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Abstract

Peptides and proteins are responsible for a diverse range of biological functions including
catalysis, structure, transport, signalling and defence. The unique properties of peptide
and protein interactions have been exploited in the field of medicine for uses like protein-
targeted therapeutic, and diagnostic agents. However, such developments would not be
possible without an understanding of the specific interactions of these biomolecules. As
such, it essential to develop methods that allow the study of these unique interactions. In
this work, small fluorescent molecules were utilised for the development of such techniques.

A novel probe, CyMT was developed for multimodal mass spectrometry and fluores-
cence imaging within a single sample. The probe proved to be successful in the imaging
of isolated insulin protein samples, first with fluorescence microscopy, followed immediately
with mass spectrometry imaging. A second probe, NpMT was also designed and syn-
thesised for future testing in this multimodal imaging setup, as well as assessment of a
multiplexed multimodal setup.

Following from previous work on the development of a novel fluorescent redox sensor
for protein tagging, the assessment of novel fluorescent scaffolds was performed. The fluo-
rescent properties of FCR1 and NpFR1 were assessed computationally for compatibility
with the HaloTag protein tagging system. This work revealed the suitability of FCR1 for
future incorporation into the HaloTag. Further computational studies on NpFR1 helped
to uncover the most suitable computation methods that would allow for further assessment
and future developments of this sensor.

Finally, efforts were directed towards developing a novel peptide-receptor binding assay.
The fluorescence probe, BNp-COOH, was designed with two functional moieties - one
for solid-phase peptide synthesis attachment, and another as a pull-down partner. The
fluorescence allows identification of receptor binding events, while the pull-down partner
enables subsequent isolation and characterisation of the interaction.

The work outlined here, describes a novel set of tools for the study of peptide and
protein interactions. These tools have the potential to enhance our understanding of these
interactions, and aid in the development of novel treatments for the betterment of human

health.
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Chapter 1

Introduction

1.1 Fluorescence overview

1.1.1 Introduction to fluorescence

Fluorescence is defined as the ability of a substance to emit visible light following absorption
of light or other electromagnetic radiation. More specifically, fluorescence occurs when an
electron in an excited state (Soty) relaxes back into the ground state (Sp), resulting in the
emission of a photon. For each specific molecule, excitation of an electron into the excited
state is quantised. That is, only a photon with energy equal to the energy difference between
the ground and excited state is able to promote the electron to the excited state.

Within any electronic energy state (S,,) there are multiple vibrational states to which the
electron may be excited. According to the Franck-Condon principle, electronic transitions
back to the ground state can only occur from the lowest vibrational level of the excited state.
As such, an electron will undergo non-radiative decay to reach the lowest vibrational level
of the excited state before returning to the ground state. For this reason, emission always
occurs at a lower energy and thus, a longer wavelength than the excitation wavelength.

Jablonski diagrams are often used to illustrate the various molecular processes that can
occur within a molecule during excitation and emission. Vertical arrows depict electronic
transitions resulting in light absorption of emission. Energy spacing between vibrational
levels are represented by horizontal lines. Vertical wavy arrows depict non-radiative pro-
cesses that occur when an electron relaxes to a lower energy state without the emission of

light (Figure 1.1).
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Figure 1.1: A Jablonski diagram highlighting mechanism by which light absorption and

fluorescence occurs.

Excitation can occur to a variety of vibrational levels within an excited state. Similarly,
emission can also occur to a variety of vibrational levels. This results in a bandwidth of
possible absorbance and emission wavelengths. This phenomenon gives rise to the character-
istic absorbance and emission spectra observed in fluorescence spectroscopy (Figure 1.2).1

The difference in wavelength between the absorbance and emission maxima is known as the

Stokes shift.
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Figure 1.2: Jablonski diagram representing possible absorbance and emission events that

may occur, and their correlation to the possible absorbance and emission spectra of a

molecule. Colours are indicative of probable wavelengths.



1.2 Small molecule fluorophores

A small molecule fluorophore is a chemical capable of absorbing and re-emitting light. These
molecules typically contain several aromatic groups, or planar structures with many m-bonds.
These small molecules have become a staple in the field of biological studies. Because
fluorescence is highly sensitive in nature, it lends itself to visualising biological systems
making it suitable for detecting at very low concentrations. This makes it a very attractive
tool for studying the microscopic phenomena of cellular biology.

In their most simple application, small molecule fluorophores can be used as stable dyes
or stains.? But the small molecules can be modified in ways that allow them to respond to
their environment. Such molecules are known as fluorescent sensors.

Fluorescent sensors can change in either colour or intensity in the presence of an analyte.
In general, fluorescent sensors can be categorised as either intensity-based or ratiometric.
Intensity-based fluorescent sensors can either increase (turn-on) or decrease (turn-off) their
fluorescence emission, whereas ratiometric sensors exhibit a shift in their emission wave-
length. Ratiometric sensors are more desirable as they are self-calibrating and are unaffected

by instrumental parameters, however, they are more challenging to develop.
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Figure 1.3: Representation of the difference between intensity-based and ratiometric fluo-

rescent sensors.

Additionally, fluorescent sensors can be further categorised as being reversible or irre-
versible. Irreversible sensors interact with the analyte of interest by forming or breaking

covalent bonds that cannot be restored. On the other hand, reversible sensors react to the



analyte of interest in a manner that allows it to be restored to its initial state. Given the
transient nature of cellular processes, reversible sensors are advantageous as they can be
used to monitor dynamic changes in the environment, which is not possible with irreversible

SEensors.

1.3 Common fluorophores used in biology

In order for a fluorophore to be compatible with live cells in biological studies, it must

possess certain key characteristics. Typically, ideal characteristics include:

Red shifted excitation and emission maxima - This is because the shorter wave-
lengths are higher in energy and are known to cause considerable damage to DNA and
proteins. In addition, shorter wavelengths may also induce auto-fluorescence of naturally
occurring endogenous fluorophores. 3

Sufficient brightness - This ensures that the fluorescence output is maximised such
that the signal to noise ratio is sufficiently satisfactory to distinguish the desired signal
from the background.4

Photostability - This means that the fluorophore is not prone to photo-degradation
under standard imaging conditions, allowing for long-term experiments without fluores-
cence bleaching to occur.”

Biological compatibility - This includes chemical stability within the diverse cellular
environment and high water solubility for use in aqueous media.® Additionally, the flu-
orophore should also have low toxicity.

Synthetic compatibility - This enhances the versatility of the fluorescent molecule,

allowing for tuning of its properties and the addition of various groups, such as targeting

moieties.

The criteria for the most commonly used fluorescence molecules in biological applications
vary based on the intended purpose. An overview of the commonly used fluorophores is

presented below.



1.3.1 Fluorescein

Fluorecseins (Figure 1.4) were among the first fluorescent molecules to be synthesised.”
They have several properties that make them ideal for biological studies including excellent
brightness, and good water solubility. Fluoresceins are extremely versatile dyes that have
been used extensively in the field of biology. Some of these uses include pH sensing, copper
sensing, and even fluorescent tumour tracer in brain tumour surgery.® ' They are one of
the most common fluorophores used in fluorescent-antibody conjugates and have seen vast
use in techniques like flow cytometry and ELISA.!'"12 However, fluoresceins are prone to

photo-degradation, limiting their application in long-term experiments. 13

Figure 1.4: Chemical structure of the fluorescein core.

1.3.2 Rhodamine

Rhodamines are structurally related to fluoresceins (Figure 1.5), containing amino groups
rather than the phenolic oxygens. They also exhibit excellent brightness, and good water
solubility, but not to the same extent as fluoresceins. They can be readily modified synthet-
ically for various applications including ion sensing, super resolution fluorescence imaging,
and even wildlife tracing studies.*!” Rhodamines are also less prone to photo-degradation

when compared to fluorescein. '8

Figure 1.5: Chemical structure of the Rhodamine core.



1.3.3 Naphthalimide

1,8-Naphthalimide fluorophores are structurally comprised of a naphthalene ring fused to a
dicarboxyl imide (Figure 1.6). Naphthalimides are generally substituted with an electron-
donating group at the 4-position which enhances their fluorescence output. The mechanism
of naphthalimide fluorescence is based on the ICT mechanism. They can be readily modi-
fied in at least 2 positions, and have highly tunable spectral properties depending on core
substituents. ' Naphthalimides have found use in various applications including tumour hy-
poxia imaging, and gastrotransmitter sensing.?%?! However, they tend to suffer from poor

water solubility, although this can be modulated through some structure modifications. 22
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Figure 1.6: Chemical structure of the 4-amino-1,8-naphthalimide core.

1.3.4 Coumarin

Coumarins are based on the naturally occurring non-fluorescent parent compound (Fig-
ure 1.7). Substitution at the 6- or 7-position with an electron donating moiety such as an
amine or hydroxyl group generates a highly fluorescent compound that posses good pho-
tostability, and water solubility. They have found use as ion indicators, photoactivatable
imaging agents, and fluorescent enzyme substrates. 2> 2% In general, they have higher energy

excitation and emission profiles than other scaffolds although this can be modulated through

7
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Figure 1.7: Chemical structure of the coumarin core indicating the 7-position.

synthetic modifications. 26



1.3.5 Cyanine

Cyanines are a class of dyes that describe a family of molecules with an odd-numbered
polymethine chain that links two one or more ring structures that generally contain tertiary
amines (Figure 1.8). They are ideal for use in biological studies due to their orange-near IR
emission profiles. Cyanines have been used in applications including drug delivery, metal
sensing and live animal imaging.?” 29 However, cyanines can have small Stokes shifts, which

can cause self-quenching.
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Figure 1.8: Chemical structure of the basic cyanine core.

1.3.6 BODIPY

BODIPY fluorophores are based on a boron difluoride and dipyrromethene core (Figure 1.9).
They have excellent photostability, and are not sensitive to changes in solvent or pH envi-
ronments. BODIPY derivatives have found use in several biological applications including
commercial lysosome trackers and photo-cages.3"3! They are easy to functionalise but, suffer

from small Stokes shifts making them susceptible to self-quenching.
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Figure 1.9: Chemical structure of the BODIPY core.

1.4 Biological techniques to study fluorescence

Fluorescence has become perhaps one of the most widely utilised technique for studying
biological systems. Fluorophores and fluorescent sensors are highly tunable and can be
adapted for use with many different techniques. Below are a few of the methods that utilise

fluorescence as a means of studying biological systems.



1.4.1 Microscopy

Fluorescence microscopy is a technique used to visualise the distribution and localisation
of fluorescently labelled cells or tissue. The most basic type of fluorescence microscopy
involves the use of a widefield microscope. The sample is irradiated by a single light source
which excites the fluorophore in a given sample. The emitted fluorescence passes through
a wavelength specific filter, which separates the emitted light from the incident light that
passes through to the detector. The advantage of widefield microscopy is the fast imaging,
and low maintenance cost of the microscope itself. However, it suffers greatly with respect to
image quality since it is are prone to high background noise. In addition, it has low spatial
resolution, which does not allow it to image cellular microstructures, such as organelles, in
good detail.3?

Confocal microscopy has become standard in the field of fluorescence imaging. Confocal
microscopes operate by emitting a laser which passes through a pinhole and is reflected
towards the sample by a dichroic mirror. The emitted fluorescence is passed through a pin-
hole that blocks out of focus light, while the in-plane light passes through a photomultiplier
tube before reaching the detector. Confocal microscopy offers significant advantages over
widefield microscopy including improved contrast and higher spatial resolution. Confocal
microscopes also offer greater flexibility in terms of excitation and emission parameters due
to the large array of available lasers and filters.33

Fluorescence lifetime imaging microscopy is a technique that creates an image based on
the lifetime of a fluorophore: that is, the time that a molecule spends in the excited state
before emitting a photon and returning to the ground state. The sample is irradiated with
repeated laser pulses, which cause the fluorophore to emit a photon. Rather than intensity,
the image is created based on the measurement of time taken between laser pulse and photon
emission. One major disadvantage of this technique is that fluorescent molecules are prone
to photobleaching caused by the repeated laser irradiation required for this technique. This
limits its application in longer term experiments.3?

Super-resolution microscopy is a technique that produces high-resolution images of bi-
ological samples by overcoming the diffraction limit of conventional microscopy. There are

several different techniques used to generate super-resolution images but the main forms

include: structured illumination microscopy (SIM), where the sample is irradiated by a



patterned light source that is sampled multiple times to generate interference patterns that
are deconvoluted into super-resolution images; stimulated emission depletion microscopy
(STED), where fluorophores are selectively deactivated to minimise the focal point with the
use of a depletion laser, in turn lowering the diffraction limit and increasing image resolu-
tion; and single-molecule localisation microscopy (SMLM), where only a small percentage
of fluorophores is excited at one time, reducing the spatial overlap which increases image

resolution. 3®

1.4.2 Flow cytometry

Flow cytometry is a technique used to study populations of single cells on both a physical
and chemical level. Cells are suspended in a buffered solution and are focussed into a
single-cell stream that pass through a laser where the light gets scattered by the passing
cell. The scattering is measured by multiple detectors, allowing the instrument to gather
information about the size, granularity, fluorescence, and other properties of the cells. Flow
cytometers are capable of analysing thousands of cells per second, making them a powerful
tool for rapidly and accurately assessing large cell populations in real-time. By labelling cells
with fluorescence-conjugated antibodies or other fluorophores, flow cytometers can detect
and sort cells based on their unique fluorescence patterns, making it a useful tool for cell

separation and analysis. 3¢

1.5 Proteins and peptides in biology

Peptides and proteins are biomolecules that play a pivotal role in cellular function. Struc-
turally, both are made up of a series of amino acids connected by amide bonds. Traditionally,
peptides are defined as consisting of between 2 and 50 amino acids, while proteins are de-
fined as consisting of greater than 50 amino acids. Peptides and proteins are responsible for
a diverse range of biological functions, and their properties have been exploited in the field

of medicine. The main functions of peptides and proteins in biology are outlined below.

Catalysis

Proteins that catalyse reactions are known as enzymes. They are capable of performing both

anabolic and catabolic reactions, which involve breaking down or building up molecules,



respectively. Each enzyme is highly specific for its reaction, meaning that it can only

catalyse one specific set of reactions.?’

Structure

Structural proteins are one of the most abundant types of proteins found in nature, respon-
sible for shaping structures in biology. Cell-based structural proteins, such as actin and
microtubules, are crucial in forming the physical structure of cells and play a major role in

organising organelle distribution and cell movement in processes such as cell division.?3®

Transport

Transport proteins are involved in the movement of products in and out of the cell. Generally
these proteins are known as channels or pumps. Perhaps the most well known of these
transport proteins is the sodium/potassium pump that lies within the cell membrane and
facilitates movement of sodium and potassium in and out of the cell to maintain osmotic
equilibrium. 3?

Other transport proteins play a role in the capture and movement of specific biomolecules.
A well-known example of an important transport protein is haemoglobin. This protein is

crucial for the transportation and delivery of oxygen and retrieval of COs back to the

lungs. 40

Defence

Defence peptide and proteins play a critical role in the body’s defence against foreign
invaders, including viruses, bacteria, and other pathogens. For example, antimicrobial
peptides are a category of short peptides found in a variety of organisms, including hu-
mans. They serve as a component of the innate immune system and help to protect against
pathogenic microorganisms. These peptides are produced by immune cells like neutrophils
and macrophages, and they function by disrupting the membranes of pathogens, resulting in
their death.?! These properties have led to the exploration of antimicrobial peptides as po-
tential therapeutic agents for the treatment of various diseases including cystic fibrosis. 4243

Antibodies are another class of protein that is involved in biological immunity. They help

the body to identify and neutralise pathogens. Antibodies specifically recognise and bind

10



to pathogens, marking them for destruction by other immune cells. The specific structure
of each antibody allows it to recognise and bind to a unique antigen, giving the immune

system the ability to respond to a wide range of pathogens.%4

Signalling

Intracellular signalling peptides and proteins play a critical role in transmitting signals
information between cells, tissues, and organs. An interplay between peptides, proteins and
other small molecules responsible for driving such signal processes. They work by binding to
specific receptors on the cell membrane or within cells, which initiates a series of intracellular
signalling events.

Proteins and peptides are among the most common signalling molecules and include hor-
mones, neurotransmitters, cytokines, and signalling proteins.*® Hormones such as insulin
and growth hormone regulate processes such as metabolism and growth. 4647 Neurotransmit-
ters like dopamine and serotonin regulate communication between nerve cells.*® Cytokines,
such as interleukins, regulate communication between cells of the immune system. %% Sig-
nalling proteins, such as protein kinases, regulate a variety of cellular processes, including
cell division and apoptosis.®!

These signalling molecules bind to specific receptors to initiate a series of cascades within
the cell. These receptors are specialised proteins that are capable of detecting, and respond-
ing to a specific signal. They are highly specific and will only bind with ligands of a particular
structure. Receptor proteins can be classified into two main categories: transmembrane and
intracellular receptors.®? The interplay between signalling molecules and receptors is essen-
tial for many biological processes, including growth, development, and response to changes

in the environment.

1.6 Clinical significance of studying peptides and proteins

1.6.1 Therapeutics

The significance of understanding the function of proteins in biology was recently highlighted
during the COVID-19 pandemic when it was discovered that the SARS-CoV-2 coronavirus

enters cells through the angiotensin-converting enzyme 2 (ACE2). In the human body, ACE2
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is an enzyme that cleaves angiotensin II into angiotensin (1-7), angiotensin I to angiotensin
(1-9), and participates in the hydrolysis of other peptides.?? It plays a crucial role in local
and systemic haemodynamics as it primarily lowers blood pressure. The role of ACE2 in
the uptake of SARS-CoV-2 into cells was discovered through the use of fluorescent antibody
staining."*

The discovery of this mechanism has led to the possibility of treatment options for those
suffering from severe COVID-19 infection. For example, administering intravenous infusions
of soluble recombinant ACE2 was found to reduce the severity of COVID infection. This is
because the soluble ACE2 acts as a competing target, reducing the infection of host tissue by
limiting the availability of the virus to bind to membrane-bound ACE2.% It was also found
that the potential to neutralise ACE2 by targeting protein enzymes to block the reactive
site and prevent COVID-19 entry.

Targeted therapeutics can act as direct modulators of the target receptor to either en-
hance or inhibit their function. For example, Herceptin is an approved, targeted therapeutic
protein for the treatment of human epidermal growth factor receptor 2 (HER2) receptor pos-
itive breast cancer. HER2 is a transmembrane protein that facilitates cell growth, survival,
proliferation and differentiation. Overexpression of the HER2 gene is seen in approximately
30% of breast cancers and is a significant indicator of low survival and high relapse rates
in patients.?”*® Hereceptin is a humanised, monoclonal antibody with a high affinity for
the HER2 receptor. The mechanism of action involves degradation of the HER2 receptor
which in turn, inhibits proliferation and induces apoptosis.®® Since HER2 is also involved in
normal cell function, side effects are common. Most strikingly, a high incidence of cardiac
toxicity has been noted.% For many patients, this side effect is partly reversible, but many
patients discontinue treatment before completion.%! Many drugs, especially those used in

chemotherapy, have a high incidence of systemic side effects. 6266

1.6.2 Targeting agents

Recent efforts to minimise off-target drug effects have focussed on the use of receptor targets
to direct therapeutic drug delivery to a specified location. Actively targeted drug-delivery

67,68

involves conjugating receptor-specific ligands to a drug, or drug delivery system. In

turn, the drug is accumulated only when bound to the specific receptor. As such, drug
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concentration is high only in the target tissue. The significance of targeted drug delivery
lies in its ability to minimise systemic toxicity of drugs that act indiscriminately. For
example, docetaxel is a chemotherapeutic drug used to treat prostate cancer, among others,
that targets the G(2)M phase of the cell cycle, ultimately leading to apoptosis.®” Its effect
on the cell cycle affects all dividing cells indiscriminately, thus docetaxel is associated with
many adverse side effects, including a 97% occurrence of neutropenia, and even death. .
Research has been made to minimise these adverse events by using nano-encapsulated drug
delivery systems. For example, BIND-014 is a docetaxel-carrying nanoparticle decorated
with peptide ligands for the prostate specific membrane antigen (PSMA) - a receptor that
is over expressed on prostate cancer cells.”! The targeting ligand utilised is a pseudomimetic
dipeptide that was found to have an affinity and specificity similar to that of antibodies.”
BIND-014 was tested for use in metastatic castration-resistant prostate cancer and reached

phase II clinical trials.™

1.6.3 Diagnostics

Another way in which the interplay of peptides and proteins has been exploited is in the
development of targeted diagnostic agents. For many progressive diseases, diagnostic imag-
ing techniques are rarely able to detect early stage abnormalities due to a lack of sensitivity
to small lesions. In such diseases, early detection is crucial in increasing survival rates. For
example, pancreatic cancer has a high mortality rate of up to 91% within 5 years.™ Cur-
rently, the only potential for long-term survival is complete tumour resection.” However,
due to the highly metastatic and invasive nature of pancreatic cancer, the average size of
a resectable tumour is <30 mm.”® Only 10-15% of patients are diagnosed in early stages
of disease, with the majority not being diagnosed until after significant metastasis, leading
to a poor prognosis.”™® As such, early detection is of great clinical importance. Many
attempts have been made at designing targeted diagnostic agents for pancreatic cancer us-
ing strategies such as protein-based targeting to specific disease receptors.” For example,
MUC4 receptors have been found to be overexpressed in pancreatic cancer.?® One group
conjugated anti-MUC4 antibody proteins onto MRI active nanoparticles in order to direct
the imaging agent to pancreatic tumours.®! The preliminary studies in vitro and in vivo

demonstrated a good sensitivity and specificity for pancreatic tumours.8!
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1.6.4 Theranostics

Theranostics are an emerging class of targeted medicines in which diagnostic imaging and
therapeutic agents are integrated into a single system. The goal of a theranostic agent
is to image disease and track drug delivery and pharmacokinetics in real time.®? This al-
lows the evaluation of disease progression and efficacy of the therapeutic agent, eliminating
the "trial and error" approach of disease treatment, and facilitating progress into person-
alised medicine. While theranostics are a new field in medicine, a few have been approved
for use in clinical practice. '""Lu-DOTATATE is a peptide-based radionuclide theranostic
which was approved for the treatment of gastroenteropancreatic neuroendocrine tumours
by the european medicines agency (EMA) and, the food and drug administration (FDA) in
September 2017 and January 2018 respectively. 8334 It is comprised of a modified form of the
commercially available targeting peptide, octreotide, which is known to target somatostatin
receptors. These receptors are expressed in 80-100% of neuroendocrine tumours and are
generally the main target of therapy.® The radionuclide, 1""Lu, is a medium-energy 3 emit-
ter making it an effective therapeutic. In addition, '""Lu emits accompanying low-energy
rays which allows the drug to be imaged through single-photon emission computed tomog-
raphy (SPECT) imaging. In Phase III trials, '""Lu-DOTATATE outperformed octreotide

therapy in terms of tumour progression and quality of life benefits. 86

1.7 Conventional methods to study peptides and proteins

The study of proteins and their functions in the body is crucial for advancing our under-
standing of biological systems, and for developing new therapies and treatments for the
betterment of human health. Conventional methods of studying peptides and proteins are

detailed below.

1.7.1 Enzyme-linked immunosorbent assay (ELISA)

Enzyme-linked immunosorbent assay (ELISA) is a highly sensitive assay technique designed
to detect and quantify biomolecules such as peptides, proteins, and antibodies that was first
described in 1971.87 In general, the assay works by immobilising the biomolecule of interest

onto a solid surface which is then complexed with the corresponding antibody. This can
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either occur directly onto the assay plate or wia antibody capture (known as sandwich
ELISA). Detection of the bound biomolecule is then detected directly, by labelling with a
primary antibody, or indirectly by labelling the primary antibody with a secondary antibody
(Figure 1.10). Detection can be analysed by either colourimetric, fluorescence or infrared

output.

N

S
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Figure 1.10: Diagrammatic representation of the various forms of ELISA.

ELISA is used extensively in the clinical field for the identification of various pathologies
such as viruses, bacteria, and is also used in blood typing. Despite its widespread use, the
ELISA technique suffers from several limitations, particularly in the research and develop-
ment field. For example, biomolecule identification is limited by the commercial availability
of the specific primary antibody. Additionally, there are many steps involved in this assay
as well as the requirement for several reagents, making it a rather inefficient process. One
of the major disadvantages of the ELISA technique is that the cells need to be lysed or
fixed in order to quantify the biomolecule of interest, making it unsuitable for visualising

live cellular processes.

1.7.2 Western blotting

Western blotting, or immunoblotting, is a technique used to detect the presence and quantity
of a specific protein in a sample. It is applicable to various types of samples including cell

lysates, cell homogenates, and body fluids. It involves the separation of a protein mixture
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by electrophoresis onto a cell membrane. The protein of interest is identified with the use
of fluorescent antibodies that allow visualisation by binding to the protein of interest, in
a similar manner to that described for the ELISA technique. Detection of the antibody
can be performed using fluorescence, colourimetric or IR.®® Clinically, western blotting is
a prominent tool used in antigen detection and diagnosis of infectious diseases.®® Despite
its widespread use, western blotting is time-consuming technique that requires specialist

equipment and reagents, with multi-step procedures to complete.

1.7.3 Immunohistochemistry

Immunohistochemistry is a technique used to detect antigen proteins within a tissue sample.
For example, in a clinical setting immunohistochemistry can be used for tumour diagnos-
tics. Through the detection of a specific marker present on the tissue sample, one can
determine the stage of tumourgenesis, as well as the cell type, and origin of metastasis.
As with the above mentioned techniques, immunohistochemistry generally relies on the use
of fluorescently antibodies that detect and bind to the protein of interest, and thus suffers
from the same limitations.”® Additionally, tissue preservation technique plays an important
role in the quality of the results, and thus the technique is only semi-quantitative.“! Recent

advances have allowed this technique to be used in a high-throughput format.%?

1.7.4 Display technologies

Phage display, a technique awarded the 2018 Nobel Prize in Chemistry, has been used
extensively in the field of targeted drug discovery. The technique involves fusing the genetic
sequence of a peptide or protein into the viral genome responsible for encoding surface capsid
proteins of a bacteriophage. In turn, the protein of interest is displayed on the surface of
the phage, in an functionally accessible manner.” Since its development, phage display has
been used as a high-throughput approach for identifying peptides that bind to a specific
target.?* %6 Whole-cell applications of phage-displayed peptide libraries has lead to the
discovery of various cell-specific peptides used in clinical applications.?” Although effective,
phage display in whole-cell based applications suffers from several limitations.® During a
phage library screening, phage clones may not display with similar efficiency, resulting in

certain peptides being under-represented, and thus not selected. Additionally, over-selection
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during library refinement may lead to incorrectly selected peptides. This is because phage
expression levels begin to drive the selection process rather than binding affinity. In addition,
the use of a live bacteriophage host creates issues such as steric hindrance between the phage
and target molecule, preventing proper binding from occurring. There is also the potential
for the displayed peptide to exhibit toxicity toward the live host.%?? In order to work
around the limitations associated with using a live host, other display technologies such as
ribosome display and mRNA display have been developed. 100101

Ribosome display technology utilises a DNA library of randomised peptide sequences
which are transcribed into mRNA strands. The generated mRNA is translated by the
ribosomes into their corresponding peptides. The mRNAs are desgined to lack a stop codon,
as such the ribosome stalls onto the mRNA strand, generating a peptide-ribosome-mRNA
complex library. The displayed peptides are then selected for their target molecule. mRNA
display works in similar manner, where a DNA library is also transcribed into mRNA strands
and translated by ribosomes into peptides. The mRNA contains puromycin which covalently
links the mRNA to the translated peptide generating a peptide-puromycin-mRNA complex
library from which the peptides can be selected (Figure 1.11. Ribosome display and mRNA
display technologies both have the advantage of screening larger libraries, and can identify
higher affinity targets than the phage display technique. 102103
While display technology has been used to identify clinically relevant peptides, this

technique is mostly inaccessible to mainstream laboratories due to its technically demanding

nature.
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Figure 1.11: Various display technologies including: A) Phage display, where a phage with

mRNA

displayed peptides is used; B) Ribosome display, where the mRNA-ribosome-peptide com-

plex is used and; C) mRNA display, where the mRNA-puromycin-mRNA complex is used.

1.7.5 Radiolabelling

Radiolabelling involves incorporating a radionuclide onto a compound of interest, and is
commonly used to label peptides and proteins. The radio-emissive product can be detected
which allows for the determination of binding. The most common radiolabelling strategy
uses '?°T because of its high specific radioactivity (defined as the numbed of radioactive
emissions per unit mass), and the convenience of detecting « emission. Radiolabelling can
also be performed using '3'I which has a higher specific radioactivity but has a shorter half
life and higher v emission, which means more shielding is required for handling. Radiola-
belling procedures involve the use of an oxidising agent to convert Na'?°T or Na'?'1 to its
reactive form IT for electrophilic addition to the phenolic or imidazol side chains of tyrosine
and histidine respectively. Preferential iodonation at either the histidine or tyrosine can

104,105 Tf jodonation at histidine or tyrosine

be achieved by altering the pH of the reaction.
negatively impacts the activity of the peptide, amino groups (such as lysine residues or the
peptide N-terminus) may be labelled with an iodinated acylating agent. However, this is
higher costing than the previous method and often yields lower specific radioactivity. It is
also possible to label peptides with '4C or >H if it is crucial to obtain a radioactive product
devoid of structural alteration. However, specific radioactivity of 14C or *H are 35000 and

75 times lower than '2°T respectively. De novo synthesis using radiolabelled amino acids is

also possible but this is much more costly than the above methods.
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There are many drawbacks associated with the use of radiolabelled ligands. The amount
of radioisotope used is not only governed by the cost of radioiostopes but is also limited by
handling safety limits. This will compromise the specific radioactivity of the peptide since
she amount of radionuclide is limiting relative to the amount of peptide. Additionally, some
peptides may be unreactive to iodination or may be destroyed by the oxidative conditions
required during the labelling reaction. This is especially true for oxidation-sensitive amino
acids (particularly tryptophan, methionine and cysteine). The greatest risk for damage is
with tryptophan residues since oxidation of the indole ring cannot be reversed with a reduc-
ing agent as it would with methionine or cysteine. Furthermore, the resulting radioactive
peptides will decay over time depending on the half life of the radioisotope. %6 Most peptides

have high affinity for their receptors therefore a high specific radioactivity is crucial.

1.7.6 Mass spectrometry

Mass spectrometry is a powerful technique that is frequently used to analyse peptides and
proteins. Protein analysis using mass spectrometry can be performed using bottom-up or
top-down methods. %7 In the bottom-up approach, proteins are enzymatically cleaved into
peptides before analysis, providing information about peptide masses and fragmentation
patterns. This approach is popular due to its simplicity and ease of peptide analysis, but
results in loss of information such as protein modifications or spice variants. On the other
hand, the top-down approach involves the direct analysis of intact proteins, allowing for a
more comprehensive characterisation of the protein. However, this approach faces challenges
such as low sensitivity and difficulties in analysing larger proteins. In both scenarios, the
spectrum generates peptide or protein fragments that need to be matched to databases for
identification, which requires prior knowledge of peptides and proteins for accurate analy-
sis. 108 Moreover, the technique is destructive, leading to the loss of information regarding

the native function and location of the peptide or protein.
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1.8 Advanced fluorescent methods to study peptides and pro-

teins

1.8.1 Labelling proteins with small molecule sensors in vitro

Traditionally, labelling of intracellular proteins was accomplished using immunolabelling
techniques. This involves the use of an antibody, with high specificity to its target, as
a means of directing a fluorescent molecule to a specific protein. There are two meth-
ods by which the fluorescent antibody can be targeted to the protein of interest: primary
immunofluorescence, also known as direct immunofluorescence; and secondary immunofluo-
rescence, also known as indirect immunofluorescence. Primary immunofluorescence utilises
a single fluorescent antibody which binds directly to the target protein. With secondary
immunofluorescence, one antibody is conjugated directly to the target, and a secondary
fluorescently-conjugated antibody is targeted to the first antibody (Figure 1.12). One may
select which of these methods to use depending on cost, sensitivity, signal strength, and ease
of use. Direct immunofluorescence antibodies more expensive and give weaker signals, but
they are more specific, and the protocol can be performed in fewer steps, when compared
to indirect immunofluorescence.!?® A major limitation with immunofluorescence is that it
is not possible to utilise this method for live cell imaging due to permeability issues. In
order for the antibodies to reach the biomolecule of interest, the cell membrane must be
made more permeable. This is done by cell fixation and permeabilisation.'® As such, this

technique is unsuitable for imaging protein dynamics in real-time.
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Figure 1.12: Direct immunofluorescence vs indirect immunofluorescence.
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The discovery of green fluorescent protein (GFP) was of great importance to the field
of biochemistry. GFP is an autofluorescent protein that was isolated from the Aequorea
Victoria jellyfish in the 1960’s.''! However, its utility in biochemistry was not seen until
the 1990’s when the primary amino acid sequence was revealed, and the first examples of
its expression in living organisms was demonstrated. ' 114 GFP can be genetically fused to
any protein of interest in live cells, allowing live visualisation of the fluorescently-labelled
protein. The discovery and utility of GFP introduced the ability to study proteins in vitro
without the need for cell fixation. Since its discovery, other fluorescent proteins of different
colours have been isolated and used extensively to study real-time protein dynamics.''®
However, fluorescent proteins suffer from several limitations including acid sensitivity, and
the requirement of molecular oxygen to generate the chromophore. 16117 Most notably, is
the large size of the fluorescent protein (approx. 30 kDa) which has been shown to disrupt
the normal function of the protein of interest. '8

To overcome the limitation of size, researchers have turned to the use of small fluorescent
molecules. The advantage of using small fluorescent molecules is that they are small enough
to enter the cell membrane without the need for permeabilisation, and cause minimal dis-

ruption to cellular function. There are several methods of introducing small fluorescent

molecules into a protein of interest. These protein labelling methods are summarised below.

