UAA

Figure 3.3: The process of unnatural amino acid incorporation using amber decoding
Employing orthogonal tRNA/aaRS pairs for selective unnatural amino acid incorporation into
proteins using amber codon (UAG) suppression. (AA = amino acid, UAA = unnatural amino
acid).

Genetic code expansion is required to investigate protein activity in a more in-
depth and comprehensive manner, and a potential resolution for the triplet
restriction is the use of quadruplet codons. This concept involves the addition
of an extra base at the target codon for UAA employment, and generating a
tRNA with a complementary quadruplet anti-codon that can be selectively
amino-acylated (Figure 3.4). Quadruplet decoding has been applied to a
range of studies in bacterial culture using various orthogonal aaRS/tRNA

341,381,382 |f quadruplets were employed into the modern-day approaches

pairs.
to UAA protein studies, there is a potential for 256 blank codons to be made
available, thus it would theoretically be achievable to introduce multiple distinct
amino acids within a single cell for more complex and in-depth biochemical

studies. However, there are a multitude of complications when employing
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quadruplet tRNA, such as off-target interference with translation inducing
frame shifts in natural peptide sequences. Quadruplet-decoding incorporation
of unnatural amino acid studies have predominantly been in bacterial

341, 373-376, 378,382 \y hile mammalian research remains in its infancy.*”

strains,
381, 383, 384 . Ly . . . .

Unnatural amino acid incorporation in mammalian studies carry a
large potential in medicinal research, and has many applications into
pharmaceutical sciences, protein activity, active site activity and catalysis in a
mammalian environment. Thus, the need for an expanded genetic code is also
relevant to mammalian studies, as these have the same limitations as those

of bacteria regarding amber codon usage.
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Figure 3.4: Process of unnatural amino acid incorporation using quadruplet decoding
Employing orthogonal tRN/aaRS pairs for targeted unnatural amino acid incorporation into
proteins using quadruplet codons. (AA = amino acid, UAA = unnatural amino acid).

As unnatural amino acids generated for genetic code expansion are artificial
synthetic molecules (no existence in nature), they are widely considered to be
biologically inert as observable changes in cellular phenotypes are yet to be
described.?? 38%388 Thjs is advantageous when investigating their potential
applications in cancer therapies, as theoretically their administration would not
produce any undesirable phenotypes. As such, it is interesting to consider their
translation into a cancer treatment design, whereby their ability to obtain
genetic control could be manipulated into activation of genetically modified
anti-cancer entities. The dual operation of a quadruplet-decoding aaRS/tRNA
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paired with an amber-decoding aaRS/tRNA within the same cell holds the
potential to be adapted as genetic switch systems; for example, the
supplementation of one amino acid induces activation of a protein or cell, and
supplementation of an opposing amino acid evokes their deactivation. As a
whole, this approach to controlling a desired output via two inputs is termed as

a biological logic gate.

Put simply, the term biological logic gates refer to integrated cellular systems
where a particular input is used to control a desired output. The engineering
of mammalian cell logic gates has revolutionized synthetic biology, enabling
the development of sensors, diagnostics and therapeutics.?%® 39392 The
employment of environmental or synthetic switches is a fast developing next-
generation technique for intricate cellular phenotype control, with exponential

biotechnological and biomedical applications.?®? 299: 393-3%

Regarding environmental stimuli, over the past decade a plethora of new
methods have entered the literature ranging from chemical-logic gates, to
gene logic gates, and even post translational protein dimerization methods.
Soheili et al. recently expanded their use into a new method of investigating
cellular activities for therapeutic gain.a’97 An ongoing problem of cancer
treatments is the development of multi-drug resistance, which is commonly
achieved via overexpression of a glycoprotein called MDR1. In order to
investigate whether the use of a targeted MDR1 shRNA could indeed reduce
the expression of the gene, the group developed a logic operating system with
hopes to gain more accurate and informative data sets. They created a
modified synthetic breast cancer cell line (MCF7) via transduction of lentivirus
materials. By placing the expression of a synthetic MDR1 gene under a
promotor that requires DOX for activation, and similarly an shRNA construct
that requires IPTG supplementation for expression, they were able to
accurately investigate the effects of the targeted shRNA. They demonstrated
that MDR1 was only expressed in the cells when supplemented with DOX, and
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moreover if DOX and IPTG are simultaneously supplemented, the expression
of MDR1 reduced significantly by 75% through IPTG-mediated shRNA
interference with MDR1.3’ Although a relatively simple design, this technique
is a useful one for investigation of genetic therapies, as the expression of a
target cancer gene can be induced by the user, and therefore the actual
specificity of the designated treatment can be more accurately ascertained.

Another promising environmental stimulus-responsive cancer therapeutic is
the use of modified nanoparticles.'?*'?% 132 By generating nanoparticles that
release their chemotherapeutic cargo upon a particular signal at the tumour
site, side effects of non-selectivity can be largely negated due to the switchable
nature of the treatment. Many nanoparticles that respond to external or internal
stimuli have been developed over recent years, and most take advantage of
the natural environmental differences between a tumour and a healthy tissue.
One such difference is the pH of the tumour microenvironment. It has been
noted that a gradient of pH is present between tumour intra- and extracellular
regions caused by the tumour having a higher metabolic demand than what is
supplied to it." 12122 162 By receiving less nutrients and oxygen than is
required, cancers tend to accumulate large volumes of lactic acid within their
near proximity. Given this increase in acidity, pH-responsive nanoparticles are
a great example of a stimulus-responsive treatment option, as they selectively
release large volumes of chemotherapeutic cargo to tumours only when
receiving a dedicated acidic input.’®® Typically, these constructs remain in a
stable form at physiological pH, but acidic environments induce hydrolysis and
protonation of the structures, causing to structural breakdown and subsequent
release of the drug. Moreover, these nanoparticles can further be used to
transport other means of therapy such as siRNA to interrupt the transcriptome
of the cancer cells with aims to disrupt their function. Prior to development of
nanoparticles, the use of siRNA was broadly unsuccessful due to its poor
systemic stability and vulnerability to circulating degrading enzymes.?*
Moreover, siRNA is a useful tool when treating multi-drug resistant cancers,
as it can disrupt the pathways adopted to cause drug resistance, subsequently
reassigning the cells as chemotherapeutic-sensitive. Additionally, siRNA can
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also be used to downregulate anti-apoptotic enzymes and proteins, making

the cell more vulnerable to destruction.?®

Other stimulus-responsive
nanoparticles have been developed in recent years, including ones that
respond to redox conditions, or can be degraded by enzymes that are highly

expressed in certain tumours. ' 120-122

Particularly, switchable treatments have been formed to respond to external
stimulus issued by the vender, allowing temporal control and user-mediated
manipulation of a desired phenotype. One field of this is designing therapeutics
that respond to light.'®% 162 3% gStimulus such as light are particularly useful
when treating very solid tumours, as they are commonly extremely hard to
penetrate with bulky treatments. Due to their dense arrangement, thick
extracellular matrix and lack of extensive vasculature, solid tumours have a
reduced uptake of nanoparticles and other large drug complexes. The
employment of light treatments like infrared light has shown promise in early
studies of light-activated cancer therapeutic designs. By using particles small
enough to surpass the dense infrastructure of the tumour, infrared light is then
directed at the tumour site, and absorbed by the molecules. As a result, these
particles generate large amounts of heat, substantially increasing the
temperature of the tumour and consequently burning and destroying the
tumour tissues.'® '*° However, the low penetration of light through skin is an
enormous obstacle for these therapies to overcome, therefore at present these
treatments only remain potentially suitable for the treatment of superficial,

surface and exposed cancers, such as tumours of the oral cavity and skin.

Although many such logic gates have been developed to function in
mammalian cells, commonly employed switch-input molecules such as
rapamycin and its derivatives carry intrinsic biological activities and bring risk
of toxicity.2%% 390 3939 T4 construct truly orthogonal circuits and artificial
regulatory pathways in cells, biologically inert molecules, such as unnatural
(non-canonical) amino acids, are ideal as control switches. Being inert, they

cannot interfere with natural cellular processes so can selectively serve as
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input signals, making them a practical choice to control logic gates within a
pharmaceutical setting.

The use of logic gate switches is in the early stages of revolutionising cancer
immunotherapy.?*?® The natural immune system is designed to relegate the
body of pathogens and mutant cells, such as cancers.*”: ™ Interestingly,
cancers are renowned for their ability to effortlessly evade the immune system

through a variety of mechanisms.* "

It is also very difficult for the immune
system to recognise cancers as threats, as they display self-antigens on their
surface, posing as healthy tissues.*? Cancer immunotherapy is a growing field,
where different techniques are employed to train the patient’s immune system
into overriding the cancer immune evasion tactics and successfully destroying
the tumours.>* ™ 2°° One of the most promising emerging techniques is the
use of Chimeric Antigen Receptor T-cells (CAR-T).?% 229 283, 293 Thage cells
are engineered T-cells, where they are extracted from the patient and modified
to express chimeric antigen receptors (CARs) (Figure 3.5a). These receptors
are targeted to antigens overexpressed on cancer surfaces, such as CD19,
and have shown great promise in the revolution of immunotherapy cancer
treatment. The limitations of these receptors, however, is the immune
response generated when they are infused into the patient. While the CAR-T
cells successfully target and kill the cancer cells with a high affinity, their rapid
reaction often results in an overwhelming immune response, with non-
selective cell destruction and flooding the system with inflammatory signalling
molecules called cytokines (known as a cytokine storm) which is extremely
toxic to a patient (Figure 3.5b).28' 282 284. 295 Racent projects have been
attempting to generate ways to temporally control or mediate the activity of
CAR-T 28 2929 yith hopes of reducing the immuno-toxicity they bring.

Acquiring the ability to control the activity of cancer immune-therapeutics
would undoubtedly aid the achievement of efficient anti-tumour activity with
reduced side effects. Recent advances have focussed on the development of

CAR-T cells that respond to particular stimulus. One approach is the use of a
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split receptor design whereby dimerization of two complementary parts is
required to activate the receptor.?®* 2% 2%° By ysing a split receptor, the anti-
tumour activity of the CAR-T is determined by the dimerising of the split
receptor complex. Such dimerising receptors have been made using entities
such as leucine zippers, as the zippers can be modified to tailor their binding
affinity to each other, in turn modulating the efficiency of the receptor.
Moreover, addition of another competing zipper with a stronger binding affinity
can be administered to dislodge the active zipper, therefore deactivating the
CAR-T. This approach enables users to fine-tune the strength of a CAR-T
response, and also allows them to effectively deactivate the CAR-T if adverse
side effects are exhibited in the patient, improving the overall safety of the
treatment. Other similar approaches have been developed to achieve the
same goal, with dimerising pairs such as biotin and avidin, and neo-epitope
tags being used. More successful takes on dimerising CAR receptors have
been achieved by the use of switch molecule inputs. A research group in 2015
demonstrated how the activities of CAR-T can be controlled remotely by the
simple administration of either rapalog (an analogue of rapamycin) and
gibberellin.?®® When mice were injected with these modified CAR-T, the group
successfully showed that CAR-T anti-tumour activity can be specifically
tailored by the concentration of drug administered. The field of switchable
immunology remains in its infancy however, and each approach brings
limitations. For example, systemic delivery of a leucine zipper to compete for
the active zipper site is fraught with difficulties due to the tendency of leucine
zippers to be degraded in the system prior to arriving at the CAR-T site.
Moreover, the use of drug molecules as a dimerising entity also brings
additional toxicities and complications, and there appears to be very little
studies that exhibit both an ON and OFF switch procedure, both of which are

necessary to establish complete control of the CAR-T functional activity.

Giving the pharmaceutical applications and treatment options CAR-T provide
the cancer field, adapting a logic gate system to these receptors is a potential
gold mine for targeted control and activation of CAR-T to minimise side effects.
Multiple studies have investigated the use of split receptor systems, where a
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dimerising molecule is employed to enable receptor assembly and
downstream immune activation.??% 2% 2%8. 299 However, these switch molecules
are not without their complications, as they are typically drug molecules known
to have adverse non-selective toxicities and effects in their own right.?%% 3%
398,39 Moreover, studies so far have simply focused on either an ON or an
OFF CAR-T switch, and have not developed an interchangeable control. The
use of genetic code expansion as logic switches for CAR-T activity is a
promising approach that can mitigate the toxicity of switch drug molecules, can
evoke regional CAR-T activation via targeted administration (i.e. unnatural
amino acid infusion into the tissues surrounding the tumour), and theoretically
would have no adverse side effects in the patient as the translational
machinery is specific to the modified CAR-T, and the unnatural amino acids
are biologically innate.
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Figure 3.5: Principles of CAR-T cell therapy for cancer and the current downfalls

(a) Process of patient T-cell modification to make self-CAR-T cells. T-Cells are extracted from
the patient and genetically modified to enable CAR expression. These CAR-T cells are then
propagated and infused back into the patient for cancer therapy. (b) Activities of CAR-T cells;
specific targeting and killing of cancer cells, however non-selective activities include cytokine
storms and healthy tissue destruction. Destruction of cancer and healthy tissues contributes
to cytokine storm.
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The aim of this project was to determine whether unnatural amino acid
incorporation can be modified into a logic gate design, which can then be
transferred into a switchable CAR-T model.

The premise of this proposal was on the basis that only in the presence of an
unnatural amino acid can a reporter protein form. When an unnatural amino
acid is not present, its cognate tRNA cannot be aminoacylated so does not
interact with the blank codon, and subsequently the translational process will
terminate at that residue.’”® 376 38. 389 Byjilding on this knowledge, the
expression of a full length and active protein can be controlled via
supplementation of an unnatural amino acid within the cellular media."® 38
Moreover, when combining multiple independent aaRS/tRNA pairs that
incorporate different unnatural amino acids, the expression of multiple target
proteins within a cell can theoretically be modulated by supplementation of
their cognate unnatural amino acids into the cellular media.*”* 3% |n short,
the expression of multiple proteins can be simultaneously influenced by the
unnatural amino acid makeup within the culture. Building on this, if found to be
successful, the switch model could be transferred to a switchable CAR-T
design. CAR-T have shown great promise in the field of cancer immunology,
however their lack of control once in a patient can be a complication, with
cytotoxicity arising from their over-activation.”* 2% 2% However, through the
development of a switch system via the use of unnatural amino acid
supplementation, it is hypothesised that the activity of CAR-T can be controlled
via two unnatural amino acids; one for an activation switch such as permitting
receptor expression, and the other for inactivation such as expression of a
cytotoxic protein.

The main objectives for this project include identification and testing of a
quadruplet decoding aaRS/tRNA pair that is active in mammalian cells, testing
its orthogonality with an amber decoding aaRS/tRNA pair, development of a
switchable GFP reporter design, and finally transfer of the system into a
switchable CAR-T model.
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Prior to analysing the applicability of genetic code expansion for mammalian
cell logic gates, it was necessary to identify two orthogonal tRNA/aaRS pairs
to be exploited as logic operation systems. The unnatural amino acids (UAAs)
used throughout this chapter are detailed in Figure 3.6. These UAAs were
chosen due to their wide commercial availability, and commonality within the
field of genetic code expansion.*’2

>
O%NH

_0 Ny
OH OH OH
H,N HoN HaN
0] O 0]
Abbreviation BocK OMeY AzF
Full name (Ne-Boc-L-lysine) (Methoxy-L-tyrosine) (4-azido-L-phenylalanine)

aaRS MmPyIRS EcTyrRS EcTyrRS

aaRS mutations WT Y37V, D182S, F183M, G265R Y37V, D182S, F183M, G265R

Figure 3.6: Unnatural amino acid structures, names and their paired tRNA synthetases
Structures and names of unnatural amino acids used in this chapter, alongside the aminoacy!
tRNA synthetase (aaRS) used for their incorporation, and synthetase mutations if applicable
(WT refers to wild type sequence).

Pyrrolysyl tRNA synthetase (PyIRS) and its cognate tRNA are arguably the
most versatile and evaluated pair for unnatural amino acid incorporation into
peptide chains.?’#3"% 37" As PyIRS does not recognise the anticodon stem loop
of its cognate tRNA, mutations of the nucleotides within this region (25-39) are
commonly investigated as they are theoretically tolerated by the synthetase.
These mutations have been largely exploited in E. coli for incorporation of the
unnatural amino acid Ne-Boc-L-lysine (BocK) (Figure 3.6), and some have
utilised this PyIRS versatility to engineer quadruplet-decoding tRNA, however
these studies exhibited varying degrees of efficiency (Table 3.1).
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Table 3.1: Pyl tRNA quadruplets described in the literature for BocK incorporation

Nucleotide position

N° I:?):ig:r: Efficiency Reference
25-28  29-30 31-33 34-39

1 UGGA CU UCUA AAUCCG TAGA ++ Wang et al. 2014 >’
2 UGGG CU UCUA AUCUCG TAGA +++ Wang et al. 2014 3%
3 UUGG AU  UCUA ACCUUG TAGA +HH+ Wang et al. 2016 3%
4 UGGG CU UCUA AUCCUG TAGA +H++ Wang et al. 2016 3%
5 UCGG AU  UCUA ACCUUG TAGA +H+ Wang et al. 2016 3%
6 UGGA CU ACUA AAUCCG TAGT + Wang et al. 2016 3%
7 UGGG CU ACUA AUCUUG TAGT ++ Wang et al. 2016 3%
8 UAGG CU ACUA AUCUUG TAGT ++ Wang et al. 2016 3%
9 UUGG AU  ACUA ACCUUG TAGT ++ Wang et al. 2016 3%
10 UGGA CU CCUA AAUCCG TAGG + Wang et al. 2016 **
11 UUGG CU CCUA AUCUUG TAGG +H+ Wang et al. 2016 **
12 UGGG CU CCUA AUCUUG TAGG +H+ Wang et al. 2016 *%
13 UAGG CU CCUA AUCUUG TAGG +H+ Wang et al. 2016 **
14 UGGA CU GCUA AAUCCG TAGC Wang et al. 2016 **
15 UGGA CU UCCU AAUCCG AGGA + Niu et al. 2013 %'
16 UGGA AU UCCU ACUCCG AGGA ++ Niu et al. 2013 %'
17 UGGA CU UCCU AUUCCG AGGA ++ Niu et al. 2013 %'
18 UCGG AU UCCU ACCCUA AGGA Niu et al. 2013 %'
19 UGGG AU UCCU ACCCUA AGGA +H++ Niu et al. 2013 %'
20 AGGG CU UCCU AUCCGU AGGA Niu et al. 2013 %'
21 UGGG CU UCCU AUCCUA AGGA Niu et al. 2013 %'

22 GGGG CuU UCCU AUCCGC AGGA +++++ Niu et al. 2013 %%

23 UCCU CU UCCU AAUAGG AGGA +++++  Wang et al. 2014 %%

24 UGGA CU UACU AAUCCG AGTA Wang et al. 2014 3"’
25 UUGG CU UACU AUCCUG AGTA +++ Wang et al. 2014 3%
26 UGGA CU CUAG AAUCCG CTAG ++ Wang et al. 2014 >
27 UGGC CU CUAG AACCCG CTAG ++ Wang et al. 2014 >

Black: WT sequence bases; blue: mutated bases; red: anticodon. Efficiency scores were
decided by visual results presented in each paper: the best quadruplet for each article is
scored as +++++, the least efficient as + and non-functional left blank.
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Taking a range of Mm pyrrolysyl tRNA quadruplets developed in E. coli to
incorporate BocK, a library of 11 pyrrolysyl tRNA mutants was designed to test
their translated efficiency in mammalian cells. (Table 3.2) For the purpose of
continuity and comparison, the mutants were renamed (Table 3.2, column 1),
however their relative number to Table 3.1 is detailed in the second column.
Pyrrolysyl tRNA variants chosen for analysis were to decode UAGN (N =
A/U/C/G), CUAG and AGGA codons and all were to incorporate the unnatural
amino acid BocK. Although they have been shown to be effective in E. coli,
the translation machineries in E. coli and mammalian cells are different,400

therefore tRNA optimized in one system may not be suitable for the other.

Table 3.2: Pyl tRNA quadruplets chosen from Table 3.1 for testing in HEK293

Nucleotide position

Designated  N° -(I;z:c?:rtl
Name 25-28 29-30 31-33 34-39
UCUA 1 UGGA Cu UCUA AAUCCG TAGA

UCUA(EV1) 4 UGGG Cu UCUA AUCCUG TAGA
UCUA(EvV2) 2 UGGG Cu UCUA AUCUCG TAGA
CUAG 26 UGGA Cu CUAG AAUCCG CTAG
CUAG(EvV1) 27 UGGC Cu CUAG AAUCCG CTAG
uccu 15  UGGA Cu UCCU AAUCCG AGGA
UCCU(EV1) 23 uccu Cu UCCU AAUAGG AGGA

UCCU(Ev2) 22 GGGG Cu UCCU AUCCGC AGGA

GCUA 14 UGGA Cu GCUA AAUCCG TAGC
ACUA 6 UGGA Cu ACUA AAUCCG TAGT
CCUA 10 UGGA Cu CCUA AAUCCG TAGG

Black: WT sequence bases; blue: mutated bases; red: anticodon.
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To enable a systematic and consistent comparison of the 11 quadruplet
variants, an evaluation plasmid was required (Figure 3.7b). The plasmid
design consists of a single copy of tRNA, pyrrolysyl tRNA synthetase, and an
eGFP reporter with the appropriate codon at the 150" residue. In order for the
genes to express, promotor regions are required at the 5 to the gene
sequence, and promotor regions are typically specific to the cell type (i.e.
bacterial promotors cannot function in mammalian cells, and vice versa). The
promotors chosen for the evaluation plasmid were U6 for tRNA, EF1a for the
synthetase, and CAG for the reporter eGFP. U6 is a natural type Il RNA
polymerase promotor, that is commonly used for driving the expression of
small RNA sequences, commonly small hairpin RNA (shRNA) or small
interfering RNA (siRNA).*°' The benefit of U6 is that repeating “U6 > gene”
units can be arranged in close proximity in a nucleic acid sequence, facilitating
the simultaneous expression of multiple gene copies from a single DNA string
and achieving a higher yield.**" 4% Therefore, if desired, multiple “U6 > tRNA”
units can be added and expressed on a single plasmid, yielding larger
quantities of tRNA. The eukaryotic translation Elongation Factor 1 alpha
promotor (EF1a) is commonly used for mammalian cell transfections and has
been used for synthetase expression in mammalian systems previously.
Naturally, it controls the expression of the EEF1A1 gene, that encodes a small
peptide that is responsible for the enzymatic delivery of aminoacyl tRNAs to
the ribosome in most tissues.*® As the function of this gene naturally is
essential for cell translation and survival, it is constitutively expressed at high
levels, therefore EF1a promotor exploitation for synthetase expression results
in high yields of the pyrrolysyl tRNA synthetase. Crucially, to obtain a clear
indication of the quadruplet decoding efficiency of each tRNA mutant, it was
paramount that the amount of reporter eGFP expression was extremely high,
as full saturation of reporter eGFP ensures a correct representation of
decoding efficiency, so eGFP fluorescence is accurately representative of
quadruplet decoding, not the limitation of available eGFP mRNA. Therefore,
the CAG promotor was used for reporter eGFP expression as it is frequently

used to drive high levels of gene expression in mammalian cells. Generated
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by the lab of Dr Jun-ichi Miyazaki,***

it is a synthetic promotor formed via
combination of a cytomegalovirus enhancer element, the first exon and intron
of the chicken beta-lactamase gene, and a splice acceptor from the rabbit
beta-globin gene. All three of the promotors in the evaluation plasmid design

have been utilised previously for unnatural amino acid incorporation.38!: 383 40>

408

If decoding of the reporter quadruplet codon at the 150" residue is successful
it will result in the production of full-length eGFP, however, if the first three
bases of a quadruplet codon are decoded as a triplet codon, a translational
frameshift will occur. A further silent point mutation downstream to the 150"
residue was introduced into the eGFP sequence. This point mutation ensured
that, if the quadruplet is decoded then the overall peptide sequence will not be
altered, however if the first three bases are decoded by cognate triplet tRNA,
the frameshift will encounter a stop codon within a few residues, leading to
premature termination (Figure 3.7a). This point mutation was crucial to ensure
that full-length and fluorescent eGFP is only produced upon successful
quadruplet codon decoding, therefore enabling accurate comparison.

All evaluation plasmid clones were generated by a series of cloning. tRNA
(Figure 3.7d) and eGFP mutants were generated by PCR mutagenesis of
carrier plasmids. The plasmids carrying the desired mutations were then
purified and confirmed via sanger sequencing. To form evaluation plasmids,
these mutant eGFP and tRNA fragments were cut from their carrier plasmids
and T4 ligated into the evaluation vector.

129



(a) Mutant: Quadruplet decoding
L Full length

K S R D G peptide
Charged Q

L tRNA —_— K
G / s
Q RDS>
K mRNA
S S
A R D .
Mutant: Triplet read-through
WT L Truncated
Q) (K) (S R) (T G peptide
sequence Charged Q
tRNA —_ K
*
STOP S
mRNA R/T
A
(b) (c) A
C
tRNA U6 G
1G-C72
_\ G-C
A-U
EF1 A-U
A-U
C-G U
UA uCCGcaccd A
aaRS 6 GUAS CCGGG
uABAUC (‘G UyA
Ga-u
A-U
25U G39 25N-N39
G-C N-N
G-C N-N
orp K TGhs s -
e A U A N N
2CUA, 31NNNN33

d
@ CUA(U25C)  UCUA  UCUA(Ev1) UCUA(EV2) CUAG  CUAG(EV1)

25C -G39 25 G39 25 G39 25y G39 25U G39 25 G39

G-C G-C G-C GU G-C G-C
G-C G-C G U G-C G-C G-C
A-U A-U G-C G-C A-U cu

C A C A C U C U C A C A
U A U A U A U A U A U A

31CUA33 sVcUA;; sVUcuA; sUcuAg, 5:.CUAG;; 3:.CUAG;;

UCCU UCCU(Ev1) UCCU(Ev2) GCUA ACUA CCUA
25U @39 25y @39 25G-C39 25U G329 25y @39 25U G39
G-C C-G GG G-C G-C G-C
G-C CA G-C G-C G-C G-C
AVa YYa Sy AV AUa AYa

U A U A §) A U A U A U A
sVccYs; sVecY; VY ScuAs; sACUA; 5CCUA;;

Figure 3.7: Design of evaluation plasmid and tRNAs for quadruplet decoding analysis
(a) Graphic representation of premature termination if triplet read-through of mutant sequence
occurs. (b) Evaluation plasmid design. (¢) Structure of pyrrolysyl tRNA and anticodon stem
loop that is modified in each mutant. (d) Sequence structure of tRNA mutants to be tested.
Red bases denote anticodon, black bases show bases retained from WT sequence, blue
bases show those mutated from the WT sequence.

130



Human Embryonic Kidney cells (HEK293) were transiently transfected with an
evaluation plasmid (Figure 3.7b) and cultured for 24 hours in DMEM
supplemented 10% v/v FBS supplemented with 1 mM BocK, a substrate of the
wild-type PyIRS. In contrast to the observations in E. coli where all variants

were functional 34! 381 362

only five Pyl tRNA variants led to BocK-dependent
production of eGFP detected by fluorescence microscopy (Figure 3.8 and 3.9)
and immunoblotting (Figure 3.10). Intriguingly, negligible eGFP production
was observed with either Pyl tRNAycua or Pyl tRNAucuaEv2), which have
previously been shown to function in HEK293T cells with 5 mM BocK.*
Nonetheless, it is possible that deviations in the cell line tested (HEK293 vs
HEK293T) and concentration of BocK used (1 mM vs 5 mM) could be
responsible for this discrepancy. Nevertheless, it is evident from the two
CUAG- and three AGGA-decoding variants that the nucleic acid sequence in
the anticodon stem loop has significant influence on the incorporation, where
base mutations can either improve (tRNAyccu vs tRNAuccuEvz)) or reduce
(tRNAcuac vs tRNAcuagEvt)) the incorporation efficiency. Importantly, the
functional Pyl tRNA variants remain orthogonal in mammalian cells, as neither
fluorescence nor eGFP was detectable in the absence of BocK (Figure 3.9).
Particularly, Pyl tRNAcuac and Pyl tRNAuccuEew) showed efficiency
comparable to that of Pyl tRNAcuaw2sc), a variant with improved amber
suppression efficiency in mammalian cells (Figure 3.10c).
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Figure 3.8: Decoding-efficiency fluorescent imaging of evaluation plasmids with BocK
HEK293 cells transiently transfected with each plasmid and incubated in the presence of 1
mM BocK for 48 hours. eGFP fluorescence represents successful quadruplet decoding and
BocK incorporation, bright field images provided as an imaging control and representative of
equal cell confluency across conditions. CUA(U25C) used as a decoding control. All images
are 223 um x 167 um, scale bars denote 50 um.
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Figure 3.9: Imaging of BocK dependent eGFP fluorescence for each evaluation plasmid
HEK293 cells transiently transfected with each plasmid and incubated for 48 hours with no
BocK supplementation. No e GFP fluorescence was detected demonstrating BocK specificity,
bright field images provided as an imaging control and representative of equal cell confluency
across conditions. Transfection with an eGFP plasmid used as a fluorescence control. All
images are 223 um x 167 um, scale bars denote 50 um.
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Figure 3.10: Western blot analysis of decoding efficiency for each quadruplet mutant
(a) Representative blot of transfection samples; a-GAPDH used for control, a-FLAG for PyIRS
detection and a-eGFP depicts full length e GFP. Band intensities of eGFP deduced by setting
Pyl tRNAcuawszsc) (+BocK) as 100%, NT = not tested. (b) table of combined band intensity
analysis of biological replicas, including average values for each quadruplet and standard
deviation (c) Graph of data in (b) to show amount of full-length e GFP produced by quadruplet
BocK incorporation, error bars denote standard deviation from three biological replicates.
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To exploit genetic code expansion as molecular switches, an orthogonal
tRNA/aaRS pair that does not cross-react with quadruplet Pyl tRNA/PyIRS is
required. Several E. coliaaRS (e.g. EcTyrRS, EcLeuRS etc) and their cognate
tRNA have been engineered as orthogonal pairs for amber suppression in
mammalian cells to incorporate unnatural amino acids.*”? The EcTyrRS has
been engineered to incorporate a range of synthetic tyrosine or phenylalanine
analogs, including 3-methoxytyrosine (OMeY) or 4-Azido-phenylalanine
(AzF).*? As PylRS/tRNA has previously been identified to function
orthogonally in E. coli, it should remain orthogonal in mammalian cells to an
engineered EcTyrRS/tRNAcua pair. To verify this, an EcTyrRS variant
containing 4 residual mutations (Y37V, D182S, F183M and G265R) (called
TyrRS* here) was selected.*®® The tRNAcya/TyrRS* pair was cloned into the
same evaluation plasmid design as the pyrrolysyl pairs for accurate
comparison of efficiency (Figure 3.11a). All components were generated via
PCR and cloned into the evaluation plasmid vector, ensuring the only deviation
in plasmid sequence between the pyrrolysyl plasmids and tyrosyl plasmids
was the eGFP reporter codon, and the tRNA and synthetase genes.

HEK293 cells were transiently transfected with the evaluation plasmid and
cultured for 24 hours in DMEM 10% v/v FBS supplemented with 1 mM OMeY
or AzF respectively, both substrates of the TyrRS* mutant.**® *'° The
observations by [talia et al. saw for this TyrRS* mutant that OMeY
incorporation was stronger than AzF,410 however in contrast to those findings,
the opposite was observed in this case. Fluorescent eGFP was clearly
presented to be of greater intensity when cells were incubated with 1 mM AzF
compared to 1 mM OMeY (Figure 3.11b).
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Figure 3.11: TyrRS*/tRNAcua pair decoding efficiency in presence of OMeY or AzF

(a) structure of evaluation plasmid generated to measure TyrRS*/tRNAcua mediated amber
suppression. (b) eGFP fluorescent imaging of HEK293 cells transfected with the evaluation
plasmid in (a) and incubated with either OMeY or AzF at 1 mM concentration for 48 hours. All
images are 223 um x 167 um, scale bars denote 50 um.

To successfully exploit the PyIRS/tRNAuccuEve) and TyrRS*tRNAcua as
molecular switches, it was paramount to deduce their orthogonality to each
other. If cross reactivity occurs between the pairs (i.e. Tyr tRNAcua
incorporating BocK, or Pyl tRNAyccuEve) incorporating AzF) then the end result
would be unwanted background activity when performing logic operations
which is not desired as it can hinder the applicability of the design. To examine
this, HEK293 were transiently transfected with either the PyIRS/tRNAuccuEv)
or TyrRS*tRNAcua evaluation plasmids and cultured for 24 hours in the
presence of either 1 mM BocK or 1 mM AzF media. Indeed, eGFP
fluorescence was only detected when a pair was in the presence of its cognate
unnatural amino acid, confirming the absence of promiscuity between the pairs
(Figure 3.12a). The results confirm the orthogonality of the two pairs and their
use for independent logic operations. Therefore, they are promising
candidates for molecular switch models, as they selectively incorporate their

cognate unnatural amino acids with no observable cross-reactivity.

Furthermore, as the pairs have been identified to function with a reasonable
efficiency, it was noteworthy to assess their ability to perform a double
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incorporation into a single eGFP reporter as this has seldom been
accomplished in mammalian cells. To assess their ability to double
incorporate, a two-plasmid transfection model was designed (Figure 3.12b).
The reporter eGFP on the Pyl evaluation plasmid was mutated via PCR to
introduce an amber codon at the 40" residue (€GFP4otac-150acGA), While the
original reporter eGFP in the Tyr evaluation plasmid was removed. This design
ensured full length eGFP would only be accomplished when OMeY or AzF and
BocK are concurrently incorporated into the same amino acid chain.
Unfortunately, low levels of eGFP fluorescence was detected by light
microscopy (Figure 3.12c), however controls were performed to determine
selectivity, and under 4 conditions ((1) no unnatural amino acids, (2) BocK
only, (3) AzF only and (4) BocK and AzF) eGFP fluorescence was only
detected when in the presence of both BocK and AzF (Figure 3.12d). Although
double incorporation was not as efficient as hoped, this data remains crucial
when considering mammalian cell logic gate designs, as it demonstrates that
an effective result is unlikely to occur if incorporation is required to be within
the same protein sequence. This is not to be unexpected however, as
incorporating both amino acids into a single chain means the output has an
accumulative dependence on both pairs. For example, if TyrRS*/tRNAcua has
an overall incorporation efficiency of 50% compared to endogenous
aaRS/tRNA pairs, then only 50% of the reporter peptide that was initiated for
translation is available for BocK incorporation. Then, if PyIRS/tRNAuccuEv)
also has an efficiency of 50%, then the total yield of full length protein carrying
both amino acids would be approximately 25%. However, if logic gates are
designed where two independent peptides are employed for each amino acid,
then the overall output would be 50% yield as the pairs are not reliant on the

efficiency of each other.
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Figure 3.12: PyIRS/tRNA and TyrRS*/tRNA orthogonality and dual operation in HEK293
(a) Fluorescent imaging representation of the orthogonality of the two tRNA/aaRS pairs. When
incubated in the presence of either 1 mM BocK or 1 mM AzF, eGFP fluorescence was only
detected when aaRS/tRNA pair was in the presence of their cognate amino acid, confirming
no cross-reactivity. (b) Plasmid design for co-transfection to determine the efficiency of
double-incorporation. (¢) Fluorescent imaging of HEK293 cells production of e GFP via double
incorporation in the presence of BocK and either OMeY or AzF. (d) Double incorporation
specificity testing; transfected HEK293 in presence of no amino acid, AzF only, BocK only, or
both AzF and BocK. eGFP fluorescence only detected when cells are in the presence of both
AzF and BocK. All images are 223 um x 167 um, scale bars denote 50 um.
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Once the two incorporation systems had been cloned and tested, the next
stage was to try and improve their incorporation efficiencies.

A previous research article discussed the use of a mutated eukaryotic release
factor (eRF1) to increase the incorporation efficiency of aaRS/tRNA for amber

suppression.*®

eRF1 is a native protein to mammalian cells, where it
facilitates the enzymatic shipment of aminoacylated tRNA to the ribosomes. It
was demonstrated that a simple mutation of the 55" residue from glutamic acid
to aspartic acid (E55D) gave a significantly higher yield of unnatural amino
acid incorporation. As this factor was already available as part of the lab
plasmid library, it was noteworthy to investigate whether the presence of this
eRF1 variant (eRF1(E55D)) improved the activity of PyIRSARNAyccuEve) or
TyrRS*/tRNAcua. HEK293 cells were transiently transfected with either the
pyrrolysyl or tyrosyl evaluation plasmid and co-transfected with a plasmid
encoding eRF1(E55D) under a CAG promotor system. As a control, a plasmid
encoding native eGFP was co-transfected with the eRF1(E55D) plasmid.
Unfortunately, no improvement in eGFP fluorescence was detected (Figure
3.13a). However, the paper that developed this eRF1 variant noticed improved
incorporation when there are multiple UAA incorporation sites in a single gene
sequence. Therefore, the presence of the eRF1(E55D) for double
incorporation was also tested. Unfortunately, this was also unsuccessful, and
no distinguishable improvement could be detected between cells in the
presence or absence of eRF1(E55D) (Figure 3.13b). Again, these results
cannot be directly compared to the paper that reported this variant, as they
used a PyIRS mutant for amber incorporation, and they had not tested a Tyr
variant. Moreover, the PyIRS/ARNA pair used for double incorporation in
Figure 3.13b was a quadruplet mutant, not an amber suppressing variant like
the research article which may influence the transferability.
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Figure 3.13: Determining impact of eRF1(E55D) on unnatural amino acid incorporation
(a) HEK293 cells transfected with either PyIRS/tRNAyccuEvz) or TyrRS*tRNAcua evaluation
plasmids and incubated for 48 hours in the presence of their cognate unnatural amino acid at
1 mM in the presence or absence of eRF1(E55D). Transfection of a plasmid encoding eGFP
was used as a fluorescence control. (b) Double incorporation efficiency in the presence or
absence of eRF1(E55D). All images are 223 um x 167 um, scale bars denote 50 um.

Most research into mammalian genetic code expansion uses a cassette of

tRNA genes. It is thought that this would improve the overall efficiency,® " 3"

383, 385, 408,409 35 more tRNA is transcribed resulting in a higher availability of
tRNA for amino-acylation and hence unnatural amino acid incorporation. As
the evaluation plasmids that have been used up to this point carry a single

copy of tRNA, it was deemed worthy to assess whether quadrupling the
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amount of tRNA on each plasmid would increase the amount of full length
eGFP produced.

To clone a 4x tRNA cassette, a series of PCR reactions were performed and
assembled into a cassette. The resulting plasmids were only different to their
parents by having 4 copies of tRNA each under a U6 promotor (Figure 3.14).
As previously discussed, the benefit of U6 is that repeating “U6 > gene” units
can be arranged in close proximity in a nucleic acid sequence, facilitating the
simultaneous expression of multiple gene copies from a single DNA string
enabling higher yield.*®" %2 Therefore, this could be exploited when multiplying
the copy number of tRNA genes in a single plasmid. HEK293 were transiently
transfected with evaluation plasmids encoding a single copy or 4 copies of
their cognate tRNA. Cells were incubated with 1 mM BocK or AzF respectively
for 24 hours prior to fluorescent imaging. For both PyIRS/tRNAyccuEv2) and
TyrRS*tRNAcua, @ marked increase in fluorescent e GFP was detected when
multiple copies of tRNA were used (Figure 3.15). Moreover, western blot
analysis revealed an average 2.5-fold increase in eGFP for
PylIRS/tRNAuccuEv2) (Figure 3.15a), and an average 6.5-fold increase in
eGFP for TyrRS*/tRNAcua (Figure 3.15b). Students paired t-test statistical
analysis revealed p values of p < 0.05 and p < 0.03 respectively for
PyIRS/tRNAuccuEvz) or TYrRS*/tRNAcua when comparing 1x tRNA to 4x tRNA.
Moreover, the multiplication of tRNA copies for TyrRS*/tRNAcua saw an eGFP
yield more comparable to PyIRS/tRNAuccuEvz) overall, which is beneficial to
logic operation construction as comparable levels of output are desired for an
equal level of control between switches.
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Figure 3.14: Graphical representation of modifications made to evaluation plasmids to
increase tRNA copy number fromn=1to n =4.
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Figure 3.15: Efficiency of PyIRS and TyrRS* decoding compared to tRNA copy number
(a) Representative fluorescent imaging and western blot analysis of BocK incorporation when
copy number of tRNAyccuEvz) is increased from n = 1 to n = 4. Band intensities across 3
biological replicas averaged and plotted on a graph, error bars denote standard deviation. (b)
Representative fluorescent imaging and western blot analysis of AzF incorporation when copy
number of tRNAcua is increased from n = 1 to n = 4. Band intensities across 3 biological
replicas averaged and plotted on a graph, error bars denote standard deviation. All images
are 223 um x 167 um, scale bars denote 50 um.
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As increasing the number of tRNA from n = 1 to n = 4 provided a valuable
improvement in eGFP production for both aaRS/tRNA pairs, it was seen to be
worthwhile to assess whether increasing tRNA copy number could improve
double-incorporation into a single eGFP. As shown, double incorporation into
eGFP using a single reporter and one copy of each tRNA was not particularly
efficient with TyrRS*/tRNAcua and PyIRS/tRNAyccuEv2) (Figure 3.12), and
testing alongside the eRF1(E55D) factor also failed to improve the
incorporation (Figure 3.13). In theory, increasing the copy number of tRNA
and the reporter gene would increase overall output, as there is more target
MRNA being produced due to the reporter gene being duplicated, and there is
more tRNA available for aminoacylation and subsequent UAA incorporation.

To test whether increasing tRNA and reporter genes would improve eGFP
output in a double-incorporation design, the plasmids detailed in Figure 3.12b
were modified to generate two evaluation plasmids that carry the reporter
eGFP, PyIRS or TyrRS* and 4 copies of their respective tRNA (Fig 3.16a).
These plasmids were then co-transfected into HEK293 and examined under
the same 4 conditions of UAA supplementation as previously stated. Direct
comparison of the original design (Design A) to the optimised design (Design
B) showed a clear improvement in eGFP production which was visualised by
fluorescent microscopy and western blotting (Figure 3.16b). Moreover, eGFP
fluorescence continued to be selective to only be present when cells were
incubated with AzF and BocK concurrently. Importantly, these results show
that even under conditions where tRNA copies are increased, the pairs
continue to selectively incorporate their cognate unnatural amino acids with no

observable cross-reactivity.
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Figure 3.16: Double-incorporation with increased copy numbers of tRNA and reporter
(a) Change in plasmid designs used to increase copy numbers of reporter gene and tRNA
copy numbers; named “Design A” and “Design B”. (b) Fluorescent imaging of cells under 4
conditions of UAA supplementation and corroborating western blots. All images are 223 um %
167 um, scale bars denote 50 um.

145



To assess the applicability of genetic code expansion as therapeutic logic gate
switches, it was first essential to design simple logic gates with fluorescent
reporters. These experiments would provide visual representation of whether
unnatural amino acids can be adapted as switch molecules, confirm whether
the backbone design is suitable for therapeutic control and moreover represent
how efficient the system design is as a whole. It was important to perform
these experiments for general troubleshooting prior to the conversion into a
therapeutic design. For these visual reporter logic gates, systems were
designed using the split GFP system (sGFP). sGFP is a derivative of the native
fluorescent GFP protein, developed by Cabantous et al. and optimised in
mammalian cells by Kamiyama et al.*'" *'? The split protein relies on the
concurrent presence of two polypeptides to form a fluorescent complex; a
larger subunit called sGFP(1-10), and a smaller subunit called sGFP(11). The
sGFP fluorescent chromophore can only develop and mature upon complex
assembly, therefore sGFP(1-10) and sGFP(11) are not fluorescent in their
individual forms (Figure 3.17a). As the logic gates would benefit from a
transfection control, a design that employs mCherry (red fluorescent protein)
as a constitutive reporter was constructed. Prior to testing BocK and AzF as
switch molecules however, ensuring that the native design works was a
necessity. Using a CAG promotor, mCherry was positioned 5" and in-frame to
the split GFP peptide sequences, with a P2A self-cleavable peptide sequence
between the C-terminus of mCherry and the N-terminus of sGFP(1-10) or
sGFP(11) respectively. P2A is an 18 amino-acid sequence that undergoes
spontaneous proteolysis during peptide folding that leaves a single proline
residue at the N-terminus of the 3’ peptide and the remaining residues on the
C-terminus of the 5’ peptide. It is derived from the porcine teschovirus-1, and
has been widely utilised in mammalian studies.*'® For these logic gates, the
inclusion of a P2A cleavable linker would ensure separation of the sGFP
fragments from the constitutive mCherry during protein folding, reducing the
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risk of mCherry blocking or hindering the sGFP(1-10) and sGFP(11) complex
formation (Figure 3.17b).
(a)

Complementation
+ and maturation )

sGFP(11) sGFP(1-10) Fluorescent
fragment fragment complex

(b)

P2A

cleavage Fluorescent split
9 GFP complex
i \
P2A

cleavage

i mCherry control
carrying P2A residue

Figure 3.17: Proposed approach to acquire UAA-dependent mammalian cell logic gates
(a) Split GFP complex; GFP fluorescence dependent on self-complementation of sGFP(1-10)
with sGFP(11). (b) General backbone design for adaptation to enable BocK and AzF
dependent logic operation.

mCherry  sGFP(11)

o -

mCherry  sGFP(1-10)

DNA fragments optimised for mammalian expression systems encoding
sGFP(1-10) and sGFP(11) were purchased and cloned via PCR and Gibson
assembly into a vector carrying mCherry with a C-terminal P2A sequence
(Figure 3.18a). HEK293 cells were transiently transfected with either plasmids
or co-transfected with both plasmids and incubated for 24 hours prior to
imaging. Wells were imaged using a light microscope and mCherry and GFP
fluorescence recorded for each condition. As predicted, GFP fluorescence
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was only detected when cells were co-transfected with both plasmids, and no
GFP was visualised when cells were only transfected with each plasmid
individually. (Figure 3.18b).