Self-labelling small peptides

F1AsH is the oldest known protein labelling system and is based on a short peptide sequence
that can be readily appended to both in vitro and in cellulo proteins.'® The designed
peptide consists of a tetracysteine motif in the sequence Cys-Cys-X-X-Cys-Cys (Where X is
any amino acid except cysteine) that is genetically incorporated into the protein of interest.
The short peptide motif adopts an alpha helical structure in which the four thiol groups are
arranged on one side. 29
The F1AsH ligand, FIAsH-EDTs is a fluorescein-based, membrane-permeable small molecule

containing two arsenic atoms complexed by 1,2-ethanedithiol (EDT) (Figure 1.13). Protein-
specific labelling by this system is based on the reversible, high-affinity binding of arsenic
to thiol pairs. In general, arsenic toxicity is attributed to its ability to bind tightly to pro-

teins that contain closely spaced thiol pairs.?! However, this binding can be displaced by
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small vicinal dithiols such as EDT as they have a higher binding affinity for arsenic than
the cellular dithiols.'?? Tsien et al. envisioned designing a short dithiol containing peptide
domain with a higher affinity for the FIAsH ligand than EDT ligands. The EDT ligands
remain complexed to any unreacted probe, ensuring negligible arsenic toxicity when using

the F1AsH system.

S\AS/S S\AS/S

Figure 1.13: Chemical structures of the biarsenic ligand, FIAsH-EDT5.

The appropriately spaced arsenic centres of FIAsH-EDT5 bind to the tetracysteine motif
in an entropically favourable manner (Figure 1.14). The advantage of using the FIAsH
system is the small size (<1 kDa) of the protein modification that minimises potential

for interference with the function of the protein of interest when compared to fluorescent

proteins (approx. 30 kDa).!23
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Figure 1.14: Four cysteines arranged on one side of the alpha helix such that the thiol pairs
are appropriately spaced for favourable binding to the biarsenic F1AsH ligand. One must also
consider the isometric configuration in which the arsenic binds in a manner perpendicular

to the alpha helix.
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FIAsH-EDT5 has been found to react with off-target endogenous cysteine-rich proteins,
resulting in substantial background fluorescence.'?* However, the tetracysteine motif has
since been optimised in attempt to maximise its affinity for FIAsH-EDT5 thus decreasing
the likelihood of non-specific background staining. 12°

Of note, Flash-EDT5 is non-fluorescent until bound to the tetracysteine motif, after
which fluorescence emission can be observed at 528 nm. This property is known as fluoro-
genicity. It is proposed that the EDT ligands allow for the free rotation of the aryl-arsenic
bonds, resulting in quenching of the excited state through photo-induced electron transfer
(PET). PET is the process by which electron transfer occurs between the excited fluorophore
to another redox active ligand. Once complexed to the tetracysteine, rotation is restricted
which halts the quenching process and fluorescence is restored. 26 This fluorogenic property
is advantageous in that it allows the protein of interest to be imaged without the need for

extensive washing to remove unreacted dye before imaging (Figure 1.15).

“Always-on” label

-

Fluorogenic label

Figure 1.15: Conventional "always on" fluorescence labels vs fluorogenic labels for no wash

imaging.

The success of the F1AsH protein labelling system led to the development of other F1AsH
analogues such as resorufin-based, ReAsH (Figure 1.16, with a red fluorescence emission of
608 nm.'?” FIAsH and ReAsH are both commercially available, but can also be readily

synthesised in two steps from inexpensive starting materials. 2%
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FIAsH and ReAsH can be utilised as FRET acceptors and have been combined with
traditional fluorescent protein FRET donors such as CFP and YFP, allowing for ratiometric
and quantitative imaging. For example, the CFP/FIAsH FRET pair was used to study the
activation of G protein coupled receptors and was successfully used to visualise the activation
of a-2A-adrenegic receptors in real-time.?? Similarly, ReAsH used as a FRET acceptor to
GFP was used for live-cell studies of protein folding and stability. '3°

Intermolecular FRET between FIAsH and ReAsH has also been used in some protein
studies. Jovin et al. used this FIAsH/ReAsH FRET pair to study the self-association of
a-synuclein-C4, highlighting the potential for utilising this system to study the aggregation
of amyloid proteins. '3 While spectral overlap between FIAsH and ReAsH is not significant,
increasing the amount of acceptor fluorophore to saturate the donor in a 4:1 ratio can be
used to achieve more favourable FRET conditions.

Other biarsenic compounds have been developed for use with the tetracysteine motif. A
modular targeting approach, SplAsH, was introduced as a non-fluorescent targeting scaffold,
SplAsH-Boc, which would allow a variety of fluorophores to be used, by utilising various
chemistries to substitute at the Boc-protected amine (Figure 1.16). For example, SplAsH-
Alexab94 was shown to have high specificity and greater sensitivity for the tetracysteine
motif than ReAsH.!3? To the best of our knowledge, the utility of SplAsH based labels in
live-cell imaging has not been extensively explored. However, there is great potential for its
application in live cell studies.

Another interesting subset of biarsenic compounds comprises of sensor-based labels that
change fluorescence in response to their environment, or a specific analyte. Tsien et al.
developed a Ca?* sensor based on the FIAsH-EDTj core tethered to a BAPTA-like chelator,
CaGF (Figure 1.16). The sensor displayed a 10-fold fluorescence increase when bound to
Ca?t and was successfully used to image Ca?* dynamics at the connexin 43 protein in live

HeLa cells. 133
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Figure 1.16: Chemical structures of various tetracysteine biarsenic ligands for use with
the FlAsH system including: ReAsH-EDTj, a resorufin based biarsenic; SplAsH-Boc, a
non fluorescent biarsenic scaffold used to tether various fluorophores; and CaGF, a FIAsH

compatible Ca’t sensor.

Fusion proteins

Another protein-labelling strategy involves the use of fusion proteins. These systems work by
genetically fusing an enzyme-tag to the protein of interest which are expressed in live cells.
The fused enzyme reacts with an exogenous label to form an irreversible covalent bond,
thus providing a method of highly specific and irreversible binding of various chemical
functionalities, such as fluorescent sensors, to a protein of interest. This opens up the

possibility for greater synthetic variation in labelling molecules (Figure 1.17).

POI Tag Label R E— POI Tag { Label

Figure 1.17: Protein of interest (POI) fused to a tag protein reacts with an exogenous label.

There are two main steps involved with using these systems. Firstly, the protein of

interest must be expressed as a fusion with the selected enzyme-tag. In order to do this,
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a DNA vector with the genetic code for enzyme-tag can be obtained commercially and the
genetic code of the protein of interest can be cloned at either the N- or C- terminus of
the selected enzyme-tag. Selection of at which terminus to clone the protein of interest
is largely determined by the proteins function and desired tagging location. For example,
labelling a protein at the cell surface requires the tag to be oriented such that it is facing
the extracellular surface of the cell. This POI-tag DNA vector can then be transfected into
a cell-line of choice and the cell is instructed to make the protein of interest fused to the
enzyme-tag. Secondly, the enzyme-tag is labelled with its specified substrate. The substrate
itself can be modified to incorporate any small molecule such as a fluorescent sensor which
acts as a label to the protein of interest (Figure 1.17). Since reaction of the core substrate
to the enzyme is largely independent of the appended probe, the label can be virtually any

molecule of choice. Details of the most prominently used enzyme tags are highlighted below.

SNAP-tag, CLIP-tag, and HaloTag

The SNAP-tag system is an self-labelling system based on a modified version of the human
DNA repair protein, O%-alkylguanine-DNA alkyltransferase (hAGT) which reacts covalently
with OS-benzylguanine (BG) derivatives. ** The modified hAGT works by dealkylating the
BG derivative through one of its cysteine residues to form a stable thioether bond between
the enzyme and ligand, releasing a guanine in the process (Figure 1.18A). The SNAP-
tag enzyme was modified from native hAGT using a directed evolution approach. 35137
Compared to wildtype hAGT, SNAP-tag possesses a 52-fold higher activity toward BG
derivatives, lower susceptibility to proteolytic degradation, greater stability post-labelling,
and does not bind to DNA, 138

A close relative to SNAP-tag, CLIP-tag utilises a different variant of hAGT which reacts
irreversibly to O?-benzylcytosine (BC) derivatives. The mechanism occurs in a similar
fashion to SNAP-tag, where a cysteine residue dealkylates the BC to form a thioether bond,
releasing a cystosine (Figure 1.18B). CLIP-tag was designed to be orthogonal to SNAP-tag,
allowing them both to be used for simultaneous labelling of two different proteins in the
same cell without cross-reacting. '3

Another system known as the HaloTag system is based on a modified bacterial haloalkane

dehalogenase enzyme, designed to link covalently to synthetic haloalkane-bearing ligands.
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The enzyme cleaves the terminal halogen via an Sy2 type reaction, forming an ester bond
between the alkane, and an aspartate residue located deep within the enzyme binding pocket.
In the wild-type enzyme, this ester intermediate is readily cleaved through base-mediated
hydrolysis, catalysed by a nearby histidine residue. The modified HaloTag enzyme is de-
signed such that this histidine is replaced with a phenylalanine residue, which is ineffective
as a base. This inhibits the ester hydrolysis, thereby trapping the intermediate as a stable
covalent adduct (Figure 1.18C).140

An array of fluorescent SNAP-tag, CLIP-tag and HaloTag substrates have been made
commercially available. These fluorescent labels are based on a variety of "always-on" fluo-
rophores which cover a range of the blue to near infrared spectrum.
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Figure 1.18: Schematic representation of the A) SNAP-tag, B) CLIP-tag, and C) HaloTag
mechanisms. The core substrate can be appended to a small fluorescent sensor, shown as

an orange star.

Synthesis of fluorescent derivatives of the core substrates is relatively straight forward.
By synthesising a fluorescently attached derivative of the enzyme substrates, a protein of
interest can be tagged. Fluorescent derivatives of the core substrate allows for the protein

of interest to be imaged directly.
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Ligand-directed labelling

Ligand-directed labelling is another method for conjugating fluorescent sensors to a POL.
One widely utilised approach involves the use of tosylates, wherein a ligand specifically
designed for the POI is synthesized with a tosyl ester attached to a fluorescent label. The
labelled ligand selectively binds to the active binding site of the target protein. Subsequently,
an Sy 2-type reaction takes place between the tosylate group and a nearby nucleophilic amino
acid, resulting in the transfer of the fluorescent probe to the target protein through acyl
transfer, 14!

Compared to other labelling methods, ligand-directed chemistry is considered less inva-
sive since it doesn’t require modification of the POI. This techniques also enables labelling

in close proximity to the active site of the protein.

1.8.2 Fluorescence in multimodal imaging

Fluorescence has been combined with various other analytical modalities for a multimodal
output. Multimodal analysis is advantageous as it combines the strengths of different tech-
niques to overcome the limitations of each individual technique. The combination of different
techniques can provide complementary information that allows for a more comprehensive
analysis, leading to a more holistic understanding of the system being studied. Some notable

examples of multimodal analysis involving fluorescence are reviewed below.

Photoacoustic imaging

Photoacoustic imaging (PAI) is a technique that combines the strengths of both optical
imaging and ultrasonic imaging. PAI, a short pulse of laser light is directed into the tissue
and absorbed by biomolecules or exogenous contrast agents. The absorbed energy from
the pulse quickly transforms into heat, resulting in a local increase in pressure due to
thermal expansion which is detected as the photoacoustic signal. PAI is not limited by
optical scattering, allowing for deep tissue imaging. 2143 This is in contrast to fluorescence,
which is limited by optical scattering. However, penetration depth of fluorescence is largely
dependent on wavelength, where longer wavelengths allow for deeper penetration. 44

PAI provides both anatomical and functional information, while fluorescence imaging

provides enhanced temporal resolution (the duration of time between successive data mea-
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surements), sensitivity, and the ability to image at the intracellular level. Together, PAT and
fluorescence imaging can be a highly effective tool in biological imaging. As such, exogenous
contrast agents with fluorescent properties have been used in a multimodal setup with PAI.
Generally, the fluorophore needs to have a near infrared emission (I) window (650 - 900 nm)
that matches the laser pulse of PAI instruments. '4°

Wang et al. designed a new cyanine-based probe, CPH, that could target the Golgi
apparatus and monitor its pH in real-time using both PAI and fluorescent imaging. The
probe, CPH, was constructed with a phenylsulfonamide moiety to specifically target the
Golgi apparatus, and a tricarbocyanine dye to produce both PAI and fluorescence signals.
PAT imaging with CPH in whole mice revealed a Golgi pH decrease of 0.53 after LPS-
stimulation. Fluorescence imaging of the mice was then used to confirm a Golgi pH of 5.72

as compared to 6.5 for normal mice. 46

Magnetic resonance imaging

Magnetic resonance imaging (MRI) is an imaging method that uses nuclear magnetic res-
onance (NMR) to produce images based on differences in NMR relaxation time in tissues.
MRI is a versatile technique that is frequently used in research and diagnostic medicine to
provide information about anatomy and physiological processes. However, MRI is a rela-
tively insensitive technique, and often requires the use of contrast agents. These commonly

7,148 Other contrast

include paramagnetic ions like gadolinium (III) or manganese (II).
agents include heavy isotopes of atoms with a non-zero net spin, such as F. A major
drawback of MRI imaging is its low sensitivity to weakly magnetic structures and poor spa-
tial resolution. ' Dual functional MRI contrast agents that incorporate a fluorescent moiety
have been developed for multimodal analysis which has allowed complimentary information
to be gained using both techniques.

Mizukami et al. developed a novel dual-function probe based on a gadolinium complex,
Gd-DOTA-DEVD-AFC, to detect caspase-3 enzyme activity. The probe consists of the
Gd3T-DOTA complex, caspase-3 substrate peptide (DEVD), and F-containing fluorophore
(AFC). When caspase-3 cleaves the C-terminus of the DEVD sequence, AFC is released, and

both the F MRI signal and the fluorescence spectrum of AFC increase. *° Such multimodal

probes allow for the detection of complimentary macroscopic, and microscopic information.
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Radioisotopic-imaging

Positron emission tomography (PET) and single-photon emission computed tomography
(SPECT) are two commonly used imaging techniques used to visualise and study the dis-
tribution and behaviour of cells, tissues, and molecules in living organisms. PET uses
radioisotopes that emit positrons as a tracer and can produce high-resolution images of
molecular activity in the body. SPECT, on the other hand, uses gamma-emitting radiotrac-
ers, which has the ability to give correlated and quantified information that is not possible
with fluorescence alone. Fluorescence imaging offers superior spatial resolution (~ 200 nm)
in comparison to radioimaging (~ 5 mm). However, a drawback of fluorescence imaging is
its limited tissue penetration depth, which varies based on the wavelength of the fluorophore
employed. On the other hand, radioimaging has the advantage of deeper tissue penetration,
enabling imaging of structures at greater depths. As such combining these techniques allows
for a more comprehensive understanding of biomolecular samples.

Chen et al. developed a novel dual-modality imaging probe that effectively combines
PET and fluorescence imaging to detect tumours in vivo. The probe was specifically de-
signed to target protein binding, achieved by conjugating vascular endothelial growth factor
receptor (VEGFR) to a fluorescent quantum dot, which was further functionalised with
64Cu-labelled DOTA for PET detection. This dual-modal probe not only enabled fluores-
cent localisation of VEGFR-2 receptors in whole mice, but the addition of PET capability
also allowed for accurate quantification of targeting efficacy. 1°!

Rijpkema et al. developed a dual-labeled antibody, MN-14, tagged with both a radio-
label (''In) and a fluorophore (IRDye 800CW) for dual SPECT and fluorescence guided
surgery. A target antigen, carcinoembryonic antigen, was also tagged as it has consistently
high expression in both primary and metastatic colorectal cancer lesions. While useful at
providing some level of localisation, SPECT imaging alone, does not allow for precise tumour
delineation during surgery. By incorporating the fluorophore, it was found that greater de-
lineation of the tumour could be achieved during surgery, which allowed for excellent results

from the radical excision of lymph-node tumour tissue in mouse models. 52
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Vibrational spectroscopy

Vibrational techniques such as infrared (IR) and Raman spectroscopy rely on the unique
composition of chemical bonds within a structure. IR spectroscopy exploits the fact that
molecular bonds abosrb characteristic IR frequencies, while Raman spectroscopy measures
the relative frequencies at which this radiation is scattered.!'®® Vibrational spectroscopy
imaging provides the capability to visualise critical macromolecular characteristics, includ-
ing protein aggregation.®® Despite its ability to provide important structural information,
vibrational spectroscopy has limited spatial and temporal resolution.'®® This can be over-
come by combining it with fluorescence, which provides complementary spatial and temporal
information to the vibrational technique.

5-Cyanotryptophan (5CNTrp) was designed as a modified form of tryptophan with a
nitrile group attached at the 5-position, and it possesses strong IR absorption and intrin-
sic fluorescence properties, making it a promising probe for exploring the structural and
dynamic features of proteins. The IR-absorbing nitrile group provides information about
the local structure of the protein because it is responsive to changes in electrostatics and

hydrogen bond interactions, while fluorescence provides information on localisation. %6

X-ray fluorescence microscopy

X-ray fluorescence microscopy (XFM) is a useful imaging technique in biological cell and
tissue studies as it gives information about the elemental distribution within cells and tis-
sues. 157 Another commonly used X-ray based imaging method in this field is X-ray absorp-
tion spectroscopy (XAS), which provides insights into the oxidation state of metals present
in cells and tissues.!%® These X-ray imaging techniques are particularly useful in the study
of nanomaterials and their interactions with biological systems. XFM and XAS alone may
not provide a complete understanding of the subcellular localisation of the element. In order
to fully understand the function of the element within the cell, it is often helpful to combine
XFM and XAS with other imaging such as fluorescence microscopy. Dual imaging agents for
multimodal X-ray and fluorescence imaging have been developed, with the majority being
based on nanoparticles.'® However to the best of my knowledge, there are no XFM and
XAS dual fluorescent sensors that have been developed for the study of protein interactions

and this remains a niche to be filled.
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1.9 Aims

Fluorescence has proven to be a powerful technique in the field of biology, providing a robust
tool for investigating and understanding cellular function at the molecular level. In recent
years, there have been significant advancements in the development of fluorescent probes
and sensors, which have greatly expanded the range of applications. Recent developments
in the field of fluorescence have led to the development of novel scaffolds for fluorescent
probes and sensors, which have greatly enhanced their properties.

Proteins and peptides are essential biomolecules in biology, playing a fundamental role in
many critical cellular processes. These biomolecules are responsible for an array of significant
interactions like signalling, catalysis, and defence. The discovery of novel peptide and protein
interactions has paved the way for the development of new and powerful therapeutic and
diagnostic modalities.

The use of fluorescence as a tool for protein studies has been consistently used in more
traditional techniques like ELISA. However, such techniques suffer in their utility by the
fact that they do not have the capacity to assess the interactions of proteins and peptides
in their native environment. This is because they require the cell to be lysed in order to
access cellular contents.

As such, it is of great importance to develop novel methods that aid in our understanding
of peptide and protein interactions. By utilising fluorescence for this goal, the potential for
such interactions to be studied in their native state can be unlocked. This has the potential
to provide unrivalled assessment of such interactions in their most pure biological state. As

such, the aims of this thesis were to:

1. Develop a fluorescent probe for multimodal mass spectrometry imaging, and fluores-
cence spectroscopy.

2. Create and investigate new sensors designed to measure the redox state of particular
proteins.

3. Work towards the development of a novel method for quick identification, and isola-

tion of peptide-receptor binding.
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Chapter 2

Multimodal probe for fluorescence

and mass spectrometry imaging

2.1 Overview

Fluorescence is a powerful technique for studying cells and cellular processes. As outlined in
section 1.8.2 the use of fluorescence imaging in a multimodal setup allows for the collection
of orthogonal or complimentary information. This chapter will outline the development and
implementation of a fluorescent probe that enables multimodal analysis by mass spectrom-

etry imaging (MSI), and fluorescence imaging using a single sample.

2.1.1 Principles of mass spectrometry imaging

Mass spectrometry (MS) is a powerful analytical tool used to identify molecular masses
present within a sample. This technique works by sample ionisation and detection based on
their mass-to-charge ratios (m/z). The process of MS analysis begins with the ionisation
of the molecular species present within the sample. Ionised compounds travel through a
magnetic field, which deflects the samples based on their (m/z). The species are then
detected by the mass spectrometer and are displayed as a spectrum of (m/z) vs intensity.

There are multiple ionisation methods that are used for a mass spectrometry experi-
ment. These include desorption electrospray ionisation (DESI), secondary ion mass spec-
trometry (SIMS), matrix-assisted laser desorption-ionisation (MALDI) and laser desorp-

tion/ionisation (LDI). The most common of these techniques is MALDI, which involves the
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application of a matrix onto the sample that absorbs energy from a laser and transfers it
to the underlying sample molecules, causing them to ionise and desorb. MALDI is gener-
ally considered a soft ionisation method that causes minimal fragmentation of the ionised
molecules. However, this also makes MALDI less sensitive than other MSI techniques.
Additionally, the matrix can cause interference in the low molecular weight range, as the
matrices ionise and fragment in this region of the mass spectrum. On the other hand, LDI
uses the laser source to ionise and desorb the sample molecules directly, rather than through
a matrix. This makes LDI more sensitive than MALDI but, the harder ionisation can cause
fragmentation of the molecules, making interpretation more difficult. 6%

With MSI, MS is used to record the molecular distribution at multiple individual sam-
pling positions. The spectra are then combined to form a 2D raster, and an image is

generated by selecting a single m/z to display in terms of relative signal intensity. The

image is presented in false-colour, generally in the form of a heat-map Figure 2.1.
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Figure 2.1: Schematic representation of the mass spectrometry imaging process where mass
spectra are obtained at multiple points on a sample. The chosen mass is typically visualised

as a false-colour heat map that represent the signal intensity.

When first developed, MSI was used for the analysis of protein expression in tissue
samples. %1 Since then, it has been utilised for a number of different biomolecules including

drugs, proteins, peptides, ligands and many more. 162163 It has been successfully used to gain
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information about their distribution, isoforms, post-translational modification, cleavage, and

164-168 Degpite this, some biomolecules remain inaccessible to MSI depending

degradation.
on the ionisation technique and sample preparation being used. % With MALDI-MSI, these
mostly include hydrophobic, membrane-bound, high mass (>30 kD), or low-abundance pro-

teins, as well as lipids, phospholipids, and oligonucleotides.

2.1.2 Mass tags

To overcome this limitation, mass-tags were designed as reporter molecules that cleave under
MSI conditions to release a specific mass tracer. The mass-tag is comprised of three seg-
ments: the biomolecule point of attachment, cleavable linker, and reporter molecule. First,
the mass-tag is bound do the biomolecule of interest. After this, irradiation with the ioni-
sation source causes the linker to cleave and release the reporter molecule (Figure 2.2). The
reporter is designed to be a molecule with a known mass that is easily detected by the mass
spectrometer. This technique enables visualisation of otherwise inaccessible biomolecules of

interest.
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Figure 2.2: Schematic representation of the mass tag containing a biomolecule point of at-
tachment (red), linker (blue) and reporter molecule (purple) that is cleaved upon irradiation

with the ionisation source.

The concept of the mass tag was pioneered by Olejnik et al., who designed a photo-

170,171 Thig mass

cleavable linker that attached a peptide-based reporter to DNA sequences.
tag was used as a hybridisation target to detect particular DNA sequences within the sample
by mass spectrometry. The first use of these photo-cleavable mass-tags in MSI was reported
by Lemaire et al., who similarly designed a photo-cleavable linker with a complementary

mRNA sequence as the biomolecular point of attachment, and a peptide-based reporter.

This mass tag was used to image mRNA sequences using MALDI-MSI. '™ Since then, mass-
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tags have been used frequently in the field of MSI.

The points of attachment of reported mass-tags have been very diverse. Many have been
designed to be combined with other techniques like in situ hybridisation and immunohisto-
chemistry. Other mass-tag biomolecule points of attachments have included lectin binders
for glycan imaging, antibodies for immunohistochemistry-like MSI, and fluorophosphonates
for analysis of serine hydrolases. 73177
Mass-tag reporter molecules are most commonly based on short peptide-sequences of

known masses. 178

However, there are reports of mass-tag reporters that are based on small
molecules and even nanoparticles. 717 More recently, Han et al. designed mass-tags based
on a Ru(II) polypyridine complex in which, upon UV irradiation, the polypyridyl undergoes
a photosubstitution, releasing the ionised Ru(II) complex to provide a fingerprint signal.

This mass-tag was used to image integrins av3 in human tumour tissue. '8

2.1.3 Multimodal MSI

While MALDI-MSI has become an integral technique spatial characterisation of biological
samples, there are some limitations to this technique. Indeed, with MS in general, relative
abundances cannot be determined due to differences in the ionisation potential of various

181 This ionisation potential is also known to be influenced by the sample prepa-

compounds.
ration method. %2 As such, MSI is not a quantitative technique. Additionally, the resolution
of MSI instruments ranges from 10 - 100 pm.!'®3 spatial resolutions of 1.4 ym have been
made possible, but only with the use of specialised equipment which is not readily acces-

sible to most labs. 184

Therefore, multimodal techniques can be advantageous in providing
complimentary information to overcome the limitations of MSI.

There have been reports of a few techniques used with MSI in a multimodal setup. How-
ever, many of the multimodal analyses are performed on adjacent tissue slices, rather than
the same sample, possibly due to interference between the two techniques. 8186 The use of
adjacent tissue may not always be feasible, particularly when the sample being analysed is
not tissue based. As such, the following section focusses only on techniques that have been
applied to the same sample.

Mutlimodal approaches have been used as a means of identifying regions of interest

within a tissue sample, prior to subsequent imaging with MSI. Dubbed "histology-directed
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MSI", this has been achieved using autofluorescence microscopy as demonstrated by Patter-
son et al., who used this technique to identify malaria infected hepatocytes and golmeruli in
mouse liver and kidney tissue respectively. " More commonly, histology-directed MSI has
been achieved using immunohistochemistry techniques. For example, Rujchanarong et al.
utilised MSI to study the protein distribution of breast tumour tissue depending on whether
immunohistochemical staining with PTEN occured. ¥ Similar techniques were employed to
study the metabolic signatures alpha and beta cells within islets of Langerhans, and gan-
glioside monosialated ganglioside deposit distribution in brain tissue from Hunter’s disease
mouse model. 189190

Multimodal MSI has also been used as a means of enhancing image sharpness and
achieving a hybrid image that combines the desired properties of each technique. In 2015,
Van de Plas et al. combined optical microscopy with MALDI-MSI which allowed the pre-
diction of ion distribution in non-measured tissue down from 100 to 10 pm resolution. %!
In 2018, Neumann et al. used IR spectroscopy to sharpen the MALDI-MSI image down
to 5 pum resolution, and provided additional information not identifiable by the individual
techniques. 192

MST has also been used in a multimodal setup with other MSI techniques. For example
MALDI-MSI has been used in combination with other ionisation techniques like DESI or
SIMS. 164193 Tt has also been used in multimodal imaging with itself, by utilising multiple
acquisition parameters to uncover more ionised species. For example, there are reports
of the use of dual polarity acquisition (i.e. positive and negative ion modes) to reveal
information about lipid microenvironments in lung cancer xenografts,'?* lipids involved
with AB plaques,' and changes in peptide- and lipid-based pathologies in a mouse model

9

of myocardial infarction. ! multimodal MSI has also been achieved with the use of low, and

high laser fluences to reveal MALDI, and NAPA spectra respectively, to study the varying
lipid species in brain and lung mouse tissue.!?”

Confocal raman microscopy has also been used in conjunction with MSI. Raman is a non-
destructive technique that yields information about functional groups at higher resolutions
than MSI. While MSI can identify characteristics of molecular masses with high specificity.
Ahlf et al. used these two techniques in combination to characterise the composition of cell

spheroid sections, by correlating the two techniques with principal component analysis. %8
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X-ray fluorescence has also been used in a multimodal setup with MSI. This addresses
the major limitation of MALDI-MSI - the varied ionisation potentials that lead to non-
quantitative results. X-ray fluorescence is a technique based on core-electron excitation, and
emission by X-ray irradiation, resulting in characteristic spectra unique to each individual
element. Svirkova et al. combined MALDI-MSI for sphingomyelin, and phosphatidylcholines
detection, in combination with uX-ray fluorescence to give elemental information about bone

structures though the imaging of elements like calcium and phosphorus .19

Multimodal MSI and fluorescence

Fluorescence imaging has been used as a multimodal adjunct to MSI. The fluorescent com-
ponent in all the cases presented are either a fluorescent protein, or an antibody labelled
with a fluorescent tag.

For example, Chughtai et al. used a multimodal fluorescence and MSI setup. A fluores-
cent protein, dTomato, was genetically encoded into MDA-MB-231 breast cancer xenografts.
This enabled fluorescence microscopy imaging of hypoxic regions within the xenograft. Af-
ter this, MSI identified localisation of the dTomato protein by detecting a tryptic peptide
that was ionised directly from the fluorescent protein. The tryptic peptide was only present
in hypoxic but not normoxic tumour regions identified by fluorescence microscopy 2%’

Hueber et al. used a multimodal fluorescence in situ hybridisation combined with
MALDI for same sample analysis. MALDI-MSI was used on gastroesophageal adenocarci-
noma which revealed AMP as a prognostic marker. After this, CEP17 in situ hybridisation
with HER2 was performed to show an overexpression of this tumour marker. By utilising
both techniques, the synergistic information was used to enhance patient prognosis. 20!

More recently, Yagnik et al. combined fluorescent immunohistochemistry by using flu-
orescent antibodies tagged with a mass tag. This was done in up to 12-plex imaging to

indentify multiple analytes of interest in tonsil and breat cancer tissue.!7

2.2 Aims

MSI is a powerful technique that has allowed for the analysis of specific analytes within a
biological sample. However, depending on the ionisation source, there are limitations to the

types of molecules that can be ionised within a sample. With MALDI-MSI, one of the biggest
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limitations is its inability to assess lipid-based and large compounds (>30 kDa), which are
inherent to almost all biological samples. Additionally, MSI is not a quantitative technique
due to varying ionisation potentials of chemical species. To overcome the limitations of MSI,
many techniques have been utilised. For example, MSI of inaccessible biomolecules of inter-
est has been addressed with the development, and use of mass-tags. Further, multimodal
analysis with multiple techniques such as fluorescence imaging has helped to overcome many
other limitations including spatial resolution, and ionisation potentials.