CAG CAG
mCherry mCherry
sGFP(1-10) sGFP(11)
P2A P2A
sGFP(1-10) sGFP(11)
(b) Split GFP construct testing
mCherry GFP Merge
S - -
o - -
° - . '
g ¢ 3 @
sGFP(1-10) J S
+ sGFP(11) °

Figure 3.18: Split GFP complementation testing in HEK293 with mCherry control.

(a) plasmids designed for co-transfection as illustrated in Figure 3.16b. (b) Fluorescent
imaging of HEK293 transfected with either or both plasmids. mCherry used as a transfection
control. All images are 223 um % 167 um, scale bars denote 50 um.

The observations made in Figure 3.18 confirm the functionality of the design
in Figure 3.17b, therefore the experimental plasmids could now be modified
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where the expression of sGFP(1-10) or sGFP(11) fragments would be strictly
dependent on the presence or absence of BocK and AzF.

Logic gates with an AND operation require the presence of both inputs to
achieve the desired output.*™ To generate an AND logic gate with unnatural
amino acid incorporation, split GFP complex formation needed to be
dependent on the presence of both AzF and BocK. To achieve this, the system
detailed in Figure 3.17b was modified to ensure sGFP(1-10) and sGFP(11)
production was dependent on AzF or BocK incorporation respectively (Figure
3.19). Introduction of a TAG codon or an AGGA codon at the junction between
the P2A linker and sGFP fragments should hypothetically ensure translation
of the split GFP peptides could only take place if AzF or BocK were
concurrently incorporated (Figure 3.19a). Moreover, as sGFP fluorescence is
dependent on the mutual presence of sGFP(1-10) and sGFP(11) for
chromophore maturation, This design would ensure that GFP fluorescence
was dependent on the presence of AzF and BocK as the sGFP fragments
could only be produced upon their incorporation into the sequence (Figure
3.19b). Similar to the design in Figure 3.17b, it was important to retain
mCherry fluorescence as a transfection control. By comparing mCherry
fluorescence to GFP fluorescence, the efficiency of the logic gates could be
visually ascertained. To achieve the experimental design denoted in Figure
3.19, two plasmids were cloned. Previous optimisation studies proved multiple
repeats of U6>tRNA increased overall output, and generated a more
comparable output efficiency between BocK and AzF incorporation. To ensure
the unnatural amino acids incorporated would not interfere with the P2A
splicing or the split GFP complex formation, a spacer was introduced between
C-terminal P2A and N-terminal sGFP(1-10) or sGFP(11) respectively. This
spacer of three amino acid residues (G-K-S) would help to ensure that BocK
or AzF would have no structural hindrance on the P2A cleavage or split GFP
fragment activities. The two plasmids cloned carried the respective UAA
incorporation machinery (TyrRS*/tRNAcua or PyIRS/tRNAuccuEvz)), and their
complementary reporter system (i.e. mCherry-P2A-TAG-sGFP(1-10), or
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mCherry-P2A-AGGA-sGFP(11)) (Figure 3.19a). The plasmids detailed were
cloned through a series of PCR and Gibson assembly procedures.
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Figure 3.19: Design to obtain UAA dependent AND logic operation with BocK and AzF
(a) Plasmids for AND logic operation; sGFP(1-10) and sGFP(11) production dependent on
BocK and AzF. (b) schematic principle of AND logic sGFP complementation.
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HEK293 cells were transiently co-transfected with both of the plasmids (Figure
3.19a) and incubated for 48 hours in four different conditions; (1) no UAAs, (2)
BocK only, (3) AzF only and (4) AzF and BocK. For all conditions, BocK and
AzF were at a final concentration of 1 mM in the cell growth media. As
predicted, GFP fluorescence could only be detected when cells were
incubated in the presence of both AzF and BocK (Figure 3.20), and mCherry
fluorescence was of equal intensity across all 4 conditions. GFP fluorescence
was observed to be of a relatively high level, demonstrating a reasonably high

efficiency of the system.
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Figure 3.20: Fluorescent imaging of HEK293 cells transfected with AND logic plasmids
Cells were transfected and incubated under 4 conditions: (1) No BocK or AzF, (2) BocK only,
(3) AzF only and (4) BocK and AzF. All amino acids were supplemented at 1 mM concentration
and cells incubated for 48 hours. mCherry fluorescence used as a transfection control. All
images are 223 um x 167 um, , scale bars denote 50 um.

To confirm the specificity of BocK/AzF dependence and continuation of
orthogonality, the plasmids were individually transfected into HEK293 cells
and incubated in the presence or absence of their cognate amino acid for 48
hours. Cells were then imaged for mCherry and GFP fluorescence. As
expected, there was no green fluorescence detected regardless of unnatural
amino acid supplementation (Figure 3.21), however mCherry fluorescence
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was detected, confirming its constitutive expression and successful

transfection.
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Figure 3.21: Transfection of HEK293 with individual plasmids from AND logic operation
Cells were incubated in the presence and absence of their cognate unnatural amino acid
(BocK or AzF). All images are 223 um x 167 um, scale bars denote 50 um.

Logic gates with an OR operation require the presence of either inputs to
achieve the desired output.*’* To generate an OR logic gate with unnatural
amino acid incorporation, split GFP complex formation needed to be
dependent on the presence of either or both AzF and BocK. To achieve this,
the mCherry and split GFP coupled system was modified to ensure sGFP(1-
10) was constitutively expressed, and sGFP(11) production was dependent on
the incorporation of either AzF, BocK or both (Figure 3.22). By replacing one
of the mCherry genes with sGFP(1-10), this ensured constitutive expression
of sGFP(1-10). Furthermore, ensuring both plasmids have the sGFP(11) gene
downstream of the P2A linker, the introduction of a TAG codon or an AGGA

codon at the junction between the P2A linker and sGFP(11) sequences would
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theoretically ensure production of the complementary fragment when cells are
in the presence of either or both AzF and BocK. Similar to the design in Figure
3.20, it was important to retain mCherry fluorescence as a transfection control,
so it was retained on one of the plasmids. By comparing mCherry fluorescence
to GFP fluorescence, the efficiency of the logic gates could be visually
ascertained.

To achieve the experimental design denoted in Figure 3.22b, a similar plasmid
construction to the AND logic gate was used, however the TyrRS*/tRNAcua
plasmid had its mCherry gene replaced with sGFP(1-10), and the original
sGFP(1-10) exchanged for sGFP(11) (i.e. mCherry-P2A-TAG-sGFP(1-10)
was exchanged for sGFP(1-10)-P2A-TAG-sGFP(11)). The pyrrolysyl plasmid
remained the same as used in the AND logic gate. Again, to ensure BocK or
AzF incorporation would not interfere with P2A splicing or split GFP complex
formation, a spacer was used between C-terminal P2A and N-terminal
sGFP(11) to ensure the unnatural amino acids incorporated would have no
structural hindrance on the P2A cleavage or split GFP fragment activities. The
plasmids detailed were cloned through a series of PCR and Gibson assembly
procedures.
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Figure 3.22: Design to obtain UAA dependent OR logic operation with BocK and AzF

(a) Plasmids for OR logic operation; constitutive sGFP(1-10) expression and BocK / AzF
dependent sGFP(11). (b) schematic principle of OR logic sGFP complementation.
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HEK?293 cells were transiently co-transfected with both of the plasmids (Figure
3.22a) and incubated for 48 hours in four different conditions; (1) no UAAs, (2)
BocK only, (3) AzF only and (4) AzF and BocK. For all conditions, UAAs were
at a final concentration of 1 mM in the cell growth media. As predicted, GFP
fluorescence could be detected when cells were incubated in the presence of
either or both AzF and BocK (Figure 3.23), and mCherry fluorescence was of
equal intensity across all 4 conditions. GFP fluorescence was observed to be
of a relatively high level, demonstrating a reasonably high efficiency of the

system.
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Figure 3.23: Fluorescent imaging of HEK293 cells transfected with OR logic plasmids
Cells were incubated under 4 conditions: (1) No BocK or AzF, (2) BocK only, (3) AzF only and
(4) BocK and AzF. All amino acids were supplemented at 1 mM concentration and cells
incubated for 48 hours. mCherry fluorescence used as a transfection control. All images are
223 um x 167 um, scale bars denote 50 um.

To confirm the specificity of AzF dependence and continuation of
orthogonality, the new TyrRS* plasmid was individually transfected into
HEK?293 cells and incubated in the presence or absence of AzF for 48 hours.
Cells were then imaged for mCherry and GFP fluorescence. As expected,
green fluorescence was dependent on the presence of the cognate unnatural

amino acid AzF (Figure 3.24).

158



AzF mCherry

{RNA 5 U6
o DIBT~ EF1
+
TyrRS*

GFP Merge

Figure 3.24: Transfection of HEK293 with individual plasmid for OR logic operation
Cells were incubated in the presence and absence of the cognate unnatural amino acid AzF.
All images are 223 um x 167 um, scale bars denote 50 um.
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The intention of this research project was to generate a logic gate where
cancer targeting T-cells can be temporally controlled by unnatural amino acid
supplementation. Chimeric antigen receptor T-cells (CAR-T) are an emerging
therapy in cancer treatment, where the patients T-cells are harvested,
genetically modified to express receptors targeted to an antigen on their
cancer cell surface, and then re-instated into the patient.”* 22 283 293 From
literature research as discussed in section 3.1.4, there is a shortfall in the
ability to control CAR-T cells once they are introduced to a patient. Patients
experience undesirable side effects, including the common occurrence of
cytokine storms which can be fatal. It is crucial in this line of research to
develop CAR-T that can be intrinsically controlled, and it is believed that the
adaptation of unnatural amino acid incorporation as orthogonal and innate
molecular switches can enable a titrated activation and temporal control of
CAR-T (Figure 3.25).

® »

(—E _—
Temporal Safety KILL
ACTIVATION switch
Inactive CAR-T Active CAR-T Dead CAR-T

Figure 3.25: Proposed design for temporal control of CAR-T via UAA supplementation
Schematic representation of the design for CAR-T cell temporal activation and safety Kkill
switch control via supplementation of either BocK or AzF respectively.

To assess the applicability of genetic code expansion as molecular cancer
therapeutic switches, a series of experiments were designed. It was first
necessary to design a CAR-T cell receptor that can only be activated in the
presence of one unnatural amino acid, and a safety kill switch that can only be
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activated in the presence of another orthogonal unnatural amino acid. The
CAR targeting CD19+ cells has been reported in the literature previously, and
has shown promising results through clinical trials.??® 2% 24 415 cD19 is a
surface antigen that is predominantly overexpressed in many cancer cell lines,
notably B-cell lymphoma cancers.*'® As a receptor designed to target CD19
antigens has already been established and widely analysed, it was deemed
the most sensible chimeric antigen receptor to adapt for genetic code
expansion logic gates. Moreover, for a safety kill switch, studies have been
conducted previously, but so far, the literature primarily focuses on a single
switch, be it activation, inactivation, or cell destruction.>* %% 292 The aim of
this research project was to assess the ability to incorporate two molecular
switches into a single system, whereby a titre supplementation of one
unnatural amino acid can determine the basal activity of CAR-T (i.e. CD19
targeting), providing more temporal and theoretically reversible control over
CAR-T activity, while also incorporating a safety kill switch that can enable fast
degradation and inactivation of the CAR-T if adverse toxicity is observed and
cannot be controlled. (Figure 3.26) The kill switch employed for this purpose
is barnase; a cytotoxic peptide that has previously been shown to be an

effective inducer of cellular apoptosis in cancer.*'’
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Figure 3.26: Principle approach to obtain UAA-mediated receptor activation/apoptosis
lllustration of the principles of enabling BocK-dependent receptor activation (Cell Activation
Switch) and AzF dependent barnase production (Safety Kill Switch).

As T-cells are devoid of endocytosis pathways, the method of transfection as
used up to this point with HEK293 cells would not be successful. As a result,
the DNA constructs require delivery by a recombinant virus. For safety
purposes, the viral proteins are separated across 3 plasmids; one for
“‘envelope”, one for “packaging”, and one carrying the model DNA as a
“transfer plasmid”.*'® Furthermore, as a transduction control, fluorescent
proteins will be used to visibly distinguish whether cells have successfully
integrated the packaged DNA, and cells carrying both fluorescent reporters
can be isolated via Fluorescent Activated Cell Sorting (FACS). The
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experimental design consists of two phases of viral transduction, to enable the
incorporation of both switch systems to the T-cells to generate switchable
CAR-T (Figure 3.27).
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Figure 3.27: Laboratory process for generation and isolation of switchable CAR-T cells
(a) gene construct designs for BocK-dependent receptor production and AzF dependent
barnase production. (b) process of producing viral load carrying receptor or barnase genetic
material. (c) transduction of Jurkat cells with viral harvest and isolation via FACS through
fluorescent markers.
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After FACS sorting of the CAR-T via their fluorescent GFP and mCherry
reporters, it is predicted that approximately 30% of all cells will have taken both
DNA sets (displaying mCherry and GFP fluorescence) (Figure 3.27c¢). Once
these cells have been isolated, they will be propagated to obtain a
homogenous culture and maintained accordingly. To assess their switchable
activity, their viability in reaction to AzF supplementation will be analysed. It is
predicted that upon increasing concentrations of BocK, an increase in active
receptor is produced, leading to an increase in overall volume of active CAR-
T (Figure 3.28a and 3.28c). Similarly, upon increasing AzF concentration, a
sharp drop in cell viability will be detected, due to TAG read-through
generating full length apoptotic barnase and therefore inducing apoptosis
(Figure 3.28b and 3.28d). Moreover, it is hypothesised that this decrease in
cell viability will be significantly greater than that of cells treated with AzF that
are not carrying the mutant barnase sequence. It would be noteworthy to
analyse these results using FACS with Annexin V staining, as this is a
commonly employed technique to detect apoptotic bodies.*'? It is crucial that
the cells undergo an apoptotic cell death, as necrosis will result in a large
release of inflammatory markers,*?° therefore necrosis is sub-optimal when
attempting to rectify a cytokine storm. Barnase has been demonstrated as an
effective apoptotic peptide in mammalian cells,*’” however if there are
substantial volumes of necrotic cell death detected, the design could be altered

to use alternative apoptotic peptides, such as saporin.**" 4%
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Figure 3.28: Proposed outcomes for UAA-mediated switchable CAR-T testing.

(a) Concentration of BocK in the media would mediate volume of active receptor being
produced by CAR-T. (b) Concentration of AzF in the media would mediate volume of active
barnase being produced by CAR-T. (c¢) Increasing BocK concentration in media would
ultimately lead to larger numbers of active CAR-T. (d) Increasing AzF concentration in media
would ultimately lead to larger volume of CAR-T apoptosis. (e) Testing specificity of CAR-T;
production of interferons would only be detected when CAR-T are in the presence of BocK

and a CD19+ cell line.

165



A positive indication of immuno-targeting is the release of cytokines, and this
is a frequently analysed output of immune responses for CAR-T designs.?**:
285, 297-299. 415 |nterferon gamma (IFN-y) is a commonly measured cytokine to
represent immune responses, and there are ample detection kits available
commercially to measure its concentration under various conditions to a high
sensitivity. To analyse the efficiency of the CAR-T on switch and
simultaneously their selectivity to CD19+ cells, four basal conditions would be
tested (Figure 3.28e). HEK293 and a CD19+ cell line would be treated with a
titred range of BocK concentrations in the presence or absence of the
genetically modified CAR-T. It is predicted that only when the CAR-T cells are
in the presence of CD19+ cells and supplemented with a sufficient
concentration of BocK, that a spike in IFN-Y would be detected (Table 3.3).
This would confirm that the BocK is facilitating the translation of the anti-CD19
receptor, and that the receptor is functional and selective to CD19 antigens.
As 1 mM concentrations of unnatural amino acid was sufficient for effective
output during the split GFP experimental procedures, it is predicted that this
would be a sufficient concentration to induce a substantial immune response
and IFN-y output. If, however, this is not observed or the output is lower than
expected, it could be due to the general incorporation efficiency of the CAR-T
cell line. BocK concentrations have been previously used at 5 mM in
mammalian cellular studies,*®* therefore concentrations of BocK up to 5 mM
would predictably not produce an unwanted cytotoxic effect. BocK
incorporation could also be confirmed via western blot, where the receptor can

be tagged with a non-interruptive peptide tag, such as Myc, FLAG, or His.
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Table 3.3: IFN-y production is expected to correlate with BocK concentration and
presence of CD19+ cells due to BocK-dependent production of active CAR-T.

CAR-T + CD19+ Cells CAR-T + HEK293
BocK - + ++ +++ - + ++ +++
Active CAR-T | - + ++  +++ - + ++  +++
CD19+ Cells | + + + + - - - -
HEK293 | - - - - + + + +
IFN-y - + ++ 44+ - - - -
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Controlling the activity of the immune system to specifically target cancer cells
is an exciting upcoming field of cancer research. The approach holds great
potential for negating the requirement for using drugs and other non-selective
approaches, which often are accompanied by undesirable side effects and
toxicities. However, despite great advances in reprogramming the immune
system to target and destroy cancerous tumours, there remains an additional
unexpected obstacle that is overreaction of the immune response. This
immune hyper-reaction leads to a surge in inflammatory cytokines, which
ultimately can lead to irreversible organ damage, and potential fatality. In light
of this, more recent research has focussed on approaches to control the
activation of CAR-T in order to reduce the over-reaction side-effects they

entail, with a prominent focus on mammalian cell logic gates.

This aim of this chapter was to investigate a non-toxic approach to developing
mammalian cell logic gates that can in-turn be translated into a switchable
CAR-T design; an approach obtainable by genetic code expansion. The data
sets obtained in this chapter have expanded the understanding and
applicability of genetic code expansion in mammalian cells. They have
demonstrated the feasibility of using quadruplet decoding in a mammalian
system with read-through comparable to that of amber decoding. Further, the
incorporation of the UAAs used here could further be optimised via
multiplication of tRNA copy numbers in a single plasmid, which similarly can
improve their efficiency when both incorporating their respective amino acids
into a single protein. Further studies proved that they can effectively be
exploited as simple molecular switches for easily obtainable mammalian cell
logic gates. The inability to translate these findings into a clinical setting
regarding CAR-T cell control was unfortunate, however the general principles
and applicability of the system is clear from the fluorescent reporter analysis.
If the temporal control of CAR-T cells by unnatural amino acid incorporation is
as successful as presumed, this new technique could potentially revolutionise
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cancer immunotherapy tactics, enabling spatiotemporal control of CAR-T anti-
cancer activities, while providing a potentially lifesaving kill switch if cytokine
production remains dangerously high in a patient.
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HEK293 cells were obtained from ECACC (ECACC General Collection,
#85120602) and routinely tested for mycoplasma infection. Cells were
maintained in T75 flasks at 37 °C in a 5% CO, atmosphere in DMEM (Fisher
Scientific, #11574516) supplemented with 10% (v/v) FBS (Fisher Scientific,
#11573397). They were maintained at a sub-confluent monolayer, and split at
80-85% confluency. For splitting, cells were washed with PBS, trypsinized in
1 mL of trypsin (Fisher Scientific, #11560626) and 200 yL of the 1000 pL
trypsin cell suspension is re-suspended in 12 mL fresh DMEM containing 10%
(v/v) FBS in a new T75 flask.

HEK293 cells were plated at a 1x10° cells per well of a 24 well plate (Corning,
#10380932) in DMEM (Fisher Scientific, #11574516) supplemented with 10%
(v/v) FBS (Fisher Scientific, #11573397) and maintained at 37 °C in a 5% CO,
atmosphere for 24 h or until 90% confluent. For transfection per well, 1.5 uL
Lipofectamine 2000 (Life Technologies, #10696343) was suspended in 50 pL
OPTIMEM (Fisher Scientific, #11058021), and incubated for 10 min at room
temperature. 500 ng of plasmid is diluted into 50 yL OPTIMEM and mixed
with the lipofectamine-OPTIMEM solution to a final volume of 100 pL. The
solution was incubated for 30 minutes at room temperature after which media
was exchanged for fresh DMEM/10% v/v FBS, and supplemented with 100
mM stock of either BocK (Fluorochem, #078520), AzF (Bachem), or both when
appropriate, to final working concentrations of 1 mM. Plasmid-lipofectamine
solution was then added drop-wise to the well, and the plate incubated at 37
°Cin a 5% CO, atmosphere for 48 h. Cells were imaged using Zeiss AxioCam
MRm microscope camera and ZEN (version 2.3) computer imaging
programme. All images were taken at 40x magnification, and representative
regions of the entire well was captured. GFP fluorescence was detected with
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Zeiss FSet 38 green fluorescence filter (excitation 470/40 and emission
525/50), with a constant exposure of 550 ms per image.

After imaging, media was removed from wells and cells washed twice with 1x
PBS. 50 pL of RIPA Buffer (Sigma, #R0278) containing 1% v/v protease
inhibitor cocktail (Sigma-Aldrich, #P8340) was added dropwise to the centre
of the well and plate incubated on ice for 10 minutes. Cells were then scraped
from the surface of the well, and all contents transferred to a 1.5 mL Eppendorf
tube. Lysates were pelleted (20,000 g, 10 min, 4 °C) and supernatant (45 pL)
added to 15uL NuPAGE™ LDS Sample Buffer (Invitrogen, #NPO0O0O07).
Samples were heated (95 °C, 5 min) and loaded onto a Novex™ WedgeWell™
4-20% Tris-Glycine 1.0 mm Mini Protein Gel (Invitrogen, #XP04205BOX) for
electrophoresis. The gel was imaged on a ChemiDoc XRS + (Bio-Rad) and
transferred to a nitrocellulose membrane using a Trans-Blot Turbo Transfer
System (Bio-Rad). The membrane was stained with Ponceau S to confirm
protein transfer, blocked with PBST (0.05% [v/v] Tween 20 in PBS) containing
5% (w/v) milk powder at 16 °C for 1 h, and then incubated (4 °C, overnight)
with primary mouse anti-eGFP antibody (Thermo Fisher, #MA1-952, 1:500
[v/v] dilution). The membrane was then washed three times (10 mL PBST,
5min per wash). All subsequent washing steps used this procedure.
Membranes were incubated in secondary anti-mouse antibody (Thermo
Fisher, #32430, 1:1000 [v/v] dilution) for 1 h at 16°C, and then washed. The
signal was developed by addition of Clarity Max™ Western ECL Substrate
(Bio-Rad, #1705062). After imaging on a Bio-Rad ChemiDoc XRS + system,
the membrane was washed 5 times (10 mL PBST, 5 min per wash) and then
incubated (4 °C, overnight) with either mouse anti-GADPH antibody (Thermo
Fisher, #MA5-15738, 1:500 [v/v] dilution) or mouse anti-FLAG (Sigma,
#F3165, 1:500 [v/v] dilution) before being incubated with the secondary anti-
mouse antibody and processed again for imaging as described above. Band

quantification was conducted using ImageLab software (Biorad, version 6.0).
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All plasmid stocks were generated and maintained via transformation of
chemically competent One Shot™ StbI3™ E. coli cells (for detailed protocols
of cloning procedures used such as Gibson Assembly, T4 ligation, PCR etc.
see section 6.3 Molecular Cloning).

Table 3.4. A list of all plasmids used and generated for this study; denoting the plasmid
ID, genes carried and antibiotic resistance (AR) for bacterial propagation.

Plasmid ID Plasmid description AR
Plasmid 1 Pyl tRNAcuau2sc) Kan
Plasmid 2  4xPyl tRNAcuauz2sc)-PyIRS-eGFP (150-1a6) Amp
Plasmid 3 Pyl tRNAcyaw2sc)-PYIRS-eGFP (150-tac) Amp
Plasmid 4 pCAG-eGFP Amp
Plasmid 5 eGFPs0.taca) Amp
Plasmid 6 eGFPis50.cTac) Amp
Plasmid 7 eGFP50.acca) Amp
Plasmid 8 eGFPi50.1acT) Amp
Plasmid 9  eGFPis50-tacc) Amp
Plasmid 10 eGFP50.tacg) Amp
Plasmid 11 Pyl tRNAcyaw2sc)-PYIRS-eGFP (150-1acA) Amp
Plasmid 12 Pyl tRNAcyaw2sc)-PYIRS-eGFP (150-c1aG) Amp
Plasmid 13 Pyl tRNAcyaw2sc)-PYIRS-eGFP (150-acca) Amp
Plasmid 14 Pyl tRNAcyaw2sc)-PYIRS-eGFP (150-tacT) Amp
Plasmid 15 Pyl tRNAcyaw2sc)-PYIRS-eGFP (150-tacc) Amp
Plasmid 16 Pyl tRNAcyaw2sc)-PYyIRS-eGFP (150-1ac6) Amp
Plasmid 17 Pyl tRNAuycua Kan
Plasmid 18 Pyl tRNAycuaEv1) Kan
Plasmid 19 Pyl tRNAycuaEv2) Kan
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Plasmid 20

Plasmid 21

Plasmid 22

Plasmid 23

Plasmid 24

Plasmid 25

Plasmid 26

Plasmid 27

Plasmid 28

Plasmid 29

Plasmid 30

Plasmid 31

Plasmid 32

Plasmid 33

Plasmid 34

Plasmid 35

Plasmid 36

Plasmid 37

Plasmid 38

Plasmid 39

Plasmid 40

Plasmid 41

Plasmid 42

Plasmid 43

Plasmid 44

Plasmid 45

Plasmid 46

Plasmid 47

Pyl tRNAcuAG

Pyl tRNAcuacEv1)

Pyl tRNAuccu

Pyl tRNAyccuEvt)

Pyl tRNAyccuEvz)

Pyl tRNAxcuA

Pyl tRNAscua

Pyl tRNAccua

Pyl tRNAycua-PyIRS-eGFP (150-taca)

Pyl tRNAucuae-PyIRS-eGFP 1s0.taca)

Pyl tRNAucuaee2-PYIRS-eGFP 1s0.mach)

Pyl tRNAcuac-PYIRS-eGFP(150.cTac)

Pyl tRNAcuacEv) PYIRS-eGFP 150.cTac)

Pyl tRNAyccu-PYIRS-eGFP (150-ac6a)

Pyl tRNAuccuest)-PYIRS-6GFPsoacen)

Pyl tRNAuccuen-PYIRS-6GFPsoacen)

Pyl tRNAacua-PYIRS-eGFP 150-1acT)

Pyl tRNAGcua-PYIRS-eGFP (150-1acc)

Pyl tRNAccua-PyIRS-eGFP (150-1ace)
(UB-Tyr tRNAcua)x2(H1-Tyr tRNAcua)x2 TyrRS*-eGFP 40-1ac)
Tyr tRNAcua-PYIRS-eGFP (150-1ac)

Tyr tRNAcua-TyrRS*-eGFP (150-1ag)

(Pyl tRNAuccu Ev2))x4-PyIRS-eGFP (150.ac64)
(Tyr tRNAcua)x4-TyrRS*-eGFP 150-1ac)
eRF1(E55D)

eGFP 40.1ac-150-AG6A)

Pyl tRNAuccuEvz)-PYIRS-eGF P 40.1a6-150-a664)

Tyr tRNACUA-TyrRS*
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Plasmid 48 (Pyl tRNAUCCU(Evz))X4-Py|RS-GGFP(40_TAG_150_AGGA) Amp

Plasmid 49 (Tyrl tRNAcya)x4-TyrRS*-eGFP 40.-tac-150-AcGA) Amp
Plasmid 50 mCherry Amp
Plasmid 51 mCherry-P2A-sGFP(1-10) Amp
Plasmid 52 sGFP(11) Amp
Plasmid 53 mCherry-P2A-sGFP(11) Amp
Plasmid 54 mCherry-P2A-TAG-sGFP(1-10) Amp

Plasmid 55 (Tyr tRNAgua)x4-TyrRS*-mCherry-P2A-TAG-sGFP(1-10) Amp
Plasmid 56 (Pyl tRNAyccuEv2))x4-PyIRS-mCherry-P2A-AGGA-sGFP(11) Amp

Plasmid 57 (Tyr tRNAcua)x4-TyrRS*-sGFP(1-10)-P2A-TAG-sGFP(11)  Amp

Table 3.5: List of all primers used for plasmid cloning procedures; denoting the primer
ID and sequence (5" - 3’)

Primer No. Primer sequence (5°-3’)

Primer 1 GGGGGGATACGGGGAAAAGGCCTAAAAACCGCACTTGTCCGGAAAC
Primer 2 GGTCAGGGCTGGGGCAGAGGCTTGCACAGGGGCAGACATG

Primer 3 ATCATGGCTGATAAGCAGAAGAAC

Primer 4 CGTTCTTCTGCTTATCAGCCATGATATAGACTCTAGTGGCTGTTGTAGTTGTACTCCAGCTTG
Primer 5 CGTTCTTCTGCTTATCAGCCATGATATAGACCTAGGTGGCTGTTGTAGTTGTACTCCAGCTTG
Primer 6 CGTTCTTCTGCTTATCAGCCATGATATAGACTCCTGTGGCTGTTGTAGTTGTACTCCAGCTTG
Primer 7 CGTTCTTCTGCTTATCAGCCATGATATAGACACTAGTGGCTGTTGTAGTTGTACTCCAGCTTG
Primer 8 CGTTCTTCTGCTTATCAGCCATGATATAGACGCTAGTGGCTGTTGTAGTTGTACTCCAGCTTG
Primer 9 CGTTCTTCTGCTTATCAGCCATGATATAGACCCTAGTGGCTGTTGTAGTTGTACTCCAGCTTG

Primer 10  TTCGATCTACATGATCAGGTTTCCGGTG
Primer 11  ACCTGATCATGTAGATCGAATGGACTTCTAAATCCGTTCAGCCGGGTTAGATTCC
Primer 12  ACCTGATCATGTAGATCGAATGGGCTTCTAATCTCGTTCAGCCGGGTTAGATTCC
Primer 13  ACCTGATCATGTAGATCGAATGGGCTTCTAATCCGCTTCAGCCGGGTTAGATTCC

Primer 14 ACCTGATCATGTAGATCGAATGGACTCTAGAATCCGTTCAGCCGGGTTAGATTCC
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Primer 15

Primer 16

Primer 17

Primer 18

Primer 19

Primer 20

Primer 21

Primer 22

Primer 23

Primer 24

Primer 25

Primer 26

Primer 27

Primer 28

Primer 29

Primer 30

Primer 31

Primer 32

Primer 33

Primer 34

Primer 35

Primer 36

Primer 37

Primer 38

Primer 39

Primer 40

Primer 41

ACCTGATCATGTAGATCGAATGGCCTCTAGAACCCGTTCAGCCGGGTTAGATTCC

ACCTGATCATGTAGATCGAATGGACTTCCTAATCCGTTCAGCCGGGTTAGATTCC

ACCTGATCATGTAGATCGAATCCTCTTCCTAATAGGTTCAGCCGGGTTAGATTCC

ACCTGATCATGTAGATCGAAGGGGCTTCCTATCCGCTTCAGCCGGGTTAGATTCC

ACCTGATCATGTAGATCGAATGGACTACTAAATCCGTTCAGCCGGGTTAGATTCC

ACCTGATCATGTAGATCGAATGGACTGCTAAATCCGTTCAGCCGGGTTAGATTCC

ACCTGATCATGTAGATCGAATGGACTCCTAAATCCGTTCAGCCGGGTTAGATTCC

GAAAAGGAGGCCTACATGCAAATATTAAAAAATGGTGGGGGAAGGATTCGAACCTTC

ACCGGAGCGATCGCAACCGGTCGGGCAGGAAGAGGGCCTATTTCCCAT

ACTTACGCTTGCCACCATGGCTAGCGACTACAAGGACGACGACGACAAGGCAAGCAGTAAC

TTGATTAAACAATTGCAAGAG

TCCACCACACTGGACTAGTGGATCCTTATCATTAAACGGGCCCTTTCCAGCAAATC
GGGGGGATACGGGGAAAAGGCCTCTTAAGAAAAACCGCACTTGTC
GTAAACGGCCACAAGTTCGTCGATTGGGCAGGAAGAGGGCCTATTTC
TCGACGAACTTGTGGCCGTTTACCCTCTTAAGAAAAACCGCACTTGTC
CTGGTGGAGAACTTGCCGAATTGGGCAGGAAGAGGGCCTATTTC
TTCGGCAAGTTCTCCACCAGCCTCTTAAGAAAAACCGCACTTGTC
AGTGCGGTTTTTCTTAAGAGGTTGGGCAGGAAGAGGGCCTATTTC
GGATACGGGGAAAAGGAGGCCTACATGC
GTAAACGGCCACAAGTTCGTCGATTGGGCAGGAAGAGGGCCTATTTC
TCGACGAACTTGTGGCCGTTTACCATGCAAATATTAAAAAATGGTGGGGGAAG
CTGGTGGAGAACTTGCCGAATTGGGCAGGAAGAGGGCCTATTTC
AATTCGGCAAGTTCTCCACCAGACATGCAAATATTAAAAAATGGTGGGGGAAG
TTTTAATATTTGCATGTAGGGGGCAGGAAGAGGGCCTATTTC
AGGGTCAGCTTGCCCTAGGTGGCATCG
TCGGCATGGACGAGCTGTACAAGCATCATCACCATCACCACTAAGCTGCCTATCAGAAG
ATGCCACCTAGGGCAAGCTGACCCTGAAGTTC

TTGTACAGCTCGTCCATGCCGAGAG
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Primer 42  AGAACCCTGGACCTGGACAAAAG TCGTAGTCCAAAGGAGAAGAACTGTTTACCGGTGTTG
Primer 43  TCCCCATAATTTTTGGCAGAGGGAAAAAGATCTC

Primer 44  GAGAACCCTGGACCTGGACAAAAGTCGAGGACGTGAC CACATGGTCCTTCATG
Primer 45  TTTTTGGCAGAGGGAAA AAGATCTCACATG

Primer 46 TTCAGCCTGCTGAAACAGGCTGGCGACGTGGAAGAGAACCCTGGACCTGGACAAAA
GTCGTAGCGTGACCACATGGTCCTTCATG

Primer 47 TTTTTGGCAGAGGGAAAAAGATCTCACATG
Primer 48 TGTCTCATCATTTTGGCAAAGAATTCATGTCCAAAGGAGAAGAACTGTTTACC

Primer 49 TTCTCTTCCACGTCGCCAGCCTGTTTCAGCAGGCTGAAATTGGTGGCGCCTCCAGACGCTTT
TTCATTTGGATCTTTGCTCAGGACTGTTTG

Plasmid 1: Pyl tRNAcUA(Uzsc)

This plasmid was commandeered from our existing laboratory plasmid library.
The plasmid was originally purchased via ThermoFisher GeneArt.

Plasmid 2: 4xPyl tRNAcuawzsc)-PyIRS-eGFP(150TAG)

This plasmid was commandeered from our existing laboratory; it was
previously developed by Suzuki et al., supervised by Dr Yu-Hsuan Tsai and
Prof Anthony C F Perry.%%

Plasmid 3: Pyl tRNACUA(U25C)-PyIRS-eGFP(150-TAG)

This plasmid was cloned via Gibson Assembly of two fragments. Plasmid 2
was cut with the dual cutter restriction enzyme Eco147i, and the vector (8418
bp) isolated via TAE agarose gel electrophoresis and purified using gel
digestion. The new insert was generated via PCR of Plasmid 2 using Primer
1 and Primer 2. The PCR product (1606 bp) was isolated via TAE agarose gel
electrophoresis and purified using gel digestion. The vector and insert were
combined using Gibson assembly, propagated with Stbl3 and confirmed via

sanger sequencing.
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Plasmid 4: pCAG-eGFP

This plasmid was commandeered from our existing laboratory plasmid library.
It was developed by Prof Anthony C F Perry,*?® and donated to the group for
a previous collaborative project supervised by Dr Yu-Hsuan Tsai and Prof
Anthony C F Perry.®

Plasmid 5: eGFP 150.1aca)

This plasmid was cloned by PCR mutagenesis of Plasmid 4 using Primer 3
and Primer 4. The template Plasmid 4 was removed from the reaction mixture
via Dpnl restriction enzyme digest and the product (5537 bp) was then isolated
via TAE agarose gel electrophoresis and purified by gel digestion. The plasmid

DNA was propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 6: eGFP 150.cTag)

This plasmid was cloned by PCR mutagenesis of Plasmid 4 using Primer 3
and Primer 5. The template Plasmid 4 was removed from the reaction mixture
via Dpnl restriction enzyme digest and the product (5537 bp) was then isolated
via TAE agarose gel electrophoresis and purified by gel digestion. The plasmid
DNA was propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 7: eGFP 150-a664)

This plasmid was cloned by PCR mutagenesis of Plasmid 4 using Primer 3
and Primer 6. The template Plasmid 4 was removed from the reaction mixture
via Dpnl restriction enzyme digest and the product (5537 bp) was then isolated
via TAE agarose gel electrophoresis and purified by gel digestion. The plasmid
DNA was propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 8: eGFP 150.1acT)

This plasmid was cloned by PCR mutagenesis of Plasmid 4 using Primer 3

and Primer 7. The template Plasmid 4 was removed from the reaction mixture
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via Dpnl restriction enzyme digest and the product (5537 bp) was then isolated
via TAE agarose gel electrophoresis and purified by gel digestion. The plasmid
DNA was propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 9: eGFP150.1acc)

This plasmid was cloned by PCR mutagenesis of Plasmid 4 using Primer 3
and Primer 8. The template Plasmid 4 was removed from the reaction mixture
via Dpnl restriction enzyme digest and the product (5537 bp) was then isolated
via TAE agarose gel electrophoresis and purified by gel digestion. The plasmid
DNA was propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 10: eGFP150-7acG)

This plasmid was cloned by PCR mutagenesis of Plasmid 4 using Primer 3
and Primer 9. The template Plasmid 4 was removed from the reaction mixture
via Dpnl restriction enzyme digest and the product (5537 bp) was then isolated
via TAE agarose gel electrophoresis and purified by gel digestion. The plasmid
DNA was propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 11: Pyl tRNACUA(Uzsc)-PyIRS-eGFP(150.TAGA)

This plasmid was cloned via T4 ligation. The vector plasmid Plasmid 3 was
cut with the restriction enzymes Bglll and Xbal, isolated via TAE agarose gel
electrophoresis (9019 bp) and purified via gel digestion. The insert was
generated from restriction digestion of Plasmid 5 using Bglll and Xbal,
isolated by TAE agarose gel electrophoresis (909 bp) and purified by gel
digestion. The vector and insert fragments were ligated by T4 ligation,
propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 12: Pyl tRNACUA(Uzsc)-PyIRS-eGFP(150.CTAG)

This plasmid was cloned via T4 ligation. The vector plasmid Plasmid 3 was
cut with the restriction enzymes Bglll and Xbal, isolated via TAE agarose gel
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electrophoresis (9019 bp) and purified via gel digestion. The insert was
generated from restriction digestion of Plasmid 6 using Bglll and Xbal,
isolated by TAE agarose gel electrophoresis (909 bp) and purified by gel
digestion. The vector and insert fragments were ligated by T4 ligation,
propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 13: Pyl tRNACUA(U25C)-PyIRS-eGFP(150.AGGA)

This plasmid was cloned via T4 ligation. The vector plasmid Plasmid 3 was
cut with the restriction enzymes Bglll and Xbal, isolated via TAE agarose gel
electrophoresis (9019 bp) and purified via gel digestion. The insert was
generated from restriction digestion of Plasmid 7 using Bglll and Xbal,
isolated by TAE agarose gel electrophoresis (909 bp) and purified by gel
digestion. The vector and insert fragments were ligated by T4 ligation,
propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 14: Pyl tRNACUA(U25C)-PyIRS-eGFP(150.TAGT)

This plasmid was cloned via T4 ligation. The vector plasmid Plasmid 3 was
cut with the restriction enzymes Bglll and Xbal, isolated via TAE agarose gel
electrophoresis (9019 bp) and purified via gel digestion. The insert was
generated from restriction digestion of Plasmid 8 using Bglll and Xbal,
isolated by TAE agarose gel electrophoresis (909 bp) and purified by gel
digestion. The vector and insert fragments were ligated by T4 ligation,
propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 15: Pyl tRNACUA(Uzsc)-PyIRS-eGFP(150.TAGC)

This plasmid was cloned via T4 ligation. The vector plasmid Plasmid 3 was
cut with the restriction enzymes Bglll and Xbal, isolated via TAE agarose gel
electrophoresis (9019 bp) and purified via gel digestion. The insert was
generated from restriction digestion of Plasmid 9 using Bglll and Xbal,
isolated by TAE agarose gel electrophoresis (909 bp) and purified by gel
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digestion. The vector and insert fragments were ligated by T4 ligation,
propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 16: Pyl tRNACUA(U25C)-PyIRS-eGFP(150.TAGT)

This plasmid was cloned via T4 ligation. The vector plasmid Plasmid 3 was
cut with the restriction enzymes Bglll and Xbal, isolated via TAE agarose gel
electrophoresis (9019 bp) and purified via gel digestion. The insert was
generated from restriction digestion of Plasmid 10 using Bglll and Xbal,
isolated by TAE agarose gel electrophoresis (909 bp) and purified by gel
digestion. The vector and insert fragments were ligated by T4 ligation,
propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 17: Pyl tRNA(UCUA)

This plasmid was cloned by PCR mutagenesis of Plasmid 1 using Primer 10
and Primer 11. The template Plasmid 1 was removed from the reaction
mixture via Dpnl restriction enzyme digest and the product (3881 bp) was then
isolated via TAE agarose gel electrophoresis and purified by gel digestion. The
plasmid DNA was propagated with Stbl3 and confirmed via sanger

sequencing.

Plasmid 18: Pyl tRNA(UCUA)Ew

This plasmid was cloned by PCR mutagenesis of Plasmid 1 using Primer 10
and Primer 12. The template Plasmid 1 was removed from the reaction
mixture via Dpnl restriction enzyme digest and the product (3881 bp) was then
isolated via TAE agarose gel electrophoresis and purified by gel digestion. The
plasmid DNA was propagated with Stbl3 and confirmed via sanger

sequencing.
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Plasmid 19: Pyl tRNA(UCUA)Evz

This plasmid was cloned by PCR mutagenesis of Plasmid 1 using Primer 10
and Primer 13. The template Plasmid 1 was removed from the reaction
mixture via Dpnl restriction enzyme digest and the product (3881 bp) was then
isolated via TAE agarose gel electrophoresis and purified by gel digestion. The
plasmid DNA was propagated with Stbl3 and confirmed via sanger

sequencing.

Plasmid 20: Pyl tRNAcuag)

This plasmid was cloned by PCR mutagenesis of Plasmid 1 using Primer 10
and Primer 14. The template Plasmid 1 was removed from the reaction
mixture via Dpnl restriction enzyme digest and the product (3881 bp) was then
isolated via TAE agarose gel electrophoresis and purified by gel digestion. The
plasmid DNA was propagated with Stbl3 and confirmed via sanger

sequencing.

Plasmid 21: Pyl tRNAcuac)ev1

This plasmid was cloned by PCR mutagenesis of Plasmid 1 using Primer 10
and Primer 15. The template Plasmid 1 was removed from the reaction
mixture via Dpnl restriction enzyme digest and the product (3881 bp) was then
isolated via TAE agarose gel electrophoresis and purified by gel digestion. The
plasmid DNA was propagated with Stbl3 and confirmed via sanger

sequencing.