To this end, this project was designed to combine the two powerful techniques of
mass-tags and multimodality by creating a fluorescent mass-tag for direct fluorescence and
MALDI-MSI analysis of a single sample. This would allow the analysis of any protein of

interest. As such, the aims of this chapter were to:

1. Rationally design and synthesise a fluorescent mass-tag probe.
2. Assess the probes compatibility with fluorescence imaging and MALDI-MSI.
3. Validate the mass-tags utility in a protein- and tissue-based single-sample multimodal

imaging setup.

2.3 Design of a fluorescent mass-tag

2.3.1 Criteria for mass-tags

In order for a molecule to be visible and compatible with biomolecular MALDI imaging,

certain criteria need to be met. These are summarised below.

1. The photo-cleavable linker must be attached covalently to both the reporter molecule
and the biomolecular point of attachment in a way that allows the reporter to cleave
selectively.

2. The photo-cleavable linker must cleave at the wavelength of the MALDIT laser (338 -
355 nm). This ensures that the reporter is released during the imaging sequence.

3. Cleavage of the reporter from the photo-cleavable linker must occur only during the
imaging sequence. This ensures there is no migration of the reporter before imaging,
allowing precise signal localisation.

4. The reporter molecule must be of known mass. This allows the user to identify the
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reporter compound on the mass spectrum.

5. The mass of the reporter molecule must not lie within regions of high endogenous
activity. This ensures the mass of the reporter is not lost within the dense signal, but
also ensures mass is not misidentified as other common endogenous compounds.

6. The reporter molecule must capable of ionising using the MALDI ionisation technique
in order to be detected.

7. The reported molecule should be water soluble. This allows it to be compatible with
with both tissue preparation methods and MALDI sample preparation methods, both

of which are generally carried out in aqueous media.

As such, the dual probe was designed to accommodate these requirements, while also en-
suring it contained a fluorescent moiety. This fluorophore must not exhibit emission within

the range of the photo-cleavable linker, so as to avoid self-induced cleavage.

2.3.2 Probe design

The chosen photo-cleavable linker was based on the ortho-nitrobenzyl (ONB) moiety. The
development of this type of photo-cleavable linker was first described 1998.170 The ONB
group is commonly used in the structure of mass-tags due to its cleavage absorbance of 290 -
340 nm, which corresponds to the wavelength of the MALDI ionisation laser.?°? In addition,
these molecules can be designed with two points of attachments allowing the attachment
of both the biomolecular binding moiety as well as the fluorescent reporter. The ONB
derivative used in this work was designed by Katherine Stevens from the Pukala lab at the
University of Adelaide (unpublished work) and features two points of attachment. The first
attachment point is functionalised with a biomolecular point of attachment, a succinimidyl
ester that react to primary amines, specifically, allowing it to be attached to any protein of
interest containing a primary amine. Additionally, this molecule was designed to contain
an alkyne moiety, which allows for easy attachment of an azide-functionalised fluorescent
reporter molecule via a copper-catalysed azide-alkyne cycloaddition (CuAAC) or "click"

reaction (Figure 2.3).
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Figure 2.3: Mass-tag design based on an ONB linker (blue) with an N-hydroxysuccinimide
biomolecular point of attachment (red), and an alkyne moiety allowing for facile conjugation

of an azide-functionalised fluorescent reporter using "click” chemistry.

The fluorescent reporter is released from the ONB group through a radical mechanism.
Upon irradiation, cyclisation occurs to generate a benzisoxazolidine intermediate, which
subsequently undergoes ring opening. This results in the loss of the ether-bound reporter

molecule, leaving behind a 2-nitrosobenzyl derivative (Figure 2.4)203:204,
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Figure 2.4: Cleavage mechanism of the ONB moiety upon irradiation.

With this in mind, the reporter must be designed to be ionisable, water-soluble, and
fluorescent. For this reason, a hemicyanine fluorophore was chosen for the first design.
Hemicyanines have an inherent positive charge that allows the tag to be readily detected
by MS, eliminating the risk of poor ionisation. This charge also makes them water-soluble.
Additionally, hemicyanines fluoresce in the orange region, making them ideal for deeper

tissue imaging. '** The final design is shown in Figure 2.5.

42



NO,

Figure 2.5: Design of the hemicyanine-based fluorescent mass-tag, CyMT.

2.4 Synthesis

2.4.1 Synthesis of photo-cleavable linker

Synthesis of the photo-cleavable linker began with the alkylation of acetovanilone with an
ester protected carboxylic acid using 4-ethylbromo butyrate to yield 1. Nitration of the
2-position was performed in aqueous nitric acid to yield 2. The ketone was then reduced
to the secondary alcohol using sodium borohydride to give 3. The ethyl ester was then
hydrolysed in basic conditions to yield 4. An attempt was made to install the alkyne at the
free hydroxyl group with propargyl bromide using a Finkelstein-type reaction. However,
this reaction resulted in loss of the starting material, but did not yield the desired product
(Scheme 2.1). It was speculated that the free carboxylic acid may have been the reason for
the formation of unwanted products. Therefore, this alkylation was reattempted while the

carboxylic acid was still protected by the ester group by using 3.
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Scheme 2.1: Attempted synthesis of the photo-cleavable linker.

Initially, there were concerns that the use of sodium hydride could potentially result
in hydrolysis of the ethyl ester, leading to the formation of multiple products. To avoid
this, milder alkylating conditions were explored, using sodium hydroxide as a base and
tetrabutylammonium bromide as a catalyst. However, this reaction did not yield the desired
product. Subsequently, the Finkelstein-type reaction was attempted without the use of
sodium hydride, but no reaction occurred even after leaving the reaction for 48 hours.
Eventually, the original reaction conditions using sodium iodide and sodium hydride were

used, which resulted in the formation of the desired product, 5 (Table 2.1).
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Table 2.1: Reaction conditions trialled for the synthesis of 5.

OH o\/

NO, NO,
\o Br\/// \O
o E—— o)
oo o X0
3 5
Reagent(s) Conditions Outcome
NaOH, TBAB DMF, rt., 18 h Unsuccessful
Nal DMF 0 - 40 °C, 48h No reaction
NaH, Nal DMF 0 °C - rt., 18h 77.9% yield

From here, the ethyl ester was hydrolysed under basic conditions to yield 6. the free car-
boxylic acid was coupled to N-Hydroxysuccinimide using 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) as the coupling reagent, which yielded the final photo-cleavble linker,
7.

o)
o/ O\/ EéN_OH o\///
NO, o

NO, NO,
LiOH(aq, EDC, DIPEA,
H20, THF, MeCN,
o ., 2h o ., 24 h ~o
e _
O 79% o 11% o
0
N0 X0 HO™ o EéN—o o)
5 6 o 7

Scheme 2.2: Synthesis of the final photo-cleavable linker, 7.

2.4.2 Synthesis of CyMT

The first attempts at synthesising an azide-functionalised hemicyanine were performed
by converting a tethered hydroxyl group to an azide via a mesylate intermediate. 2,3,3-
Trimethylindolenine was alkylated at the imine position with 3-bromopropanol to yield 8.

The resulting indolinium was then subjected to a condensation with N,N-dimethylamino
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benzaldehyde to form the hemicyanine 9. After this, installation of the azide was attempted
through a mesylate intermediate. However, this reaction resulted in formation of the cy-
clised product (Scheme 2.3). It is likely that activation of the hydroxyl group with the

mesylate rendered it more likely to partake in nucleophilic attack of the iminium.
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Scheme 2.3: Attempted synthesis of an azide functionalised hemicyanine using a propyl

linker.

To reduce the likelihood of forming the cyclisation product, a longer linker was intro-
duced between the indolenine and the hydroxyl group. A hexyl chain was chosen as the
appropriate linker length since generating the cyclised product would involve generating a
seven membered ring, which is highly unfavoured. With this, the synthesis was attempted
according to Scheme 2.4. 2,3,3-Trimethylindolenine was alkylated at the imine position with
6-bromohexanol to yield 10. The resulting indolinium was then subjected to a condensation
with N, N-dimethylaminobenzaldehyde to form the hemicyanine, 11. Mesylation of the al-
cohol was attempted, but the reaction was unsuccessful, resulting in multiple products that

could not be isolated.
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Scheme 2.4: Attempted synthesis of an azide functionalised hemicyanine using a hexane

linker.

To avoid the issues encountered in attempting to install the azide directly on the hemi-
cyanine, a convergent synthetic approach was pursued, where an acid-functionalised hemi-
cyanine and an amine-functionalised alkyl azide were coupled via an amide bond. For this
synthesis, an ethyl ester protected hemicyanine was provided by Dr. Kylie Yang. The ester

was hydrolysed under acidic conditions to yield 12 (Scheme 2.5).
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0\\ OH
Scheme 2.5: Ester hydrolysis of the provided hemicyanine.

Separately, the amino azide was synthesised by halide displacement of 3-chloropropylamine
with sodium azide to give 13 which was subsequently reacted with 12 using EDC and hy-
droxybenzotriazole (HOBt) as a catalyst to yield the desired product, 14, as shown in
Scheme 2.6. The lower than expected yield of this reaction were attributed to the use of an

old batch of EDC.
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*SAFETY NOTE* Both organic and inorganic azides are considered heat

and shock sensitive and may decompose explosively with little external energy
input. It is important to ensure that organic azides consisting of a C:N ratio
< 3 are not synthesised or stored in their pure form at quantities greater than
1 gram. Organic azides should not be distilled or sublimated, and purification

should be limited to extraction or precipitation.

12,
NaNs, HOBT, EDC, O 2\ y
H,0, o DMF, N® N
80°C, 18 h N . 18h
’ —_—
HZN/\/\CI " HZN/\/\N// .
21% 17%

13

Scheme 2.6: Coupling of the amino azide to the acid functionalised hemicyanine.

At this point, the photo-cleavable linker, 7, and the hemicyanine click partner, 14, were
subjected to a copper-catalysed cycloaddition. In general, click reactions are robust and not
sensitive to water. As such, they can usually be performed in water mixtures to yield the
click product in only a few hours.?% However, in this case there were two important factors
that dissuaded the use of aqueous reaction conditions. Firstly, succinimidyl esters are prone
to hydrolysis and this functional group is necessary for biomolecule conjugation. Secondly,
the hemicyanine is inherently charged and, from experience, is very difficult to isolate from
aqueous mixtures. For this reason, a water-free click reaction using copper(I) bromide in
dry acetonitrile was pursued.?%6 The reaction successfully yielded the final probe, CyMT
(Scheme 2.7).
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Scheme 2.7: Synthesis of the final fluorescent mass-tag, CyMT

2.5 Fluorescence studies

2.5.1 Solution-phase fluorescence properties

In order to assess the compatibility of CyMT with fluorescence imaging, fluorecence spectra
were examined. First, the excitation and emission spectra of the compound were measured
in water to determine the compatibility of the probe with imaging media typically used for
microscopy of biological samples. Any cleavage of the NHS ester in water should not affect
fluorescent readings as it is not associated with the fluorescent core.

CyMT was dissolved in water and the emission and excitation spectra were measured.
The probe exhibited an excitation and emission maximum of 558 and 591 nm, respectively
(Figure 2.6). This result is consistent with what is expected of cyanine-based chromophores.
As such, for fluorescence imaging studies that require imaging medium, the ideal microscope

lasers would be either the 488 or 561 nm standard lasers.
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Figure 2.6: Normalised excitation (dashed) and emission (solid) spectra of CyMT taken in

water (Aey = 558 nm, Aepy, = 591 nm).

2.5.2 Solid-state fluorescence properties

Next, the compatibility of CyMT with medium-free imaging was assessed. Medium-free
imaging eliminates the need for removal of imaging medium post fluorescence imaging,
reducing the risk of sample disruption or contamination that can impact the accuracy of
subsequent analysis. To assess this, the fluorescence properties of CyMT were measured
in the solid state.

CyMT was dissolved in a small amount of dichloromethane, then smeared across de-
contaminated glass slides and left to dry before the spectra were taken. The absorbance
spectrum reveals two peaks at 535 and 572 nm. However, the fluorescence spectrum shows
a very broadened unresolved peak at around 620 nm (Figure 2.7). The broad, low-level
fluorescence peak may be suggestive of aggregation-caused quenching. This phenomenon
is commonly seen in highly conjugated, planar molecules. Aggregation caused quenching
can occur from a variety of mechanisms include but are not limited to dexter energy trans-
fer, Forster resonance energy transfer, or m-m stacking.?°” Given the heavily aromatic and

potentially planar structure of CyMT, this would be an expected possibility.
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Figure 2.7: Normalised absorbance (left) and emission (right) spectra of CyMT taken in
the solid-state (Agps = 535, 572 nm, Aep, &~ 620 nm).

To test this, a less concentrated sample of CyMT was prepared in the same manner
described above. In this case, the fluorescence spectrum reveals a slightly more resolved
emission peak at 624 nm. This does indeed support the speculation of aggregation-caused
quenching, as decreasing concentration resulted in increasing fluorescence output. Interest-
ingly, the absorbance spectrum also reveals two peaks at 535 and 572 nm. However, there is
also a change in the relative absorbance intensities of each peak (Figure 2.8). This finding
further supports the probability of aggregation occurring. It is well known that aggregation
can cause a shift in the absorbance spectrum due to exciton coupling.2%%2% That is, when
there are interactions in the electronics of neighbouring molecules within the aggregate.
Depending on the nature and direction of this coupling, the absorbance spectrum can shift
bathochromically or hypsochromically. J-aggregates are characterised by the interaction
of perpendicular transition dipole moments which leads to a blue-shift in the spectrum,
while H-aggregates are characterised by the interaction of parallel transition dipole mo-
ments resulting in a red-shift in the absorbance spectrum.?' It has been reported that
cyanine-based molecules are capable of forming both J- and H-aggregates.?!!:2'2 From this
data, it is not feasible to determine whether the secondary peak arises from J-aggregation
or H-aggregation, as it is not possible to conclude which of the two peaks corresponds to
the monomer absorbance. This cannot be elucidated from the solution-phase absorbance

either, as the spectroscopic properties and behaviour of molecules in the solid state can differ
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significantly from those in solution. To do so, further studies on the solid-state monomer

absorbance spectrum would be needed, but this was beyond the scope of this project.
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Figure 2.8: Normalised absorbance (left) and emission (right) spectra of less concentrated

CyMT taken in the solid-state (Agps = 535, 572 nm, Aep, = 624 nm).

Regardless of the aggregate type, further testing of whether the low-intensity emission
profile in the solid-state was inherent to the hemicyanine chromophore, or CyMT as a
whole structure was ensued. To do this, the hemicyanine precursor provided by Dr. Kylie
Yang, was selected to test the solid-state emission profile of the hemicyanine chromophore

(Figure 2.9).

Figure 2.9: Structure of the hemicyanine used for comparison of solid-state fluorescence

properties.

The sample was prepared in the same manner as above and the solid-state spectra were
taken. The absorbance spectrum displayed a broadened double peak which may also be a
result of aggregation, as explained above. However, in contrast to CyMT, the fluorescence
spectrum of the hemicyanine chromophore shows a well resolved emission peak at 641 nm

(Figure 2.10). This suggests that the photo-cleavable linker may be contributing to the
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aggregation-caused quenching, leading to a low-intensity solid-state emission profile.
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Figure 2.10: Normalised absorbance (left) and emission (right) spectra of hemicyanine chro-

mophore taken in the solid-state (Agps = 527, 566 nm, A¢p, = 641 nm).

In the case of solid-state fluorescence imaging of the tagged biomolecules, the distribution
of CyMT will be limited by the number of free amines available on the biomolecule itself.
On average, proteins contain a small number of primary amines, which comprise of the
N-terminus and any lysine residues. As such, the distribution of amine-bound probes would
likely be quite dispersed, which will inhibit aggregate formation. To emulate this, CyMT
was dispersed into a matrix of Poly(methyl methacrylate) at 10, 5, 2.5, 1.25 and, 0.625%
(w/v). This polymer was chosen due to its high refractive index and transparent optical
properties.?!® The dispersed mixture was spin-coated to form a thin layer to minimise
the formation of aggregates while drying. Spin-coating is a technique used to create thin,
uniform film of material on a surface, which is this case was a glass slide. The surface is
rotated at high speeds and a droplet of material is placed in the centre. This spreads the
liquid uniformly across the surface through centrifugal force until the film is fully dried.
One spin-coated, fluorescence spectra were taken (Figure 2.11). The spectra show that at
<2.5% (w/v) aggregation caused quenching is alleviated. This shows that CyMT exhibits

an emission maximum of about 680 nm in the solid state.
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Figure 2.11: Emission spectra of CyMT dispersed in PMMA at 10, 5, 2.5, 1.25, and 0.625%

taken in the solid-state (Ae; = 530 nm).

From these studies, it is evident that CyMT exhibits aggregation-caused quenching.
However, given the low number of free amines in biomolecules and the possibility of alle-
viating this quenching through a more dispersed arrangement, CyMT was still considered

suitable for medium-free imaging tests.

2.6 MALDI compatibility studies

2.6.1 MALDI low-resolution studies

Having uncovered the suitable fluorescent properties of CyMT, attention was turned to
assessing its compatibility with MALDI-MSI. Given the mechanism of cleavage explained
in section 2.3.2, the expected mass to charge (m/z) ratio of the photo-cleaved fluores-
cent reporter should be 515.313 Da, with the intact molecule having a m/z of 893.419 Da
(Scheme 2.8).
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Scheme 2.8: Expected m/z of CyMT and its photo-cleaved adduct.

To ensure the compatibility of CyMT with MALDI, preliminary tests were carried out
using a low-resolution instrument, with the assistance of Dr Leila Hill. This step was taken
as it would allow for quick troubleshooting in case of any problems, before proceeding with
the high-resolution instrument. The product was first tested in a-cyano-4-hydroxycinnamic
acid (4CCA) matrix. This matrix was chosen for its compatibility with positive-ion mode
analysis due to the inherent positive charge on the fluorescent reporter. Additionally, 4CCA
is commonly used to measure m/z ratios under 5000 Da, making it appropriate for the
analysis of cleaved CyMT.

The product was dissolved in 4CCA-saturated TA30 and spotted onto a polished steel
plate for MALDI-MS analysis. To avoid cleavage by ambient light, the plate was dried in
the dark. Low-resolution MALDI-MS analysis showed the expected m/z of both the intact
(893.5 m/z) and cleaved (515.4 m/z) molecules (Figure 2.12). This confirms that CyMT

cleaves in the expected manner under general MALDI-MS conditions.
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Figure 2.12: Low resolution MALDI-MS spectrum of CyMT dried onto polished steel in
4CCA matrix.

Next, the compatibility of CyMT with matrix-free mass spectrometry was examined.
Matrix-free laser desorption ionisation mass spectrometry (LDI-MS) was designed as a po-
tential means of reducing the interference of low-molecular weight compounds, but also
minimising the extra steps required for matrix deposition prior to MALDI imaging, in gen-
eral. As such, CyMT was dissolved in TA30 with no matrix, then spotted onto a polished
steel plate. The mass spectrum reveals the mass of the photo-cleaved product (515.4 m/z)
but no presence of the intact molecule. This is expected, given that the matrix absorbs a

lot of the energy from the laser, resulting in milder conditions.
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Figure 2.13: MALDI-MS spectrum of CyMT on polished steel with no matrix

Therefore, the results demonstrate that CyMT can be used in both matrix-assisted and

matrix-free imaging, highlighting its utility and versatility for MS studies.

2.6.2 Matrix sublimation compatibility

In the case of matrix-assisted imaging, there are various techniques that can be used for
matrix deposition onto a sample before MALDI experiments, with one of the most common
being sublimation. This technique takes advantage of the fact that matrix compounds
can sublimate at high temperature and low pressure conditions, without decomposing. The
matrix sublimation set-up involves an evacuated glass chamber containing a cooling chamber
to which the glass-slide-mounted sample is secured. Below this is the heating element, onto
which the matrix is placed in a petri dish. Upon heating, the matrix sublimates and deposits
onto the cooled sample as a thin layer (Figure 2.14). The temperature and time for the

sublimation process depend on the matrix being used.
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Figure 2.14: Visual representation of the matrix deposition process.

The stability of CyMT under the matrix sublimation process was investigated. To do
this, a small amount of CyMT was dissolved in dichloromethane. The solution was smeared
across an indium tin oxide coated glass slide and left to dry. The slide was then subjected to
sublimation of 4CCA matrix at 140 - 170 °C. A small selection of this product was subjected
to the MALDI imaging process as shown by the dashed border (Figure 2.15A). Two m/z
filters were applied at 893.49 and 515.31 to visualise both the intact, and photo-cleaved
probe. The 515.31 m/z filter shows a diffuse pattern with areas of higher intensities that
generally correlate to the smeared plate (Figure 2.15A). This is similar to what is seen with
the intact probe as visualised with the 893.49 m/z filter (Figure 2.15C) which is further
seen in the overlay of both filters (Figure 2.15D).

A point spectrum from the image was extracted to show the full range of m/z present
in the sample (Figure 2.16). The main m/z in the spectrum correspond to CyMT and its
photo-cleaved product with little to no contamination of any other degradation products.
These results show that CyMT is stable under matrix sublimation conditions and continues

to cleave in the expected manner.
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Figure 2.15: Visual image of A) the indium tin oxide coated glass slide smeared with CyM'T,
and MALDI-MSI images of the slide with a B) 515.31 (pink), C) 893.49 (blue), and D) an

overlay of the two m/z spectral filters.

x107
515.30876

25+

N
o
1

893.42204

[y
w
i

Intensity (a.u.)
=
<

5 -

0 — s SR e

L R B B B R B B

450 500 550 600 650 700 750 800 850 900 950
m/z

Figure 2.16: Point mass spectrum taken at an arbitrary point of the MSI segment.



2.7 Design and implementation of a dual imaging protocol

2.7.1 Dual imaging protocol considerations

Having demonstrated the fluorescence and MALDI compatible properties of CyMT, a pro-
tocol for the dual fluorescence and MALDI imaging on a single sample was conceptualised.
Since MALDI imaging has optional sample preparation in the form of matrix deposition, it
was determined that the order of techniques should begin with fluorescence imaging. Ad-
ditionally with MALDI-MSI, the fluorescent reporter is released from the biomolecule with
laser irradiation which would involve the risk of migration if performed before fluorescent
imaging. This should not be a risk with laser irradiation from the microscope lasers, as the
neither the 561 nor 488 nm standard microscopy lasers lie within the acceptable wavelength
range that will induce cleavage of the ONB linker, by neither single-photon (310 or 340
nm) nor two-photon (710 or 750 nm) cleavage wavelengths.?'4 216, Therefore, the protocol
would proceed with sample mounting onto an ITO-coated glass slide, followed by fluores-
cence microscopy of the sample. After this, an optional step of matrix deposition onto the

sample may be performed, before carrying out MALDI-MST experiments (Figure 2.17).

\ : Protein labelling
o _—
\ S Matrix sublimation \ 3
_

Fluorescence Imaging MALDI Imaging

Figure 2.17: Representation of the envisioned dual fluorescence and MALDI imaging pro-
tocol. An ITO-slide mounted sample is labelled with the mass-tag followed by fluorescence

imaging. After which the same sample is used in MSI.
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2.7.2 Dual imaging protocol proof of concept

The viability of this protocol was tested using insulin as a biomolecule of interest. This
protein is comprised of two chains, A and B, that are bound by disulfide bridges. There are
three primary amines in monomeric insulin, namely the N-termini of each chain, and one
lysine residue, which can serve as reactive sites for conjugation with CyMT Figure 2.18.
Insulin monomers are capable of forming fibrils that exhibit many characteristics similar to

many disease-forming amyloids.?!”
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Figure 2.18: Amino acid sequence of the two-chain protein, human insulin, highlighting the

free primary amines (red) available for conjugation with a succinimidyl ester.

Monomeric insulin was reacted with an excess of CyMT which was expected to tag one
or more of the three primary amine sites. Coupling was confirmed by MALDI-MS. The mass
spectrum shows un-tagged monomeric insulin (5808.0 m/z), singly-tagged insulin (6584.5
m/z) and its photo-cleaved (6071.3 m/z) adduct, doubly-tagged insulin (7361.1 m/z) and
its singly- (6848.2m/z) and doubly-photo-cleaved (6335.4 m/z) adducts. The spectrum did

not reveal the mass of any triply-tagged insulin Figure 2.19.
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Figure 2.19: MALDI-MS of CyMT-tagged insulin showing untagged, singly-tagged, doubly-

tagged protein and their respective photo-cleaved adducts.

The crude tagged insulin mixture was eluted from a size exclusion column to remove
any remaining unbound probe. After this, tagged-insulin fibrils were formed by agitation
under acidic conditions overnight. The fibrils were dried onto ITO-coated glass slides and
subjected first to confocal fluorescence microscopy. Medium-free imaging was trialled.

Confocal images reveal a web-like morphology which is characteristic of insulin fib-
rils (Figure 2.20).2'® The fluorescent image demonstrates that biomolecular conjugation of
CyMT diminishes the effect of aggregation induced quenching and confirms the feasibility

of medium-free fluorescence imaging.
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Figure 2.20: Representative images of bright field (left) and fluorescence (right) microscopy
of CyMT-tagged insulin fibrils. Images were taken without the use of medium using a 40x

objective (Ae; 561 nm laser, ey, 575 - 675 nm).

The benefit of medium-free imaging is that there is no need to remove or dry the medium
before proceeding with the MALDI imaging protocol. This ensures there is minimal disrup-
tion to the sample in between techniques. As such, the dry slide was subjected to 4CCA
matrix sublimation, followed by MALDI-MSI. A 515.31 m/z filter was applied to visualise
the localisation of the cleaved reporter.

The MS images reveal a sparse distribution of reporter within the selected imaging area
(Figure 2.21). This likely correlates to various clusters of insulin fibrils that formed during
the slide-mounting process. This illustrates that protein-conjugated CyMT was capable of
cleaving in the expected manner after being subjected to fluorescence microscopy.

This highlights the feasibility and effectiveness of the multimodal probe, CyMT, in the
envisioned setup. The successful demonstration of CyMT using insulin as a biomolecule of
interest provides a proof-of-concept for the probes potential applications in the multimodal

imaging of other biomolecules.
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Figure 2.21: Visual image of the selected MSI region around the droplet of dried CyMT-
tagged insulin fibrils (left) and MALDI-MSI of this droplet with a 515.31 m/z filter displayed

in false colour based on intensity.

2.8 Planned tissue studies

Having demonstrated the successful implementation of CyMT in the multimodal imaging,
the probe was sent for further testing in the Pukala Lab at the University of Adelaide. The
intended studies aimed to demonstrate the conjugation of CyMT to an isolated protein
using immunohistochemical techniques, allowing it to be assessed within a tissue sample
for fluorescence imaging, followed by its assessment in matrix-free MSI. Unfortunately, the
turbo pump on the MSI instrument in their lab broke down, and could not be repaired in

time to acquire these images before the submission of this thesis.

2.9 Design and synthesis of NpMT

Given the successful implementation of CyMT in the proof of concept, a second probe
was envisioned. To achieve this, a naphthalimide-based probe was considered. However,
naphthalimides are not inherently charged and not very water-soluble. To address this
issue, a water soluble peptide with good ionisation potential was selected to be conjugated

to the naphthalimide dye. The amino acid sequence Ser-Tyr-Ser-Tyr was chosen for this
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purpose. Additionally, by targeting a different region of the mass spectrum, this could allow
this mass-tag to be used in multiplexed studies with CyMT to assess multiple proteins of
interest within the same sample. Naphthalimide cores also contain at least two positions
available for functionalisation.® This would allow the photo-cleavable linker to be attached

in addition to the peptide.
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Figure 2.22: Design of the fluorescent mass-tag based on a naphthalimide core with a water

soluble peptide to increase the mass, solubility, and ionisation potential.

The synthesis of the naphthalimide-based probe began with the protection of a carboxylic
acid functionalised naphthalimide core, as illustrated in Scheme 2.9. 4-Bromo-1,8-naphthalic
anhydride was substituted at the imide position with 6-aminohexanoic acid, yielding 15.
The next step involved protecting the free carboxylic acid with a tert-butyl ester using
thionyl chloride followed by ter-butyl alcohol. Unfortunately, this reaction was unsuccessful,

and the desired product could not be isolated.
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Scheme 2.9: Synthetic scheme of protecting acid of existing naphthalimide

Therefore, protection of the carboxylic acid was performed before substitution onto the
naphthalimide core Scheme 2.10. First, 6-aminohexanoic acid was subjected to thionyl
chloride, followed by reaction with tert-butyl alcohol to yield the tert-butyl-protected acid,
16. The lower yields of this reaction may have been attributed to the unprotected amine
forming side-products. 16 was then used to substitute the anhydride position of 4-bromo-
1,8-naphthalic anhydride, resulting in the formation of 17. With the desired product in

hand, the next step was to introduce an azide at the 4-position of the naphthalimide scaffold.
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Scheme 2.10: Synthetic scheme of protecting before substituting

Initial attempts at this installation are given in Scheme 2.11. The previously synthe-
sised aminopropyl azide, 13 was reacted with 17 in dimethylsulfoxide at 70 °C overnight.
Unfortunately, the reaction was unsuccessful, and further troubleshooting was not possible
due to safety concerns. 13 exceeded the C to N ratio for safe isolation and storage in larger
amounts, so it was only synthesised in very small quantities immediately before use, mak-
ing it inefficient for larger scale synthesis of the desired probe. Therefore, an alternative

synthetic route was explored for the installation of the azide.
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Scheme 2.11: Synthetic scheme of using amino azide directly on naphthalimide

The alternate route of choice is shown in Scheme 2.12. In this case, the azide was
installed by conversion of a hydroxyl group attached to the naphthalimide core by an alkyl
linker. To do this, ethanolamine was used to substitute of the 4-position of 17 to give 18.
The hydroxyl group was mesylated using mesyl chloride to give 19, which was subsequently
reacted with sodium azide to successfully yield the desired product, 20. Finally, deprotection

of the carboxylic acid was performed under acidic conditions to yield 21.
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Scheme 2.12: Synthetic scheme of forming azide via mesylate intermediate
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With the desired naphthalide in hand, synthesis of the water soluble peptide was per-
formed as shown in Scheme 2.13. Pre-loaded serine on Wang resin was used as the first amino
acid. Peptide synthesis was performed according to standard protocols following an iterative
method of Fmoc deprotection followed by amino acid coupling. The peptide was synthesised
with the following sequence: H2N-Tyr-Ser-Tyr-Ser. The carboxylic acid bearing probe, 21,
was then coupled onto the N-terminus using PyBOP as a coupling reagent in the presence of
N, N-diisopropylamine. Following this, an on resin click reaction was performed using copper
iodide as a catalyst in the presence of base for 48 h. After completion, the final peptide was
cleaved from the resin using a peptide cleavage cocktail containing TFA /HyO/triisopropyl
silane (17:1:1 v/v/v). This yielded the desired final product, NpMT. The short exposure
time to water during this reaction is assumed to have minimal effect on the NHS ester.
However, this should be assessed more thoroughly in future syntheses. The product was
characterised by low resolution mass spectrometry and analytical HPLC but due to time

constraints purification and isolation of this compound was not performed.
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Scheme 2.13: solid phase peptide synthesis of NpMT.

2.10 Conclusions

This work demonstrates the design, synthesis and implementation of a novel multimodal
small-molecule probe for fluorescence and mass spectrometry imaging. The probe, CyM'T,
was designed based on the charged hemicyanine fluorophore, as the inherent charge allows
detection without the risk of low ionisation, as well as matrix free imaging. This was
tether to the photo-cleavable nitrobenzyl group functionalised with a succinimide for easy
biomolecule conjugation.

CyMT was shown to be compatible with fluorescence spectroscopy in both aqueous
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and solid-state form. Additionally, probe demonstrated compatibility with both matrix-
assisted and matrix-free laser desorption ionisation mass spectrometry. In both cases, the
probe cleaved to release the fluorescent reporter in the expected manner. The stability
of CyMT to the matrix sublimation process was also confirmed. A single-sample dual-
imaging protocol was devised, and tested on insulin fibrils in preliminary studies. CyMT
was successfully conjugated to one, or two primary amines on insulin monomers which were
then converted into fibrils. Despite its propensity towards aggregation-caused quenching,
medium-free confocal fluorescence microscopy was used to successfully image the tagged
insulin fibrils. The same sample was subjected to matrix sublimation and MALDI-MSI
which confirmed compatibility with the dual imaging protocol.