Plasmid 22: Pyl tRNA(uccu)

This plasmid was cloned by PCR mutagenesis of Plasmid 1 using Primer 10
and Primer 16. The template Plasmid 1 was removed from the reaction
mixture via Dpnl restriction enzyme digest and the product (3881 bp) was then
isolated via TAE agarose gel electrophoresis and purified by gel digestion. The
plasmid DNA was propagated with Stbl3 and confirmed via sanger

sequencing.
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Plasmid 23: Pyl tRNA(uccu)Ew

This plasmid was cloned by PCR mutagenesis of Plasmid 1 using Primer 10
and Primer 17. The template Plasmid 1 was removed from the reaction
mixture via Dpnl restriction enzyme digest and the product (3881 bp) was then
isolated via TAE agarose gel electrophoresis and purified by gel digestion. The
plasmid DNA was propagated with Stbl3 and confirmed via sanger

sequencing.

Plasmid 24: Pyl tRNA(uccu)Evz

This plasmid was cloned by PCR mutagenesis of Plasmid 1 using Primer 10
and Primer 18. The template Plasmid 1 was removed from the reaction
mixture via Dpnl restriction enzyme digest and the product (3881 bp) was then
isolated via TAE agarose gel electrophoresis and purified by gel digestion. The
plasmid DNA was propagated with Stbl3 and confirmed via sanger

sequencing.

Plasmid 25: Pyl tRNA(AcuA)

This plasmid was cloned by PCR mutagenesis of Plasmid 1 using Primer 10
and Primer 19. The template Plasmid 1 was removed from the reaction
mixture via Dpnl restriction enzyme digest and the product (3881 bp) was then
isolated via TAE agarose gel electrophoresis and purified by gel digestion. The
plasmid DNA was propagated with Stbl3 and confirmed via sanger

sequencing.

Plasmid 26: Pyl tRNAcua)

This plasmid was cloned by PCR mutagenesis of Plasmid 1 using Primer 10
and Primer 20. The template Plasmid 1 was removed from the reaction
mixture via Dpnl restriction enzyme digest and the product (3881 bp) was then
isolated via TAE agarose gel electrophoresis and purified by gel digestion. The
plasmid DNA was propagated with Stbl3 and confirmed via sanger

sequencing.
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Plasmid 27: Pyl tRNA(CCUA)

This plasmid was cloned by PCR mutagenesis of Plasmid 1 using Primer 10
and Primer 21. The template Plasmid 1 was removed from the reaction
mixture via Dpnl restriction enzyme digest and the product (3881 bp) was then
isolated via TAE agarose gel electrophoresis and purified by gel digestion. The
plasmid DNA was propagated with Stbl3 and confirmed via sanger

sequencing.

Plasmid 28: Pyl tRNAUCUA-PyIRS-eGFP(15o.TAGA)

This plasmid was cloned via T4 ligation. The vector plasmid Plasmid 11 was
cut with the restriction enzymes Eco147i and Agel, isolated via TAE agarose
gel electrophoresis (9579 bp) and purified via gel digestion. The insert was
generated from restriction digestion of Plasmid 17 using Eco147i and Agel,
isolated by TAE agarose gel electrophoresis (348 bp) and purified by gel
digestion. The vector and insert fragments were ligated by T4 ligation,

propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 29: Pyl tRNAUCUA(EV1)-PyIRS-eGFP(15o-TAGA)

This plasmid was cloned via T4 ligation. The vector plasmid Plasmid 11 was
cut with the restriction enzymes Eco147i and Agel, isolated via TAE agarose
gel electrophoresis (9579 bp) and purified via gel digestion. The insert was
generated from restriction digestion of Plasmid 18 using Eco147i and Agel,
isolated by TAE agarose gel electrophoresis (348 bp) and purified by gel
digestion. The vector and insert fragments were ligated by T4 ligation,
propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 30: Pyl tRNAUCUA(Evz)-PyIRS-eGFP(15o-TAGA)

This plasmid was cloned via T4 ligation. The vector plasmid Plasmid 11 was
cut with the restriction enzymes Eco147i and Agel, isolated via TAE agarose
gel electrophoresis (9579 bp) and purified via gel digestion. The insert was
generated from restriction digestion of Plasmid 19 using Eco147i and Agel,

183



isolated by TAE agarose gel electrophoresis (348 bp) and purified by gel
digestion. The vector and insert fragments were ligated by T4 ligation,
propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 31: Pyl tRNACUAG-PyIRS-eGFP(150.CUAG)

This plasmid was cloned via T4 ligation. The vector plasmid Plasmid 12 was
cut with the restriction enzymes Eco147i and Agel, isolated via TAE agarose
gel electrophoresis (9579 bp) and purified via gel digestion. The insert was
generated from restriction digestion of Plasmid 20 using Eco147i and Agel,
isolated by TAE agarose gel electrophoresis (348 bp) and purified by gel
digestion. The vector and insert fragments were ligated by T4 ligation,

propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 32: Pyl tRNACUAG(EV1)-PyIRS-eGFP(150.CUAG)

This plasmid was cloned via T4 ligation. The vector plasmid Plasmid 11 was
cut with the restriction enzymes Eco147i and Agel, isolated via TAE agarose
gel electrophoresis (9579 bp) and purified via gel digestion. The insert was
generated from restriction digestion of Plasmid 21 using Eco147i and Agel,
isolated by TAE agarose gel electrophoresis (348 bp) and purified by gel
digestion. The vector and insert fragments were ligated by T4 ligation,
propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 33: Pyl tRNAuccu-PyIRs-eGFP(15o.AGGA)

This plasmid was cloned via T4 ligation. The vector plasmid Plasmid 13 was
cut with the restriction enzymes Eco147i and Agel, isolated via TAE agarose
gel electrophoresis (9579 bp) and purified via gel digestion. The insert was
generated from restriction digestion of Plasmid 22 using Eco147i and Agel,
isolated by TAE agarose gel electrophoresis (348 bp) and purified by gel
digestion. The vector and insert fragments were ligated by T4 ligation,
propagated with Stbl3 and confirmed via sanger sequencing.
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Plasmid 34: Pyl tRNAuccu(EV1)-PyIRS-eGFP(150.AGGA)

This plasmid was cloned via T4 ligation. The vector plasmid Plasmid 13 was
cut with the restriction enzymes Eco147i and Agel, isolated via TAE agarose
gel electrophoresis (9579 bp) and purified via gel digestion. The insert was
generated from restriction digestion of Plasmid 23 using Eco147i and Agel,
isolated by TAE agarose gel electrophoresis (348 bp) and purified by gel
digestion. The vector and insert fragments were ligated by T4 ligation,

propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 35: Pyl tRNAuccu(Evz)-PleS-eGFP(150.AGGA)

This plasmid was cloned via T4 ligation. The vector plasmid Plasmid 13 was
cut with the restriction enzymes Eco147i and Agel, isolated via TAE agarose
gel electrophoresis (9579 bp) and purified via gel digestion. The insert was
generated from restriction digestion of Plasmid 24 using Eco147i and Agel,
isolated by TAE agarose gel electrophoresis (348 bp) and purified by gel
digestion. The vector and insert fragments were ligated by T4 ligation,
propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 36: Pyl tRNAACUA-PyIRS-eGFP(15o.TAGT)

This plasmid was cloned via T4 ligation. The vector plasmid Plasmid 14 was
cut with the restriction enzymes Eco147i and Agel, isolated via TAE agarose
gel electrophoresis (9579 bp) and purified via gel digestion. The insert was
generated from restriction digestion of Plasmid 25 using Eco147i and Agel,
isolated by TAE agarose gel electrophoresis (348 bp) and purified by gel
digestion. The vector and insert fragments were ligated by T4 ligation,
propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 37: Pyl tRNAGCUA-PyIRS-eGFP(150.TAGC)

This plasmid was cloned via T4 ligation. The vector plasmid Plasmid 15 was
cut with the restriction enzymes Eco147i and Agel, isolated via TAE agarose
gel electrophoresis (9579 bp) and purified via gel digestion. The insert was
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generated from restriction digestion of Plasmid 26 using Eco147i and Agel,
isolated by TAE agarose gel electrophoresis (348 bp) and purified by gel
digestion. The vector and insert fragments were ligated by T4 ligation,

propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 38: Pyl tRNACCUA-PyIRS-eGFP(15o.TAGG)

This plasmid was cloned via T4 ligation. The vector plasmid Plasmid 16 was
cut with the restriction enzymes Eco147i and Agel, isolated via TAE agarose
gel electrophoresis (9579 bp) and purified via gel digestion. The insert was
generated from restriction digestion of Plasmid 27 using Eco147i and Agel,
isolated by TAE agarose gel electrophoresis (348 bp) and purified by gel
digestion. The vector and insert fragments were ligated by T4 ligation,
propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 39: (UG-T_VI' tRNACUA)XZ(H1-Tyl' tRNACUA)XZ TyrRS*-eGFP(4o-rAG)

This plasmid was a gift from Peter Schultz (Addgene plasmid #50831;
http://n2t.net/addgene:50831; RRID:Addgene_50831).

Plasmid 40: Tyf’ tRNACUA-PyIRS-eGFP(15o-TAG)

This plasmid was cloned via Gibson Assembly of two fragments. Plasmid 3
was cut with the restriction enzymes Eco147i and Agel, and the vector (9579
bp) isolated via TAE agarose gel electrophoresis and purified using gel
digestion. The new insert was generated via PCR of Plasmid 39 using Primer
22 and Primer 23. The PCR product (407 bp) was isolated via TAE agarose
gel electrophoresis and purified using gel digestion. The vector and insert were
combined using Gibson assembly, propagated with Stbl3 and confirmed via

sanger sequencing.
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Plasmid 41: Tyf’ tRNACUA-TyI'RS*-eGFP(15o.TAG)

This plasmid was cloned via Gibson Assembly of two fragments. Plasmid 40
was cut with the restriction enzymes Nhel and BamHI, and the vector (8529
bp) isolated via TAE agarose gel electrophoresis and purified using gel
digestion. The new insert was generated via PCR of Plasmid 39 using Primer
24 and Primer 25. The PCR product (407 bp) was isolated via TAE agarose
gel electrophoresis and purified using gel digestion. The vector and insert were
combined using Gibson assembly, propagated with Stbl3 and confirmed via

sanger sequencing.

Plasmid 42: (Pyl tRNAuccu (Evz))x4-PyIRS-eGFP(150-TAG)

This plasmid was cloned via 4-piece Gibson Assembly. For the vector,
Plasmid 35 was linearised with Eco147i restriction enzyme. To ensure the
blunt ends did not spontaneously re-ligate, within the restriction digest reaction
mixture, Thermosensitive Alkaline Phosphotase (TAP) was added to remove
5 and 3’ phosphate groups and prevent re-ligation. The linearised vector
product (9935 bp) was isolated via TAE agarose gel electrophoresis and
purified using gel digestion. The three inserts were generated via PCR of
Plasmid 35 using three distinctive pairs of primers; Primer 26 and Primer 27
(398 bp), Primer 28 and Primer 29 (398 bp), and Primer 30 and Primer 31
(396 bp). The PCR products were isolated via TAE agarose gel
electrophoresis and purified using gel digestion. The vector and inserts were
combined using Gibson assembly, propagated with Stbl3 and confirmed via

sanger sequencing.

Plasmid 43: (Tyl’ tRNACUA)X4-Tyl’RS*-eGFP(15o-TAG)

This plasmid was cloned via 4-piece Gibson Assembly. For the vector,
Plasmid 41 was linearised with Eco147i restriction enzyme. To ensure the
blunt ends did not spontaneously re-ligate, within the restriction digest reaction
mixture, Thermosensitive Alkaline Phosphotase (TAP) was added to remove
5 and 3’ phosphate groups and prevent re-ligation. The linearised vector

product (9865 bp) was isolated via TAE agarose gel electrophoresis and
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purified using gel digestion. The three inserts were generated via PCR of
Plasmid 41 using three distinctive pairs of primers; Primer 32 and Primer 33
(406 bp), Primer 34 and Primer 35 (403 bp), and Primer 36 and Primer 37
(401 bp). The PCR products were isolated via TAE agarose gel
electrophoresis and purified using gel digestion. The vector and inserts were
combined using Gibson assembly, propagated with Stbl3 and confirmed via

sanger sequencing.

Plasmid 44: eRF1(E55D)

This plasmid was commandeered from our existing laboratory plasmid library.
It was a kind gift from Prof Jason Chin.*%®

Plasmid 45: eGFP(4o-TAG.150.AGGA)

This plasmid was cloned via 2 piece Gibson assembly. Vector was generated
by PCR of Plasmid 7 using Primer 38 and Primer 39 (4952 bp), isolated via
TAE agarose gel electrophoresis and purified using gel digestion. The insert
was made by PCR of Plasmid 7 using Primer 40 and Primer 41 (608 bp),
isolated via TAE agarose gel electrophoresis and purified using gel digestion.
The vector and insert were combined using Gibson assembly, propagated with

Stbl3 and confirmed via sanger sequencing.

Plasmid 46: Pyl tRNAuccu(Evz)-PyIRS-eGFP(4o.TAG.150.AGGA)

This plasmid was cloned via T4 ligation. The vector was generated by
restriction digest of Plasmid 35 using restriction enzymes Bglll and EcoRl,
and the fragment (9122 bp) isolated via TAE agarose gel electrophoresis and
purified using gel digestion. Insert was created by restriction digest of Plasmid
45 using Bglll and EcoRI, isolated via TAE agarose gel electrophoresis and
purified using gel digestion. The vector and insert fragments were ligated by
T4 ligation, propagated with Stbl3 and confirmed via sanger sequencing.
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Plasmid 47: Tyr tRNAcya-TyrRS*

This plasmid was cloned via T4 ligation. Plasmid 41 was digested with the
dual cutter restriction enzyme EcoRI and larger fragment (9133 bp) isolated
via TAE agarose gel electrophoresis and purified using gel digestion. The DNA
was re-ligated via T4 ligation, propagated with Stbl3 and confirmed via

restriction digest.

Plasmid 48: (Pyl tRNAUccu(Evz))X4-PleS-eGFP(40.TAG.150.AGGA)

This plasmid was cloned via T4 ligation. The vector was generated by
restriction digest of Plasmid 42 using restriction enzymes Bglll and Xbal, and
the fragment (10134 bp) isolated via TAE agarose gel electrophoresis and
purified using gel digestion. Insert was created by restriction digest of Plasmid
42 using Bglll and Xbal, isolated via TAE agarose gel electrophoresis and
purified using gel digestion. The vector and insert fragments were ligated by
T4 ligation, propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 49: (Tyr tRNAcua)x4-TyrRS*-eGFP 40.-1aG-150-AGGA)

This plasmid was cloned via T4 ligation. The vector was generated by
restriction digest of Plasmid 43 using restriction enzymes Bglll and Xbal, and
the fragment (10134 bp) isolated via TAE agarose gel electrophoresis and
purified using gel digestion. Insert was created by restriction digest of Plasmid
43 using Bglll and Xbal, isolated via TAE agarose gel electrophoresis and
purified using gel digestion. The vector and insert fragments were ligated by

T4 ligation, propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 50: mCherry

This plasmid was commandeered from our existing laboratory plasmid library,

originally constructed from pCAG mCherry.
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Plasmid 51: mCherry-P2A-sGFP(1-10):

This plasmid was cloned by Gibson Assembly. For the Vector, Plasmid 50
was cut using restriction enzymes BsrGl and Bglll (5412 bp) and the vector
fragment isolated via TAE agarose electrophoresis and gel digestion. This
vector fragment was Gibson assembled with a gene strings fragment ordered
from GeneArt (ThermoFisher) encoding C-terminal residues of mCherry
leading to a P2A linker and sGFP(1-10) (the purchased fragment included
complementary overlap sequences 5’ and 3’ to facilitate Gibson assembly).
DNA was propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 52: sGFP(11):

This plasmid was purchased from GeneArt (ThermoFisher) with the order ID
19AC5DLP.

Plasmid 53: mCherry-P2A-sGFP(11):

This plasmid was generated by T4 ligation. Plasmid 51 was cut with Mlul and
Bglll and the fragment (5415 bp) isolated via TAE agarose gel electrophoresis
and purified using gel digestion. The insert was obtained by digestion of
Plasmid 52 with Mlul and Bglll and the fragment (529 bp) isolated via TAE
agarose gel electrophoresis and purified using gel digestion. Vector and insert
were ligated via T4 ligation, propagated with Stbl3 and confirmed via sanger

sequencing.

Plasmid 54: mCherry-P2A-TAG-sGFP(1-10):

This plasmid was made by Gibson Assembly. The vector was generated by
restriction digest of Plasmid 51 with enzymes PshAl and Bglll, and the
fragment (5419 bp) isolated via TAE agarose gel electrophoresis and purified
using gel digestion. The insert was produced by PCR of Plasmid 51 with
Primer 42 and Primer 43, and the fragment (703 bp) isolated via TAE agarose
gel electrophoresis and purified using gel digestion. The vector and insert were
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combined using Gibson assembly, propagated with Stbl3 and confirmed via

sanger sequencing.

Plasmid 55: (Tyr tRNAcua)x4-TyrRS*-mCherry-P2A-TAG-sGFP(1-10):

This plasmid was cloned via T4 ligation. The vector was generated by
restriction digestion of Plasmid 43 using Bglll and Xbal, and the fragment
(10134 bp) isolated via TAE agarose gel electrophoresis and purified using gel
digestion. The insert was made by restriction digest of Plasmid 54 with Bglll
and Xbal and the fragment (1538 bp) isolated via TAE agarose gel
electrophoresis and purified using gel digestion. The vector and insert were
combined using T4 ligation, propagated with Stbl3 and confirmed via sanger

sequencing.

Plasmid 56: (Pyl tRNAuyccu(Ev2)x4-PyIRS-mCherry-P2A-AGGA-sGFP(11):

This plasmid was formed via 3 piece T4 ligation. The vector was generated by
restriction digest of Plasmid 42 with Xbal and Bglll, and the fragment (10134
bp) isolated via TAE agarose gel electrophoresis and purified using gel
digestion. The first insert was made by restriction digest of Plasmid 51 with
PshAl and Xbal, and fragment (893 bp) isolated via TAE agarose gel
electrophoresis and purified using gel digestion. The second insert was made
via PCR of Plasmid 53 using Primer 44 and Primer 45, and the fragment
(498 bp) isolated via TAE agarose gel electrophoresis and purified using gel
digestion prior to digestion with restriction enzymes PshAl and Bglll to
generate sticky ends. All three fragments were ligated together by T4 ligation,
propagated with Stbl3 and confirmed via sanger sequencing.

Plasmid 57: (Tyr tRNAcua)x4-TyrRS*-sGFP(1-10)-P2A-TAG-sGFP(11):

This plasmid was formed by 3 piece Gibson Assembly. The vector was made
by restriction digest of Plasmid 43 with Xbal and Bglll, and the fragment
(10134 bp) isolated via TAE agarose gel electrophoresis and purified using gel
digestion. The first insert was made by PCR of Plasmid 53 with Primer 46
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and Primer 47, and the fragment (530 bp) isolated via TAE agarose gel
electrophoresis and purified using gel digestion. The second insert was made
by PCR of Plasmid 51 with Primer 48 and Primer 49, and the fragment (727
bp) isolated via TAE agarose gel electrophoresis and purified using gel
digestion. The three DNA fragments were combined via Gibson Assembly,

propagated with Stbl3 and confirmed via sanger sequencing.
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CHAPTER 4:

Conclusions and
Future Work
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The desire to develop a new age of cancer therapies that possess a
heightened selectivity towards cancer cells continues to dominate nearly all
aspects of cancer drug development. Although conventional
chemotherapeutics have significantly improved the survival outcome of cancer

56, 59,60, 73 their infliction of adverse toxicities and

patients over the past century,
side effects leaves the field of oncology in increasing need of more suitable
treatment options. Two opposing fields of oncological research are the use of
molecular vehicles to deliver cancer therapeutics more favourably to tumours,
or the training of the immune system to destroy the cancer cells directly.®® '3
194 Both approaches carry advantages and disadvantages, but pose probable
solutions to alleviating side effects and toxicities. The aim of this project was
to investigate both fields, and discern whether new approaches can be
generated for both; contributing knowledge and insight into each field in the

conquest to discover a new generation of selective cancer therapeutics.

The desire for targeted delivery of chemotherapeutics to cancer cells has been
present for as long as the desire to treat cancers. Treatments of all shapes
and sizes are under development within the scientific community, achieving
an ever-expanding knowledge of how cancer cells work, and more importantly,
how they can be better-treated and overcome. Increasing the selectivity of
therapies can establish a higher drug-concentration within the
microenvironment of a tumour, which in-turn leads to a higher rate of
eradication.®® 1% 121: 1% gimjlarly, the use of fluorescent entities to track the
movements and localisation of new drugs has been vastly rewarding to the
community, enabling an extended understanding of how a new drug potentially
functions.*** *%* The research in Chapter 2 proposes an additional approach
that combines the use of fluorescent imaging with the treatment of cancers.
By conjugating mitochondrial toxic drugs to fluorescent mitochondrial-homing
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cyanine dyes Cy3 and Cy5, the toxicity and specificity of them was significantly

increased.

The studies performed characterised the mitochondrial-homing capacity of
simple cyanine dyes Cy3 and Cy5. The compounds detailed can effectively
localise at the mitochondria at relatively low concentrations, and Cy3, Cy5 and
the conjugated form Cy3-Cy5 are not dependent on endocytic pathways to
enter a cell, or similarly the presence of serum within the cellular media. Cy3-
Cy5-R8 was generated and tested to analyse whether the addition of a CPP
can alter the pathway in which the dyes enter a cell, and moreover to test
previously reported behaviours of cyanine dyes in cell entry when conjugated
to a CPP entity. The dyes were found to be dependent on the mitochondrial
membrane potential, and conjugation of simple cyanine dyes Cy3 or Cy5 to
mitochondrial toxins dramatically increased the toxicity of a cytotoxic peptide
(KLA), small molecule drug (Cip) and a metallocomplex drug (CPT). Strong
evidence was additionally gathered to suggest that Cy3-Cy5-R8 adapts its
mode of cell entry; indicating an endocytosis-dependence at lower
concentrations, while surpassing an undetermined concentration threshold
influences direct membrane transduction. The dyes do not irreversibly bind to
the mitochondria, but their targeted staining behaviours can be restored when
MMP is re-established.