Further to this, a secondary fluorescent multimodal probe, NpMT was designed and
synthesised as a potential probe for future testing. The naphthlaimide moiety was selected
for its biological compatibility and ability to be dual functionalised. A short, water-soluble
peptide sequence was tether to increase its mass, water solubility and ionisation potential.
Due to time constraints, NpMT was not tested, but is presented as a probe for which future

testing should be performed.
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Chapter 3

Computational analysis of
fluorophores to study the redox

state of proteins in vitro

3.1 Overview

3.1.1 Redox sensing on the sub-cellular level

The redox state of a cell is tightly regulated to balance the levels of oxidants and antioxi-
dants. The main form of oxidants in the cell are known as reactive oxygen species (ROS).
These are highly reactive oxygen-containing molecules such a:s hypochlorous acid (HOCI);
hydrogen peroxide (H202); nitroxyl radical (NO e ); hydroxyl radical (OHe) peoxynitrite
(ONOO™); singlet oxygen (*O3); and superoxide (O2°~), that can cause significant dam-
age to cellular macromolecules such as lipids, proteins, and DNA.?' Chronic increases in
ROS have been shown to be responsible for the development of various diseases including
depression, Alzheimer’s disease, and diabetes.??022% However, despite their potential to
cause damage, ROS are vital signalling molecules that are involved in significant signalling
processes. 2247226 On the subcellular level, ROS are both produced and processed by the indi-
vidual organelles — each with a unique redox microenvironment, and specialised mechanisms
for maintaining redox homeostasis.??” As such, the ability to study ROS at the subcellular
level is crucial for our understanding of cellular signalling and the development of various

pathologies.
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Traditional methods of studying ROS involve indirect, ‘finger-printing” measurements of
markers like DNA oxidation, and lipid peroxidation. For example, oxidative damage can be
measured by monitoring oxidised DNA adducts like deoxyguanosine-malondialdehydes.?2®
However, such techniques are destructive in nature, which means transient changes in live
cells cannot be monitored. Additionally, the indirect nature of these measurements carries
the potential for external artefacts to affect measurements.

In recent years, many have turned to the use of small fluorescent molecules to study
the cellular environment. In the case of ROS, fluorescent sensors can either be designed
for a single ROS, or they can be general redox sensors, where the individual ROS is not
discriminated.

Over the years, a number of fluorescent sensors have been designed to respond to changes
in the redox environment of a cell. However, as stated above, each organelle within a cell
houses a unique redox microenvironment. As such, the development of targeted redox probes
is of great importance in studying these distinctive environments.

Various methods can be used to target ROS sensors to specific cellular organelles. In
general, targeting groups can be synthetically appended to the desired sensor, which allows it
to accumulate in the organelle of choice. Targeting groups may be small synthetic molecules,
or short peptide sequences designed to enter the organelle of choice. For a comprehensive
overview of organelle targeting strategies, the reader is directed to the following review.??"

Targeted sensors, in combination with powerful imaging tools such as confocal mi-
croscopy and flow cytometry, have proven to be an invaluable tool for studying the redox
environment in cells. The following review will aim to summarise existing organelle targeted

ROS sensors and uncover potential for the development of new sensors.

Mitochondria

Mitochondrial targeting is mainly achieved using delocalised lipophilic cations (DLCs). The
positive charge on these molecules are drawn to the negatively charged inner membrane of
the mitochondria allowing them to selectively accumulate in this organelle.?3°

The most common small molecule targeting groups used to localise redox sensors to the
mitochondria are the aliphatic triphenylphosphonium group, and the pyridinium moiety.

These groups have been used extensively to target redox sensors to the mitochondria 231236
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Other inherently charged functional groups have been incorporated into redox-sensor scaf-
folds that have also allowed these molecules to inherently target the mitochondria. Such
chemical groups include benzothiazolium, and oxonium moieties. 237240

Due to their intrinsic charge and lipophilic nature, some fluorophore scaffolds can in-
herently localise in mitochondria. In recent years, the most common DLC-type fluorescent
scaffolds have been used for mitochondrial targeted redox sensing including rhodamine-, and
indolenine-based scaffolds. 241246

Peptide-based targeting groups have also been incorporated into small molecule sensors
as a means of targeting them to the mitochondria. For example, Pep3-NP1 is a ratiometric
HsO5 sensor designed to incorporate a peptide sequence that promotes binding at the minor
DNA grooves (Figure 3.1). Mitochondrial accumulation enhances fluorescence due to the
low polarity of the DNA grooves. Reaction with HoOs inhibits quenching and enhances

green fluorescence to give a ratiometric response.?4”
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Figure 3.1: Chemical structure of Pep3-NP1.

Lysosomes

One of the most common methods of targeting small molecules to the lysosomes is by
addition of weakly basic amine. Due to the acidic nature of the lysosome, the amine be-
comes protonated within the lumen of the lysosome. The positive charge inhibits the sensor
from travelling back out of the membrane of the lysosome, resulting in accumulation, and

retention of the probes.
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The morpholine group is perhaps the most common lysosomal targeting group used to
target ROS sensors to the lysosomes.?*® 22 However, there are examples of other basic
amines that have been used for lysosomal targeting. For example Sun et al. developed a
two-photon ratiometric sensor for lysosomal peroxinirite based on a diethyl amine target-
ing moiety.?>® Also, Wang et al. designed a pyridine-based sensor for hypochlorous acid
sensing. 24,

Additionally, a unique selenamorpholine was used to incorporate a targeting group and
a HyO4 sensor into a single moiety using a BODIPY core, BODIPY-Se (Figure 3.2). The
change in the selenium’s electronic state upon contact with HoO9 induces a turn-on response
of the BODIPY core.?> The the basic amine of the selenamorpholine allows the sensor to

accumulate within the lysosomes.

BODIPY-Se

Figure 3.2: Chemical structure of BODIPY-Se.

Nucleus

Nuclear targeting is difficult to achieve due to the many cellular mechanisms that prevent
mutagenic material from reaching nuclear DNA. As such, targeting the nucleus with flu-
orescent sensors is a difficult task to achieve. Most common molecular nuclear targeting
groups comprise of crescent-shaped molecules that bind non-covalently in the minor grooves
of DNA. For example, Hoechst dyes, that are themselves well-known nuclear stains, can be
appended to small molecules to achieve DNA targeting. This tactic was utilised by Zhao et
al. and Ikeda et al. to develop ratiometric, and reaction-based turn-on nitric oxide probes
for the nucleus, respectively.2°6:257

Protein tagging with the SNAP-Tag system has also been utilised to target redox sensors

to the nucleus. This approach has enabled the development of a reaction-based HoOo

sensor, and nitric oxide sensor, which have both been successfully demonstrated in live cell
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imaging. 2°%2%° Additionally, nuclear targeted ratiometric HoOg sensor has been designed
using a nuclear localisation signal peptide. 269

In an interesting example, Dickinson et al. designed a reaction-based hydrogen peroxide
probe for the nucleus, NucPE1 (Figure 3.3). The probe was used to successfully image nu-
clear hydrogen peroxide in HEK 293 cells and C. elegans. Intriguingly, the probe contained

no nuclear targeting groups and the mechanism of nuclear targeting remains unclear. 26!

NucPE1

Figure 3.3: Chemical structure of NucPE1.

Peroxisomes

In general, short peptide based targeting groups are used to target the peroxisome. Small
molecule targets have yet to be utilised for targeting redox sensors to the peroxisome.

To the best of our knowledge, only two fluorescent redox sensors have been designed for
the peroxisome to date, and both target the peroxisome by utilising a variation on the SKL
peptide. Ding et al. designed a superoxide sensor for the peroxisome by conjugating a QSKL
peptide sequence to the a turn-on redox sensor.?? Also, Zhou et al. utilised a novel peptide,
HLKPLQSK, tethered to a two-photon fluorescent probe to successfully image peroxinitrite

in SMMC-7721 cells and mouse livers. 263

Lipid droplets

In general, targeting the lipid droplets does not require a specific targeting moiety. In-
stead, the types of molecules that are useful for imaging lipid droplets are highly conjugates
fluorescent sensors that are significantly more emissive in non-polar, hydrophobic environ-
ments. This means that such probes may not necessarily be exclusively localised in the lipid
droplets, but rather, are not visible in the more polar environment of the cell.

For example, SX-1, is a reaction-based peroxynitrite sensor that localises in the lipid
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droplets.?* Additionally, TPAs-SCH3-2CN (Figure 3.4) and XHZ were designed as a

reaction-based and ratiometric hypochlorous sensors, respectively.?6%266 Another probe,

TAN (Figure 3.4), was designed as a reaction-based nitric acid sensor for live cells.?57

An extension of this probe, SUN-TAN, incorporated a triethylene glycol chain to further

enhance anchoring of the probe to the lipid droplets due to its amphiphilic nature. 26
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Figure 3.4: Chemical structure of TPAs-SCH3-2CN and TAN.

Cell membrane

The cell membrane is a semi-permeable lipid bilayer that regulates the movement of mate-
rials in and out of the cell. Most commonly, the cell membrane is targeted with fatty-acid
or alkyl chain appendages that inset directly into the lipophilic centre of the lipid-bilayer.
This anchors any appended fluorescent sensors to the cell membrane.

Ling He et al. developed a NO sensor with a structure mimicking the phospholipids of
the cell membrane by appending an 18-carbon alkyl chain as the hydrophobic tail, and a
quaternary ammonium group as the hydrophilic head, to the fluorescent core. The probe,
Mem-NO (Figure 3.5), was successfully used to image NO in the membranes of HUVEC

cells and neurons, as well as mouse brain tissue. 26
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Mem-NO

Figure 3.5: Chemical structure of Mem-NO.

Lipid membranes

Lipophilic probes that can cross the membrane may be able to tag internal lipid membranes
in order to monitor internal membrane redox. For example, HoRB-C;g, utilised an 18-
carbon long alkyl chain to localised the ROS sensor to the cell membrane (Figure 3.6).27
H>RB-C;s was used to image redox changes in pancreatic acinar cells induced by various
compounds.

Another set of sensors utilise the structure of native fatty acids such as cis-parinaric acid

and a-Tocopherol as the bases of membrane-targeted ROS sensors of lipid peroxidation — a

consequence of ROS damage. ™!
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Figure 3.6: Chemical structure of HoRB-Cjs.

Phagosome

The SNAP-Tag system was utilised to target the phagosome, enabling imaging of phagoso-
mal engulfment and the endogenous production of HoOs during IgG ingestion in RAW264.7

cells. This was achieved through labeling a SNAP-Tag targeted hydrogen peroxide sensor
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to SNAP-Tag tagged platelet-derived growth factor receptor (PDGFR).%7

Zymosan particles have also been utilised as a targeting tool to send cargo directly to
the phagosomes.?™ These particles are inactivated fragments of Saccharomyces cerevisiae
yeast cell walls that stimulates engulfment. Zymosan particles have been used to stimulate
phagocytosis in cells pre-stained with a non-targeted ROS sensor to monitor redox changes
during phagocytosis. 2™ 27" However, Thekkan et al. designed a dual pH and HOCI fluores-
cent sensor covalently linked to zysoman particles by utilising a DNA-based linker.%® The

probe was successful at imaging HOCI in the phagosomes of J774A.1 cells and macrophages.

Golgi apparatus

In general, phenylsulfonamides and aminoquinolines are used to target small molecules to
the Golgi apparatus binding within the active site of the COX-2 enzyme.

Many phenylsulfonamide-based redox sensors have been designed to measure various
ROS within the golgi aparatus. These include Gol-ONOO™ and MG-ONOO are ratio-
metric probes that were used to image ONOO™ at the golgi apparatus in live cells. 279280
Probe Gogli-NO, also based on phenylsulfonamide, was used to measure the relationship

281 Furthermore,

between golgi NO and amyloid-5 induced Alzheimer in live cell models.
Np-Golgi, a two-photon ratiometric sensor, was developed for imaging HoOo within the
Golgi.?8?

Additionally, FC-ONOO, an aminoquinoline-based sensor, was developed for imaging
peroxynitrite within the golgi apparatus in live cells and isolated mouse lung tissue in sepsis-
induced acute lung injury.?®3 Aminoquinoline-based glutathione sensor, GT-GSH, exhibits
a ratiometric fluorescence response to GSH which further reacts to form toxic by-products
to selectively kill cells exhibiting golgi related oxidative stress.?%4

L-cysteine has been used as a golgi-targeting strategy to anchor to cysteine rich pro-
tein residues within the golgi apparatus. This strategy was used in the development of a
reversible superoxide sensor, CCA, based on a caffeic acid scaffold (Figure 3.7). The probe
revealed a hepatic ischemia-reperfusion signaling pathway that was mediated by superoxide

generated from the golgi apparatus in hepatic cell lines and mouse models. 28
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Figure 3.7: Chemical structure of CCA.

Endoplasmic reticulum

Small molecule targeting groups for the endoplasmic reticulum (ER) mainly includes sul-
fonamides that bind tightly to ER-~localised proteins. For example, ratiometric two-photon
probe, NAB, was developed as a ONOO™ sensor for the endoplasmic reticulum using a
sulphonamide targeting group (Figure 3.8). The naphthalimide-based probe showed re-
sponse to both endogenous and exogenous changes in ONOO™. Additionally, by utilising

NAB in depressive mice models, it revealed an increase in hippocampal ONOO~. 286
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Figure 3.8: Chemical structure of NAB.

3.1.2 Protein tagging

The targeted redox probes discussed above have been an invaluable tool at revealing previ-
ously unknown redox mechanisms within the tightly regulated organelles. However, there
are other locations inside and outside of the cell for which the redox state is significant.
For example, the synaptic cleft is a unique extracellular environment in which redox mech-
anisms are suspected.?®” Therefore, it would be of great value to develop redox sensors that
are capable of being tagged to various proteins that would allow redox sensing to within

structures that cannot be targeted with simple targeting groups. To do this, we turn to the
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use of protein labelling systems. These systems are explored in detail in section 1.8.1. The
advantage of using protein tagging systems is that there is a free choice of label which can
be varied synthetically. Additionally, these systems can be used in a large range of cellular
and even live animal studies. In this chapter, the HaloTag system will be utilised as the

protein labelling system of choice.

3.2 Aims

Excessive levels of ROS are known to cause damage to proteins, lipids and DNA in cells.
However, ROS also play an important role as signaling molecules. Despite this, the specific
ways in which ROS and cellular redox states contribute to various cellular processes are not
yet well understood. Visualising redox changes in live cells is crucial for gaining insights
into these processes. To date, this has typically been accomplished through the use of small
molecule fluorescent sensors that respond to redox changes. These sensors can be used to
measure the overall redox state of cells or can be targeted to specific cellular compartments.
However, to fully understand the function of ROS in diseases and signaling pathways, the
ability to measure the redox state at any sub-structure within the cell is crucial. Having a
means of testing the redox state of any protein would be an invaluable tool to help further
our understanding of the role of ROS in cellular processes.

To this end, this project was designed to combine the powerful techniques of protein-
tagging and fluorescence sensing to develop novel protein-targeted redox sensors. As such,

the aims of this chapter were to:

1. Develop novel redox-responsive fluorescent ligands for the HaloTag system.

2. Assess the molecular design of a ratiometric redox sensor using computational meth-
ods.

3. Perform computational benchmarking studies on a novel fluorescent redox scaffold

to inform the design of future sensors.
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3.3 Previous work (Honours)

In previous work on this project, a novel fluorescent redox-responsive HaloTag substrate
was designed, synthesised, and tested. To do this, the fluorescent sensor was tethered to
the known HaloTag ligand that was synthesised as per Scheme 3.1.
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Scheme 3.1: Synthesis of the HaloTag substrate.

FlavinTag was designed to incorporate flavin, a redox sensitive fluorophore, via an
amide bond onto the HaloTag substrate (Scheme 3.2). Further to this, a control substrate
NaphTag, was synthesised in a similar manner (Scheme 3.2). NaphTag contains the

naphthalimide fluorophore, but no redox-responsive group.

o) conc. HCl(5),
reflux 4h
N\ NN\H/O\ fj\ /\/\n/
N N @]
K 25

i) NHS, EDC, DMF,
rt., 24 h

ii) Linker, DMF.

o @[ fk /\/\H/N\/\ /\/O\/\/\/\CI

[ A —
32%

FlavinTag

Scheme 3.2: Synthesis of FlavinTag.
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Scheme 3.3: Synthesis of NaphTag.

FlavinTag was found to exhibit a reversible response to reducing and oxidising envi-
ronments, and was stable to these changes over many cycles (Figure 3.9a). The reduction
potential of this sensor lied within the biologically relevant range, making it suitable for
testing in live cells (Figure 3.9b). Control substrate, NaphTag was found to have no flu-
orescent response to changing redox environments and was determined to be a suitable

control (results not shown).
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Figure 3.9: a) Normalised fluorescence response of FlavinTag to changes redox environment
in HEPES buffer (20 mM). Reduction achieved using sodium ditionite (100 eq, red) and
oxidation with hydrogen peroxide (100 eq, purple). Measurements were taken at A, = 443
and A = 552 nm. b) Cyclic voltammogram of FlavinTag (0.5 mM) in acetonitrile and

tetrabutylammonium chloride (100 mM).
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Copper transporter 1 (CTR1) was chosen as the protein of interest as the redox activity
at this transporter was not known. Tagging this protein with FlavinTag revealed a previ-
ously unknown copper homeostasis mechanism. Under copper starvation, CTR1 was found
to be in a reducing environment. On the other hand, when there was an excess of copper,

CTR1 was found to be in an oxidising environment.

a) b)

2.0

Normalised Intensity
Normalised Intensity

CuSO, BCS CuSO, BCS

Figure 3.10: Fluorescence intensities of Halo-CTR1 DLD1 cells dosed for 20 min with a)
NaphTag (0.5 uM), and b) FlavinTag (175 pM) after treatment with with CuSO4 (30 pM)
or BCS (50 u) for 24 h. Measurements were taken at Ao = 405, Ay, = 500 - 600 nm.

Values are expressed as mean + SEM (n = 4-7), * = p < 0.05.

These results were validated with a non-targeted redox sensor, NpFR1 that was de-
signed to measure the overall redox state of the cell.?®® Despite the redox changes occurring
at the CTRI protein, the global redox state of the cell was unchanging (results not shown
here). This indicates that the redox changes are specific to the CTR1 protein, and not to

the cell as a whole.

3.4 Current work

Having demonstrated the potential for FlavinTag to uncover previously undiscovered pro-
tein mechanisms, development of improved redox sensors was ensued. Two previously de-
scribed redox sensors, flavin coumarin redox sensor 1 (FCR1) and naphthalimide flavin
redox sensor 1 (NpFR1) were selected. Both of these fluorophores are derivatives of the
flavin moiety, that improve on the properties of flavin alone. More information about the

individual sensors are outlined in their respective sections below. The envisioned structures
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of the HaloTag substrates, FCR1-Tag and NpFR1-Tag are shown in Figure 3.11. The de-
sign of these structures (i.e. the position and length of the alkyl chain binding the HaloTag
substrate) was based on the developed acid functionalised FCR1 and NpFR1 that were
synthesised by Dr Liam Adair. To assess the properties and suitability of these sensors,

computational studies were employed.
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Figure 3.11: Proposed chemical structures of NpFR1-Tag and FCR1-Tag.

3.5 Determining solvation environment for calculations

Determining the appropriate dielectric constant for a given solvation environment is crucial
to accurately model the properties of the redox sensors when bound to the HaloTag sys-
tem. The dielectric constant of proteins is inconsistent depending on binding position and
ranges from 4 to 80. However, when performing calculations on molecules within protein
environments, dielectric constants ranging from 2 to 4 are typically used.?® It is important
to note that the dielectric constant of the protein environment is not always constant and
may vary depending on factors such as amino acid residue, and folding.?? For instance,
regions of the protein that are more exposed to the environment may have a dielectric con-
stant that is closer to that of pure water, while regions that are buried or surrounded by
other residues may have a lower dielectric constant. Therefore, it is important to consider

the relevant solvation environment when determining the appropriate dielectric constant for
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computational studies involving sensors in a protein environment.
To begin the computational studies, the solvation environments of NpFR1-Tag and

FCR1-Tag were first determined by performing molecular docking studies.

3.5.1 HaloTag docking

AutoDock4 was used to assess the docking conformation of FCR1-Tag and NpFR1-Tag
when bound to the HaloTag protein.??! The flexible side chain method was employed over
the two-point attractor method due to its better performance accuracy, in the manner de-
scribed by Bianco et al. In summary, protein crystal structure of ligand complexed HaloTag
was obtained from the protein data bank (PDBID 6U32) was chosen based on its overall
score. The protein structure was prepared by removing the complexed ligand and implicit
water molecules, and adding hydrogen atoms. FCR1-Tag or NpFR1-Tag structure files
were aligned within the binding pocket. AutoGrid4 software was used to generate calcula-
tion parameter files for the HaloTag-sensor complex, and AutoDock4 was used to optimise
ligand binding.

The docking studies reveal that the bound sensors sit well outside of the enzyme binding
pocket, and away from the protein surface (Figure 3.12). This indicates that the dielectric
constant of water, 78, is an appropriate estimate for modelling the fluorescent properties of

FCR1-Tag and NpFR1-Tag.
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NpFR1-Tag

Figure 3.12: FCR1-Tag and NpFR1-Tag docked within the Halotag enzyme as deter-

mined using Autodock4.

3.6 FRET efficiency studies on FCR1

Forster resonance energy transfer

Forster resonance energy transfer (FRET) describes energy transfer between two fluo-
rophores in a distance-dependent manner. This mechanism occurs when a donor fluorophore
in an excited state, transfers energy to an acceptor fluorophore in the ground state. This
induces excitation of the acceptor fluorophore, and non-radiative relaxation of the donor.
As such, only emission of the acceptor is observed (Figure 3.13).

It is important to note that this is not a form of radiative transfer and thus, FRET is not

the result of emission from the donor being absorbed by the acceptor. Rather, the process
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of energy transfer occurs via through-space dipole-dipole intermolecular coupling. As such,

the process of FRET can be thought of as an oscillating dipole that exchanges energy with

another oscillating dipole of similar resonance frequency. 292:293
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Figure 3.13: Jablonski diagram showing the process of FRET occurring as a non-radiative
transfer of energy from the excited donor to the acceptor, resulting in emission from the

acceptor alone, and return of the donor to the ground state.

FRET efficiency is determined by several factors including the distance between the
donor and acceptor fluorophores, relative orientation of donor and acceptor transition dipole
moments, and the extent of spectral overlap in the donor emission and acceptor absorption

spectra Figure 3.14).2%4

Intensity

Wavelength

Figure 3.14: Simulated example of spectral overlap between two fluorophores. Donor ab-
sorbance and emission, and acceptor absorbance and emission are shown in purple, blue,

green and orange respectively.

FCR1 was reported by Kaur et al. as a FRET based redox sensor.??> The probe

is designed to contain a coumarin-based non-redox-responsive sensor in combination with
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the redox-responsive flavin moiety. The two fluorophores are tethered by a cyclohexane
linker allowing FRET to occur at the fixed distance (Figure 3.15). When exposed to a
reducing environment, the flavin moiety undergoes a 2e~ reduction, causing it to adopt a
bent conformation, and lose its fluorescence capabilities. In this state, the flavin moiety is
no longer able to act as a FRET acceptor and fluorescence is emitted from the coumarin at a
different wavelength. Upon reoxidation, the flavin returns to its fluorescent state and FRET
is restored. This oxidation and reduction process can occur over multiple cycles, allowing
FCR1 to monitor transient changes in the redox environment. FCRI1 is a non-specific
redox sensor and is capable of measuring the overall redox state of its environment.

The change in the ratio of fluorescence intensities between two emission wavelengths
upon sensing changes is known as ratiometricity. Ratiometric sensors offer several advan-
tages over intensity-based sensors. They have an internal reference for self-calibration be-
cause they use the ratio of two fluorescent signals. This reduces the impact of experimental
variability such as sensor concentration. As such, ratiometric sensors offer a more reliable

and accurate tool for measuring biological processes.
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Figure 3.15: Chemical structure of FCR1 in the oxidised and reduced forms highlighting
the effect of FRET between the donor, coumarin, and the acceptor, flavin, and the effect

on its fluorescence output.
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The development of FRET-based probes is not straightforward, given the number of
variables needed to ensure efficient energy transfer. In this section, these variables will
be assessed for the FCR1, using a combination of experimental and quantum chemical
methods. This will aid in understanding and potentially improving the structure of this

FRET probe.

3.6.1 FRET efficiency calculations

FRET efficiency (E) is the probability of an energy transfer event occurring per donor

excitation event and is defined by equation 3.1.

1
E=——+— (3.1)
L+ (75)°
where R is the distance between the centres of the donor and acceptor, and Ry is the

distance at which £ = 0.5 (also known as the Forster radius). Ry is defined by equation

3.2.

Ro = 0.211[J(\)x2n~4®p]? (3.2)

where ®p is the quantum yield of the donor fluorophore and n is the refractive index of

the medium. J(A) is the spectral overlap integral over all A as given in equation 3.3.

TN = /O T In(V)ea(M)N4dA (3.3)

Where Ip is the normalised emission spectrum of the donor, €4 is the molar extinction

2

spectrum of the acceptor, and A is the wavelength. k° is the orientation factor given in

equation 3.4.

K2 = (cosOp — 30039[)0059,4)2 (3.4)

where 04 and 0p are the angles of the acceptor’s absorbance and donor’ emission tran-
sition dipole moments vs distance axis, respectively and 67 is the angle between these

transition dipole moments.
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3.6.2 Calculating the spectral overlap integral, J

To begin, the experimental spectral overlap of the donor, coumarin, and acceptor, flavin, was
calculated. To do this, the absorbance and emission spectra of the independent fluorophores
were measured in water. 7-Diethylamino coumarin and N-ethyl flavin were used for the
measurement. The spectra show that there is indeed a good overlap between the emission

spectrum of coumarin and the absorbance spectrum of flavin (Figure 3.16).
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Figure 3.16: Normalised absorbance (dashed) and emission (solid) spectra of N-ethyl flavin
(green) and 7-diethylamino coumarin (blue), respectively. Spectra were taken in MilliQ)

water. Red highlight indicates region of overlap.

In order to calculate the spectral overlap, J, the absorption spectrum of the acceptor,
flavin, was converted to be expressed in units of M~lem ™" vs A. To do this, the extinction
coefficient at the maximally absorbing wavelength was calculated using the Beer-Lambert
law. The N-ethyl flavin absorbance spectrum was measured at a concentration of 0.100
mM. At this concentration, the maximum absorbance value of 0.868 au was found to be at
433 nm (Figure S1). Therefore, with a path length of 1.00 cm the extinction coefficient was
calculated to be 8670 M~tem™!. This value was used to convert the absorption spectrum to
a plot of molar absorptivity. Next, the emission spectrum of the donor, coumarin, was nor-
malised to the highest peak value. From here, the integral was calculated over wavelengths
ranging from 380 to 600 nm. While the integral is defined from 0 - oo, the spectral overlap

below 380 and above 600 nm is negligible and was therefore estimated to be zero. This gave
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the final spectral overlap integral value of 1.02 x 10'* nm*M~tem™!.

3.6.3 Calculating the inter-chromophore distance, R

Herein, the required values were determined computationally. Firstly, the minimised geom-
etry of FCR1 was calculated. In order to speed up the calculations, ethyl groups on the
coumarin and flavin were simplified to methyl groups (Figure 3.17). Because these groups
do not contribute to the conjugation, they do not have a significant effect on fluorescence

behaviour. No other simplifications to the structure were made.
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Figure 3.17: Structure simplification for FCR1 calculations.

In order to find a minimum geometry, multiple starting geometries must be considered
to sample positions along the potential energy surface. A Python script that samples by
altering multiple dihedral angles was created, and used to generate 124 starting geometries.
The feasibility of each structure was assessed and 16 were determined to be chemically
invalid. The remaining structures were optimised using B3LYP/6-31G* level of theory
that is very commonly used for the optimisation of small organic molecules.??62%8 At first,
the optimisations were performed in the gas phase due to the large number of files, in
order to reduce computational time. Once calculated, the lowest 10 conformations from
the gas phase were re-optimised in water using the conductor-like polarisable continuum
model (CPCM) to emulate protein binding conditions.?? The lowest energy conformer was
subjected to a frequency analysis to confirm that the structure was at a minimum on the

potential energy surface, but was found to have 3 imaginary frequencies with amplitudes of
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51.92, 45.13, and 25.49, indicating that the geometry is not at a minimum. Therefore, the
lowest energy conformer geometry was further refined using a finer quadrature grid (17,674
vs 3,816 number of grid points). The frequency was then computed again, and 0 imaginary
frequencies were found. Thus, the lowest energy geometry of FCR1 in water was found.
The distance between the coumarin and flavin was determined by averaging the coordi-
nates of each chromophore to find the mid-points. From this, distance between the donor

and acceptor, R, was found to be 16.62 A (Figure 3.18).

Figure 3.18: Inter-chromophore distance from optimised geometry of FCR1.

3.6.4 Calculating the orientation factor, x>

The orientation factor, x? is dependent on the angles between the donor’s excitation, and
acceptor’s ground transition dipole moments (Figure 3.19). This value can range from 0
when the transition dipole moment vectors are perpendicular, to 4 when they are parallel.

If the two fluorophores were unbound, and free to undergo isotropic reorientation in a
time-frame less than that of the donor’s excited state lifetime, the value can be approximated
as k2 = 2/3.1300 However, in the case of FCR1, the two fluorophores are bound by a rigid
linker, and hence do not have freedom of reorientation. As such, x? cannot be assumed to

be 2/3. Therefore, k2 of the fluorophores in FCR1 were determined computationally.
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Figure 3.19: Angles between the donor excited transition dipole moment (blue arrow),
the acceptor transition dipole moment (green arrow) with respect to the axis of the inter-

fluorophore distance (R)

Firstly, the transition dipole moments of the individual chromophores were calculated.
To do this, each chromophore was separated from the optimised FCR1 structure for inde-
pendent calculations. The point of separation was determined to be one carbon from the
last atom involved in the choromophores’ conjugation to ensure the entire structure involved
in fluorescence was included in the calculation.

For these calculations, M11/6-31+G* level of theory was employed as it has been bench-
marked against a number of conjugated systems, including fluorophores like coumarin, and
was shown to calculate transition dipole moments of various excited states with the lowest
angle of deviation.30!

As stated previously, the calculation of the orientation factor angles is based on the
transition dipole moment of the ground state for the acceptor, and excited state for the
donor. Thus, for the donor coumarin, TD-DFT was employed to find the most significant

excited state. These calculations showed that the first excited state had the most significant

intensity. (Table 3.1).
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Table 3.1: Vertical excitation energies of various singlet excited states of coumarin.

Sn Energy (eV) Strength
1 3.82 1.04

2 4.11 0.00

3 4.75 0.04

4 5.15 0.03

5 5.22 0.00

Therefore, geometry optimisation of this first singlet excited state was carried out, after
which TD-DFT was performed to calculate the transition dipole moment of this excited
state. The transition dipole moment of flavin at the ground state was then calculated
(Table 3.2). Ideally, these transition dipole moments should have large vectors in the same
direction, which is favourable for the dipole-dipole interaction. The largest transition dipole
moment vector is in the X-direction for both coumarin and flavin. The transition dipole

moments are shown visually (Figure 3.20).

Table 3.2: Transition dipole moment vectors of flavin and coumarin calculated with M11/6-

31+G* level of theory

X Y 7

Coumarin (Emission) -3.513 -0.680 0.679
Flavin (Absorbance) -1.946 1.098 -0.874
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Side-view

Figure 3.20: Transition dipole moments (blue arrow) of the isolated coumarin- and flavin-
based chromophores independently (separated at 1 carbon beyond the last atom involved
in the chromophores’ conjugation) and when bound by the cyclohexane linker as calculated

using M11/6-31+G* level of theory.

To calculate x2, the angles between the transition dipoles and the distance axis were
determined. Firstly, the vector of the distance axis was calculated by using the three-
dimensional coordinates of the chromophore centre points, which was determined in section
3.6.3. Next, the magnitude of each vector was calculated - that is, the transition dipole
moment vectors and the distance axis vectors. From here, the angle was determined by

employing a rearranged dot product of two vectors (Table 3.3). As such, x? was calculated
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using equation 3.4 to give a value of 3.136, indicating excellent overlap.

Table 3.3: Calculated angles between the transition dipole moments of the specified angles.

Angle (°)  Angle (rad)

fp 16.91 0.295
04 32.43 0.566
Or 49.33 0.861

3.6.5 Calculating the Forster radius, R,

The Forster radius, Ry, is the donor-acceptor distance at which half the energy of the donor
is transmitted by energy transfer, and the other half decays by usual radiative and/or non-
radiative pathways. More simply, Ry is the distance at which £ = 0.5. At distances below
Ry, the FRET efficiency rapidly moves toward 100%, while the converse is true for distances

above Ry (Figure 3.21).
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Figure 3.21: Distance dependence of FRET efficiency, E.

The Forster radius of FCR1 was calculated according to equation 3.2, using a ®p value
of 0.219.392 The refractive index value, n, was 1.33 which is the refractive index of water.
From these values and the values calculated in the previous sections, the Ry of FCR1 was

calculated to be 35.44 A.
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3.6.6 Calculating FRET efficiency, E

With the values R and Ry in hand, the FRET efficiency, E (equation 3.1) , of FCR1 in
water was calculated to be 98.95%. This indicates that when bound to the HaloTag enzyme,
FCR1 should exhibit excellent transfer of donor energy to the acceptor, making it an ideal

sensor for this application.

3.6.7 Designing future FRET systems

At first, it may be tempting to assume that FRET probes should be synthesised to have
the shortest donor-acceptor distances possible in order to maximise FRET efficiency (Fig-
ure 3.19). However, at distances less than 10 A other energy transfer mechanisms, such as
Dexter energy transfer (DET), become competing factors. DET is considered to be a fluo-
rescence quenching mechanism. Like FRET, DET is a distance dependant energy transfer
mechanism, but unlike FRET, the rate of dexter energy transfer decays exponentially as
the distance increases. Also unlike FRET, DET is an electron exchange interaction that
requires overlap of the donor and acceptors molecular orbitals. As such, DET becomes near
negligible at distances >10 A. The inter-chromophore distance in FCR1 is around 17 A,
which sits well outside of the significant DET distance range. Previous iterations of FCR1
design, FCR1B were suggested based on a triazole linker (Figure 3.22), which would result
in a decreased interchromophore distance (Amandeep Kaur, PhD thesis). However, due
to synthetic difficulty with the click reaction, the cyclohexane linker design was pursued

resulting in the final design of FCR1.

Figure 3.22: Structure of potential FCR1B using a triazole linker.

To test the feasibility of triazole linker for this FRET system, geometry optimisa-
tions were ensued in the same manner as performed for FCR1 (Figure 3.23). The inter-

chromophore distance was calculated as 10.39 A. This may have resulted in a greater FRET
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efficiency value, but this value is too close to the DET range, resulting in reduced FRET

efficiency and inaccurate sensing.

Figure 3.23: Optimised structure of FCR1 with triazole linker.

Given the incidental nature of the FCR1 design, this highlights the importance of
molecular design and testing through computational chemistry. Even minor changes in
molecular design can have a significant impact on the overall function of the molecule, and

computational tools can help predict, and optimise these properties.

3.7 Benchmarking studies on a novel naphthalimide-flavin

derivative

In computational chemistry, benchmarking refers to the process of evaluating the accuracy,
and reliability of a computational method for a particular application. The benchmark-
ing process can involve comparing the results of a given method to experimental data, to
other computational methods, or to both. In computational chemistry, various properties
of molecular systems can be calculated, such as energy levels, bond lengths and angles,
vibrational frequencies, excitation energies, and more. The results of method benchmarking
studies are often used to guide the development of new computational chemistry methods,
or to optimise existing methods for specific applications. In this section, benchmarking of

various methods for the evaluation of the excitation energies of NpFR1 will be performed.
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3.7.1 NpFR1

In 2014, Yeow et al. designed and developed a redox sensor based on the reversible redox
response of the flavin moiety. The fluorescent scaffold was based on the fusion of a 1,8-
naphthalimide and a flavin to form the novel derivative, NpFR1 (Figure 3.25). This sensor
exhibits a 125-fold increase in fluorescence signal in an oxidising environment, and near-zero
fluorescence in a reducing environment. The redox mechanism of this sensor is based on the
flavin moiety, making it reversible over many cycles. NpFR1 is a redox sensor that is not

specific to a particular ROS, and can measure the overall redox state of its environment.

o
N
OO ) X
N\
: ITI N/go
HN R

R

Naphthalimide Flavin

(0] (@]
Y Y ﬁ
) “HW

NpFR1

Figure 3.24: Chemical structures of the naphthalimide and flavin cores, and the novel

derivative NpFR1.

The absorption spectrum of NpFR1 contains four excitation transitions including a
shoulder peak. To obtain more accurate values, a Gaussian fit was applied to each peak
(Figure S2). By fitting a Gaussian curve to the peak, the true maximum can be calculated

with greater accuracy. The values are reported in Table 3.4.
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Figure 3.25: Normalised absorbance spectrum of NpFR1.

Table 3.4: Absorbance maxima of NpFR1 as determined by Gaussian fitting.

Transition no. Wavelegnth (nm) Energy (eV)

1 489 2.54
2 473 2.62
3 380 3.26
4 345 3.59

3.7.2 Choosing benchmarking methods

The two most important considerations when choosing an appropriate level of theory are
accuracy and computational cost. Accuracy determines how well the calculated results
match with what is seen experimentally. Because these methods are based on a range of
different approximations and assumptions, the accuracy and applicability of a given method
can vary depending on the type of calculation being performed. The cost of a calculation is
determined by many factors including molecule size, accuracy of the employed method, size
of the basis set, and the resources available to the computer performing these calculations,
such as memory and processing power. The more accurate the method employed, the more
computationally expensive, in that they require more resources and time to compute. In
general, it is important to choose a method that is suitable for the specific calculation goals,

while striking an appropriate balance between accuracy and cost.
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In the case on NpFRI1, which is a hybrid between two well known fluorophores with
differing fluorescence mechanisms, selecting a computation method will involve sampling
methods that have been established for both independent fluorophores. Previously, bench-
marking studies have been performed on the individual naphthalimide and flavin scaffolds.
These findings will inform the methods that will be used to benchmark NpFR1 as the elec-
tronics of this scaffold are most likely to resemble one, or both of the independent scaffolds.

In previous computational studies of the naphthalimide scaffold, time dependent density
functional theory (TD-DFT) was used to calculate the vertical excitation energies and fluo-
rescence of the system. TD-PBE(0/6-31+G* level of theory was employed for the calculations
the and polarisable continuum model (PCM) model was used to model solvent effects. This
yielded a mean absolute deviation of 0.13 eV for vertical excitation energies and 0.16 eV for
fluorescence, when using solvents such as hexane, DCM, ethanol, and acetonitrile. It was
discovered that the deviation was significantly larger for gas-phase calculations compared
to solvated ones, particularly for fluorescence, highlighting the importance of performing
calculations with solvent effects.303

In a separate study, TD-DFT was used to analyse the naphthalimide scaffold using the
PBEO method, and the accuracy of various Pople basis sets was evaluated. The smallest
basis sets (6-31G, 6-31G(d), and 6-31+G) were found to give more accurate results for
the first transition, but the correct excited-state nature was only obtained using the larger
6-314+-G(d) basis set, which resulted in energies 0.033 to 0.15 eV away from experimental
values. On the other hand, the 6-311++G(2d,2p) basis set gave results that were only 0.011
to 0.028 eV different from those obtained with the 6-31+G(d) basis set, but the calculation
took five times longer. Additionally, configuration interaction singles (CIS) and Hartree
Fock (HF) in conjunction with the 6-311++G™* basis set, were assessed and showed that
CIS lead to valid geometries, although the transition energies were much larger than the
experimental values. 304

The method used to obtain emission spectra for three 1,8-naphthalimide derivatives
involved two steps: 1) optimising the geometry of the first excited state using CIS with
the 6-31G** basis set, and 2) calculating vertical excitation energies using TD-B3LYP with
6-31G** and 6-3114++G** basis sets. The results from the CIS/6-31G** level of theory did

not agree with experimental results. On the other hand, the TD-DFT with B3LYP using
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the 6-31G** and 6-311++G** basis sets showed good agreement with the experimental
values. 305

In another study, TD-B3LYP method using the 6-31G* basis set was used to calculate
the excitation energy of a 1,8-naphthalimide. The calculations gave an excitation of 368 nm
compared to the experimental values of 432 nm, giving a difference of 0.50 eV. However, it is
noted that the calculations were performed in the gas state while the experimental spectra
were taken in water, so the effect of solvation was not considered, which may explain the
discrepancy. 306

In the case of flavin-based molecules, there are many studies that have assessed the
efficacy of various methods to calculate the excitation and emission energies. For example,
Neiss et al. compared the results of CIS and TD-DFT methods with those of a multireference
configuration interaction DFT method (DFT/MRCI) to calculate excitation and emission
energies of various flavin derivatives. In the case of lumiflavin, the results showed that the
CIS method consistently predicted larger excitation energies than the DFT-based methods,
which were in better agreement with experimental values. The energies calculated with
TD-B3LYP using either the 6-31G* or SV(P) basis sets gave very similar results. They also
showed that TD-B3LYP and DFT/MRCI using BHLYP gave results with deviations rarely
exceeding 0.2 eV.307

List et al. compared the performance of time-dependent density functional theory (TD-
DFT) with the CAM-B3LYP functional and the cc-pVDZ+ basis set to the approximate
coupled cluster singles and doubles (CC2) approach to model the excitation and emission
profile of flavin mononucleotide. They found that TD-CAM-B3LYP /cc-pVDZ slightly over-
estimates excitation energies when compared to CC2 results, with deviations ranging from
0.1 to 0.3 eV when a polarisable embedding scheme was employed to model an aqueous
environment. 308

There have also been some computational studies performed on the various redox states
of flavin. For example, Kabir et al. assessed the vertical excitation and emission profile
of flavin derviatives in 5 different redox states. They employed TD-DFT with B3LYP /cc-
pVTZ level of theory and the polarisable continuum model (PCM) to take into account
solvation effects. The results showed that the computed spectra were consistent with the

experimental spectra for the oxidised form of flavin and the le~! reduced radical forms, with
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an average energy difference of only 0.085 eV. However, the agreement was not as strong for
the neutral and anionic forms, with an average energy deviation of 0.16 eV.3%°

Another study assessed utility of various methods including B3LYP, PBE0, M06-2X,
MO06, CAM-B3LYP, and LC-PBE. They found that B3LYP yielded the smallest mean de-
viation in excitation energies, while M06-2X provided reasonable band shapes.>19

Based on the considerations mentioned above, several methods were selected for the
excited state calculations of NpFR1. For a rough estimation, the CIS and its perturbation
counterpart CIS(D) were chosen. The maximum overlap method (MOM) was selected for
the calculation of single transitions because of its accuracy with internal charge transfer
mechanism, which are inherent to naphthalimide scaffolds. Finally, TD-DFT was chosen

for its versatility. The specific functionals employed were selected from the predominating

literature benchmarking, including B3LYP, CAM-B3LYP, PBEO, and M06-2X.

3.7.3 Geometry optimisation of the ground state

To begin, the ground-state geometry of oxidised NpFR1 was calculated in its oxidised
form using B3LYP/6-31G* level of theory. This level of theory is commonly used in the
geometry optimisations of small organic molecules. Several initial geometries were explored
to survey the potential energy surface (PES). The lowest energy conformer was subjected to
a frequency analysis, which revealed no imaginary frequencies, signifying a minimum on the
PES. The result showed that NpFR1 has a planar structure and a extensive conjugated

electron system (Figure 3.26).
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Front-view Side-view

Figure 3.26: Optimised geometry of NpFR1 in its oxidised form calculated using B3LYP/6-

31G* level of theory showing the front and side views.

The highest occupied molecular orbital (HOMO) shows delocalised 7 orbitals across
the conjugated scaffold. Lone pairs are also seen on the oxygens at the imide positions of
both the napthalimide and flavin portion of the scaffold. Similarly, the lowest unoccupied
molecular orbital (LUMO) shows delocalised 7 orbitals across the scaffold and lone pairs on

the imide oxygens (Figure 3.27).
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HOMO LUMO

Figure 3.27: HOMO and LUMO orbitals of NpFR1 calculated at B3LYP /6-31G* level of

theory presented at +0.02 A isovalues.

3.7.4 Assessment of configuration interaction singles (CIS)

To start the investigation of excited states, the configuration interaction singles (CIS)
method was employed. The CIS method was selected as it is a simple, and "cheap" way of
computing excited states. This method is also known to provide acceptable results in cases
involving charge transfer mechanisms, which are characteristic of the napthalimide scaffold.
While the CIS method is a crude approximation, it serves as a useful starting point to pro-
vide quick and rough estimates of the excited states and their energies, which can then be
used to guide more sophisticated calculations.

The CIS method was used in this study to evaluate the performance of two Pople basis
sets, 6-31G* and 6-31+G*. Both basis sets are popular choices for molecular calculations.
6-31G* is a relatively small basis set that is commonly used in geometry calculations due
to its speed and accuracy. The * indicates the addition of polarisation on heavy atoms. In
some cases, this basis set is capable of accurately describing electronic transitions. On the
other hand, the 6-314+G* basis set, includes an added component, +, that indicates diffuse

functions. These diffuse functions are important for accurately describing electronic transi-
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tions because they account for the delocalised nature of electrons in excited states. While
this basis set is generally more accurate, calculations are more computationally expensive.

Additionally, the CIS method was utilised to evaluate the impact of solvation on elec-
tronic transitions. As such, both gas phase and aqueous transitions were calculated. The
CPCM model was selected as the solvation model, and the excitation energies were calcu-
lated in water. CPCM is a commonly used solvation model that considers the solvent as
a continuous dielectric medium surrounding the molecule. The results are summarised in

(Table 3.5).

Table 3.5: Vertical excitation parameters of NpFR1 calculated using CIS with 6-31G* or

6-31+G* basis sets in either the gas state, or solvated in water.

Basis Set Energy (V) A (nm) Strength Transition

4.16 298 0.382 HOMO - LUMO
6-31G* (Gas) 4.59 270 0.438  HOMO - LUMO+1
5.06 245 0.971 HOMO-1 - LUMO

4.10 303 0.381 HOMO - LUMO
6-31+G* (Gas) 453 274 0.463  HOMO - LUMO+1
4.98 249 0.956 HOMO-1 - LUMO

4.07 305 0.682 HOMO - LUMO
6-31G* (Water) 4.52 275 0.514  HOMO - LUMO+1
4.98 249 0.905 HOMO-1 - LUMO

4.01 309 0.707 HOMO - LUMO
6-31-+G* (Water) 4.44 279 0.530  HOMO - LUMO+1
4.89 254 0.832 HOMO-1 - LUMO

From these calculations, it can be seen that the CIS method consistently overestimates
the transition energies compared to experimental values. For all calculations, the orbitals
involved in the most significant transitions are HOMO - LUMO, HOMO - LUMO+1, and
HOMO-1 - LUMO.
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Comparing the transition energies of the two basis sets in the gas phase, it was found
that the 6-31+G* basis set generally yields lower, and thus more accurate transition energies
when compared to the the experimental values. However, the strengths of the transitions are
relatively similar between both basis sets. When the modelled in an aqueous environment,
both basis sets calculate lower energies for the electronic transitions compared to the gas
phase results. The strengths of the transitions also differ from those in the gas phase. The
HOMO - LUMO transition in the aqueous calculations gave a higher oscillator strength,
indicating higher transition probability when compared to the gas phase. This is in better
agreement with the intensities of the peaks of the experimental spectrum.

As a result, it was determined that the inclusion of diffuse functions is important in
improving the overestimation of excitation energies. The impact of solvent effects on oscil-
lator strengths was also found to be significant. As a result, subsequent calculations were

performed using a basis set of at least 6-314+G* in an aqueous environment.

3.7.5 Assessment of configuration interaction with single and double CIS(D)

Next, calculations were performed using the configuration interaction singles and doubles
(CIS(D)) method. CIS(D) is a perturbative doubles correction to the uncorrelated CIS
method. Correlated methods are generally more accurate due to their consideration of elec-
tron correlations. However, modelling these effects may not always have a significant effect
on the calculated results of certain systems. If they are significant, it is important to select
methods that include correlation effects to ensure this effect is calculated accurately. There-
fore, CIS(D) was used to assess the effect of correlation on the excited-state calculations
of NpFR1. The calculations were carried out using the 6-314+G* basis set in an aqueous
environment.

The calculations using CIS(D) yielded almost no improvement over CIS (Table 3.6). The
lack of difference between these methods suggests that correlated effects are not important

for the study of NpFR1.
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Table 3.6: Vertical excitation parameters of NpFR1 calculated using CIS(D) with 6-31+G*

basis sets in either the gas state, or solvated in water.

Basis Set Energy (¢V) A (nm) Strength Transition
4.10 303 0.382 HOMO - LUMO
6-31+G* (Gas) 453 274 0463  HOMO - LUMO+1
4.98 249 0.956 HOMO-1 - LUMO
4.01 300 0707  HOMO - LUMO
6-31+G* (water) 4.44 279 0.530  HOMO - LUMO+1
4.89 254 0.833 HOMO-1 - LUMO

3.7.6 Assessment of time-dependent density functional theory

Time-dependent density functional theory (TD-DFT) is a time-dependent density functional
theory method that can be used to calculate transition energies. TD-DFT is a good method
to use for electronic transitions that can be described by single excitations, such as those
involving the promotion of a single electron from a occupied molecular orbital to an unoc-
cupied orbital. However, TD-DFT can have limitations for more complex systems, such as
those that involve multiple excitations or electron transfer processes.

The methods chosen for TD-DFT studies were as follows: B3LYP, a hybrid functional
with Becke 1988 exchange functional and Lee, Yang and Parr correlation functional; PBEO,
hybrid generalised gradient functional combines the Perdew-Burke-Ernzerhof functional
with a proportion of the exact Hartree-Fock exchange; CAM-B3LYP, a hybrid funcational
that combines the properties BSLYP and the long-range correction, Coulomb-attenuating
method (CAM); and M06-2X, that combines Becke 2006 exchange functional and the M06
correlation functional with a long-range correction term. All calculations assessing these
four methods used the 6-31+G* basis set, and in aqueous solvent using the CPCM method
(Table 3.7).
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Table 3.7: Vertical excitation parameters of NpFR1 calculated using TD-DFT with the

specified method and the 6-31+G* basis sets, solvated in water.

Method Energy (eV) A (nm) Strength Transition

2.87 432 0.338 HOMO - LUMO
B3LYP 3.29 377 0.227 HOMO - LUMO+1
3.66 339 0.799  HOMO-1 - LUMO

2.98 416 0.376 HOMO - LUMO
PBEO 3.41 364 0.273 HOMO - LUMO+1
3.80 327 0.823 HOMO-1 - LUMO

3.26 380 0.552 HOMO - LUMO
CAM-B3LYP 3.77 329 0.417 HOMO - LUMO+1
4.14 299 0.772 HOMO-1 - LUMO

3.29 377 0.536 HOMO - LUMO
MO06-2X 3.77 329 0.386 HOMO - LUMO+1
4.20 295 0.758  HOMO-1 - LUMO

The results show that the orbitals involved in these transitions are consistent between
all the functionals, and with the previously determined CIS and CIS(D) methods.

The long-range corrected functionals M06-2X and CAM-B3LYP have a similar approach
to predicting the transition intensities. Both of these functionals show a higher strength
for the first and second transitions, compared to what is given by the B3LYP and PBEO
functionals. The difference in prediction may be due to the fact that long-range corrected
functionals account for the effect of long-range interactions on the electron transition, which
is not considered in BSLYP and PBEOQ.

In the comparison of the transition energies, it can be seen that the M06-2X functional
had the largest overestimation of energies when compared to the experimental results. The
CAM-B3LYP functional also overestimates the transition energies, although to a lesser
extent than M06-2X. On the other hand, BSLYP and PBEO performed relatively similarly

in terms of transition strength. However, BSLYP had the least overestimated transition
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energies compared to the experimental results. The differences in energy between the B3LYP
transitions and the experimental values is relatively small, with a difference of 0.25 eV for
the first transition, 0.026 eV for the second transition, and 0.063 eV for the third transition.
This indicates that of the four functionals assessed, the B3LYP method is most suited to
studying the vertical transition energies of NpFR1.

Next, to determine the effect of using a triple zeta basis set on the accuracy of the
calculations, two basis sets were selected for comparison: 6-3114++G** and aug-cc-PVTZ.
In a triple zeta basis set, the valence orbitals are treated with three sets of Gaussian functions
instead of the two sets in a double zeta basis set, like 6-31+G*. Both basis sets include
polarisation and diffuse functions, which allow for the treatment of more diffuse electronic
states, which are important for describing excited states. The +- in this case indicates
diffuse functions on both heavy atoms and hydrogen included. Additionally, the ** indicates
polarisation on both heavy atoms and hydrogens. These parameters were selected to get a
closer comparison to the "aug" function on the cc-PVTZ basis set which indicates diffuse
function on all atoms, in addition to the inherent polarisation on all atoms of this basis
set. The selected basis sets differ in terms of the number of basis functions, with aug-cc-
PVTZ having a greater number per atom when compared to 6-3114+4+G*. However, it is
important to note that using a larger basis set can also increase the computational cost of
the calculations. Both calculations were performed using the BSLYP method in aqueous

solvent using the CPCM method (Table 3.8).

Table 3.8: TD-DFT calculations using the BSLYP method and the specified triple zeta basis

sets.
Method Time Energy (¢V) A (nm) Strength Transition

2.87 432 0.334 HOMO - LUMO

6-311++G**  0d 6h 3.26 378 0.217 HOMO - LUMO+1
3.64 339 0.809 HOMO-1 - LUMO
2.85 436 0.327 HOMO - LUMO

aug-cc-PVTZ  8d 2h 3.26 380 0.219 HOMO - LUMO+1
3.64 341 0.808 HOMO-1 - LUMO
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The results indicate that the two basis sets produce comparable excitation energies for
all three excited states. Additionally, the similar oscillator strengths suggest that the like-
lihood of electronic transition is consistent between the basis sets. Overall, the outcomes
suggest that the using a larger triple zeta basis set does not significantly impact the accuracy
of the predicted excitation energies. It is important to note, that the TD-DFT calculation
using the aug-cc-PVTZ basis set took significantly longer to complete (>8 days) in com-
parison to the calculation utilising the 6-311++G** basis set (6 hours). Considering the
significantly greater computational time required for the aug-cc-PVTZ basis set, and the
minor improvement in accuracy, it was not considered to be worth the additional time, and
resources. Also of note, despite the larger size and the inclusion of additional functions such
as diffuse, and polarisation functions on the hydrogens, the 6-311++G** basis set did not
lead to a significant improvement over the smaller double zeta 6-314+G* basis set.

Based on the results of these calculations, BSLYP /6-314+G* level of theory was deemed
the most appropriate for vertical excited state descriptions for NpFR1. Among the various
methods compared, B3LYP was found to give the least overestimation of vertical excitation
energies, while the 6-314G* basis set demonstrated an excellent balance between accuracy

and computational cost when compared to other basis sets.

3.7.7 Asessment of the maximum overlap method

The maximum overlap method (MOM) is an alternative method to CIS and TD-DFT for
calculating excited states. In MOM calculations, the orbitals involved in the transition are
manually selected, and the specified occupancy is maintained throughout the calculation.
MOM is particularly effective for calculating excited states that involve electron transfer,
such as internal charge transfer. This makes MOM well-suited for calculating excited states
of molecules that exhibit internal charge transfer such as naphthalimides - assuming the
fluorecence mechanism of NpFR1 resembles that of a naphthalimide.

In order to sample multiple transitions of interest, a python script was created to gen-
erate files specifying orbital overlaps sequentially between orbital HOMO—3 to HOMO+3.
These orbitals were identified as significant transitions from the previous CIS and TD-DFT

calculations. For the calculations, BSLYP/6-314+G* level of theory was employed based on
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it having the highest accuracy in TD-DFT calculations. Aqueous solvent was used by utilis-
ing the CPCM model. Of all the calculations performed, the ones with the most significant

strength have been reported (Table 3.9).

Table 3.9: MOM with significant strengths in order of energy using B3LYP 6-314+G* in

CPCM
Orbitals Energy (V) A (nm) Strength
HOMO-1 - LUMO+3 4.53 274 0.244
HOMO-1 - LUMO+2 4.26 291 0.556
HOMO - LUMO+2 4.26 291 0.570
HOMO-2 - LUMO+1 3.25 382 0.371
HOMO - LUMO+3 2.32 535 0.419

The significant transitions found in the CIS and TD-DFT, namely the HOMO - LUMO,
HOMO - LUMO+1, and HOMO-1 - LUMO transitions all collapsed back to the initial
state when using the MOM method (Table S1). There are a few reasons why this might
occur. One potential explanation is a small energy gap between the orbitals, but this
does not seem to be the case here as the energy gaps between the relevant orbitals are
approximately 3-4 eV , which is not considered a small gap in energy. Another possible
reason for the collapse is an inaccurate descriptions of the orbitals. This can happen when
the orbitals are not well-described by the basis set used in the calculation, or when the
approximations made by the method are not suitable for the electronic structure of the
molecule. This can be addressed by redefining orbitals using a larger basis set, but these
calculations can become computationally expensive. Additionally, most previous studies
have identified 6-31+G* as a sufficient basis set for excited state descriptions. Lastly,
the collapse can also occur due to the use of a small quadrature grid. In this case, the
calculations were performed using standard grid SG-0 which uses 3,816 points.3'" This
could be remedied by utilising a larger grid, such as SG-3 which uses 17,674 points, allowing
for diffuse densities to be more accurately integrated.3'? As such, MOM calculations for

the significant transitions was re-calculated using the finer grid setting. However, this did

112



not resolve the problem, as the transitions still collapsed back to the ground state, as
indicated by an overlap value of 1.(Table 3.10). Therefore, a variation of MOM, initial
maximum overlap method (IMOM) was employed. This method has been shown to provide
more reliable convergence for more difficult calculations that may involve charge-transfer
mechanisms. However, this too resulted in collapsing states. As such, MOM was considered

inappropriate for the calculation of excitation energies for the NpFR1 scaffold.

Table 3.10: Overlap of significant transitions calculated using MOM and the SG-3 grid.

IMOM calculations yielded the same results.

Transition Orbital Overlap
HOMO - LUMO 1.00
HOMO - LUMO+1 1.00
HOMO-1 - LUMO 1.00

From these results, TD-B3LYP/6-31+G™* was comcluded to be the most accurate de-

scriptor of NpFR1 excitation transitions from all the methods tested.

3.8 Conclusions

Previous work highlighted the utility of a protein targeted redox sensor in revealing a pre-
vious undiscovered mechanism for copper homeostasis at CTR1. As such, the development
of new and improved redox sensors for use with the HaloTag system was desired. Two
fluorescent sensors, FCR1 and NpFR1 were selected as sensors of interest on which to
perform computational studies to assess and develop methods to assess the suitability of
these sensors for measuring the redox state with the HaloTag system.

Molecular docking studies using AutoDock4 revealed that the HaloTag-bound sensors sit
well outside of the binding pocket, indicating that an aqueous solvated environment would
be appropriate for the assessment of the sensors.

For FCR1, the FRET efficiency was calculated by using a combination of experimental
and computational results. Experimental spectra were used to calculate the spectral over-

lap integral, while the rest of the calculations were obtained from computational results.
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Geometry optimisations revealed the inter-chromophore distance between the donor and
acceptor. The transition dipole moments of flavin in the ground state, and coumarin in the
first excited state were determined using TD-M11/6-314G*. The orientation factor was
calculated using these values, which revealed an excellent overlap between the transition
dipole moments. From these calculations, the FRET efficiency of FCR1 was calculated
to be 98.95%, indicating excellent energy transfer between the coumarin donor and flavin
acceptor. This revealed that FCR1 should exhibit excellent fluorescent properties when
utilised as a label for the HaloTag enzyme, allowing ratiometric redox measurements to be
performed at a protein of interest with great accuracy.

The computational vertical excitation energies of NpFR1, a novel redox active scaffold,
were compared to experimental values to assess the accuracy of the computational method
used. Due to the novelty of this scaffold, there is not yet a consensus on the most accurate
method for calculating its excitation properties. CIS provided crude results revealing the
most significant orbitals involved in the transitions but highly overestimated the transition
energies. CIS(D) did not provide any improvement over CIS. TD-DFT proved to show the
most consistently accurate results and indicated that the B3LYP functional in combination
with the 6-31-+G* basis set provided the best balance of accuracy and computational cost

for describing excited energies of the novel scaffold, NpFR1
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Chapter 4

Fluorescent method to determine

peptide-receptor binding in vitro

4.1 Overview

One of the main goals in medicinal research is to maximise the safety and efficacy of drug
therapy. In recent years, there has been an increasing interest in the use of peptides as
therapeutics due to their high selectivity and low toxicity. However, identifying new peptide
receptor targets is a challenging task, and traditional methods such as ligand binding assays
can be time-consuming and resource-intensive. This chapter will outline and investigate
a proposed ligand-receptor binding assay that utilises fluorescence to enable sensitive, and

rapid detection of peptide-receptor interactions.

4.1.1 Cell receptors in health and disease

Cell receptors are responsible for recognising and responding to extracellular communication
signals. They can be found on the cell surface (membrane-bound) or within the cytoplasm
(soluble). Signalling molecules including cytokines, hormones, neurotransmitters, peptides
and other ligands, bind to these receptors and induce a conformational change which triggers
a signalling cascade in the cell. Due to the large variety of signalling molecules, cells must
express a large diversity of receptors which respond to a specific ligand.?!3

In certain diseases, cell receptor expression or structure can vary from the normal state.

This includes changes in the number of certain receptors expressed or a mutation of receptors
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which inhibits normal function (Figure 4.1).3'% These unique receptor characteristics in

diseases can be exploited to develop targeted therapeutic or diagnostic agents.

Overexpressed Mutated

Figure 4.1: Varied receptor expression in healthy vs diseased cells

4.1.2 Peptides as targeting agents

During the 1980s, significant research was carried out to investigate the use of peptides as
targeted clinical agents. For example, one of the first peptide therapeutics, Leuprorelin, was
launched onto the market in 1984. Peptide-based targeting agents are significantly smaller
in size and mass than antibodies (Figure 4.2). They have been used both as therapeutic

agents, as well as delivery agents.

Peptides offer several benefits over antibodies as clinical agents. Their smaller size offers
a significant advantage in overcoming tumour penetration problems faced by the larger anti-
bodies. The greater degree of synthetic flexibility of peptides allows for easy conjugation to
a variety of chemical moieties such as small molecule drugs, transition metals, nanoparticles,
diagnostic agents, and fluorophores. 3731 Peptides also have a lower potential for generat-
ing an immunogenic response, providing they do not contain an immunogenic sequence. 320

Additionally, compared to antibodies, peptides have a higher activity per gram. Combined

with considerable developments in the process of manufacturing, peptides therefore have a
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Herceptin Octreotide Ibuprofen
146 kDa 1.02 kDa 0.205 kDa

Figure 4.2: Size comparison of: Herceptin, an antibody-based drug; Octreotide, a peptide-

based drug; and Ibuprofen, a small molecule drug (not shown to scale).

greater cost efficiency than antibodies. 32!

While peptides are advantageous in comparison to antibodies, they too have some limi-
tations. Many natural peptides are prone to enzymatic degradation in serum which reduces
their half life and thus, their bioavailability. To address this, peptides can be syntheti-
cally modified in order to reduce their proteolytic susceptibility. For example, proteolysis is
known to occur at both the N and C termini, and modifications such as N-acetylation and
C-amidation have been shown to reduce a peptide’s proteolytic susceptibility.32? The use of
unnatural D-amino acids has also been reported to reduce a peptide’s affinity for proteolytic
enzymes. 3> Resistance to proteolysis can also be achieved through peptide cyclisation. 324
Peptides can be cyclised head to tail, head to side chain, or side chain to side chain. While

these modifications can enhance stability, it is important to ensure that these changes do

not affect the peptide’s interaction with the target receptor.

4.1.3 Novel fluorescent methods

Identification and determination of protein-receptor interactions is the most important step
in the development of peptide-based targets. Having a reliable and efficient method to
assess these interactions can greatly accelerate the process of identifying novel peptides or

modified peptides that have potential for clinical use. This can help to quickly identify lead
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compounds for further optimisation and development Some fluorescent peptide-receptor
detection methods have been reported.