The data sets in this chapter contribute widely to the field and provide the first
extensive categorisation of the behaviours of simple cyanine dyes in a single
cell line (HeLa). When put in context with the pre-existing literature, some
findings were in line with previous studies. An example of this consistency is
the clear positive correlation between construct fluorescence intensity and
concentration of treatment. Previous literature commonly used a concentration

of 10 uM to obtain the clearest fluorescent output for confocal imaging,?®' %*

344,35 and it was found here also that 10 uM provided the most informative
imaging conditions. Many other results are counteractions to what has

previously been described however, but these could be related to
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inconsistencies in experimental conditions, such as variations in the cells used
(mesenchymal stem cells, macrophages, or canine kidney cells), and crucially
differences in construct design (inclusion of additional ring structures, or

tethering to esters and use of succinamide).??" 337: 339,342

An important dataset however that doesn'’t entirely fit with the literature is the
behaviours of Cy3-Cy5-R8. For example, Cy3-Cy5-R8 was shown to
successfully stain the mitochondria of HelLa cells. These results are a
counteraction of Ross et al’s findings which stated that cell penetrating
peptides are incapable of crossing the mitochondrial membrane, regardless of
conjugation to a lipophilic cation.*** Indeed, the study performed by Ross et al.
was conducted using CPPs Tat (HIV-1 derivative), and Penetratin
(Antennapedia homo-protein derivative) which have relatively similar amino
acid sequences compared to R8 and nearly identical charged states.®**
However, using TPP (triphenolphosphonium) as a lipophilic cation is a notable
discrepancy. Comparing this to the findings reported in Chapter 2, there
remains the suggestion that the results cannot be directly compared due to the
difference in the lipophilic cation employed. Nevertheless, the results of Cy3-
Cy5-R8 demonstrate that the statement made by Ross et al. is not
transferrable across all conditions or constructs, and therefore this statement
has been proven inaccurate. As a result, the ability of these conjugates to
penetrate the mitochondria should therefore be determined on a case by case
basis as varying combinations can clearly alter the end result. Additionally,
another report concluded that Cy5 conjugation alone to R8 is not capable of
tracking to the mitochondria.**? However, this was conducted using a single
dye (Cy5), and therefore it could be possible that Cy3-Cy5-R8’s higher charge
given the inclusion of Cy3 potentially permits mitochondrial delivery.

Serum proteins have also been shown to hinder the efficiencies of CPP

molecules,®* 3%

mostly linked to the presence of serum albumin and
enzymes. This is supportive of the findings with Cy3-Cy5-R8 treatment in the

presence of FBS, as a distinct decrease in staining ability was observed which
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is suggested to be due to non-specific interactions between the conjugate and
serum proteins present. Conversely, an interesting murine study using Cy7-
derivatives as cancer targeting entities suggested albumin as a critical
component for cancer cell retention which counteracts the findings reported
here. Nevertheless, the structures of the molecules used in the report carried
many discrepancies compared to the molecules in this study, and the authors
deemed the presence of a Cl residue responsible for the interaction with

% a residue that is not included in the structures used here.

albumin;*®
Moreover, an explanation for the specific interactions of serum with R8 and
not the other dye molecules remain unclear as all are positively charged.
However, it is theorised that the proposed interactions with serum proteins
may be dependent on the charged arginine residues on Cy3-Cy5-R8

specifically, which would explain the serum only effecting the CPP conjugate.

With regards to the Cy3-drug conjugates, the drugs KLA, Cip and CPT were
chosen as they represent three important classes of drugs in clinical
application, and the molecular targets of all these drugs are believed to be the
mitochondria.>**3*" Across all three Cy3-drug conjugates, an increase in
toxicity was observed when covalently conjugated to Cy3, with Cy3-KLA
presenting the best results with a 1000-fold improvement in ECso when
compared to KLA alone. Moreover, the Cy3-drug conjugates were all shown
to be more toxic in cancer cells than non-cancer cells when comparing their
toxicities in HeLa to HEK293. The ECsg value of Cy3-KLA is significantly lower
(p > 0.01) in HeLa (4.0 yM) compared to HEK293 (11.1 yM). Furthermore, a
10-fold increase in ECsp (and therefore potency) was observed with Cy3-CPT
(0.8 uM vs 11.1 uM) while a 2-fold increase was observed for Cy3-Cip (3.9
MM vs 6.7 uM). Their selectivity observed here is likely derived from the MMP
being more negative in cancer cells compared to non-cancer cells.3* 168 3%
However, it needs to be considered that the cell lines used here are
immortalised so cannot be considered as a clear representation of how the
conjugates would behave in an in vivo model. A natural mammalian system

carries a plethora of additional complexities that cannot be assessed in vitro;
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therefore, testing these conjugates in vivo is crucial to ascertain whether the
promising results obtained here are transferable to a clinical setting.

Although the results regarding the drug conjugates show a clear toxicity to
cancer cells, there was still a marked toxicity in the non-cancerous cell line
HEK293, illustrating a lower than ideal selectivity. In order to translate these
findings into a clinical setting, it would be necessary to test them on a wider
range of cancer and non-cancer cell lines, alongside a range of primary cancer
and non-cancer cells. These results will be required to determine whether the
results found here can be converted into a clinical setting.

The selectivity of the compounds could possibly be improved via addition of a
receptor-targeting entity to specifically bind to cancer cell surface markers,
however this approach is complex and lengthy with no promise of success.
The conjugation to a receptor-targeting molecule will make the compound
much larger, likely more complex to create, and risks the retention of molecular
stability. Moreover, in targeting receptors or surface proteins, a release-
mechanism will also be required to facilitate drug conjugate release into the
cell once the membrane has been targeted. This cell-homing moiety may also
restrict the efficiency of cyanine dye entry into the cell, bringing the risk of a
reduced toxicity or efficacy. Alternatively, in light of the ongoing research which
involves stimulus-responsive nanoparticles, the combination of these with the
drug conjugates could also prove fruitful. As mentioned in Chapter 1, the
development of nanoparticles that respond to environmental stimuli such as
the acidic pH of tumour microenvironments is a growing movement in the

community. %% 122

If a pH-sensitive nanoparticle that can transport Cy3-KLA
or Cy5-KLA to the tumour microenvironment can be ascertained, then the
subsequent degradation of the nanoparticle and release of the drug into the
tumour microenvironment would theoretically be very effective, as the
nanoparticle facilitates the release of the drug only in the vicinity of cancer
cells, while the dye can then enable the delivery of the toxic peptide to the

cancer mitochondria. This method would theoretically alleviate much of the
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non-selective activity observed, and may additionally improve the potency of
Cy3-KLA.

In summary, there are many hurdles that remain to be addressed before these
findings can potentially be transferred into a therapeutic setting, however the
results so far are promising. The next stage of research will need to focus on
improving specificity, whilst not detrimentally damaging the toxicities or

efficacies of the constructs.

The development of chemotherapeutics that can be selectively activated is a
field of research with expanding interest, especially in the context of
immunotherapies.?® 27 29 Although great progress has been made in the
generation of switchable CAR-T cells, there remains to be limitations to each
one’s use; be it a lack of control, the presence of only one available switch
function, or even the use of drugs as switch molecules which carry their own

toxicities.?8% 296-299

It is of increasing importance to generate a logic operating
CAR-T system that is functional, has dual operation (ON and OFF) and doesn’t
require any additional molecules that can bring adverse side effects and
toxicities in their own right. The research presented in Chapter 3 demonstrates

a logical solution to the problem, via the adaptation of genetic code expansion.

Through the project, many findings were inconsistent with the current
presentation in the literature. For example, in the quest to identify an
aaRS/tRNA pair that can incorporate the unnatural amino acid BocK, a range
of tRNA mutants previously described to function in E. coli were tested. In
contrast to the observations in E. coli where all 11 quadruplet Pyl tRNA

variants were functional,®*"- 8" 382

only five led to BocK-dependent production
of eGFP. Importantly, there was negligible e GFP production with either Pyl
tRNAycua or Pyl tRNAycuaEv2), Which have previously been shown to function

in HEK293T cells with 5 mM BocK.*® Nonetheless, it is possible that
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deviations in the cell line tested (HEK293 vs HEK293T) and concentration of
BocK used (1 mM vs 5 mM) could be responsible for this discrepancy. It was
also evident from the two CUAG- and three AGGA-decoding variants that the
nucleic acid sequence in the anticodon stem loop has significant influence on
the incorporation, where base mutations can either improve or reduce the
efficiency of BocK incorporation. Importantly, as seen in E. coli, neither
fluorescence nor eGFP was detectable in the absence of BocK, demonstrating

that the functional Pyl tRNA variants remained orthogonal in mammalian cells.

Another important finding that was different to that described in the literature
was regarding the orthogonal TyrRS*/tRNA set. This pair has a range of
substrates including OMeY and AzF.**® *'° The observations by Italia et al.
saw that TyrRS* mediated incorporation of OMeY was stronger than AzF,*"°
however the opposite was observed in this case. This deviation in the favoured
substrate of TyrRS*/tRNA is not entirely clear, but it could be related to
difference in the cell type used for the analysis. Namely, /talia et al. performed
these experiments in E. coli, whereas these studies were performed in the
mammalian cell line HEK293. As a result, this discrepancy is likely down to a
lack of comparability between E. coli-based and mammalian-cell-based
genetic code expansion capabilities, which had already been demonstrated
with the incomparable incorporation abilities of the quadruplet Pyl tRNA
variants when used in E. coli or HEK293 respectively.

A previous research article discussed the use of a mutated eukaryotic release
factor (eRF1) to increase the incorporation efficiency of aaRS/tRNA for amber
suppression.*®® Testing this eRF1 mutant with the aaRS/tRNA pairs used in
Chapter 3 showed no significant improvement however, as there was no
significant alteration in eGFP fluorescence observed between cells in the
presence or absence of eRF1(E55D). Again, these results cannot be directly
compared to the paper that reported this variant, as they used a PyIRS mutant
for amber incorporation, and they had not tested a Tyr variant which may

influence the transferability.
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In an attempt to improve the incorporation efficiency of the aaRS/tRNA pairs,
an increase in tRNA copy number was examined. For both pairs, a marked
increase in fluorescent eGFP was detected when multiple copies of tRNA were
used, exhibiting an average improvement in eGFP production ranging from
2.5- to 6.5-fold. Unlike some of the other experiments performed which
exhibited a lack of continuity with the existing literature, this data conversely is
in line with other genetic code expansion methods. Previous studies have
commonly used tRNA cassettes (which carry increased copy numbers of the
tRNA gene), and the method has widely been shown to improve the final

reporter OUtpUt.377’ 381, 383, 385, 408, 409

Building on the results collected through these preliminary studies, the
aaRS/tRNA pairs tested were transferred into a mammalian cell logic gate
design. The engineering of mammalian cell logic gates has revolutionized
synthetic biology, enabling the development of sensors, diagnostics and
therapeutics.?®® %9392 The employment of environmental or synthetic switches
is a fast developing next-generation technique for intricate cellular phenotype
control, with exponential biotechnological and biomedical applications.?3 2%%
39339 Here, AND and OR logic operations were developed through a
combination of PyIRS/tRNAyccuEv2), TYrRS*/tRNAcua and a split GFP
reporter. Logic gates with an AND operation require the presence of both
inputs to achieve the desired output.*'* Owing to this, a double-plasmid model
was generated whereby GFP fluorescence can only be achieved upon
concurrent incorporation of AzF and BocK. Upon testing in HEK293, GFP
fluorescence could only be detected when cells were incubated in the
presence of both AzF and BocK, and GFP fluorescence was observed to be
of a relatively high level, demonstrating a reasonably high efficiency of the
system. Similar efficiencies were also obtained with the OR logic operation.
Logic gates with an OR operation require the presence of either inputs to
achieve the desired output,*'* and indeed GFP fluorescence could be detected
when cells were incubated with either or both AzF and BocK.
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Combining all the data sets presented in Chapter 3, it is plausible that these
genetic code expansion mediated logic gates can be transferred into a
switchable CAR-T model. As a whole, CAR-T are an emerging therapy in
cancer treatment which have shown impressive cancer-destructive
capabilities.”* 2% 283293 However, there is currently a shortfall in the ability to
control CAR-T cells once they are introduced to a patient. Patients may
experience undesirable side effects; including the common occurrence of
cytokine storms which can be fatal.?8! 282 284.29% Ragyjltantly, it is crucial in this
line of research to develop CAR-T that can be intrinsically controlled, and the
adaptation of unnatural amino acid incorporation as orthogonal and innate
molecular switches could subsequently permit titrated and temporal control of
CAR-T activity. Researches have already began developing switchable CAR-
T models, however these studies primarily focus on engineering a single
switch; be it activation, inactivation, or cell destruction.>* 225 296299 Wjjth this in
mind, the proposed ON/OFF CAR-T model could be invaluable to the research
field. If it works, the method would provide oncologists with a heightened and
intricate level of control over the immunotherapeutic intensity, while harbouring
a kill switch if CAR-T are seen to cause adverse toxicity in the patient.
Moreover, if the therapeutic output is lower than expected at 1 mM
concentration of BocK, the amount of BocK can be increased, as
concentrations have been previously used at 5 mM in mammalian cellular
studies,*® therefore it is plausible that concentrations up-to and including 5
mM would be tolerated without causing adverse effects.

In summary, the research shown in Chapter 3 considerably contributes to the
fields of genetic code expansion, mammalian cell logic circuits, and can
potentially contribute substantially to the field of CAR-T based
immunotherapies. If the temporal control of CAR-T cells by unnatural amino
acid incorporation is as successful as presumed, this new technique could
revolutionise cancer immunotherapy tactics, enabling spatiotemporal control
of CAR-T anti-cancer activities, while providing a potentially lifesaving Kkill

switch if cytokine production remains dangerously high in a patient.
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Although the research in this series of work is built of preliminary studies, they
nevertheless shine a light on two new and exciting approaches to opposing
areas of targeted cancer treatments. To develop them further many obstacles
still remain to be overcome, such as the requirement for a more-targeted
tumour delivery system for Cy3-drug conjugates, and for the developed
genetic code expansion logic gates to be transferred into a CAR-T model. As
a whole, the fields of organelle-targeted drug delivery or switchable CAR-T
immunotherapies both hold the potential to revolutionise the field of targeted

cancer therapeutics.>® 7" 101, 120,131,133, 168,194, 226 G5nyersely,

however, both
approaches bring pros and cons which cannot be directly compared. For
example, although targeted drug delivery is typically less selective and doesn’t
have life-long impact like immunological methods, these treatments are
commonly easier to develop, and much more economically viable.>' 5% 64 246
On the other hand, immunotherapies with CAR-T are a highly specialised field
which shows great promise in tumour-selectivity that is yet to be obtained with
targeted drugs, however this highly specialised technique unfortunately
requires a substantial amount of expertise and resources, which resultantly
means treatment can cost anything up to £500,000 for a single treatment.>' °%
64,246 Owing to this, it is currently difficult to discern which therapeutic approach
will become the more-widely available option in decades to come, but
nevertheless both show great potential to substantially contribute in the quest

to develop new and improved targeted cancer therapeutics.
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Table 6.1: List of materials for bacterial experiments

Materials Manufacturer Catalogue Number
Agar Powder Fisher Scientific 10572775
Ampicillin Thermo Scientific 11593027

CaCl; Fisher Scientific 10478590

EDTA Sigma Aldrich (Merck) ED-100G

FastAP enzyme kit VWR EF0651

Gene Ruler 1kbp Plus Thermo Scientific SM1331

Gibson Assembly Kit New England Biolabs E5520

Glacial Acetic Acid Fisher Scientific 10371411

Glycerol Fisher Scientific 10336040

Guanidine thiocyanate
Kanamycin

KCI

KH.PO,

KOAc

MnCl,

MOPS

NaCl

Na,HPO,

NEB HiFi DNA assembly
One Shot™ StbI3™
PrimeSTAR™

QiaPrep Mini Kit

Fluorochem

Fisher Scientific
Fisher Scientific
Sigma Aldrich (Merck)
Fisher Scientific
Fisher Scientific
Fisher Scientific
Fisher Scientific
Sigma Aldrich (Merck)
New England Biolabs
Invitrogen

Takara

Qiagen

253

M01833-500G

10134924

10735874

7778770

11437797

10552991

11419733

10316943

7558794

E2621S

C737303

RO45A

27106



Restriction Enzymes
SybrSAFE™
Tris-base

Tris-HCI

Tryptone

T4 Ligase Kit

Yeast Extract

Thermo Scientific
Invitrogen

Fisher Scientific
Sigma Aldrich (Merck)
Fisher Scientific
Thermo Scientific

Fisher Scientific

N/A

S33102

15506017

BP153-500

10301783

ELOO14

15169323

Table 6.2: List of materials for mammalian experiments

Materials Manufacturer Cat. Number
Anti-eGFP Antibody Thermo Scientific MA1-952
Anti-FLAG Antibody Sigma Aldrich (Merck) F1804
Anti-GAPDH Antibody Thermo Scientific MA5-15738
Anti-Mouse Antibody Thermo Scientific 32430
AzF Sigma Aldrich (Merck) 909564
BocK Fluorochem 078520
BSA Fisher Scientific 11493823
CCCP Fisher Scientific 10175140
Cell Titre Blue Promega G8081
Clarity MAX™ Biorad 1705062
Confocal dishes Mattek P35G1510C
DMEM GlutaMAX™ Gibco 11574516
DMSO Fisher Scientific 10103483
FBS Fisher Scientific 11573397
HEK293 ECACC 85120602
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HelLa

Hoechst
Lipofectamine
MitoTracker

Mr Frosty™
Nitrocellulose Membrane 0.2 pm
Novex™ WedgeWell™
NuPAGE™ LDS Buffer
OMeY

OptiMEM

Protease Inhibitor
RIPA Buffer

RPMI

Skimmed Milk Powder
Trypsin

Tween 20

T25 Flask

T75 Flask

24 well plates

96 well plate black

ATCC

Invitrogen

Life Technologies
Invitrogen

Thermo Scientific
Biorad

Invitrogen

Invitrogen

Alfa Aesar

Gibco

Sigma Aldrich (Merck)
Sigma Aldrich (Merck)
Gibco

Sigma Aldrich (Merck)
Fisher Scientific
Fisher Scientific
Corning

Corning

Corning

Corning

CCL-2
H3569
10696343
M7514
5100-0001
1704156
XP04205BOX
NP0007
H63096
11058021
P8340
R0278
11835030
70166-500G
11560626
10301783
430639
430641U
10380932

10357891
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Per 1 L of LB liquid medium prepared, tryptone (10.0 g), yeast extract (5.0 g)
and NaCl (10.0 g) were dissolved in 800 mL deionised water (dH20) before
the volume was made up to 1 L with dH,O. The solution was autoclaved for

sterilisation and stored at room temperature.

Per 1 L of solid LB medium, tryptone (10.0 g), yeast extract (5.0 g), NaCl (10.0
g) and agar powder (15 g) were dissolved in 800 mL deionised water (dH20)
before the volume was made up to 1 L with dH2O. The solution was autoclaved

for sterilisation and stored at room temperature.

1000x antibiotic stock solution were made by dissolving ampicillin in dH2O at
100 mg/mL, or kanamycin in dH>O at 50 mg/mL. All antibiotic stocks were filter
sterilised under an open flame, aliquoted into sterile 1.5 mL Eppendorf tubes
and stored at -20 °C.

200 mL of B1 buffer was prepared by dissolving 0.589 g KOAc, 1.259 g MnCly,
1.49g KCl and 0.222 g CaCl; in 100 mL dH20O and pH adjusted accordingly to
5.8. 30 mL (15% v/v) glycerol was then added and total volume made up to
200 mL with dH20. Total buffer working concentration was 30 mM KOAc, 50
mM MnClz, 100 mM KCI and 10 mM CaCl,. Buffer was filter sterilised under

an open flame into sterile falcon tubes and stored at -20 °C.
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200 mL of B2 buffer was prepared by dissolving 0.418 g MOPS, 1.66 g CaCl,
and 0.149 g KCl in 100 mL dH,0O and pH adjusted accordingly to 7.0. 30 mL
(15% v/v) glycerol was then added and total volume made up to 200 mL with
dH20. Total buffer working concentration was 10 mM MOPS, 75 mM CaCl,
and 10 mM KCI. Buffer was filter sterilised under an open flame into sterile
falcon tubes and stored at 4 °C.
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Chemically competent Stbl3 stocks were generated from One Shot™ StbI3™
E. coli cells obtained from ThermoFisher. A bacterial stab was spread on a
sterile LB agar plate and incubated at 37 °C for 16 hours. A bacterial starter
culture was generated by isolating a single colony from the plate and
suspending it in 5 mL LB media in a sterile falcon tube. The starter culture was
incubated at 37 °C for 16 hours overnight with constant shaking at 180 RPM.
200 mL of sterile LB in a conical flask was induced with 1 mL of the starter
culture and incubated at 37 °C with constant shaking until the culture reached
an OD within the range of 0.6 — 0.7. The flask was then removed from the
incubator and chilled to 4 °C for 30 minutes to suspend the cell growth phase.
Culture was split into 50 mL falcon tubes and centrifuged at 1000 g for 30
minutes at constant temperature of 4 °C. supernatant was removed under an
open flame and pellets were re-suspended in 30 mL of buffer B1 and incubated
at 4 °C for 1 hour. Cultures were then centrifuged again at 1000 g for 30
minutes at constant temperature of 4 °C. Supernatant was then removed and
pellets re-suspended in 5 mL of buffer B2. Under an open flame, the 5-mL
suspension was split into sterile Eppendorf 1.5 mL tubes as 50 pL aliquots,
snap frozen in liquid nitrogen and stored at -80 °C until required.

The following procedure accounts for the propagation of a single plasmid,
where “plasmid DNA” denotes a previously purified plasmid, or a new clone
generated via PCR, T4 Ligation or Gibson Assembly respectively (see section
6.3.4, 6.3.7 or 6.3.8 for the appropriate cloning protocols). A single 50 pL
aliquot of Stbl3 was thawed on ice. An appropriate volume of plasmid DNA
was added and gently mixed into the aliquot (volume added allowing for 10 —
20 ng total plasmid DNA) and incubated on ice for 30 minutes. The suspension

was heat-shocked in a pre-heated water bath at 42 °C for 45 seconds prior to
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chilling on ice for 2 minutes. Under an open flame using sterile technique, 1
mL LB liquid media was added to the aliquot and gently mixed to achieve an
even suspension. The culture was then recovered, where it is incubated at 37
°C for 1 hour at constant shaking at 400 g. After recovery, the sample was
centrifuged at 20,000 g for 2 minutes to form a pellet, and under an open flame
900 pL of supernatant removed and the pellet re-suspended in the remaining
supernatant (approximately 100 uL). Continuing under an open flame, 50 uL
of the suspension was plated on a pre-prepared agar plate containing a 1x
antibiotic concentration (derived from the respective 1000x stock solution)
corresponding to the plasmid DNA'’s antibiotic resistance gene. The
suspension was evenly spread across the plate and allowed to dry for
approximately 5 minutes under sterile conditions, before incubation in an oven

set to 37 °C for 16 hours to permit growth of bacterial colonies.