In 2010, Ahmed et al. developed a peptide-whole cell screening assay by synthesising
a library of 70 peptides on a cellulose membrane. The peptides were synthesised based on
pl60, a cancer targeting peptide. MDA-MB0435 and MCF-7 human cancer cell lines were
allowed to adhere to the peptides. Cellular binding was determined using a fluorescent dye,
CyQUANT, which detects cells. Three peptides were found to have an affinity of up to
3-fold higher then p160 for the tested cell lines.?2> This array based binding assay is useful
for screening a library of peptides. However, live-cell binding studies, such as microscopy,
are not possible on the cellulose membrane.

In 2012, Frei et al. described this ligand-based receptor capture (LRP) technology to
identify ligand-receptor interactions in live cells and tissues. They developed a chemical
reagent with 3 moieties termed TRIPCEPS, that contained a group to bind glycolysated
receptors, an amino-binding group, and a biotin tag to purify and identify the peptide re-
ceptor.326 While this method is useful for identifying important receptors, it lacks a reporter
group and therefore cannot be used to visualise the ligand-receptor interaction in vitro. This
system is also limited to only glycoprotein receptors.

In 2013, Zhang et al. developed a bioluminescence based peptide-receptor binding assay
that was used to study the Insulin-like peptide 3 (INSL3) and relaxin family peptide recep-
tor 2 (RXFP2) interaction. A luciferase bioluminescent reporter, NanoLuc, was modified to

327 INSL3 was mutated to express an activated disul-

express a N-terminal cysteine residue.
fide bond to which the modified NanoLuc reporter was conjugated. The INSL3-NanoLuc
complex was shown to retain it’s high binding affinity to the RXFP2 receptor.3*® The use
of bioluminescence offers some advantages over radiolabelling such as higher sensitivity, im-
proved safety and a longer shelf life. However, the Nanoluc reporter requires recombinant

expression in FEscherichia coli cells and further purification. Thus, this technique is labour

intensive and inaccessible to the mainstream laboratory.

4.2 Aims

One of the main challenges in medicine is balancing drug efficacy with toxicity and poor

bioavailability. Targeted drug therapy has the potential to address these issues by delivering
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the therapeutic agent directly to the site of disease, minimising off-target effects. However,
advances in the field of targeted medicine rely heavily on the discovery of novel, diseases-
specific ligands. As such, the limiting factor in the successful development of these medicines
is the advancement of ligand-receptor detection technologies. As such, the aims of this
project were to design a fluorophore that can be incorporated into a peptide of interest
with a functionalisation that allows for easy detection/isolation, and prepare a fluorophore-

peptide conjugate.

4.3 Design and synthesis

4.3.1 Envisioned method of receptor discovery

A dual functionalised fluorescent sensor was designed with a solid-phase peptide synthesis-
compatible group that would allow it to be incorporated into a peptide of interest. The
fluorescent sensor would allow for the quick identification of peptide binding to a receptor.
Additionally, a second group with a pull-down partner on the fluorophore would allow for
easy isolation of the peptide-receptor complex for further investigation and characterisation

of the interaction (Figure 4.3).

Fluorophore

Pull-down
moiety

Peptide of
interest

Figure 4.3: Design of the dual-functional fluorescent probe with the ability to be incorpo-
rated into the peptide of interest (blue chain) as well as containing a pull-down partner (red

arrow).

For the process envisioned, the peptide-bound sensor would be incubated with the cell
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line of interest. Binding can then be observed and confirmed through fluorescence analysis

of the cells by using a suitable method such as flow cytometry, or microscopy (Figure 4.4).

Incubate

No binding Binding
(no receptor) (receptor present)

Figure 4.4: After incubating with a cell line of interest, binding of the peptide of interest to

a cell line expressing a relevant receptor can be identified by the presence of fluorescence.

After binding between the peptide and receptor in the cell line is confirmed, a comple-
mentary pull-down partner can be attached to solid supports such as magnetic beads. This
pull-down partner selectively binds to the fluorescently-labelled peptide-receptor complex.
After binding to the magnetic beads, unbound contents are washed away. Depending on the
nature of the peptide-receptor interaction, this will leave behind either the peptide alone
(reversible interaction), or the peptide-receptor complex (irreversible interaction). The iso-
lated peptide or complex can then be sent for further analysis, such as mass spectrometry,

to determine the nature of the peptide-receptor interaction (Figure 4.5).
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Isolate Wash

Figure 4.5: After identification of binding by fluorescence, the cell contents can be incubated
with pull-down-partner-decorated magnetic solid beads. The bound peptide can be isolated
using external magnets, after which unbound contents can be washed away to yield the

isolated peptide alone (not shown) or the peptide-receptor complex.

4.3.2 Probe design

The probe was designed such that in contains: a fluorescent core used for easy identification;
a carboxylic acid group as an attachment point that is compatible with solid phase peptide
synthesis (SPPS); and a biotin group as a pull-down partner to streptavidin decorated
magnetic beads.

A 4-amino-1,8-naphthalimide based core was chosen as the fluorescent scaffold. Naph-
thalimides are known for their high quantum yield, excellent photo-stability, and high Stokes’

shifts, making them an excellent choice for biological studies.3?® Additionally, naphthal-
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imides feature two positions available for functionalisation: the imide position, that was

functionalised with the carboxylic acid; and the 4 position, that was functionalised with the

o SPPS compatible
OH attachment point

Biotin group for
easy identification

Fluorescent
moiety |
O H, HN\(O
HN\/\ - NH

Figure 4.6: Chemical structure of the designed probe.

biotin group as shown in Figure 4.6.

The carboxylic acid moiety enables the conjugation of the molecule to either the N-
terminus or a lysine residue of a peptide. The choice attachment site should be determined
by the specific amino acids that are essential for receptor activity, and must be considered
carefully during the design phase of the peptide. This is crucial in ensuring that the peptide
retains its desired biological activity and properties after modification, and also in avoiding

any undesirable effects or interference with the receptor binding.

4.3.3 Synthesis

Synthesis of this probe began with the activation of the carboxylic acid of D-biotin wvia
esterification with N-hydroxy succinimide to give 28. This was achieved with the use
of dicyclohexylcarbodiimide (DCC) as a coupling reagent as shown in Scheme 4.1. This
activated ester will later be used to couple the biotin onto a free amine installed on the

naphthalimide scaffold.
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Scheme 4.1: Succinimidyl activation of biotin.

Initial attempts at synthesising the probe are outlined in Scheme 4.2. The amine handle
was arbitrarily installed at the imide position of the naphthalimide, as the position of the
handle is not expected to affect the sensors performance. The synthesis began with 4-bromo-
1,8-naphthalic anhydride as the starting material. The anhydride position was substituted
with mono-protected N-Boc-ethylenediamine to obtain 29. Subsequently, substitution of
the bromo position was carried out using 6-aminohexanoic acid via a copper(II)-catalyzed
SnAr reaction.?3Y However, this resulted in a mixture of products, possibly due to the
deprotection of the Boc-protected amine under high temperatures, and basic conditions,
leading to unwanted side reactions. As the reaction mixture was challenging to purify, an

alternative synthetic route was explored.

o
HzN\/\N)kO)<
H

EtOH,
reflux, 24 h

—_—

Br

TFA (neat)

K,CO3, CuSO,
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EtOH, o) N 0
reflux, 24 h

—X—>
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Scheme 4.2: Attempted synthesis of the probe with the biotin at the imide position.



Another attempt at substitution of the aromatic bromine is shown in Scheme 4.3. In
this case, 6-aminohexanoic acid was switched to the imide position of the naphthalimide
core since this product could be synthesised in larger amounts at a cheaper cost. The
synthesis began with substitution of the anhydride position of 4-bromo-1,8-naphthalic an-
hydride with 6-aminohexanoic acid to yield 15. Nucleophilic aromatic substitution (SyAR)
of the bromine at the 4-position was attempted in neat ethylenediamine overnight. It was
speculated that the vast excess of ethylenediamine would allow substitution to occur under
relatively mild conditions to avoid side reactions. However, this was not the case, and it

resulted in a mixture of products that could not be isolated or determined.

Q [¢]
OH OH
(0]
HZN\/\/\)J\
OH HaN A~
05 _0._0 E(OH o N o NH,
reflux, 18 h reflux, 18 h O N o]
—_— S
CO T T e A
Br
Br
HN
S NH,

15

Scheme 4.3: Attempted Sy AR of the 4-position with ethylenediamine.

Attention was turned to finding suitable reaction conditions to substitute the aromatic
bromine successfully. One equivalent of N-boc-ethylenediamine was reacted with 15 under
the various conditions outlined in Table 4.1. Condition 1 was adapted from a known lit-
erature procedure where the two reagents were refluxed in ethanol in the presence of base
and a copper sulfate as a catalyst.?3! These conditions resulted in a mixture of products.
This may have been caused by inadvertent deprotection of the amine due to the high tem-
peratures and basic conditions, resulting in side reactions. As such, this condition was
reattempted in the absence of base, as given in condition 2. However, this reaction was
also proved unsuccessful, resulting in a mixture of products. Condition 3 was adapted from
a known literature procedure where N-boc-ethylenediamine was added dropwise to a solu-
tion of 15 in acetonitrile.?®® No reaction occurred under these conditions. This reaction
was attempted again using a different polar aprotic solvent, tetrahydrofuran, as given in

condition 4. When left stirring overnight at room temperature, no reaction occurred. The
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temperature was then increased to reflux, as shown in condition 5, but no reaction took
place despite this. As such, an Ullmann-type reaction was attempted, as given in condition
6, where copper iodide was added as a catalyst and left to stir for a further 18 h. However,
this also did not result in any reaction. A small amount of base, triethylamine, was then
added to assist in deprotonating the free amine of N-boc-ethylenediamine, making it more
likely for nucleophilic attack to occur. Despite this, there was still no reaction that occurred
under the conditions shown in condition 7. The final reaction condition, 8, was adapted
from a literature procedure where the reactants were stirred in dimethylsulfoxide at 70 °C
overnight.33? This reaction lead to the successful substitution of the aromatic bromine with

N-boc-ethylenediamine.

Table 4.1: Reaction conditions trialled for the synthesis of 30.

CC o

Br HN\/\NJJ\OJ<
H

15
30

Additives Solvent Temperature Time Outcome

1 CuSO4, KCOg3 EtOH reflux 48 h Mixed products
2 CuSOy4 EtOH reflux 48 h Mixed products
3 - MeCN rt. 18 h No reaction

4 - THF rt. 18 h No reaction

) - THF reflux 18 h No reaction

6 Cul THF reflux 18 h No reaction

7 Cul, TEA THF reflux 18 h No reaction

8 - DMSO 70 °C 18 h 88% yield

The synthesis of the final probe was continued as shown in Scheme 4.4. Substitution of
the bromine was performed in DMSO at 70 °C, as outlined above, to yield 30. The Boc

group was deprotected under acidic conditions to yield 31. The free amine was subsequently
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reacted with the activated ester, 28, to give the final probe, BNp-COOH.

The pre-activated acid was chosen over standard solution-phase amide coupling condi-
tions in order to avoid using coupling reagents. This was done to prevent activation of
the unprotected acid moiety on 31, and subsequent formation of side products such as
polymerisation of the naphthalimide. Additionally, this route eliminates the need for extra

protection and deprotection of the free acid, reducing the number of steps in this synthesis.

o) 9 2
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Scheme 4.4: Synthesis of BNp-COOH.

Fluorescence studies of BNp-COOH were performed to investigate the photophysical
properties of the probe. Excitation and emission spectra were taken in HEPES buffer (pH
7.4) to emulate the buffered environment of the cellular conditions that this probe would be
used in. The spectra show excitation and emission maxima at 455 and 547 nm, respectively
(Figure 4.11). This indicates a suitable fluorescent profile for analysis with microscopy or
flow cytometry as both the standard 405 nm standard laser lies within the excitation range,

with minimal overlap from the emission. This will minimise the risk of excitation bleed-
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through (fluorescence signal caused by the excitation wavelength), while maximising the

emission collection window.
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Figure 4.7: Normalised excitation (dashed) and emission (solid) spectra of BNp-COOH
in 20 uM HEPES buffer (A, = 455 nm, A¢,, = 547 nm).

4.4 Proof of concept peptide

The first step in validating the proposed method is to test it with a known peptide and
its receptor. In this case, the peptide of interest is octreotide, which is known to bind to
the somatostatin receptor subtype 2 (SSTR2). By using a known peptide-receptor pair the

feasibility of this method can be evaluated.

4.4.1 Targeting peptide

Somatostatin is a natural peptide known for its multiple targets in central nervous system,
pituitary, endocrine and exocrine pancreas, as well as the gastrointestinal tract which are
summarised in the review.333 This peptide has been used in targeted therapy based on
findings that many neuroendocrine tumours expressed a high density of somatostatin recep-

334 One example is a certain type of breast cancer

tors when compared to non-tumour cells.
which is characterised by the over-expression of somatostatin receptors, which are not found
in healthy breast tissue.?3° It has been found that somatostatin produces an inhibitory ef-

fect on somatostatin positive cancers, but its use as a therapeutic agent is limited by its

short half-life in plasma. Therefore, stable peptide analogues are required for successful
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application in clinical treatment.

Octreotide is a synthetic analogue of somatostatin which is more active against so-
matostatin receptors and has a longer half life (Figure 4.8).%3% This synthetic analogue has
been shown to produce anti-proliferative effects in somatostatin receptor positive breast
cancers. 337 Currently, octreotide is used as a therapeutic agent for these types of breast

cancers.
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Figure 4.8: Chemical structure of octreotide.

4.4.2 Synthesis of fluorescent analogues of Octreotide

In general, peptide synthesis is performed on a solid resin, where the peptide is anchored
through the carboxylic acid of the first amino acid.?® In the case of octreotide, the C-
terminus exists as a hydroxyl rather than a carboxylic acid. As such, the first amino acid
must be modified in such a way that will yield the desired peptide alcohol. Initial attempts
at synthesising octreotide as a peptide alcohol were performed according to a known lit-
erature procedure. This procedure used 4-carboxybenzaldehyde to anchor Fmoc-Thr-ol to
rink amide resin by forming an acetal between the two hydroxy groups, while tethering a
carboxylic acid for use as a link between threonine and the resin. The acetal is shown to
be stable under peptide synthesis conditions but is unstable under acidic conditions. This
is advantageous since under the acidic conditions required to cleave the peptide from the
resin, the acetal would also be cleaved, leaving behind the diol derivative, and hence a hy-
droxyl group at the c-terminus. This method was described by Hsieh et al. as a novel, facile
procedure for the rapid synthesis of octreotide in high yields when compared to previously
39

reported methods such direct amino alcohol conjugation.?

The attempted synthesis following this method shown in Scheme 4.5. To begin, the car-
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boxylic acid of Fmoc-Thr-OH was reduced to the primary alcohol to yield 32. The hydroxyl
side chain and the alcohol were subjected to acetal formation with 4-carboxybenzaldehyde
using 4-toluenesulfonic acid as a catalyst. This reaction yielded the desired product. Un-
forunately, the acetal group proved to be very unstable during purification and the product
could not be isolated despite multiple attempts. This may have possibly been due to the
acidic nature of the silica used in column chromatography. As such, purification was then
attempted in a basic buffer (0.1% TEA) in order to mitigate degradation of the acetal.
However, due to the presence of a free carboxylic acid, the product did not progress beyond
the baseline of the silica, thus purification was not possible. Alumina was trialled as an al-
ternative stationary phase for chromatography due to its neutral pH which may reduce the
likelihood of acid-induced acetal degradation during purification. Unfortunately, product
separation with alumina could not be achieved and purification could not be accomplished.

As such, a different method of generating a terminal alcohol on resin was considered.

BHs,
THF OoH
_msh O
°—<
7% ’

J .
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CHC,, _t >_©_/<
50 °C,18h SPPS O O—NH

Scheme 4.5: Attempted synthesis of acetal bound threonine for conjugation to rink amide

resin.

2-Chlorotrityl chloride resin is a common resin used for its ability to anchor several
functional groups such as carboxylic acids, thiols, amines and alcohols. In this method, the
amino alcohol, Fmoc-Thr(tBu)-ol, was anchored directly to the resin through the hydroxyl
group which would yield the desired terminal alcohol upon peptide cleavage from resin.
Thus, the synthesis began by reducing the carboxylic acid of Fmoc-Thr(tBu)-OH without
cleaving the tert-butyl group protecting the hydroxyl side chain. This was achieved using

ethyl chloroformate in the presence of base to form an anhydride at the carboxylic acid that
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was immediately treated with methanol in the presence of sodium borohydride to yield the
desired alcohol as 33, as shown in Scheme 4.6
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Scheme 4.6: Reduction of Fmoc-Thr-OH to Fmoc-Thr-ol.

Solid phase peptide synthesis was performed according to Scheme 4.7. 33 was anchored
to 2-chlorotrityl chloride resin in the presence of N,N-diisopropylethylamine (DIPEA). The
resin was then capped with methanol to prevent unreacted sites from reacting with sub-
sequent amino acids. Peptide elongation was performed according to standard protocols,
following an iterative process of Fmoc deprotection followed by amino acid coupling us-
ing standard coupling reagents PyBOP and DIPEA. Octreotide was synthesised with the
following sequence: H2N-D-Phe-Cys-Phe-D-Trp-Lys-Thr-Cys-Thr-ol. The carboxylic acid
bearing fluorescent probe, BNp-COOH, was then coupled to the N-terminus using PyBOP
as a coupling reagent in the presence of DIPEA. The fluorescent peptide was cleaved and
side chains were deprotected in a single step.

Initial attempts at cleaving the peptide were performed with a standard cleaving cocktail
consisting of TFA/TIPS/H2O (17:1:1, v/v/v). However, this did not yield the desired
peptide upon cleavage (Figure S3). This may have been due to the presence of cysteine
and tryptophan residues that are known to be sensitive to side chain oxidation, resulting
in multiple impurities upon treatment with the cleavage cocktail. An alternative cleavage
cocktail, known as reagent K, was trialled instead, as it is designed for use with sensitive
residues such as cysteine, methionine, tryptophan and thionine. Reagent K is comprised
of TFA/H50 /phenol/thioanisole/1,2-ethanediol (33:2:2:2:1 v/v/v/v/v). The peptide was
stirred in this cocktail at 0 °C for 4 h. This yielded the desired peptide, as verified by
LCMS and analytical HPLC (Figure S4).
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Scheme 4.7: SPPS of fluorescently labelled octreotide.
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To determine whether the fluorescence output of BNp-COOH would be affected by
peptide conjugation, the fluorescent properties of crude BNp-COOH-tagged octreotide in
HEPES buffer were assessed. The spectra show an excitation and emission maximum at 452
and 545 nm, respectively (Figure 4.9). This indicates negligible changes to the fluorescent
properties of BNp-COOH upon peptide conjugation, and confirmed that the 405 nm

standard laser is still appropriate for testing of the peptide conjugated fluorophore.
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Figure 4.9: Normalised excitation (dashed) and emission (solid) spectra of BNp-COOH-
tagged octreotide in 20 uM HEPES buffer (Ae; = 452 nm, A¢,, = 545 nm).

4.5 Synthesis of a control

A control fluorescent probe was also synthesised in which the biotin group of BNp-COOH
was replaced with an alkyl group. This control probe was synthesised to investigate whether
peptide binding would be affected by the presence of the biotin group as it is known to bind
to surface receptors present on many cell lines of interest.

The synthesis began with 15 whose synthetic details are outlined in section2.9, Scheme 2.10.
SN AR of the bromine with butyl amine was performed in dimethylsulfoxide for 18 h to yield
the final control probe, Np-COOH as shown in Scheme 4.8.
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Scheme 4.8: Synthesis of control probe, Np-COOH.

The fluorescence spectra of Np-COOH were measure in HEPES buffer. This revealed
excitation and emission maxima of 451 and 548 nm respectively, which is within a similar

range to BNp-COOH.
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Figure 4.10: Normalised excitation (dashed) and emission (solid) spectra of Np-COOH in
20 uM HEPES buffer (A, = 451 nm, A.,, = 548 nm).

After this, the probe was conjugated to octreotide in the same manner described in
scheme Scheme 4.7. As previously described, the fluorescence properties of crude Np-
COOH conjugated to octreotide were assessed to determine any effect of the peptide on
the fluorescence output. The excitation and emission spectrum maxima of 450 and 540 nm
respectively. This shows negligible changes to the fluorescence spectra of Np-COOH upon

conjugation to the peptide. Additionally, the excitation and emission spectra are within
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the same range as those of BNp-COOH, making Np-COOH a suitable control. It is
important to use the same laser and collection window parameters for both the control and
test sample to ensure valid comparisons. This is because any differences observed in the
fluorescence signal can then be attributed to the presence or absence of the peptide-protein

complex, rather than to differences in the experimental setup.
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Figure 4.11: Normalised excitation (dashed) and emission (solid) spectra of NpCOOH
labelled octreotide in HEPES buffer (20 mM).

4.5.1 HPLC challenges

To begin the purification process, initial analytical HPLC tests were performed on Np-
COOH labelled octreotide in the non-cyclised form in order to find the optimal method.
The linear peptide was dissolved in 50% acetonitrile in water and analytical HPLC was
performed. The trace exhibited a peak at 38 minutes with a shoulder at a similar retention
time when assessed at 20 - 100% acetonitrile with water in 0.1% TFA (Figure 4.12A).
Using ths same sample, various methods were set up to run overnight in order to optimise
the separation of the peaks. However, upon inspection the following day, a new peak was
observed at 2 minutes which slowly increased in intensity over time (Figure 4.12B). After
24 h assessment of the same sample again showed that this became the main peak in the
HPLC trace (Figure 4.12C). This was thought to be the result of low solubility which is
a possibility considering this fluorophore is planar, and contains multiple alkyl chains. As

such, a fresh sample of Np-COOH-labelled octreotide was prepared in 100% DMSO to

134



ensure solubility. Assessment of various HPLC methods was attempted with this solution,
however, the same issue was presented and after 24 h the HPLC trace gradually transitioned
into a large peak at 2 min which occur on both C18 and CS8 silica (Figure S5).
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Figure 4.12: HPLC trace of Np-COOH-conjugated octreotide assessing the same sample

after A) 0 hin 20 - 60% B) 2 h in 30 - 60%, and C) 24 h at 20 - 100% acetonitrile in water

with 0.1% TFA over 60 min.

A possible explanation for the observed increase in peak intensity at 2 min could be
attributed to the high concentration of non-cyclised peptide which may have undergone in-
termolecular disulfide bridge formation, resulting in the formation of a polymerised product
that elutes at 2 min. As such, the crude peptide was cyclised prior to HPLC in order to

eliminate this possibility. Disulfide bridge formation was performed at a low concentration

135



(< 5 mg/mL) in a solution of ammonium bicarbonate (50 mM) at pH 8 for 4 days. The low
concentration of peptide in solution is necessary to reduce the likelihood of intermolecular
cross-linkage. After this, the analytical HPLC was performed. The product was dissolved
in DMSO and the solution was subjected to analytical HPLC. As before, multiple methods
were trialled in an attempt to separate the shoulder peak from the product. However, the
problem persisted and the peak at 2 min continued to increase over time, until it predomi-
nated the HPLC trace (Figure 4.13). The reason for the degradation could not be concluded
from these tests.

Eventually, by utilising a fresh sample every few hours, a suitable method was found.
By using an isocratic gradient of 38% acetonitrile in water, the shoulder peak could be
resolved from the product. It was theorised that preparing a fresh sample and using it
immediately in purification would lead to isolation of the peptide without the risk of degra-
dation. Therefore, the crude sample was dissolved in DMSO and immediately injected into
the preparative HPLC. Unfortunately, the HPLC system malfunctioned with the sample
in it, and the product could not be recovered. Due to time constraints, the product was
not resynthesised. Instead, molecular dynamic simulations were employed to assess the

feasibility of the proposed method.
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Figure 4.13: HPLC trace of cyclised Np-COOH-conjugated octreotide assessing the same
sample after A) 0 hin 0 - 100% B) 6 h in 0 - 100%, C) 18 h in 30 - 70%, and D) 24 h in O -

100% acetonitrile in water with 0.1% TFA over 60 min.
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4.6 Planned biological studies

Flow cytometry training was undertaken in preparation for studies of the binding assay.
SSTR2- positive and negative cell lines, PC-3 and Huvec-TERET?2 respectively, were iden-
tified using the Human Protein Atlas (https://www.proteinatlas.org/). The cells were ob-
tained and readied for cell culture. These cells were to be assessed by flow cytometry
using BNp-COOH-octreotide to determine the specificity of the binding between receptor-
positive and receptor-negative cell lines. Further, collaborations with Professor Joel Mackay

were set up for the assessment of the biotin-streptavidin pull-down assay, utilising this probe.

4.7 Molecular dynamics

Molecular dynamics (MD) is a computational technique used to predict, and analyse the
interaction between a biomolecule and its target. In these simulations, the ligand and
receptor are modelled as a set of interacting atoms, and their movements are tracked over
time. During the simulation, the ligand and receptor can move, rotate, and interact with
each other and with the solvent molecules surrounding them. From this, MD can be used
to calculate the thermodynamic and kinetic properties of the system, such as the binding
affinity.

Being a somatostatin analogue, octreotide is known to bind to the somatostatin receptor
(SSTR) family with strongest binding observed for subtype 2, SSTR2, followed by weaker
binding to SSTR5. MD simulations were employed to assess whether the conjugation of the
designed probe, BNp-COOH, would affect the binding of octreotide within the SSTR2
binding pocket. The following work was performed with the assistance of Dr. Bryson

Hawkins.

4.7.1 MD binding simulations

Binding simulations were first performed on untagged octreotide in order to assess the
original binding conformation. Simulations were performed on octreotide docked within
the SSTR2 binding pocket that was determined from X-ray crystallographic data obtain
from the protein data bank (PDB). The simulations showed that the complex of octreotide

within the SSTR2 receptor reaches equilibrium at 20 ns, and remains stable within the
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binding pocket thereafter (Figure 4.14).
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Figure 4.14: Changes in the RMSD of octreotide and the SSTR2 protein over time during

MD binding simulations.

The residues responsible for the stabilisation of octreotide within the binding pocket
were: ASN276, which contributed two key H-bonds to lock octreotide in its position for
99% of the simulation time; GLN126, which interacts with the NH3™ group of the Lys in
octreotide; and ASP122, which also interacts with the NH3™ of the Lys residue. ARG184
served as a gatekeeper, its cation-pi interaction with the D-Phe end prevented the whole
peptide from dissociating from the binding pocket. Apart from these direct interactions,
several dynamic water bridges also provided energetically favourable contact between the
receptor and ligand, including MET119, ASP122, THR194, ILE195, SER279 and THR301
(Figure 4.15). This is comparable to results found in literature.34%34! Molecular mechanics
with generalised Born and surface area solvation (MMGBSA) calculations based on the

trajectory at 50 ns gave a binding free energy of -96.13 kJ, indicating good binding.
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Figure 4.15: Binding interactions of octreotide with the various residues within the binding

pocket of SSTR2 as determined by the MD simulations.

Next, binding simulations were performed on BNp-COOH conjugated octreotide within
the SSTR2 binding pocket. The simulations showed that the complex of BNp-COOH
conjugated octreotide within the SSTR2 receptor fluctuates until about 40 ns, when an

equilibrium is reached (Figure 4.16).
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Figure 4.16: Changes in the RMSD of BNp-COOH conjugated octreotide and the SSTR2

protein over time during MD binding simulations.

Further, the simulations showed that the key interactions of octreotide remained con-
sistent. However, by 50 ns the probe itself folds over and interacts with the receptor (Fig-
ure 4.17). This occurs through multiple pi-pi stacking with the aromatic rings of the naph-
thalimide core. ILE195 also appears to exhibit hydrogen bonding with the biotin moiety
(Figure 4.18). MMGBSA calculations reveal a binding free energy of -187.46 kJ indicating
that these additional binding interactions are energetically favourable.

These preliminary MD studies on the binding interaction between BNp-COOH conju-
gated octreotide and the SSTR2 receptor indicate that the native interactions of the peptide
within the binding pocket remain consistent regardless of fluorescent probe conjugation. The
weak interaction of the hydrogen bonding between the biotin and SSTR2 receptor residue
would theoretically be negated by the high binding affinity of streptavidin to the biotin

moiety, but this will need to be assessed and confirmed experimentally.
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Figure 4.17: Binding conformation of BNp-COOH conjugated octreotide within the
SSTR2 binding pocket at 5 and 50 ns.

Figure 4.18: Binding interactions of BNp-COOH when bound to octreotide (not shown)

with the various residues of the SSTR2 protein as determined by the MD simulations.
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4.8 Conclusion

This work outlines the steps taken toward the development of a novel method to detect
peptide-receptor binding interactions. The fluorescent probe was designed with two func-
tions in mind: the ability to be incorporated into peptides synthesised by SPPS, and the
incorporation of a pull-down moiety to allow for easy isolation of the peptide-receptor com-
plex after binding. As such, BNp-COOH was designed to contain a carboxyllic acid group
for peptide synthesis and a biotin as a pull-down parter for the well known Streptavidin
binding partner. The probe was shown to be successfully incorporated into a peptide of
interest, octreotide, as confirmed by LCMS and analytical HPLC. However, this labelled
peptide could not be isolated due to instrument failure.

Fluorescence studies revealed that BNp-COOH possesses excellent fluorescence prop-
erties that were well suited for use with standard microscope or flow cytometry lasers.
Furthermore, it was observed that conjugating the probe to a peptide of interest did not
compromise its fluorescence properties.

Additionally, to evaluate the specificity of BNp-COOH, a control probe with an alkyl
chain replacing the biotin moiety, Np-COOH, was synthesised. The control probe exhibited
a fluorescence profile similar to that of BNp-COOH, demonstrating its utility as a control.
Furthermore, the compatibility of this control probe with SPPS was also confirmed.

The feasibility of the proposed method was initially evaluated through MD studies.
These preliminary investigations indicated that the interaction between octreotide and its
receptor is likely unaffected by the presence of the BNp-COOH probe. These results are

encouraging, and further experimental validation of this approach is warranted.
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Chapter 5

Conclusions

Fluorescence spectroscopy has proven to be a powerful technique in the field of biology,
providing a robust imaging tool for investigating and understanding cellular function at the
molecular level. Small molecule fluorophores, in particular, have become a prominent tool
in this field as they offer several advantages over traditional biochemical methods. These
fluorophores are relatively easy to synthesise and are characterised by their small size, and
are generally biocompatible. By utilising the advantages of fluorescence imaging, valuable
insights of peptide and protein interactions have been made, leading to a greater understand-
ing of biological processes. In this work, progress was made toward the development of novel
fluorescent methods that would allow for the study of peptide and protein interactions in

vitro.

5.1 Development of a fluorescent sensor for multimodal mass

spectrometry and fluorescence imaging

Mass spectrometry imaging is an effective method for analysing specific compounds in a
biological sample. However, this technique suffers limitations such as the inability to detect
larger molecules, as well as being a non-quantitative. By combining this technique with
fluorescence imaging, novel interactions have been assessed, highlighting the utility of this
excellent combination of techniques. In this work, CyMT was designed as a small molecule
with properties that allowed it to be utilised in a multimodal mass spectrometry and fluores-

cence imaging protocol. The probe was capable of multimodal imaging in isolated protein
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samples. A second probe, NpMT, was also synthesised but due to time constraints, could
not be isolated and tested.

With the purification and testing of NpMT, further investigations of potential appli-
cations should be made. This would include exploring the use of multiplexed experiments
involving both CyMT, and NpMT to assess the interplay between two biomolecules of
interest. This innovative approach combines the unique properties of both probes including
their distinct m/z values, and unique emission profiles which would enable multiplexed-
multimodal imaging to be performed using a single sample. To the best of my knowledge,
this type of imaging protocol has yet to be explored.

In this work, the bioorthogonal reaction between a succinimidyl ester and primary amine
was exploited for specific biomolecule labelling. However, to enhance the versatility and
applicability of this probe to a wider range of biomolecules, other biomolecular attachments
should be considered. These can include but are not limited to maleimide orthogonality
toward free cysteine residues, and even the incorporation of protein tagging substrates for
systems like HaloTag. Additionally, the use of different bioorthogonal groups on each probe
can allow for simultaneous and specific tagging of different biomolecules without the risk of
cross-reactivity, and eliminating the need for sequential tagging steps.