A bacterial starter culture was generated by isolating a single colony from a
plate (as described in section 6.3.2) and suspending it in 5 mL LB media in a
sterile falcon tube. The starter culture was incubated at 37 °C for 16 hours
overnight with constant shaking. The resulting culture was centrifuged at 1000
g for 20 minutes at 4 °C to form a bacterial pellet. Following the manufacturers
protocol, the supernatant was removed and pellet re-suspended in 250 uL of
buffer P1. 250 uL buffer P2 was subsequently added and the mixture shaken
to obtain a coherent blue and viscous solution. 350 yL of buffer N3 was then
added and shaken to neutralise any blue colouring and obtain a distinctive
white precipitate. The contents were transferred to a 1.5 mL Eppendorf tube
and centrifuged at 20,000 g for 20 minutes to facilitate debris pelleting.
Supernatant was carefully aspirated and added to a QIAGEN miniprep spin
column. Resulting supernatant was run through the column via centrifugation
at 20,000 g for 1 minute and flow-through in the collection tube discarded. The
column was washed with 500 yL PB buffer, centrifuged for 1 minute at 20,000
g and flow-through discarded, washed with 750 uL PE buffer by centrifuging
for 1 minute at 20,000 g and flow-through discarded. The collection column
was removed and placed in a 1.5 mL Eppendorf tube and 50 yL EB buffer
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added. The column was incubated with EB buffer for 2 minutes at room
temperature before centrifuging for 1 minute at 20,000 g. Column was
subsequently discarded and plasmid DNA concentration measured with a

Nano-drop before storage at -20 °C.

All PCR reactions were performed using PrimeSTAR HS DNA polymerase
following the manufacturers protocol. DNA fragments were generated using
the general 3-step protocol, however if this was unsuccessful a ramp-up 3-
step protocol was used (Figure 6.1).

N
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Figure 6.1: General and Ramp-up protocols undertaken for PCR amplification



DNA fragment purification was used to isolate fragments generated by PCR
or restriction enzyme digestion (see sections 6.3.4 and 6.3.6 respectively for
the appropriate protocols). A 1 L 50x stock of TAE buffer was prepared by
mixing 242 g Tris-base, 57.1 mL glacial acetic acid and 10 mL 0.5 mM EDTA
solution (pH 8.0) into dH20. 1 L working stock of 1x TAE buffer was made by
diluting 20 mL 50x TAE into 980 mL dH,O. Agarose gels were made by
suspending 1 g agarose powder in 100 mL 1x TAE buffer and heated to boiling
using a microwave). 5 L SYBR Safe dye was then added and mixed to obtain
an even to suspension prior to pouring the solution into a gel casting tray and
left at RT for 30 minutes to set. Gels were submerged in 1x TAE buffer in a gel
tank and Gene ruler 1kb plus DNA ladder was loaded to one well as a
reference marker. FastDigest Green loading dye buffer (10x) was added to
DNA samples (1 uL/10 pL) and they were loaded to the appropriate wells. Gel
was run at constant voltage of 120 V for 35 minutes to obtain clear DNA
fragment separation, then imaged using a Chemi-Doc gel imager. Bands of
interest were cut from the gel using a scalpel knife and transferred to a 1.5 mL
Eppendorf tube and weighed. The gel slices were dissolved in QG buffer (20
mM Tris-HCI, 5.5 M guanidine thiocyanate, pH 6.6) (300 uL QG per 100 pg
gel) and incubated at 50 °C for 10 minutes to dissolve gel. The solution was
transferred to a Qiagen miniprep spin column, and centrifuged for 1 minute at
20,000 g. Flow through was discarded, and the column washed with 750 pL
PE buffer by centrifugation at 20,000 g for 1 minute. The column was
transferred to a new 1.5 mL Eppendorf tube and 50 pL EB buffer was added
before centrifuging at 20,000 g for 1 minute to elute DNA into the Eppendorf.
DNA concentrations were then measured via nanodrop and stored at -20 °C.

Restriction enzyme digestions were performed following the manufacturers
protocol. Reaction mixtures consisted of 1000 ng DNA, 1 pL 10x FastDigest
Green Buffer, FastDigest restriction enzymes (total volume 1 pL) and dH»0 to
achieve a total volume of 10 yL. Where a TAP reaction is required to prevent
blunt ends re-ligating during T4 ligation (see section 6.3.7 for T4 ligation

261



protocol), 1 uL alkaline phosphatase is added to the reaction mixture.
Reactions were incubated at 37 °C for 1 hour to achieve complete digestion
and ran on an agarose gel for fragment separation and purification (see

section 6.3.5 for agarose electrophoresis).

T4 ligation was performed following the manufacturers protocol. DNA
fragments required for T4 ligation were added to a PCR tube at a 3:1 vector to
insert ratio. 2 yL T4 Ligase buffer was added along with 1 pL T4 Ligase.
Reaction was made up to 20 pyL with dH,0 and incubated at RT for 20 minutes.
Reaction mixture was then directly transformed into chemically competent
Stbl3 cells (see section 6.3.2).

Gibson assembly was performed with NEB HiFi DNA assembly master mix
following the manufacturers protocol. DNA fragments were mixed to a total
volume of 5 pL at a 3:1 vector to insert ratio. 5 yL NEB HiFi DNA assembly
master mix was added and mixed thoroughly, before incubation at 50 °C for 1
hour. The resulting reaction mixture could then be directly transformed into
chemically competent StbI3 cells (see section 6.3.2).
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All cell lines were continuously maintained in Dulbecco’s modified eagle

medium (DMEM) supplemented with 10% v/v foetal bovine serum (FBS).

A 1 mL aliquot of frozen cell stocks was part thawed at 37 °C for 3 minutes
until a small ice cube remained. The aliquot was then mixed with 4 mL of
growth medium (DMEM 10% v/v FBS) in a 15-mL falcon tube prior to
centrifugation at 400 g for 5 minutes to facilitate cell pellet formation.
Supernatant was then discarded from the pellet and cell pellet gently re-
suspended in fresh 5 mL growth medium. The cell suspension was then
transferred to a T25 flask and cultured at 37 °C, 5% CO, atmosphere for 48
hours. Media was changed as necessary every 48-72 hours until the cells
formed a uniform monolayer at a confluency of 80-85%. Once at this
confluency, cells lines were maintained and passaged (as detailed in section
6.4.3).

All cell lines were maintained in DMEM (10% v/v FBS) and passaged when a
monolayer confluency of 80-85% is established. For cell passage, media is
removed from the flask and cells gently washed with PBS to remove any
residual media and dead cells. PBS wash was then removed, and 1 mL trypsin
added to the flask and incubated at 37 °C, 5% CO, atmosphere for 3-5 minutes
to allow cells to detach from the flask surface. Once detached, 1 mL of DMEM
(10% FBS) was added to the flask to deactivate the trypsin, and the solution
gently pipetted to obtain an even suspension. The suspension was centrifuged
at 400 g for 5 minutes in a 15-mL falcon tube to form a cell pellet. The resulting
supernatant was removed gently from the falcon tube to ensure the cell pellet
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was not disturbed, and the pellet re-suspended in 1 mL fresh DMEM (10%
FBS). Of the 1 mL cellular suspension, 200 yL was taken and added to a new
T25 cell culture flask and suspended in 4.8 mL fresh DMEM (10% FBS) to
obtain a 1/5 dilution. The new T25 flask culture was subsequently incubated
at 37 °C, 5% CO, atmosphere and the passage procedure repeated as
required whenever the culture reached a confluency of 80-85%.

For frozen stock generation, the passage protocol detailed in 6.4.3 was
undertaken but cells are instead transferred into a T75 cell culture flask (total
volume 10 mL DMEM (10% FBS)). The relevant cell line was grown in the T75
flask until a confluency of 90-95% is established, and during this growth period
the media was exchanged as required to maintain cell health. Once at the
target confluency, media was removed and cells washed with PBS to remove
any residual media and cell debris. 2 mL of trypsin was then added and the
flask incubated at 37 °C, 5% CO, atmosphere for 3-5 minutes to allow cells to
detach from the flask surface. Once detached, 2 mL of DMEM (10% FBS) was
added to the flask to deactivate the trypsin, and the solution gently pipetted to
obtain an even cell suspension. The resulting suspension was transferred to
a 15-mL falcon tube and centrifuged at 400 g for 5 minutes to facilitate cell
pellet formation. The supernatant was removed gently from the falcon tube to
ensure the cell pellet is not disturbed, and the pellet evenly re-suspended in 5
mL of FBS (10% v/v DMSO). The subsequent 5-mL solution was then quickly
split into five cryogenic tubes to generate five 1 mL aliquots. The samples were
then transferred into a specialised cooling container (Mr Frosty™,
ThermoFisher, #10110051) before storage in a -80 °C freezer. The container
facilitates gradual temperature reduction of 1 °C per minute, ensuring cell
stock preservation. After 48 hours, the aliquots were removed from the
container and stored in a -80 °C freezer until required.
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Table A1: Table of gene sequences used throughout Chapter 3

Gene Name

DNA sequence 5’ to 3’

Ampicillin
resistance

ATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTT
TGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACG
CTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCAC
GAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGAT
CCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATG
AGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCC
GTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATAC
ACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACA
GAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTAT
GCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAA
CTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACC
GCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTG
ATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACG
ACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACAA
CGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGC
TTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAA
GTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGC
TGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGT
CTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGC
CCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGG
CAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGG
TGCCTCACTGATTAAGCATTGGTAA

CAG

GACATTGATTATTGACTAGTTATTAATAGTAATCAATTACG
GGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTA
CATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCA
ACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCC
CATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGG
GTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATC
AAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAA
TGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATG
ACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATT
AGTCATCGCTATTACCATGGTCGAGGTGAGCCCCACGTTC
TGCTTCACTCTCCCCATCTCCCCCCCCTCCCCACCCCCAA
TTTTGTATTTATTTATTTTTTAATTATTTTGTGCAGCGATGG
GGGCGGGGGGGGGGGGGGCGCGCGCCAGGLGGGGLG
GGGCGGGGCGAGGGGCGGGGCGGGGCGAGGCGGAGAG
GTGCGGCGGCAGCCAATCAGAGCGGCGCGCTCCGAAAG
TTTCCTTTTATGGCGAGGCGGCGGCGGCGGCGGCCCTAT
AAAAAGCGAAGCGCGCGGCGGGCGGGAGTCGCTGCGTT
GCCTTCGCCCCGTGCCCCGCTCCGCGLCLCGLCTCGLGCC
GCCCGCCCCGGCTCTGACTGACCGCGTTACTCCCACAGG
TGAGCGGGCGGGACGGCCCTTCTCCTCCGGGCTGTAATT
AGCGCTTGGTTTAATGACGGCTCGTTTCTTTTCTGTGGCT
GCGTGAAAGCCTTAAAGGGCTCCGGGAGGGCCCTTTGTG
CGGGGGGGAGCGGCTCGGGGGGTGCGTGCGTGTGTGTG
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TGCGTGGGGAGCGCCGCGTGCGGCCCGCGCTGCCCGGC
GGCTGTGAGCGCTGCGGGCGCGGCGCGGGGCTTTGTGC
GCTCCGCGTGTGCGCGAGGGGAGCGCGGCCGGGGGLG
GTGCCCCGCGGTGCGGGGGGGCTGCGAGGGGAACAAAG
GCTGCGTGCGGGGTGTGTGCGTGGGGGGGTGAGCAGGG
GGTGTGGGCGCGGCGGTCGGGCTGTAACCCCCCCCTGC
ACCCCCCTCCCCGAGTTGCTGAGCACGGCCCGGCLCTTCGG
GTGCGGGGCTCCGTACGGGGCGTGGCGCGGGGCTCGCC
GTGCCGGGCGGGGGGTGGCGGCAGGTGGGGGTGCCGEG
GCGGGGCGGGGCCGCCTCGGGCCGGGGAGGGCTCGGG
GGAGGGGCGCGGCGGCCCCCGGAGCGCCGGLCGGLTGT
CGAGGCGCGGCGAGCCGCAGCCATTGCCTTTTATGGTAA
TCGTGCGAGAGGGCGCAGGGACTTCCTTTGTCCCAAATC
TGTGCGGAGCCGAAATCTGGGAGGCGCCGCCGCACCCC
CTCTAGCGGGCGCGGGGCGAAGCGGTGCGGCGCCGGCA
GGAAGGAAATGGGCGGGGAGGGCCTTCGTGCGTCGCCG
CGCCGCCGTCCCCTTCTCCCTCTCCAGCCTCGGGGCTGT
CCGCGGGGGGACGGCTGCCTTCGGGGGGGACGGGGCA
GGGCGGGGTTCGGCTTCTGGCGTGTGACCGGCGGCTCT
AGAGCCTCTGCTAACCATGTTCATGCCTTCTTCTTTTTCCT
ACAG

EF1

GGGCAGAGCGCACATCGCCCACAGTCCCCGAGAAGTTGG
GGGGAGGGGTCGGCAATTGAACGGGTGCCTAGAGAAGG
TGGCGCGGGGTAAACTGGGAAAGTGATGTCGTGTACTGG
CTCCGCCTTTTTCCCGAGGGTGGGGGAGAACCGTATATAA
GTGCAGTAGTCGCCGTGAACGTTCTTTTTCGCAACGGGTT
TGCCGCCAGAACACAG

eGFP

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGT
GCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCA
CAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCA
CCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCG
GCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCC
TGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACC
ACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGA
AGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGA
CGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGG
CGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGA
CTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGA
GTACAACTACAACAGCCACAACGTCTATATCATGGCCGAC
AAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGC
CACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCAC
TACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTG
CTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTG
AGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTG
CTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATG
GACGAGCTGTACAAGTAA

eGFP(TAG)

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGT
GCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCA
CAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCA
CCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCG
GCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCC
TGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACC
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ACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGA
AGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGA
CGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGG
CGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGA
CTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGA
GTACAACTACAACAGCCACTAGGTCTATATCATGGCCGAC
AAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGC
CACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCAC
TACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTG
CTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTG
AGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTG
CTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATG
GACGAGCTGTACAAGTAA

eGFP(TAGA)

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGT
GCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCA
CAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCA
CCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCG
GCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCC
TGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACC
ACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGA
AGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGA
CGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGG
CGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGA
CTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGA
GTACAACTACAACAGCCACTAGAGTCTATATCATGGCIGA
TAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGC
CACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCAC
TACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTG
CTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTG
AGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTG
CTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATG
GACGAGCTGTACAAGTAA

eGFP(TAGC)

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGT
GCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCA
CAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCA
CCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCG
GCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCC
TGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACC
ACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGA
AGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGA
CGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGG
CGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGA
CTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGA
GTACAACTACAACAGCCACTAGCGTCTATATCATGGCIGA
TAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGC
CACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCAC
TACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTG
CTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTG
AGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTG
CTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATG
GACGAGCTGTACAAGTAA
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eGFP(TAGG)

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGT
GCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCA
CAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCA
CCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCG
GCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCC
TGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACC
ACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGA
AGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGA
CGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGG
CGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGA
CTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGA
GTACAACTACAACAGCCACTAGGGTCTATATCATGGCIGA
TAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGC
CACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCAC
TACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTG
CTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTG
AGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTG
CTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATG
GACGAGCTGTACAAGTAA

eGFP(TAGT)

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGT
GCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCA
CAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCA
CCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCG
GCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCC
TGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACC
ACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGA
AGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGA
CGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGG
CGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGA
CTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGA
GTACAACTACAACAGCCACTAGTGTCTATATCATGGCIGA
TAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGC
CACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCAC
TACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTG
CTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTG
AGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTG
CTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATG
GACGAGCTGTACAAGTAA

eGFP(CTAG)

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGT
GCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCA
CAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCA
CCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCG
GCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCC
TGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACC
ACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGA
AGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGA
CGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGG
CGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGA
CTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGA
GTACAACTACAACAGCCACCTAGGTCTATATCATGGCIGA
TAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGC
CACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCAC
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TACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTG
CTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTG

AGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTG

CTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATG
GACGAGCTGTACAAGTAA

eGFP(AGGA)

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGT
GCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCA
CAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCA
CCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCG
GCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCC
TGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACC
ACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGA
AGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGA
CGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGG
CGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGA
CTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGA
GTACAACTACAACAGCCACAGGAGTCTATATCATGGCIGA
TAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGC
CACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCAC
TACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTG
CTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTG
AGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTG
CTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATG
GACGAGCTGTACAAGTAA

eGFP(TAG-
AGGA)

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGT
GCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCA
CAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCA
CCTAGGGCAAGCTGACCCTGAAGTTCATCTGCACCACCG
GCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCC
TGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACC
ACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGA
AGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGA
CGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGG
CGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGA
CTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGA
GTACAACTACAACAGCCACAGGAGTCTATATCATGGCIGA
TAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGC
CACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCAC
TACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTG
CTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTG
AGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTG
CTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATG
GACGAGCTGTACAAGCATCATCACCATCACCACTAA

ERF1(E55D)

GCCGATGATCCAAGCGCCGCAGACCGCAATGTTGAGATC
TGGAAGATAAAAAAGCTGATAAAGAGCTTGGAGGCCGCAC
GGGGCAACGGCACGTCCATGATATCCCTCATTATCCCACC
AAAGGATCAGATCAGCCGTGTGGCGAAGATGTTGGCGGA
TGAFTTCGGAACGGCCAGTAACATTAAAAGTCGCGTGAAC
CGGCTGTCGGTCTTGGGCGCCATCACTTCCGTGCAGCAA
CGTCTGAAACTGTACAACAAAGTCCCACCCAACGGTTTGG
TCGTCTACTGCGGTACGATAGTTACCGAGGAAGGAAAGG
AGAAGAAAGTGAATATTGATTTCGAACCATTTAAACCGATA
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AACACTAGCTTGTACTTGTGCGACAATAAGTTTCATACAGA
GGCACTCACGGCCCTGCTGAGCGACGACTCGAAATTCGG
ATTCATTGTCATTGATGGAAGTGGAGCGCTGTTCGGCACG
CTGCAGGGTAACACGCGCGAGGTCTTGCACAAATTCACC
GTGGACTTGCCCAAAAAGCATGGCCGTGGTGGCCAGAGC
GCCCTCAGGTTTGCGCGGCTGCGCATGGAGAAGCGCCAT
AACTACGTGCGCAAGGTCGCAGAGACGGCTGTGCAGCTG
TTCATCTCGGGTGATAAGGTAAATGTCGCGGGACTGGTGC
TCGCCGGCAGCGCGGACTTCAAAACCGAGCTGAGTCAGT
CCGACATGTTCGATCAGCGTCTGCAGTCGAAGGTACTGAA
GCTCGTCGACATTAGCTACGGCGGCGAGAACGGCTTCAA
TCAGGCCATCGAACTGAGTACCGAAGTCCTCAGTAACGTA
AAGTTTATTCAGGAAAAAAAGTTGATTGGACGCTACTTTGA
TGAAATAAGCCAAGATACGGGCAAATACTGTTTTGGCGTC
GAGGATACTCTGAAAGCGCTCGAGATGGGAGCAGTGGAA
ATACTCATCGTATATGAAAATCTCGATATAATGCGCTATGT
ACTGCATTGCCAAGGAACAGAAGAGGAGAAAATTCTCTAC
CTCACCCCGGAGCAAGAGAAGGACAAGAGCCATTTTACA
GACAAGGAGACGGGCCAAGAGCACGAGCTCATTGAGTCG
ATGCCCTTGCTCGAATGGTTTGCCAACAACTACAAGAAGT
TCGGCGCGACCCTGGAAATTGTCACGGATAAATCGCAGG
AGGGCAGCCAGTTTGTGAAGGGCTTCGGTGGCATCGGCG
GCATCCTCCGCTACCGGGTGGATTTCCAAGGCATGGAATA
TCAAGGTGGAGATGATGAATTCTTCGATTTGGATGATTACT
AATGATAG

Kanamycin
resistance

ATGATTGAACAGGATGGCCTGCATGCGGGTAGCCCGGCA
GCGTGGGTGGAACGTCTGTTTGGCTATGATTGGGCGCAG
CAGACCATTGGCTGCTCTGATGCGGCGGTGTTTCGTCTGA
GCGCGCAGGGTCGTCCGGTGCTGTTTGTGAAAACCGATC
TGAGCGGTGCGCTGAACGAGCTGCAGGATGAAGCGGCG
CGTCTGAGCTGGCTGGCCACCACCGGTGTTCCGTGTGCG
GCGGTGCTGGATGTGGTGACCGAAGCGGGCCGTGATTG
GCTGCTGCTGGGCGAAGTGCCGGGTCAGGATCTGCTGTC
TAGCCATCTGGCGCCGGCAGAAAAAGTGAGCATTATGGC
GGATGCCATGCGTCGTCTGCATACCCTGGACCCGGCGAC
CTGTCCGTTTGATCATCAGGCGAAACATCGTATTGAACGT
GCGCGTACCCGTATGGAAGCGGGCCTGGTGGATCAGGAT
GATCTGGATGAAGAACATCAGGGCCTGGCACCGGCAGAG
CTGTTTGCGCGTCTGAAAGCGAGCATGCCGGATGGCGAA
GATCTGGTGGTGACCCATGGTGATGCGTGCCTGCCGAAC
ATTATGGTGGAAAATGGCCGTTTTAGCGGCTTTATTGATTG
CGGCCGTCTGGGCGTGGCGGATCGTTATCAGGATATTGC
GCTGGCCACCCGTGATATTGCGGAAGAACTGGGCGGCGA
ATGGGCGGATCGTTTTCTGGTGCTGTATGGCATTGCGGCA
CCGGATAGCCAGCGTATTGCGTTTTATCGTCTGCTGGATG
AATTTTTCTAATAA

Pyl tRNAACUA

GGAAACCTGATCATGTAGATCGAATGGACTACTAAATCCG
TTCAGCCGGGTTAGATTCCCGGGGTTTCCG

Pyl tRNACCUA

GGAAACCTGATCATGTAGATCGAATGGACTCCTAAATCCG
TTCAGCCGGGTTAGATTCCCGGGGTTTCCG
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Pyl tRNAGCUA

GGAAACCTGATCATGTAGATCGAATGGACTGCTAAATCCG
TTCAGCCGGGTTAGATTCCCGGGGTTTCCG

Pyl tRNAUCUA

GGAAACCTGATCATGTAGATCGAATGGACTTCTAAATCCG
TTCAGCCGGGTTAGATTCCCGGGGTTTCCG

Pyl GGAAACCTGATCATGTAGATCGAATGGBCTTCTAATECTG
tRNAucuagvt) | TTCAGCCGGGTTAGATTCCCGGGGTTTCCG
Pyl GGAAACCTGATCATGTAGATCGAATGGBCTTCTAATCTEE
tRNAucuagvz | TTCAGCCGGGTTAGATTCCCGGGGTTTCCG

Pyl tRNACUAG

GGAAACCTGATCATGTAGATCGAATGGACTCTAGAATCCG
TTCAGCCGGGTTAGATTCCCGGGGTTTCCG

Pyl
tRNAcuaGEVY)

GGAAACCTGATCATGTAGATCGAATGGECTCTAGAATCCG
TTCAGCCGGGTTAGATTCCCGGGGTTTCCG

Pyl tRNAuccu

GGAAACCTGATCATGTAGATCGAATGGACTTCCTAATCCG
TTCAGCCGGGTTAGATTCCCGGGGTTTCCG

Pyl GGAAACCTGATCATGTAGATCGAATECTCTTCCTAATAGG
tRNAyccuevt) | TTCAGCCGGGTTAGATTCCCGGGGTTTCCG
Pyl GGAAACCTGATCATGTAGATCGAAGGGGCTTCCTATCCGC
tRNAyccuEvz) | TTCAGCCGGGTTAGATTCCCGGGGTTTCCG
mCherry- ATGGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATC
P2A-sGFP(1- | AAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCC

10)

GTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGA
GGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGA
AGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACA
TCCTGTCCCCTCAGTTCATGTACGGCTCCAAGGCCTACGT
GAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTC
CTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTT
CGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCT
CCCTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCTGC
GCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGA
AGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGT
ACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAG
AGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAG
GTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTG
CCCGGCGCCTACAACGTCAACATCAAGTTGGACATCACCT
CCCACAACGAGGACTACACCATCGTGGAACAGTACGAAC
GCGCCGAGGGCCGCCACTCCACCGGCGGCATGGACGAG
CTGTACGCGTCTGGAGGCGCCACCAATTTCAGCCTGCTG
AAACAGGCTGGCGACGTGGAAGAGAACCCTGGACCTGGA
CAAAAGTCGATGTCCAAAGGAGAAGAACTGTTTACCGGTG
TTGTGCCAATTTTGGTTGAACTCGATGGTGATGTCAACGG
ACATAAGTTCTCAGTGAGAGGCGAAGGAGAAGGTGACGC
CACCATTGGAAAATTGACTCTTAAATTCATCTGTACTACTG
GTAAACTTCCTGTACCATGGCCGACTCTCGTAACAACGCT
TACGTACGGAGTTCAGTGCTTTTCGAGATACCCAGACCAT
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ATGAAAAGACATGACTTTTTTAAGTCGGCTATGCCTGAAG
GTTACGTGCAAGAAAGAACAATTTCGTTCAAAGATGATGG
AAAATATAAAACTAGAGCAGTTGTTAAATTTGAAGGAGATA
CTTTGGTTAACCGCATTGAACTGAAAGGAACAGATTTTAAA
GAAGATGGTAATATTCTTGGACACAAACTCGAATACAATTT
TAATAGTCATAACGTATACATCACTGCTGATAAGCAAAAGA
ACGGAATTAAAGCGAATTTCACAGTACGCCATAATGTAGA
AGATGGCAGTGTTCAACTTGCCGACCATTACCAACAAAAC
ACCCCTATTGGAGACGGTCCGGTACTTCTTCCTGATAATC
ACTACCTCTCAACACAAACAGTCCTGAGCAAAGATCCAAA
TGAAAAATGA

mCherry-
P2A-TAG-
sGFP(1-10)

ATGGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATC
AAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCC
GTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGA
GGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGA
AGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACA
TCCTGTCCCCTCAGTTCATGTACGGCTCCAAGGCCTACGT
GAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTC
CTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTT
CGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCT
CCCTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCTGC
GCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGA
AGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGT
ACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAG
AGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAG
GTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTG
CCCGGCGCCTACAACGTCAACATCAAGTTGGACATCACCT
CCCACAACGAGGACTACACCATCGTGGAACAGTACGAAC
GCGCCGAGGGCCGCCACTCCACCGGCGGCATGGACGAG
CTGTACGCGTCTGGAGGCGCCACCAATTTCAGCCTGCTG
AAACAGGCTGGCGACGTGGAAGAGAACCCTGGACCTGGA
CAAAAGTCGTAGTCCAAAGGAGAAGAACTGTTTACCGGTG
TTGTGCCAATTTTGGTTGAACTCGATGGTGATGTCAACGG
ACATAAGTTCTCAGTGAGAGGCGAAGGAGAAGGTGACGC
CACCATTGGAAAATTGACTCTTAAATTCATCTGTACTACTG
GTAAACTTCCTGTACCATGGCCGACTCTCGTAACAACGCT
TACGTACGGAGTTCAGTGCTTTTCGAGATACCCAGACCAT
ATGAAAAGACATGACTTTTTTAAGTCGGCTATGCCTGAAG
GTTACGTGCAAGAAAGAACAATTTCGTTCAAAGATGATGG
AAAATATAAAACTAGAGCAGTTGTTAAATTTGAAGGAGATA
CTTTGGTTAACCGCATTGAACTGAAAGGAACAGATTTTAAA
GAAGATGGTAATATTCTTGGACACAAACTCGAATACAATTT
TAATAGTCATAACGTATACATCACTGCTGATAAGCAAAAGA
ACGGAATTAAAGCGAATTTCACAGTACGCCATAATGTAGA
AGATGGCAGTGTTCAACTTGCCGACCATTACCAACAAAAC
ACCCCTATTGGAGACGGTCCGGTACTTCTTCCTGATAATC
ACTACCTCTCAACACAAACAGTCCTGAGCAAAGATCCAAA
TGAAAAATGA

mCherry-
P2A-
sGFP(11)

ATGGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATC
AAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCC
GTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGA
GGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGA
AGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACA
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TCCTGTCCCCTCAGTTCATGTACGGCTCCAAGGCCTACGT
GAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTC
CTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTT
CGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCT
CCCTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCTGC
GCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGA
AGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGT
ACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAG
AGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAG
GTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTG
CCCGGCGCCTACAACGTCAACATCAAGTTGGACATCACCT
CCCACAACGAGGACTACACCATCGTGGAACAGTACGAAC
GCGCCGAGGGCCGCCACTCCACCGGCGGCATGGACGAG
CTGTACGCGTCTGGAGGCGCCACCAATTTCAGCCTGCTG
AAACAGGCTGGCGACGTGGAAGAGAACCCTGGACCTGGA
CAAAAGTCGATGCGTGACCACATGGTCCTTCATGAGTATG
TAAATGCTGCTGGGATTACAGGTGGCTCTGGAGGTAGAG
ATCATATGGTTCTCCACGAATACGTTAACGCCGCAGGCAT
CACTGGCGGTAGTGGAGGACGCGACCATATGGTACTACA
TGAATATGTCAATGCAGCCGGAATAACCGGAGGGTCCGG
AGGCCGGGATCACATGGTGCTGCATGAGTATGTGAACGC
GGCGGGTATAACTGGTGGGTCGGGCGGACGAGACCATAT
GGTGCTTCACGAATACGTAAACGCAGCTGGCATTACTGGC
GGATCAGGTGGCAGGGATCACATGGTACTCCATGAGTAC
GTGAACGCTGCTGGAATCACAGGCGGTAGCGGCGGTCG
GGACCATATGGTCCTGCACGAATATGTCAATGCTGCCGGT
ATCACCGGCGGCAAATTCATGTGA

mCherry-
P2A-AGGA-
sGFP(11)

ATGGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATC
AAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCC
GTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGA
GGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGA
AGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACA
TCCTGTCCCCTCAGTTCATGTACGGCTCCAAGGCCTACGT
GAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTC
CTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTT
CGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCT
CCCTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCTGC
GCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGA
AGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGT
ACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAG
AGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAG
GTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTG
CCCGGCGCCTACAACGTCAACATCAAGTTGGACATCACCT
CCCACAACGAGGACTACACCATCGTGGAACAGTACGAAC
GCGCCGAGGGCCGCCACTCCACCGGCGGCATGGACGAG
CTGTACGCGTCTGGAGGCGCCACCAATTTCAGCCTGCTG
AAACAGGCTGGCGACGTGGAAGAGAACCCTGGACCTGGA
CAAAAGTCGAGGACGTGACCACATGGTCCTTCATGAGTAT
GTAAATGCTGCTGGGATTACAGGTGGCTCTGGAGGTAGA
GATCATATGGTTCTCCACGAATACGTTAACGCCGCAGGCA
TCACTGGCGGTAGTGGAGGACGCGACCATATGGTACTAC
ATGAATATGTCAATGCAGCCGGAATAACCGGAGGGTCCG
GAGGCCGGGATCACATGGTGCTGCATGAGTATGTGAACG
CGGCGGGTATAACTGGTGGGTCGGGCGGACGAGACCATA
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TGGTGCTTCACGAATACGTAAACGCAGCTGGCATTACTGG
CGGATCAGGTGGCAGGGATCACATGGTACTCCATGAGTA
CGTGAACGCTGCTGGAATCACAGGCGGTAGCGGCGGTCG
GGACCATATGGTCCTGCACGAATATGTCAATGCTGCCGGT
ATCACCGGCGGCAAATTCATGTGA

Pyl
tRNAuccuEve)
x4

GAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACG
ATACAAGGCTGTTAGAGAGATAATTAGAATTAATTTGACTG
TAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAG
TAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTT
AAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTT
CGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACA
CCGGAAACCTGATCATGTAGATCGAAGGGGCTTICCTATCC
GCTTCAGCCGGGTTAGATTCCCGGGGTTTCCGGACAAGT
GCGGTTTTTCTTAAGAGGTTGGGCAGGAAGAGGGCCTATT
TCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTG
TTAGAGAGATAATTAGAATTAATTTGACTGTAAACACAAAG
ATATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCT
TGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACT
ATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTG
GCTTTATATATCTTGTGGAAAGGACGAAACACCGGAAACC
TGATCATGTAGATCGAAGGGGCTTCCTATCCGCTTCAGCC
GGGTTAGATTCCCGGGGTTTCCGGACAAGTGCGGTTTTTC
TTAAGAGGctggtggagaacttgccgaaTTGGGCAGGAAGAGGGC
CTATTTCCCATGATTCCTTCATATTTGCATATACGATACAA
GGCTGTTAGAGAGATAATTAGAATTAATTTGACTGTAAACA
CAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAATAA
TTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATG
GACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTT
CTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGA
AACCTGATCATGTAGATCGAAGGGGCTTCCTATCCGCTTC
AGCCGGGTTAGATTCCCGGGGTTTCCGGACAAGTGCGGT
TTTTCTTAAGAGGGTAAACGGCCACAAGTTCGTCGATTGG
GCAGGAAGAGGGCCTATTTCCCATGATTCCTTCATATTTG
CATATACGATACAAGGCTGTTAGAGAGATAATTAGAATTAA
TTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGAC
GTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAA
TTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTG
AAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAG
GACGAAACACCGGAAACCTGATCATGTAGATCGAAGGGG
CTTCCTATCCGCTTCAGCCGGGTTAGATTCCCGGGGTTTC
CG

PyIRS

GACAAGAAGCCCCTGAACACCCTGATCAGCGCCACAGGA
CTGTGGATGTCCAGAACCGGCACCATCCACAAGATCAAG
CACCACGAGGTGTCCCGGTCCAAAATCTACATCGAGATG
GCCTGCGGCGATCACCTGGTCGTCAACAACAGCAGAAGC
AGCCGGACAGCCAGAGCCCTGCGGCACCACAAGTACAGA
AAGACCTGCAAGCGGTGCAGAGTGTCCGACGAGGACCTG
AACAAGTTCCTGACCAAGGCCAACGAGGACCAGACCAGC
GTGAAAGTGAAGGTGGTGTCCGCCCCCACCCGGACCAAG
AAAGCCATGCCCAAGAGCGTGGCCAGAGCCCCCAAGCCC
CTGGAAAACACCGAAGCCGCTCAGGCCCAGCCCAGCGGC
AGCAAGTTCAGCCCCGCCATCCCCGTGTCTACCCAGGAA
AGCGTCAGCGTCCCCGCCAGCGTGTCCACCAGCATCTCT
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AGCATCTCAACCGGCGCCACAGCTTCTGCCCTGGTCAAG
GGCAACACCAACCCCATCACCAGCATGTCTGCCCCTGTG
CAAGCCTCTGCCCCAGCCCTGACCAAGTCCCAGACCGAC
CGGCTGGAAGTGCTCCTGAACCCCAAGGACGAGATCAGC
CTGAACAGCGGCAAGCCCTTCCGGGAGCTGGAAAGCGAG
CTGCTGAGCCGGCGGAAGAAGGACCTCCAGCAAATCTAC
GCCGAGGAACGGGAGAACTACCTGGGCAAGCTGGAAAGA
GAGATCACCCGGTTCTTCGTGGACCGGGGCTTCCTGGAA
ATCAAGAGCCCCATCCTGATCCCCCTGGAGTACATCGAGC
GGATGGGCATCGACAACGACACCGAGCTGAGCAAGCAGA
TTTTCCGGGTGGACAAGAACTTCTGCCTGCGGCCCATGCT
GGCCCCCAACCTGTACAACTACCTGCGGAAACTGGATCG
CGCTCTGCCCGACCCCATCAAGATTTTCGAGATCGGCCC
CTGCTACCGGAAAGAGAGCGACGGCAAAGAGCACCTGGA
AGAGTTTACAATGCTGAACTTTTGCCAGATGGGCAGCGGC
TGCACCAGAGAGAACCTGGAATCCATCATCACCGACTTTC
TGAACCACCTGGGGATCGACTTCAAGATCGTGGGCGACA
GCTGCATGGTGTACGGCGACACCCTGGACGTGATGCACG
GCGACCTGGAACTGTCTAGCGCCGTCGTGGGACCCATCC
CTCTGGACCGGGAGTGGGGCATCGATAAGCCCTGGATCG
GAGCCGGCTTCGGCCTGGAACGGCTGCTGAAAGTCAAGC
ACGACTTTAAGAACATCAAGCGGGCTGCCAGAAGCGAGA
GCTACTACAACGGCATCAGCACCAACCTGTGA

sGFP(1-10)-
P2A-TAG-
sGFP(11)

ATGTCCAAAGGAGAAGAACTGTTTACCGGTGTTGTGCCAA
TTTTGGTTGAACTCGATGGTGATGTCAACGGACATAAGTT
CTCAGTGAGAGGCGAAGGAGAAGGTGACGCCACCATTGG
AAAATTGACTCTTAAATTCATCTGTACTACTGGTAAACTTC
CTGTACCATGGCCGACTCTCGTAACAACGCTTACGTACGG
AGTTCAGTGCTTTTCGAGATACCCAGACCATATGAAAAGA
CATGACTTTTTTAAGTCGGCTATGCCTGAAGGTTACGTGC
AAGAAAGAACAATTTCGTTCAAAGATGATGGAAAATATAAA
ACTAGAGCAGTTGTTAAATTTGAAGGAGATACTTTGGTTAA
CCGCATTGAACTGAAAGGAACAGATTTTAAAGAAGATGGT
AATATTCTTGGACACAAACTCGAATACAATTTTAATAGTCA
TAACGTATACATCACTGCTGATAAGCAAAAGAACGGAATTA
AAGCGAATTTCACAGTACGCCATAATGTAGAAGATGGCAG
TGTTCAACTTGCCGACCATTACCAACAAAACACCCCTATTG
GAGACGGTCCGGTACTTCTTCCTGATAATCACTACCTCTC
AACACAAACAGTCCTGAGCAAAGATCCAAATGAAAAAGCG
TCTGGAGGCGCCACCAATTTCAGCCTGCTGAAACAGGCT
GGCGACGTGGAAGAGAACCCTGGACCTGGACAAAAGTCG
TAGCGTGACCACATGGTCCTTCATGAGTATGTAAATGCTG
CTGGGATTACAGGTGGCTCTGGAGGTAGAGATCATATGGT
TCTCCACGAATACGTTAACGCCGCAGGCATCACTGGCGG
TAGTGGAGGACGCGACCATATGGTACTACATGAATATGTC
AATGCAGCCGGAATAACCGGAGGGTCCGGAGGCCGGGA
TCACATGGTGCTGCATGAGTATGTGAACGCGGCGGGTAT
AACTGGTGGGTCGGGCGGACGAGACCATATGGTGCTTCA
CGAATACGTAAACGCAGCTGGCATTACTGGCGGATCAGG
TGGCAGGGATCACATGGTACTCCATGAGTACGTGAACGCT
GCTGGAATCACAGGCGGTAGCGGCGGTCGGGACCATATG
GTCCTGCACGAATATGTCAATGCTGCCGGTATCACCGGC
GGCAAATTCATGTGA
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Tyr tRNACUA

GGTGGGGTTCCCGAGCGGCCAAAGGGAGCAGACTCTAAA
TCTGCCGTCACAGACTTCGAAGGTTCGAATCCTTCCCCCA
CCA

Tyr tRNACUA
x4

GAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACG
ATACAAGGCTGTTAGAGAGATAATTAGAATTAATTTGACTG
TAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAG
TAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTT
AAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTT
CGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACA
CCGGTGGGGTTCCCGAGCGGCCAAAGGGAGCAGACTCT
AAATCTGCCGTCACAGACTTCGAAGGTTCGAATCCTTCCC
CCACCATTTTTTAATATTTGCATGTAGGGGGCAGGAAGAG
GGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATA
CAAGGCTGTTAGAGAGATAATTAGAATTAATTTGACTGTAA
ACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAA
TAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAA
ATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGA
TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCG
GTGGGGTTCCCGAGCGGCCAAAGGGAGCAGACTCTAAAT
CTGCCGTCACAGACTTCGAAGGTTCGAATCCTTCCCCCAC
CATTTTTTAATATTTGCATGTCTGGTGGAGAACTTGCCGAA
TTGGGCAGGAAGAGGGCCTATTTCCCATGATTCCTTCATA
TTTGCATATACGATACAAGGCTGTTAGAGAGATAATTAGAA
TTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACG
TGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTT
AAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAA
CTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGG
AAAGGACGAAACACCGGTGGGGTTCCCGAGCGGCCAAAG
GGAGCAGACTCTAAATCTGCCGTCACAGACTTCGAAGGTT
CGAATCCTTCCCCCACCATTTTTTAATATTTGCATGGTAAA
CGGCCACAAGTTCGTCGATTGGGCAGGAAGAGGGCCTAT
TTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCT
GTTAGAGAGATAATTAGAATTAATTTGACTGTAAACACAAA
GATATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTC
TTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGAC
TATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTT
GGCTTTATATATCTTGTGGAAAGGACGAAACACCGGTGGG
GTTCCCGAGCGGCCAAAGGGAGCAGACTCTAAATCTGCC
GTCACAGACTTCGAAGGTTCGAATCCTTCCCCCACCA

TyrRS*

GGCAAGCAGTAACTTGATTAAACAATTGCAAGAGCGGGG
GCTGGTAGCCCAGGTGACGGACGAGGAAGCGTTAGCAGA
GCGACTGGCGCAAGGCCCGATCGCACTCEGTIGTGTGGCTT
CGATCCTACCGCTGACAGCTTGCATTTGGGGCATCTTGTT
CCATTGTTATGCCTGAAACGCTTCCAGCAGGCGGGCCAC
AAGCCGGTTGCGCTGGTAGGCGGCGCGACGGGTCTGATT
GGCGACCCGAGCTTCAAAGCTGCCGAGCGTAAGCTGAAC
ACCGAAGAAACTGTTCAGGAGTGGGTGGACAAAATCCGTA
AGCAGGTTGCCCCGTTCCTCGATTTCGACTGTGGAGAAAA
CTCTGCTATCGCGGCCAATAATTATGACTGGTTCGGCAAT
ATGAATGTGCTGACCTTCCTGCGCGATATTGGCAAACACT
TCTCCGTTAACCAGATGATCAACAAAGAAGCGGTTAAGCA
GCGTCTCAACCGTGAAGATCAGGGGATTTCGTTCACTGAG
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TTTTCCTACAACCTGCTGCAGGGTTATAGTATGGCCTGTT
TGAACAAACAGTACGGTGTGGTGCTGCAAATTGGTGGTTC
TGACCAGTGGGGTAACATCACTTCTGGTATCGACCTGACC
CGTCGTCTGCATCAGAATCAGGTGTTTGGCCTGACCGTTC
CGCTGATCACTAAAGCAGATGGCACCAAATTTGGTAAAAC
TGAAGGCGGCGCAGTCTGGTTGGATCCGAAGAAAACCAG
CCCGTACAAATTCTACCAGTTCTGGATCAACACTGCGEGT
GCCGACGTTTACCGCTTCCTGAAGTTCTTCACCTTTATGA
GCATTGAAGAGATCAACGCCCTGGAAGAAGAAGATAAAAA
CAGCGGTAAAGCACCGCGCGCCCAGTATGTACTGGCGGA
GCAGGTGACTCGTCTGGTTCACGGTGAAGAAGGTTTACA
GGCGGCAAAACGTATTACCGAATGCCTGTTCAGCGGTTCT
TTGAGTGCGCTGAGTGAAGCGGACTTCGAACAGCTGGCG
CAGGACGGCGTACCGATGGTTGAGATGGAAAAGGGCGCA
GACCTGATGCAGGCACTGGTCGATTCTGAACTGCAACCTT
CCCGTGGTCAGGCACGTAAAACTATCGCCTCCAATGCCAT
CACCATTAACGGTGAAAAACAGTCCGATCCTGAATACTTC
TTTAAAGAAGAAGATCGTCTGTTTGGTCGTTTTACCTTACT
GCGTCGCGGTAAAAAGAATTACTGTCTGATTTGCTGGAAA
GGGCCCGTTTAA

U6 GAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACG
ATACAAGGCTGTTAGAGAGATAATTAGAATTAATTTGACTG
TAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAG
TAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTT
AAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTT

CGATTTCTTGGCTTTATATATCTTGTGGAAAGGAC

Mutations; codons; anticodons; linkers.
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