Expanding on this, the successful demonstration of a small molecule fluorophore in a
multimodal setup provides the basis for exploring the use of different types of fluorophores.
For instance, the use of a fluorophore with sensing capabilities could provide an opportu-
nity to unveil even more valuable information about the properties and behaviour of the
biomolecule of interest. For example, this could include a reversible redox sensor that would
be used to study the redox environment of the biomolecular interaction.

By demonstrating the capabilities of a small molecule sensor in a multimodal setup, new
opportunities have been opened up for the development of novel imaging protocols for the

exploration of previously undiscovered biomolecular interactions.

5.2 Investigation of novel redox sensors for protein tagging

Reactive oxygen species are known to play a significant role in both health and disease, yet
many of the underlying mechanisms remain poorly understood. The visualisation of redox

environments within sub-cellular organelles has been made possible by the use of targeted
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fluorescent sensors. However, to gain a more comprehensive understanding of the role of
ROS in biology, it is essential to measure the redox state of any sub-cellular location within
a cell.

Previous work on this development has demonstrated the utility of a fluorescent redox
sensor for the HaloTag system, FlavinTag, which uncovered a reducive event at a copper
import protein. With the success of this approach, efforts were focused on identifying
additional suitable sensors. To evaluate the effectiveness of these sensors, computational
studies were conducted as a preliminary step.

The computational studies revealed that the ratiometric redox sensor, FCR1 would
exhibit excellent FRET efficiency if used in the Halotag imaging setup. Interestingly, pre-
vious iterations of FCR1 were predicted to have poor FRET efficiency, underscoring the
importance of computational testing in the design of new molecular probes. The incidental
nature of the final design of FCR1 highlights the importance of conducting computational
chemistry simulations prior to experimental work. In light of these promising results, it will
be important to assess the experimental utility of FCR1-Tag to further validate the find-
ings of the computational studies. An acid-containing scaffold of FCR1 has been designed
and synthesised by Dr Liam Adair and as such, these experiments should soon ensue.

For the turn on sensor NpFR1, benchmarking performed on excitation calculations re-
vealed that B3LYP/6-314+G* gave the most accurate computational results when compared
to the experimental values. However, in order to gain a more comprehensive understanding
of the scaffold’s properties, future work should involve benchmarking methods that can pro-
vide accurate fluorescence emission profiles. In having the accurate tools to describe both
the excitation and emission profile of the novel scaffold, future studies on novel designs can
take place computationally. For example, sulfonation of the 6-position on a napthalimide has
been shown to significantly red-shift the emission profile.!® While the electronic-character
likeness of NpFR1 to the naphthalimide core could not be fully elucidated from these ex-
periments, a computational study on this modification can provide a fast way of assessing
how this modification may affect the fluorescence profile. Red shifting of the fluorescence
emission is particularly useful for whole tissue imaging studies as it allows for deeper light
penetration. Protein-targeted redox imaging of whole tissue can provide more valuable

information of the protein redox environment, and will allow for a more comprehensive
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understanding of the roles of ROS in whole systems.

As such, this chapter has shown how computational chemistry can provide valuable
insights on the properties of fluorescent sensors. This allows decisions to be made about
a particular molecular design, to help save time and resources by avoiding time-consuming

experiments that may not yield the desired results.

5.3 Studies towards a method for peptide-receptor binding

analysis

Peptides have emerged as promising therapeutics due to their high specificity and low toxic-
ity, making them attractive for targeted therapy and diagnostics. However, discovering new
peptide receptor targets is a challenging task, and traditional techniques can be resource-
intensive and time-consuming. This work outlined the design and synthesis of a biontiny-
lated fluorescent sensor that would allow for the development of a novel peptide-receptor
binding assay.

The design of this sensor was such that the presence of the fluorophore could allow
for instant identification of peptide-receptor binding. This was envisioned to be achieved
with the use of fluorescence microscopy or flow cytometry. Further, the biotin moiety
was incorporated to allow for simple isolation of the peptide-receptor complex that would
allow for further assessment of the interaction. The probe was proven to successfully be
incorporated into a peptide of interest, octreotide. However, due to instrumental difficulties,
purification and testing could not be performed. Preliminary molecular docking provided
promising results that warrant further development of this method.

Therefore, at the first possible opportunity, BNp-COOH conjugated octreotide should
be resynthesised and isolated. Collaborations with Prof. Joel Mackay have been set up to
assess and validate a method for the streptavidin-binding pull-down of peptide bound BNp-
COOH. SSTR2- positive and negative cell lines, PC-3 and Huvec-TERET?2 respectively,
were identified and obtained. These cell lines should be used to determine whether the
peptide can selectively bind to SSTR2-positive cells as intended.

The probe was designed to serve as an attachment point to free amines such as the

N-terminus as was performed on octreotide. Additionally, it was envisioned that the probe
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could be designed as a biotinylated fluorescent amino acid, which would allow for greater
flexibility in attaching the probe at any desired location during peptide synthesis, thereby
avoiding known active regions of interest. The suggested structure of this biotinylated

fluorescent amino acid, Fmoc-BNp-OH, is shown in Figure 5.1
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Figure 5.1: Suggested chemical structure of biotinylated fluorescent amino acid Fmoc-BNp-

OH.

5.4 Outlook

This work has illustrated the development of novel fluorescent methods to detect and dis-
cover peptide and protein interactions in vitro. The combination of different imaging modal-
ities with fluorescence imaging allows for a more comprehensive understanding of complex
biological systems. Additionally, the use of computational chemistry allows for the assess-
ment of fluorescent sensor designs prior to experimental work. This will optimise the process
of development of novel sensors for specified applications.

With further development and refinement of these techniques, a more detailed under-
standing of these interactions, as well as the discovery of previously unknown interactions
can be uncovered. In doing so, the discovery of new biological pathways and the identifica-
tion of novel targets for drug development can be made. This could have a profound impact
on the field of medicine, leading to the development of more effective treatments for the

betterment of human health.
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Chapter 6

Experimental methods

6.1 Synthetic methods

6.1.1 Instrumentation

'H NMR spectra were obtained at a frequency of 300, 400 or 500 MHz using the Bruker
Advance 300, Bruker Ascend 400 or Bruker Ascend 500 spectrometers respectively. 2C
NMR spectra were obtained at a frequency of 75, 101 or 126 MHz using the Bruker Advance
300, Bruker Ascend 400 or Bruker Ascend 500 spectrometers respectively. Samples were run
in commercially obtained deuterated solvents. All NMR spectra are reported in parts per
million (ppm) as downfield chemical shifts (§) with reference to residual solvent peaks. Peak
multiplicity abbreviations used are as follows: s = singlet; d = doublet; t = triplet; q =
quartet; quin = quintuplet; sext = sextuplet; sept = septuplet; m = multiplet; br = broad.
When needed, heteronuclear single quantum correlation spectroscopy (HSQC), correlation
spectroscopy (COSY), and heteronuclear multiple-bond correlation spectroscopy (HMBC)
experiments were used to help assign spectra.

Low-Resolution Mass Spectrometry (LRMS) was acquired on a Bruker Amazon SL mass
spectrometer operating on Electrospray Ionisation (EST) or Atmospheric Pressue Chemical
Tonisation (APCI). High Resolution Mass Spectrometry (HRMS) was acquired on a Bruker
Apex-Ultra spectrometer operating on ESI or APCT using an Apollo IT ESI/MALDI dual
source.

High Performance Liquid Chromatography (HPLC) was performed using a Waters prep

HPLC with a 2545 quaternary pump, 2707 Autosampler, 2998 PDA detector (with semi
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prep cell), and WFCIII fraction collector. Analytical HPLC was performed using a Waters
Alliance €2690 with a 2998 PDA detector using a Sunfire C18 column (21 O 150 mm).

6.1.2 Materials

For peptide synthesis, RCI Labscan anhydrous N, N-dimethylformamide (100ppm) was used.
Dry solvents were obtained from the Pure-solv. All other solvents used were laboratory grade
and used without further purification. Reagents were purchased from Sigma-Aldrich, Alfa
Aesar, Merck, Fluka, Ajax, and Combi-blocks, and were used as purchased.

Analytical Thin Layer Chromatography (TLC) was performed using Merck Kieselgel 60
0.25 mm F254 silica plates. Flash column chromatography was performed using silica gel
60 (Merck, 0.040-0.063 nm) either manually, or using a Biotage Isolera One.

All reactions were performed under a stream of nitrogen.

6.2 Synthesis

6.2.1 Photo-cleavable linker

Ethyl 4-(4-acetyl-2-methoxyphenoxy)butanoate (1)

(0]

Acetovanillone (9.97 g, 60.0 mmol) and ethyl-4-bromobutyrate (10.8 mL, 75.5 mmol) were
dissolved in dry N,N-dimethylformamide (100 mL). Potassium carbonate (12.5 g, 90.4
mmol) was added and the resulting suspension was stirred under nitrogen for 18 h. The
reaction mixture was poured onto ice-cold water (600 mL), resulting the formation of a
precipitate which was filtered and washed with ice-cold water (3 x 10 mL). The product was
dried in vacuo to yield 1 (14.9 g, 53.4 mmol, 89%) as a white solid.

'H NMR (500 MHz, CDCls): § 7.56 - 7.52 (m, 2H) 6.89 (d, J = 8.1, 1H), 4.18 - 4.11
(m, 4H), 3.91 (s, 3H), 2.56 - 2.52 (m, 5H), 2.19 (quin, J = 6.7, 2H), 1.26 (t, J = 7.1, 3H).
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13C NMR (126 MHz, CDCl3): § 196.8, 173.1, 152.7, 149.4, 130.6, 123.3, 111.4, 110.6,
67.9, 60.5, 56.1, 30.6, 26.2, 24.4, 14.3.
HRMS (APCI") m/z: 281.1383 [M+H] " (calculated 281.1389 for C15Hz1057).

Characterisation data is in accordance with literature values.342

Ethyl 4-(4-acetyl-2-methoxy-5-nitrophenoxy)butanoate (2)
o

NO,

1 (4.11 g, 14.6 mmol) was added in small portions over 30 mins to nitric acid (150 mL,
70%) while stirring at 0 °C. The reaction mixture was then stirred for 2 h. The reaction
was slowly diluted with water (600 mL) resulting in the formation of a precipitate which
was filtered. The product was dried in vacuo to yield 2 (2.62 g, 8.06 mmol, 55%) as pale
yellow crystals.

'H NMR (500 MHz, CDCly): § 7.61 (s, 1H), 6.75 (s, 1H), 4.18 - 4.15 (m 4H), 3.96 (s,
3H), 2.55 (t, J = 7.2, 2H), 2.50 (s, 3H), 2.20 (quin, J = 6.7, 2H), 1.27 (¢, J = 7.1, 3H).

130 NMR (126 MHz, CDCly): 6 200.0, 172.8, 154.3, 148.9, 138.4, 132.8, 108.8, 108.1,
68.5, 60.6, 56.6, 30.5, 30.4, 24.2, 14.2.

HRMS (APCI") m/z: 326.1234 [M+H]* (calculated 326.1240 for C15HyoNO7 ™).

Characterisation data is in accordance with literature values.3*3

Ethyl 4-(4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy)butanoate (3)
OoH

NO,

2 (0.089 g, 0.273 mmol) was added to ethanol (50 mL) and cooled to 0 °C. Sodium borohy-

dride (0.045 g, 1.2 mmol) was added in small portions over 10 min to the stirring solution.
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The reaction was warmed to room temperature and left to stir under nitrogen for 18 h. The
reaction was quenched with water (100 mL) for 30 min. The ethanol was evaporated from
the mixture, resulting in the formation of a precipitate which was filtered. The solid was
washed with water (3 x 20 mL) then dried in vacuo to yield 3 (0.038 g, 0.11 mmol, 41%)
as an off-white solid.

'H NMR (500 MHz, CD30D): § 7.60 (s, 1H), 7.42 (s, 1H), 5.48 (q, J = 7.5, 1H), 4.17
(q, J =7.5,4H), 4.12 (¢, J = 5.0, 3H), 3.99 (s, 3H), 2.56 (t, J = 7.5, 2H), 2.14 (quin, J =
5.0, 2H), 1.50 (d, J = 5.0, 3H), 1.28 (t, J = 10.0, 3H).

13C NMR (126 MHz, CD30D): § 175.0, 155.5, 148.3, 140.8, 139.0, 110.2, 110.0, 69.6,
66.2, 61.6, 56.8, 31.6, 25.6, 25.1, 14.5.

LRMS (EST") m/z: 350.08 [M+Na]™ (calculated 350.12 for [C15H2;NNaO7]™1).

4-(4-(1-Hydroxyethyl)-2-methoxy-5-nitrophenoxy)butanoic acid (4)
OH

3 (0.250 g, 0.764 mmol) was dissolved in tetrahydrofuran (5 mL). 1 M Lithium hydroxide
(5 mL) was added, and the two phase reaction was left to stir at room temperature for 3 h.
The tetrahydrofuran was removed under a stream of nitrogen and the remaining solution
was acidified to pH 3 by the addition of 1 M hydrochloric acid, resulting in the formation
of a precipitate which was filtered. The solid was recrystallised in hot ethanol to yield 4
(0.083 g, 0.28 mmol, 36%) as a pale yellow powder.

'H NMR. (500 MHz, CD30D): § 7.60 (s, 1H), 7.41 (s, 1H), 5.47 (q, J = 6.2, 1H), 4.11
(t, J = 6.1, 2H), 3.98 (s, 3H), 2.54 (¢, J = 7.0, 2H), 2.16 — 2.05 (m, 2H), 1.48 (d, J = 6.2,

13C NMR (126 MHz, CD30D): § 155.6, 148.3, 140.8, 139.0, 110.3, 110.0, 107.5, 69.6,
66.2, 56.7, 31.4, 25.7, 25.1.

LRMS (EST™) m/z: 298.00 [M—H]~ (calculated 298.02 for [C13H14NO7] 7).
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Ethyl 4-(2-methoxy-5-nitro-4-(1-(prop-2-yn-1-yloxy)ethyl)phenoxy)butanoate (5)

o\///

NO,

3 (0.101 g, 0.308 mmol) was dissolved in dry N,N-dimethylformamide (10 mL) and cooled
to 0 °C. Sodium hydride (0.036 g, 1.5 mmol) was added and left to stir for 5 min. Propargyl
bromide (0.10 mL, 1.1 mmol) and sodium iodide (0.016 g, 0.11 mmol) were added to the
reaction mixture. The reaction was allowed to come to room temperature and was then
stirred for 18 h. Water (50 mL) was added to quench the reaction. The pH was adjusted to
3 with 1 M hydrochloric acid, and the mixture was extracted with 1:4 isopropanol:chloroform
(5 x 40 mL). The organic extracts were combined and washed with 10% sodium thiosulfate
(2 x 50 mL), and brine (2 x 50 mL), then dried over magnesium sulfate. The solvent was
removed in vacuo and the crude product was purified via column chromatography (SiOo,
30% ethyl acetate in hexanes) to afford 5 (0.081 g, 0.240 mmol, 78%) as a yellow oil.

'H NMR (400 MHz, CD30D): § 7.63 (s, 1H), 7.28 (s, 1H), 5.89 (q, J = 6.3, 1H), 4.21
- 4.11 (m, 6H), 4.10 (s, 3H), 2.84 (t, J = 2.4, 1H), 2.58 (t, J = 7.3, 2H), 2.16 (quin, J =
7.1,2H), 1.43 (d, J = 6.3, 3H), 1.29 (t, J = 7.1, 3H).

13C NMR (101 MHz, CD30D): § 174.9, 155.8, 148.8, 142.2, 135.3, 110.3, 110.1, 80.4,
75.9, 73.5, 69.6, 61.6, 57.0, 56.8, 31.6, 25.6, 23.6, 14.5.

HRMS (ESIT) m/z: 388.1371 [M+Na|' (calculated 388.1372 for [C1sHa3NNaO7] ™).

4-(2-Methoxy-5-nitro-4-(1-(prop-2-yn-1-yloxy)ethyl) phenoxy)butanoic

acid (6)
o F
NO,
o
6}
HO 6}
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5 (0.226 g, 0.670 mmol) was dissolved in tetrahydrofuran (1.0 mL). 1 M lithium hydroxide
(1.0 mL) was added and the two-phase reaction mixture was left to stir at room temperature
for 4 h. The tetrahydrofuran was dried under a stream of nitrogen and the remaining aqueous
layer was acidified to pH 3 using 2 M hydrochloric acid. The mixture was extracted into 1:4
isopropanol to chloroform (5 x 25 mL). Organic extracts were combined and washed with
brine (2 x 25 mL) then dried over sodium sulfate. The solvent was removed under a stream
of nitrogen to yield 6 (0.193 g, 0.539 mmol, 79%) as a dark yellow oil.

'H NMR (500 MHz, CD30D): § 7.63 (s, 1H), 7.26 (s, 1H), 5.37 (q, J = 6.3, 1H), 4.21
—4.11 (m, 7TH), 2.82 (t, J = 2.4, 1H), 2.54 (¢, J = 7.3, 2H), 2.13 (m, J = 6.4, 2H), 1.52 (d,
J = 6.3, 3H).

13C NMR (126 MHz, CD30D): § 177.1, 155.6, 148.7, 142.0, 135.0, 110.1, 109.8, 80.2,
75.8, 73.3, 69.5, 56.8, 56.6, 31.4, 25.6, 23.4.

HRMS (ESI™) m/z: 336.1093 [M—H]~ (calculated 336.1083 for [C14H1sNO7] ).

2,5-Dioxopyrrolidin-1-yl 4-(2-methoxy-5-nitro-4-(1-(prop-2-yn-1-yloxy)ethyl)
phenoxy)butanoate (7)

o\///

o
o)
\5\0
_N
o) Op
o}

6 (0.193 g, 0.529 mmol) was dissolved in dry N,N-dimethylformamide (10 mL). To the so-
lution was added 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (0.532 g, 3.44 mmol), N-
hydroxysuccinimide (0.262 g, 2.27 mmol), and diisopropylethylamine (0.70 mL, 4.0 mmol)
after which the reaction mixture was left to stir overnight. The N,N-dimethylformamide
was dried under a stream of nitrogen and the crude mixture was purified by column chro-
matography (SiO2, 20-50% ethyl acetate in hexanes) to afford 7 (0.024 g, 0.055 mmol, 11%)
as a pale yellow oil.

'H NMR (500 MHz, CDCl3): § 7.59 (s, 1H), 7.20 (s, 1H), 5.37 (q, J = 6.2, 1H), 4.17
(t, J = 6.0, 2H), 4.13 — 3.92 (m, 5H), 2.90 - 2.84 (m, 6H), 2.40 (t, J = 2.4, 1H), 2.29 (quin,
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J = 6.8, 2H), 1.53 (d, J = 6.3, 3H).

13C NMR (126 MHz, CDCl3): § 169.2, 168.3, 154.6, 147.1, 140.6, 135.0, 109.5, 108.8,
79.4, 74.8, 73.0, 67.6, 56.6, 56.5, 27.7, 25.7, 24.3, 23.6.

HRMS (EST") m/z: 457.1214 [M+Na| " (calculated 457.1223 for [CooHaaNoNaOg]™).

6.2.2 CyMT

1-(3-Hydroxypropyl)-2,3,3-trimethyl-3H-indol-1-ium (8)

-

Trimethylindolenine (1.60 mL, 9.97 mmol) and 2-bromoethanol (1.50 mL, 18.8 mmol)
were dissolved in acetonitrile (5 mL) and left to reflux for 24 h. The mixture was allowed to
cool to room temperature after which cold diethyl ether was added slowly until a precipitate
formed. The solid was filtered by vacuum filtration and dried under high vacuum to yield
8 (0.740 g, 3.39 mmol, 34%) as a purple solid.

'H NMR (300 MHz, CD30D): 6 7.80 (m, 1H), 7.60 — 7.45 (m, 3H), 4.85 (t, J = 6.8,
2H), 3.78 (t, J = 5.3, 2H), 2.31 (quin, J = 5.6, 2H), 1.62 (s, 6H), 1.53 (s, 3H).

LRMS (ESI") m/z: 218.11 [M]T (calculated 218.15 for [C14HoNO]T).

(E)-2-(4-(Dimethylamino)styryl)-1-(3-hydroxypropyl)-3,3-dimethyl-3H-indol-1-

ium (9)

8 (0.103 g, 0.470 mmol) was dissolved in anhydrous ethanol to which 4-(dimethylamino)
benzaldehyde (0.20 mL, 0.55 mmol) and methanesulfonic acid (0.02 mL, 0.21 mmol) were
added. The reaction mixture was left to reflux overnight. After this, the ethanol was
removed by rotary evaporation. The crude mixture was purified by column chromatography
(SiOg, 0-10% methanol in dichloromethane) to yield 9 (0.088 g, 0.25 mmol, 53%) as a purple

solid.
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'H NMR (300 MHz, CDCls): 6 8.01 (d, J = 15.4, 2H), 7.66 (d, J = 15.4, 1H), 7.54 —
7.35 (m, 5H), 6.81 (d, J = 8.9, 2H), 4.79 (t, J = 7.5, 2H), 3.88 (t, J = 5.3, 2H), 3.19 (s,
6H), 2.26 — 2.17 (m, 2H), 1.76 (s, 6H).

LRMS (EST") m/z: 349.19 [M]* (calculated 349.23 for [Co3HagNoO] ™).

1-(6-Hydroxyhexyl)-2,3,3-trimethyl-3H-indol-1-ium (10)

Crs-
N®

OH

Trimethylindolenine (0.32 mL, 1.9 mmol) and 6-bromo-1-hexanol (0.26 mL, 2.2 mmol)
were dissolved in acetonitrile (5 mL) and the mixture was left to reflux for 24 h. The
mixture was cooled to room temperature after which ice cold diethyl ether was added until
a precipitate was formed. The solid was filtered by vacuum filtration to yield 10 (0.095 g,
0.44 mmol, 22%) as a purple solid.

'H NMR (300 MHz, CDCly): § 7.85 (d, J = 3.5, 2H), 7.57 — 7.37 (m, 2H), 4.66 (t, J
= 7.2, 2H), 3.51 (t, J = 5.4, 2H), 3.34 (t, J = 6.1, 2H), 1.94 - 1.76 (m, 2H), 1.58 (s, 10H),
1.49 (s, 3H).

LRMS (ESI") m/z: 260.17 [M]T (calculated 260.20 for [C17Ha6NO]™).

(E)-2-(4-(Dimethylamino)styryl)-1-(6-hydroxyhexyl)-3,3-dimethyl-3H-indol-1-
ium (11)

z

N
=

<

-

OH

10 (0.020 g, 0.77 mmol) and 4-(dimethylamino)benzaldehyde (0.013 g, 0.085 mmol)
were dissolved in absolute ethanol (30 mL). Methanesulfonic acid (0.20 mL, 0.21 mmol)

was added and the mixture was heated to reflux overnight. The ethanol was then dried
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in vacuuo and the remaining solid was purified by column chromatography (SiOz, 0 -10%
methanol in dichloromethane) to yield 11 (0.14 g, 0.40 mmol, 52%) as a purple solid.

IH NMR (300 MHz, CDCl3): 6 8.02 (d, J = 15.2, 2H), 7.64 (d, J = 15.5, 1H), 7.54 -
7.38 (m, 5H), 6.85 (d, J = 8.6, 2H), 4.76 (t, J = 7.4, 2H), 3.65 (t, J = 5.2, 2H), 3.19 (s,
6H), 1.98 - 1.90 (m, 4H), 1.86 — 1.64 (m, 10H).

LRMS (EST") m/z: 392.24 [M]* (calculated 392.27 for [C17HysNOJ]T).

(E)-1-(3-Carboxypropyl)-2-(4-(dimethylamino)styryl)-3,3-dimethyl-3H-indol-1-

ium (12)

P4
&
=
AN

OH

(E)-2-(4-(Dimethylamino)styryl)-1-(4-ethoxy-4-oxobutyl)-3,3-dimethyl-3H-indol-1-ium (0.603
g, 1.49 mmol), provided by Dr. Kylie Yang, was dissolved in 3 M hydrochloric acid (30 mL).
The solution was heated to 80 °C and stirred under nitrogen for 18 h. Residual solvent was
dried under nitrogen to yield 12 (0.556 g, 1.48 mmol) as a purple solid.

'H NMR (400 MHz, DMSO-dg): 6 8.52 (d, J = 15.6, 1H), 8.27 (d, J = 8.8, 2H), 7.94
(d, J = 3.3, 1H), 7.92 (d, J = 3.9, 1H), 7.70 (t, J = 7.7, 1H), 7.63 (t, J = 7.4, 1H), 7.48
(d, J = 15.6, 1H), 7.04 (d, J = 9.0, 2H), 4.64 (t, J = 7.4, 1H), 2.20 — 2.11 (m, 2H), 1.92 (s,
5H).

13C NMR (101 MHz, DMSO-dg): & 179.4, 173.9, 154.7, 154.6, 142.7, 141.1, 134.3,
130.7, 128.8, 127.4, 122.8, 122.4, 113.4, 112.3, 104.5, 50.9, 44.4, 30.2, 26.5, 22.8.

LRMS (EST") m/z: 377.21 [M]* (calculated 377.22 for [Co4Ha9N2Oo] ™).

3-Azidopropan-1-amine (13)

@Ne

~
HZN/\/\N//N/

3-Chloropropyl-1-amine hydrochloride (0.499 g, 3.84 mmol) was dissolved in water (20 mL).
Sodium azide (0.502 g, 7.72 mmol) was added to the reaction which was then heated to 80

°C for 18 h. The reaction mixture was cooled to room temperature before being poured
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into 1 M potassium hydroxide (100 mL). The product was extracted with diethyl ether (3
x 30 mL) and subsequently washed with water (1 x 20 mL) then brine (1 x 20 mL). The
product was concentrated in an ice bath under nitrogen to yield 13 (0.0836 g, 0.835 mmol)
as a colourless oil.

'H NMR (300 MHz, CD30D): ¢ 3.40 (t, J = 6.6, 2H), 2.75 (t, J = 6.9, 2H), 1.76
(quin, J = 6.9, 2H).

13C NMR (75 MHz, CD30D): § 50.0, 39.3, 32.4.

LRMS (EST") m/z: 101.13 [M+H]" (calculated 101.07 for [C3HoN4] ™).

Characterisation data is in accordance with literature values. 34

(E)-1-(4-((3-Azidopropyl)amino)-4-oxobutyl)-2- (4-(dimethylamino)styryl)-3,3-
dimethyl-3H-indol-1-ium (14)

12 (0.098 g, 0.26 mmol) was dissolved in dry N, N-dimethylformamide (25 mL). Hydroxyben-
zotriazole (0.198 g, 1.29 mmol) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (0.212
g, 1.10 mmol) followed by 13 (0.084 g, 0.84 mmol) were added and the reaction mixture was
stirred under nitrogen for 18 h. The product was poured into water (100 mL) and extracted
with isopropanol in chloroform (1:5, 3 x 35 mL). The combined organic extracts were dried
with magnesium sulfate then solvent was removed by rotary evaporation. The crude prod-
uct was purified by column chromatography (SiOs, 0 - 10% methanol in dichloromethane).
The solvent was evaporated by rotary evaporation to afford 14 (0.020 g, 0.26 mmol, 17%)
as a purple solid.

'H NMR (500 MHz, CDCl): § 8.00 (d, J = 15.3, 1H), 7.59 — 7.45 (m, 3H), 7.45 —
7.34 (m, 2H), 6.81 (d, J = 8.5, 2H), 4.64 — 4.46 (m, 2H), 3.48 — 3.27 (m, 4H), 3.19 (s, 6H),
2.81 (t, J = 6.7, 2H), 2.27 - 2.09 (m, 4H), 1.87 (quin, J = 6.8, 2H), 1.74 (s, 6H).

13C NMR (126 MHz, CDCl3): § 178.7, 172.9, 155.4, 155.2, 142.0, 141.1, 129.6, 127.9,
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122.8, 122.3, 113.5, 105.1, 51.0, 49.5, 45.5, 40.5, 36.7, 32.6, 28.9, 27.8, 24.5.
HRMS (EST) m/z: 459.2867 [M]" (calculated 459.2872 for [Co7H3sNgO]™).

(E)-2-(4-(Dimethylamino)styryl)-1-(4-((3-(4-((1-(4-(4-((2,5-dioxopyrrolidin-1-yl)
oxy)-4-oxobutoxy)-5-methoxy-2-nitrophenyl)ethoxy)methyl)-1H-1,2,3-triazol-1-
yl)propyl)amino)-4-oxobutyl)-3,3-dimethyl-3H-indol-1-ium (CyMT)

oA

7 (0.011 g, 0.025 mmol) was dissolved in dry acetonitrile (5 mL). To this was added 14 (0.012
g, 0.026 mmol) and purified copper (I) bromide (0.005g, 0.04 mmol). The reaction mixture
was left to react for 48 h after which the solvent was removed under a stream of nitrogen.
The remaining mixture was dissolved into water (15 mL) then extracted into chloroform (5
x 25 mL). The organic extracts were combined and washed with brine (2 x 10 mL) and dried
over sodium sulfate. The crude product was purified by column chromatography (SiOsg, 0
- 8% methanol in dichloromethane). The solvent was removed in vacuo to afford CyMT
(0.013 g, 0.014 mmol, 55%) as an iridescent purple solid.

'H NMR (500 MHz, CD30OD): § 8.34 (d, J = 15.5, 1H, CH), 8.16 — 8.05 (m, 4H,
3xArH, NH), 7.77 (d, J = 5.5, 2H, 2xArH), 7.60 (s, 1H, ArH), 7.50 (dt, J = 7.5, 2H,
9xArH), 7.37 (d, J = 15.6, 1H, CH), 7.26 (s, 1H, ArH), 6.86 (d, J = 8.9, 2H, 2xArH),
5.14 (q, J = 6.0, 1H, CH), 4.51 — 4.40 (m, 2H, CHyCHyCHs), 4.40 — 4.24 (m, 4H, CHo,
CH,CH,CH,), 4.15 (t, J = 6.1, 2H, CHyCH,CH>), 3.92 (s, 3H, OCHs), 3.16 (s, 6H,
9xCHs), 3.06 (q, J = 5.9, 2H, CH,CH,CH,), 2.95 - 2.78 (m, 6H, 3xCHa), 2.36 (t, J =
6.2, 2H, CH,CH,CH,), 2.09 (quin, J = 6.8, 2H, CH,CH,CH,), 2.02 (quin, J = 6.61, 2H,
CH,CH,CH,), 1.91 (quin, J = 6.8, 2H, CHyCH,CH,), 1.75 (s, 6H, 2xCH3), 1.41 (d, J =
6.2, 3H, CH;).

13C NMR (126 MHz, CD30D): § 188.9, 182.2, 180.9, 179.7, 178.1, 164.1, 164.0, 163.3,
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155.9, 153.0, 152.1, 150.6, 149.5, 143.9, 138.2, 136.9, 133.4, 132.2, 131.8, 127.0, 122.9, 121.7,
118.4, 114.2, 81.7, 76.7, 70.9, 65.6, 60.3, 56.6, 54.2, 45.3, 40.5, 39.3, 36.4, 35.9, 34.9, 34.7,
33.4, 32.6.

HRMS (EST") m/z: 893.4190 [M]™ (calculated 893.4192 for [Cy7H57NgO10]™).

6.2.3 NpMT

6-(6-Bromo-1,3-dioxo-1H-benzo|de]isoquinolin-2(3H)-yl)hexanoic acid (15)
OH

(e}

4-Bromo-1,8-naphthalic anhydride (2.08 g, 7.50 mmol) and 6-aminohexanoic acid (1.43 g,
10.9 mmol) were suspended in absolute ethanol (50 mL). Triethylamine (1.40 mL, 10.0
mmol) was added and the reaction mixture was refluxed under nitrogen for 18 h. The
solvent was removed and the crude solid was purified via column chromatography (SiOq,
5% ethyl acetate in hexane) to afford 15 (2.76 g, 7.07 mmol, 94%) as a pale brown solid.

IH NMR (300 MHz, CDCl3): 6 8.66 (d, J = 7.5, 1H), 8.58 (d, J = 8.4, 1H), 8.42 (d,
J = 7.8, 1H), 8.05 (d, J = 7.8, 1H), 7.85 (t, J = 7.8, 1H), 4.18 (t, J = 6.9, 2H), 2.38 (t, J
= 7.2, 2H), 1.85-1.64 (m, 4H) 1.54 - 1.42 (m, 2H).

13C NMR. (75 MHz, CDCl3): § 178.9, 163.6, 132.0, 130.9, 130.4, 130.0, 128.8, 123.0,
122.2, 40.7, 40.1, 28.1, 26.6, 24.2 (missing Ar signals attributed to symmetry).

LRMS (EST™) m/z: 389.88 [M—H]~ (calculated 388.02 for [C15H15BrNO4] ™).

Characterisation data is in accordance with literature values.34°
tert-Butyl 6-aminohexanoate (16)
(0]
H2NM0J<

6-Aminohexanoic acid (2.03 g, 12.5 mmol) was dissolved in thionyl chloride (3.50 mL, 48.0

mmol) and stirred at room temperature for 1.5 h. Excess thionyl chloride was then evapo-
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rated under a stream of nitrogen after which a solution of sodium hydrogen carbonate (2.82
g, 33.5 mmol) in tert-butyl alcohol (2.80 g, 33.3 mmol) was added and the reaction mixture
was stirred for 18 h. The mixture was concentrated and the remaining residue was diluted
with 1 M sodium hydroxide (50 mL) and extracted with ethyl acetate (3 x 30 mL). The
organic extracts were combined and dried over magnesium sulfate and solvent was removed
by rotary evaporation to yield 16 (2.00 g, 4.49 mmol, 29%) as a colourless oil.

'H NMR (300 MHz, CDCl3): § 2.70 (t, J = 7.0, 2H), 2.22 (t, J = 7.4, 2H), 1.63 — 1.45
(m, 4H), 1.44 - 1.28 (m, 11H).

13C NMR (75 MHz, CDCl3): § 172.8, 79.4, 41.7, 35.1, 32.9, 27.7, 26.1, 24.5.

LRMS (EST") m/z: 180.10 [M+H]" (calculated 180.16 for [C1oH22NOo] ™).

Characterisation data is in accordance with literature values. 346

tert-Butyl 6-(6-bromo-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)hexanoate (17)

4-Bromo-1,8-naphthalic anhydride (0.455 g, 1.64 mmol) and 16 (0.350 g, 1.87 mmol) were
added to absolute ethanol (50 mL) and refluxed under nitrogen for 18 h. The solvent was
then dried and the crude product was purified by column chromatography (SiO2, 20% ethyl
acetate in hexane) to yield 17 (0.653 g, 1.64 mmol, 89%) as a pale brown solid.

'H NMR (400 MHz, CDCl): & 8.54 (d, J = 7.3, 1H), 8.43 (d, J = 8.5, 1H), 8.29 (d,
J =178, 1H), 7.93 (d, J = 7.8, 1H), 7.75 (t, J = 7.9, 1H), 4.19 — 4.02 (m, 2H), 2.20 (t, J
= 7.4, 2H), 1.72 - 1.63 (m, 4H), 1.49 — 1.32 (m, 11H).

13C NMR (101 MHz, CDCls): § 173.0, 163.6, 163.5, 133.2, 132.0, 131.2, 131.1, 130.7,
130.2, 129.0, 128.1, 123.2, 122.3, 80.0, 40.4, 35.5, 28.1, 27.8, 26.6, 24.8.

LRMS (EST") m/z: 468.07 [M+Na]™ (calculated 468.08 for [CogHosBrNNaOy4]™).
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tert-Butyl 6-(6-((2-hydroxyethyl)amino)-1,3-dioxo-1H-benzo[de]isoquinolin-2
(3H)-yl)hexanoate (18)

g0

O _N._0
HN
~"on

17 (0.600 g, 1.34 mmol) and ethanolamine (0.31 mL, 5.1 mmol) were dissolved in dimethyl-
sulfoxide (3 mL) and heated to 70 °C under nitrogen for 18 h. The reaction mixture was
allowed to cool before being diluted with 1 M hydrochloric acid (50 mL). The product was
then extracted into diethyl ether (3 x 30 mL) then washed with brine (2 x 20 mL). The
organic extract was dried over magnesium sulphate and dried on the rotary evaporator to
yield 18 (0.527 g, 1.24 mmol, 92%) as a yellow solid.

'H NMR (300 MHz, CDCl3): ¢ 8.34 (t, J = 10.9, 1H), 8.26 (d, J = 8.4, 1H), 8.03 (d,
J = 8.2, 1H), 7.56 — 7.38 (m, 1H), 6.58 (d, J = 8.5, 1H), 4.15 — 3.96 (m, 4H), 3.53 (s, 2H),
2.28 — 2.12 (m, 2H), 1.71 - 1.64 (m, 4H), 1.43 (d, J = 9.1, 11H).

13C NMR (75 MHz, CDCl3): § 173.5, 164.6, 164.2, 149.7, 134.3, 121.1, 126.2, 124.7,
122.8, 120.3, 110.2, 104.5, 80.3, 60.5, 45.6, 40.1, 35.6, 29.7, 28.7, 28.2, 28.0, 27.8, 26.7, 25.0.

LRMS (ESI") m/z: 449.16 [M+Na]™ (calculated 449.21 for [Co4H3zoNoNaOs]™1).

tert-Butyl 6-(6-((2-((methylsulfonyl)oxy)ethyl)amino)-1,3-dioxo-1H-benzo[de]

isoquinolin-2(3H)-yl)hexanoate (19)

g0

O, N (0]
ool
\ _~
HN\/\O/S\\O
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18 (0.446 g, 1.05 mmol) was dissolved in chloroform (30 mL) and cooled to 0 °C. N,N-
Diisopropylethylamine (1.65 mL, 9.47 mmol) was added dropwise to the solution, followed
by methansulfonyl chloride (0.48 mL, 6.2 mmol) which was added dropwisely. The solution
was stirred for 30 mins after which the reaction was left to reach room temperature and stir
for a further 1.5 h. The reaction mixture was washed with 1 M hydrochloric acid (1 x 30
mL) followed by 5% sodium carbonate (1 x 30 mL) then brine (1 x 30 mL). The organic
phase was dried over magnesium sulfate then dried bo rotary evaporation to yield 19 as a
yellow solid which was used immediately in the next step.

LRMS (EST") m/z: 527.21 [M+Na]™ (calculated 527.18 for [Co5H32NoNaO7S]™).

tert-Butyl 6-(6-((2-azidoethyl)amino)-1,3-dioxo-1H-benzo|[de]isoquinolin-2(3H)-

yl)hexanoate (20)

(0] N (0]
®//Ne
HN o~ 2N

19 (0.660 g, 1.31 mmol) and sodium azide (0.280 g, 4.31 mmol) were dissolved in N,N-
dimethylformamide (25 mL) and heated to 80 °C under nitrogen for 6 h. The reaction
mixture was then allowed to cool to room temperature before being poured into water (100
mL) and extracted with ethyl acetate (3 x 30 mL). The combined organic extracts were
subsequently washed with water (1 x 30 mL) followed by brine (1 x 30 mL) and dried over
sodium sulfate. The solvent was removed by rotary evaporation to yield 20 (0.568 g, 1.05
mmol, 80%) as a yellow solid.

'H NMR (500 MHz, CDCl3): 6 8.55 (d, J = 7.3, 1H), 8.42 (d, J = 8.3, 1H), 8.18 (d,
J =8.4,1H), 7.62 (t, J = 7.9, 1H), 6.68 (d, J = 8.4, 1H), 4.63 (t, J = 4.9, 2H), 4.13 (¢, J
= 7.5, 2H), 3.77 (t, J = 4.9, 2H), 3.10 (s, 3H), 2.21 (t, J = 7.5, 2H), 1.75 - 1.62 (m, 4H),
1.49 - 1.41 (m, 12H).

13C NMR (126 MHz, CDClg): 6 176.7, 164.2, 163.6, 133.9, 133.3, 132.1, 131.3, 131.1,
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130.7, 122.7, 122.3, 48.4, 40.2, 39.6, 33.4, 29.7, 27.7, 26.5, 24.2, 22.1, 19.2.
LRMS (EST") m/z: 474.25 [M+Na]™ (calculated 474.21 for [CosHogN5NaOy4] ™).

6-(6-((2-Azidoethyl)amino)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl) hexanoic

acid (21)
o}
OH
Os _N.__0
@/N@
HN _N7
\/\N/

20 (0.254 g, 0.563 mmol) was dissolved in dichloromethane (2 mL). Trifluoroacetic acid
(1.50 mL, 1.96 mmol) was added and the reaction mixture was stirred at room temperature
for 1 h. Residual solvent was evaporated under a stream of nitrogen. The crude solid was
washed with diethyl ether (3 x 100 mL) and dried in vacuo to yield 21 (0.198 g, 0.546 mmol,
98%) as a yellow solid.

'H NMR (500 MHz, DMSO-dg): § 8.68 (d, J = 8.5, 1H, ArH), 8.45 (d, J = 6.7, 1H,
ArH), 8.28 (d, J = 8.5, 1H, ArH), 7.90 (t, J = 4.5, 1H, NH), 7.71 (t, J = 7.5, 1H, ArH),
6.91 (d, J = 8.6, 1H, ArH), 4.00 (t, J = 7.3, 2H, NCH>), 3.66 - 3.63 (m, 4H, 2x CHy), 2.21
(t, J = 7.3, 2H, NCH>), 1.62 - 1.51 (m, 4H, 2xCH>), 1.36 - 1.29 (m, 2H, CH>).

130 NMR (126 MHz, DMSO-dg): ¢ 174.4, 163.7, 162.9, 150.2, 134.1, 130.7, 129.4,
128.5, 127.3, 124.5, 122.0, 120.3, 108.3, 104.1, 28.9, 42.3, 33.5, 27.4, 26.0, 24.2.

HRMS (ESI™) m/z: 418.1486 [M+Na| ' (calculated 418.1481 for [CooHa1 N5sNaOy4] ™).

6.2.4 HaloTag linker

tert-Butyl (2-(2-hydroxyethoxy)ethyl)carbamate (22)

(0]
>L0)J\H/\/O\/\OH

2-(2-Aminoethoxyethanol) (1.52 mL, 15.0 mmol) was added to absolute ethanol (50 mlL)

and stirred at 0 °C for 30 min. Di-tert-butyl dicarbonate (3.30 g, 15.11 mmol) was added
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and the reaction mixture was allowed to warm to room temperature before stirring for 2.5
h. Dichloromethane (50 mL) was added and the mixture was washed with brine (2 x 75
mL). The organic layer was dried over magnesium sulfate, and was concentrated in vacuo
to yield 22 (2.61 g, 12.7 mmol, 85%) as a pale yellow oil.

'H NMR (300 MHz, DMSO-dg): 4 5.22 (s, br, 1H), 3.69 - 3.66 (m, 2H), 3.53 - 3.48 (m,
4H), 3.26 (q, J = 5.1, 2H), 3.02 (s,br, 1H), 1.39 (s, 9H).

13C NMR (75 MHz, DMSO-dg): § 156.2, 79.3, 72.3, 70.4, 61.5, 40.3, 28.4.

LRMS (EST") m/z: 228.06 [M+Na|T (calculated 228.12 for [CoH19gNNaOy4]™T).

Characterisation data is in accordance with literature values.3*7

tert-Butyl (2-(2-((6-chlorohexyl)oxy)ethoxy)ethyl)carbamate (23)
S
o)J\H/\/O\/\o/\/\/\/CI

22 (1.042 g, 5.091 mmol) was dissolved in N, N-dimethylformamide (10 mL) and the solution
was stirred at 0 °C. Sodium hydride (60% in mineral oil, 0.304 g, 12.5 mmol) was added
the mixture was left to stir for 45 min. 1-Chloro-6-iodohexane (2.01 mL, 8.11 mmol) was
added and the reaction mixture was warmed to room temperature before being stirred for
4 h. The reaction was quenched with saturated ammonium chloride solution (10 mL) then
extracted with ethyl acetate (3 x 50 mL). The organic phase washed with brine (2 x 70
mL) then dried over magnesium sulfate. Solvent was removed in vacuo to yield 23 (0.172
g, 0.534 mmol, 25%) as a yellow oil.

'H NMR (300 MHz, DMSO-dg): & 4.99 (s, br, 1H), 3.58 - 3.41 (m, 10H), 3.28 (t, J =
5.0, 2H), 1.74 (quin, J = 7.0 , 2H), 1.58 (quin, J = 7.0 , 2H), 1.41 - 1.21 (m, 13H).

13C NMR (75 MHz, DMSO-dg): 6 155.9, 79.1, 71.2, 70.3, 70.2, 70.0, 45.0, 40.3, 32.5,
29.4, 28.4, 26.7, 25.4.

LRMS (ESI") m/z: 346.16 [M+Na]™ (calculated 346.18 for [C15H30CINNaO4]™).

(2-(2-((Chlorohexyl)oxy)ethoxy)ethan-1-amine (24)

HoN /\/O\/\O /\/\/\/CI

23 (0.350 g, 1.07 mmol) was dissolved in dichloromethane (5 mL). 2,2,2-Trifluoroacetic acid

(0.80 mL, 9.9 mmol) was added and the reaction was stirred at room temperature for 5 h

165



before being quenched with potassium carbonate (0.523 g, 3.78 mmol) in methanol (6 mL)
for 30 mins. The solvent was removed by rotary evaporation to yield 24 (1.47 g, 6.58 mol,
45%) as a pale orange oil.

'H NMR (300 MHz, CD30D): § 3.78 - 3.68 (m, 6H), 3.62 (t, J = 6.7, 2H), 3.57 (t, J
= 6.6, 2H), 3.21 - 3.18 (m, 2H), 1.85 (quin, J = 6.8, 2H), 1.67, (quin, J = 6.9, 2H), 1.59 -
1.41 (m, 4H).

13C NMR. (75 MHz, DMSO-dg): & 71.4, 70.3, 69.9, 66.7, 45.1, 40.0, 32.6, 29.3, 26.7,
25.3.

LRMS (ESI™) m/z: 224.13 [M+H]" (calculated 224.14 for [C19Ha3CINOo]™).

6.2.5 FlavinTag

4-(10-Ethyl-2,4-dioxo0-4,10-dihydrobenzo|[g]pteridin-3(2H)-yl)butanoic acid (25)
O

@E:Ejklwm

N 6}

Methyl 4-(10-ethyl-2,4-dioxo-4,10-dihydrobenzo[g|pteridin-3(2H)-yl)butanoate (supplied by
Dr. Kylie Yang, 0.222 g, 0.698 mmol) was suspended in conc. hydrochloric acid (40 mL)
and refluxed overnight. The mixture was then diluted with water (50 mL) and extracted
with dichloromethane (5 x 40 mL). The organic extracts were combined and washed with
brine (2 x 30 mL) then dried over magnesium sulfate. The solvent was removed by rotary
evaporation to yield 25 (0.212 g, 0.665 mmol, 94%) as a yellow solid.

'H NMR. (300 MHz, DMSO-dg): 6 12.01 (s, br, 1H), 8.1 - 8.16 (m, 1H), 8.04 - 7.94 (m,
1H), 7.70 - 7.64 (m, 2H), 4.67 (q, J = 6.9, 2H), 3.94 (t, J = 6.8, 2H), 2.28 (t, J = 7.5, 2H),
1.83 (quin, J = 7.1, 2H), 1.34 (t, J = 7.1, 3H).

13C NMR (75 MHz, DMSO-dg): 6 174.0, 159.5, 156.0, 148.8, 149.7, 135.2, 135.0, 132.1,
131.9, 126.0, 116.2, 40.2, 31.2, 30.7, 22.9, 11.9.

LRMS (EST™): m/z 351.00 [M+Na]™ (calculated 351.11 for [C16H16N4NaOy4] ™).
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N-(2-(2-((6-Chlorohexyl)oxy)ethoxy)ethyl)-4-(10-ethyl-2,4-dioxo-4,10-
dihydrobenzo[g]pteridin-3(2H)-yl)butanamide (FlavinTag)

(0]
@NfLNWN\/\O/\/O\/\/\/\CI
N \N/go °
N

25 (0.072 g, 0.25 mmol) was dissolved into N,N-dimethylformamide (10 mL). 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (0.133 g, 0.701 mmol) followed by N-hydroxysuccinimide
(0.112 g, 0.969 mmol) were added to the solution which was left to stir for 24 h. After this,
the reaction mixture was diluted with water (50 mL) and extracted into chloroform (5 x 25
mL). The organic extracts were combined and washed with brine (2 x 20 mL) then dried
over magnesium sulfate. The solvent was removed in vacuo to yield a bright yellow oil
which was then dissolved in N,N-dimethylformamide. 24 was added to the solution and
was left to stir for 24 h. After this, the mixture was diluted with 2 M sodium hydroxide (20
mL) and extracted with dichloromethane (5 x 50 mL). The organic extracts were combined
and washed with brine (2 x 25 mL) then dried over magnesium sulfate. The solvent was
removed by rotary evaporation to yield an oily yellow product which was purified by column
chromatography (SiOsg, 0 - 5% methanol in dichloromethane). The solvent was removed by
rotary evaporation to yield FlavinTag (0.033 g, 0.060 mmol, 32.0%) as a bright yellow
solid.

IH NMR (400 MHz, CDCl3): § 8.34 (d, J = 8.7 Hz, 1H, ArH), 7.93 - 7.88 (t, J = 7.8
Hz, 1H, ArH), 7.68 - 7.61 (m, 2H, ArH), 4.79 (q, J = 7.0 Hz, 2H, NCH,), 4.18 (q, J = 6.8
Hz, 2H, NCHs), 3.58 - 3.42 (m, 14H, 8xCH,), 3.32 (t, J = 8.3 Hz, 2 H, CH,), 2.52 - 2.42
(m, 2H, CH,), 2.13 - 2.06 (m, 2H, CH,), 1.81 - 1.71 (m, 4H, 2xCHs), 1.51 (t, J = 8.3 Hz,
3H, CH3).

13C NMR (101 MHz, CDCl3): § 173.4, 136.0, 135.7, 133.6, 126.4, 115.0, 71.3, 70.2,
70.1, 69.9, 45.1, 41.8, 40.3, 40.2, 39.2, 37.3, 34.0, 32.3, 31.1, 29.7, 29.5, 26.7, 24.2, 23.5.

HRMS (EST") m/z: 556.2297 [M+Na| ™ (calculated 556.2303 for [CasH3sCIN5O5] ™).
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6.2.6 NaphTag

6-Bromo-2-butyl-1H-benzo[de]isoquinoline-1,3(2H)-dione (26)

!

(©) N (0]

Br

1-Bromo-8-naphthalic anhydride (4.119 g, 14.87 mmol) was suspended in absolute ethanol
(40 mL) after which N-butylamine (2.20 mL, 22.3 mmol) was added. The reaction mixture
was heated to reflux for 24. After this, the reaction mixture was left to cool before the
solvent was removed by rotary evaporation. The crude mixture was purified by column
chromatography (SiO2, 7.5% ethyl acetate in hexanes) to yield 26 as a pale yellow solid
(1.099 g, 14.87 mmol, 22%)

'H NMR (300 MHz, CDCl3): § 8.65 (d, J = 7.2, 1H), 8.57 (d, J = 8.4, 1H), 8.41 (d,
J=178,1H),8.03 (d, J = 7.8, 1H), 7.85 (t, J = 7.8, 1H), 4.18 (t, J = 7.4, 2H), 1.72 (quin,
J =74, 2H), 1.45 (sext, J = 7.2, 2H), 0.98 (t, J = 7.2, 3H).

13C NMR (75 MHz, CDCls): § 163.8, 133.4, 132.2, 131.4, 131.3, 130.8, 130.3, 129.2,
128.2, 123.4, 122.5, 40.5, 30.3, 20.5, 14.0.

LRMS (APCI") m/z: 333.98 [M+H]" (calculated 333.21 for [C16H;5BrNOy] ™).

Characterisation data is in accordance with literature values.3*®

6-((2-Butyl-1,3-dioxo0-2,3-dihydro-1H-benzo[de]isoquinolin-6-yl)amino)hexanoic

5

O, N 0}

o

HN\/M
OH

acid (27)

A mixture of 26 (0.105 g, 0.316 mmol) and 6-aminohexanoic acid (0.450 g, 3.43 mmol) were

dissolved in dimethyl sulfoxide and was heated to 70°C and left to react overnight. The
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reaction mixture was concentrated under a stream of nitrogen. The residue was diluted with
0.1 M hydrochloric acid (20 mL) and extracted with chloroform (5 x 40 mL). The combined
organic extracts were washed with water (2 x 20 mL) followed by brine (2 x 20 mL) then
dried over magnesium sulfate. The solvent was removed by rotary evaporation to yield 27
(0.093 g, 0.316 mmol, 77%) as a bright yellow solid.

'H NMR (300 MHz, CDCl3): 6 8.57 (d, J = 7.0, 1H), 8.46 (d, J = 8.5, 1H), 8.12 (d,
J = 8.5, 1H), 7.61 (t, J = 8.0, 1H), 6.72 (d, J = 8.5, 1H), 4.16 (t, J = 7.0, 2H), 3.43 (¢, J
— 6.5, 2H), § 2.43 - 2.41 (m, 2H), 1.85 - 1.67 (m, 6H), 1.52 - 1.39 (m, 4H), 0.98 (t, J = 7.0,
3H).

13C NMR (75 MHz, CDCls): § 165.0, 164.5, 149.6, 143.6, 131.3, 130.0, 126.1, 125.0,
123.5, 120.5, 110.6, 104.6, 43.6, 40.3, 30.6, 28.6, 26.7, 24.5, 22.9, 20.8, 13.9.

LRMS (ESI™) m/z: 381.29 [M—H]~ (calculated 381.18 for [CoaHa5N2O4] 7).

6-((2-Butyl-1,3-dioxo0-2,3-dihydro-1H-benzo[de]isoquinolin-6-yl)amino)-N-(2-(2-

((6-chlorohexyl)oxy)ethoxy)ethyl)hexanamide (NaphTag)

)t

O, N (0]

o

HNMN/\/OV\O/\AA/CI

H

27 (0.042 g, 0.091 mmol) and 24 (0.100 g, 0.449 mmol) were dissolved in N,N-dimethyl
formamide and stirred at 40°C for 48 h. The reaction mixture was concentrated under a
stream of nitrogen after which it was diluted with sodium hydroxide solution (1M, 50 mL).
The aqueous layer was extracted with dichloromethane (5 x 40 mL). The combined organic
layers were washed with brine (2 x 50 mL) then dried over magnesium sulfate. The solvent
was removed, and the remaining crude mixture was purified by column chromatography
(SiO2, 0 - 3% methanol in dichloromethane) to yield NaphTag (0.013 g, 0.23 mmol, 26%)
as a bright yellow solid.

'H NMR (500 MHz, CDCl3): & 8.57 (s, 1H, ArH), 8.45 (s, 1H, ArH), 8.24 (d, J = 8.2,
1H, ArH), 7.61 (t, J = 8.3, 1H, ArH), 6.72 (d, J = 8.4, 1H, ArH), 4.16 (¢, J = 7.6, 2H,
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CH»0), 3.60 — 3.44 (m, 16H, 8xCH>), 2.26 (t, J = 7.1, 2H, NCH,), 1.83 - 1.68 (m, SH,
AxCHs), 1.50 - 1.33 (m, 10H, 5xCHy), 0.97 (¢, J = 7.4, 3H, CH3).

130 NMR (126 MHz, CDCl3): § 173.0, 164.9, 164.3, 149.7, 134.6, 131.2, 126.4, 124.7,
123.3, 120.5, 110.4, 104.4, 71.4, 70.4, 70.2, 69.9, 45.2, 43.4, 40.1, 39.3, 36.2, 32.6, 30.5, 30.3,
29.8, 20.6, 28.2, 26.8, 26.6, 25.6, 24.8, 20.6, 20.5, 14.0, 14.0, 1.2.

HRMS (ESI") m/z: 610.3018 [M+Na]* (calculated 610.3018 for [C32Hy6CIN3NaO5)™1).

6.2.7 BNp-COOH

2,5-Dioxopyrrolidin-1-yl 5-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)

pentanoate (28)

D-Biotin (1.26 g, 5.14 mmol) was dissolved in N, N-dimethylformamide (50 mL). N-Hydroxy
succinimide (0.587 g, 5.01 mmol) and 1,3-dicyclohexyl carbodiimide (1.08 g, 5.25 mmol) were
added to the mixture and the resulting suspension was stirred under nitrogen for 24 h. The
suspension was filtered and washed with diethyl ether. The product was dried in vacuo to
yield 28 (1.57 g, 4.61 mmol, 92%) as a white solid.

'H NMR (500 MHz, DMSO-dg): § 6.37 (d, J = 8.6, 2H), 4.32 - 4.27 (m, 1H), 4.15 -
4.12 (m, 1H), 3.13 - 3.06 (m, 2H), 2.85 - 2.83 (m, 5H), 2.66 (t, J = 7.5, 2H), 1.68 - 1.47 (m,
6H).

13C NMR (126 MHz, CD30D): § 172.0, 170.3, 166.2, 63.3, 61.7, 56.9, 56.8, 41.0, 34.8,
32.0, 31.4, 29.3, 26.5, 25.6.

LRMS (ESIT) m/z: 364.12 [M+Na]™ (calculated 364.09 for [C14H19N3NaO5S]|™).

Characterisation data is in accordance with literature values. 349
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tert-Butyl (2-(6-bromo-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)ethyl)
carbamate (29)
0
HN 0J<
H

O, N

o)
e
Br

4-Bromo-1,8-naphthalic anhydride (3.11 g, 11.2 mmol) and N-boc-ethylenediamine (2.20
mL, 12.9 mmol) were suspended in absolute ethanol (70 mL). The mixture was heated to
reflux for 24 h. The ethanol was removed. The brown residue was washed with diethyl ether
(3 x 30 mL) to yield 29 (4.53 g, 10.8 mmol, 96%) as a pale yellow solid.

'H NMR (400 MHz, CDCl3): § 8.63 (d, J = 7.3, 0.7, 1H), 8.54 (d, J = 8.5, 1H), 8.39
(d, J =79, 1H), 8.01 (d, J = 7.9, 1H), 7.82 (dd, J = 8.3, 7.5, 1H), 4.34 (t, J = 5.7, 2H),
3.51 (t, J = 10.7, 2H), 1.27 (s, 9H).

HRMS (ESI™) m/z: 441.0420 [M+Na| ™" (calculated 441.0426 for [C19H19BrNoNaO4] ™).

Characterisation data is in accordance with literature values. 30

6-(6-((2-((tert-Butoxycarbonyl)amino)ethyl)amino)-1,3-dioxo-1H-benzo|[de]

isoquinolin-2(3H)-yl)hexanoic acid (30)

(0]
OH
(@) N (0]
e i
HN )<
\/\H O

15 (0.606 g, 1.16 mmol) and N-Boc-ethylenediamine (1.00 mL, 16.8 mmol) were added
to dimethylsulfoxide (4 mL) and heated to 70 °C under nitrogen for 18 h. The reaction
mixture was cooled to room temperature before being poured into 0.1 M hydrochloric acid

(150 mL). The aqueous mixture was extracted with dichloromethane (5 x 25 mL). Organic
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extracts were combined and dried over magnesium sulphate then concentrated to yield an
oily residue that was washed with petroleum ether then dried in vacuo, yielding 30 (0.610
g, 1.02 mmol, 88%) as a yellow solid.

'H NMR (500 MHz, CD30D): § 8.51 (d, J = 7.2, 1H), 8.46 (d, J = 8.4, 1H), 8.34 (d,
J = 8.6, 1H), 7.65 (t, J = 7.6, 1H), 6.84 (d, J = 8.5, 1H), 4.14 (t, J = 7.5, 2H), 3.54 (t,
J = 5.7, 2H), 3.46 (t, J = 5.8, 2H), 2.33 (t, J = 5.7, 2H), 1.72 (sept, J = 5.7, 2H), 1.50 -
1.44 (m, 12H), 1.33 (s, 2H).

13C NMR (126 MHz, CD30D): § 177.8, 166.3, 165.8, 159.9, 152.7, 136.0, 132.8, 131.3,
129.3, 125.6, 123.5, 121.9, 109.6, 105.0, 80.5, 45.2, 40.9, 40.8, 40.1, 35.0, 28.9, 28.7, 25.9.

LRMS (EST™) m/z: 468.25 [M—H]~ (calculated 468.22 for [Co5H39N304] 7).

6-(6-((2-Aminoethyl)amino)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)hexanoic

acid (31)
o
OH
Ox N._0
HN\/\NH2

30 (0.113 g, 0.241 mmol) was added to trifluoroacetic acid (2.00 mL, 26.1 mmol) and stirred
under nitrogen for 5 h. The trifluoroacetic acid was evaporated and the resulting residue
was washed with diethyl ether. The product was dried under a stream of nitrogen to yield
31 (0.0881 g, 0.238 mmol, 99%) as a yellow solid.

'H NMR (400 MHz, CD30D): § 8.54 (t, J = 6.8, 2H), 8.42 (d, J = 8.4, 1H) 7.71 (t, J
= 7.6, 1H), 4.15 - 4.11 (m, 3H), 3.79 (t, J = 6.0, 2H), 2.35 - 2.30 (m, 3H), 1.76 - 1.67 (m,
4H), 1.65 - 1.42 (m, 2H).

13C NMR (101 MHz, CD30OD): § 177.5, 165.8, 165.4, 151.5, 135.4, 132.1, 130.6, 129.2,
125.7, 123.2, 121.9, 110.8, 105.2, 31.6, 40.8, 39.2, 34.8, 28.8, 27.6, 25.7.

LRMS (EST") m/z: 370.18 [M+H]" (calculated 370.42 for [CooHoyN3O4] ™).
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6-(1,3-Dioxo-6-((2-(5-((3aS,4S,6aR )-2-oxohexahydro-1H-thieno[3,4-d]imidazol-
4-yl)pentanamido)ethyl)amino)-1H-benzo[de]isoquinolin-2(3H)-yl)hexanoic acid
(BNp-COOH)

OH

Q H, HN\(
HN\/\NWNH
H
S H

29 (0.110 g, 0.298 mmol) and 28 (0.120 g, 0.352 mmol) were dissolved in N, N-dimethyl-
formamide (20 mL). Triethylamine (0.05 mL, 0.328 mmol) was added and the reaction
mixture was stirred under nitrogen for 5 h. The reaction mixture was then poured into 1
M sodium hydroxide (150 mL) after which a precipitate was formed and filtered off. The
remaining filtrate was acidified to pH 1 with hydrochloric acid after which a precipitate was
formed. This precipitate was filtered and dried in vacuo yielding BNp-COOH (0.053 g,
0.090 mmol, 30%) as a yellow solid.

'H NMR. (500 MHz, DMSO-dg): d 8.61 (d, J = 8.3, 1H, ArH), 8.44 (d, J = 7.2, 1H,
ArH), 8.27 (d, J = 8.4, 1H, ArH), 813 (¢, J = 5.2, 1H, NH), 7.83 (t, J = 4.7, 1H, NH),
7.70 (t, J = 7.8, 1H, ArH), 6.84 (d, J = 8.6, 1H, ArH), 6.35 (d, J = 22.4, 2H, 2xNH),
4.26 - 4.23 (m, 1H, CH), 4.04 - 3.98 (m, 5H, CH, 2xCH3), 3.44 (CH;NHCO)*, 2.94 - 2.90
(m, 1H, CH), 2.76 - 2.72 (m, 1H, CHy), 2.54 (d, J = 12.4, 1H, CHy’), 2.21 (t, J = 7.3, 2H,
CH,CO), 2.10 (t, J = 7.2, 2H, CH2CO), 1.63 - 1.49 (m, 8H, 4xCH3), 1.43 - 1.21 (m, 6H,
2xCHg). *resolved by 2D NMR

13C NMR (126 MHz, DMSO-dg): & 175.1, 173.9, 168.6, 168.3, 164.3, 163.5, 163.3,
134.9, 131.4, 125.1, 122.0, 120.4, 108.2, 104.3, 74.1, 61.5, 59.7, 55.9, 35.7, 34.3, 34.0, 32.1,
28.5, 28.4, 28.1, 27.4, 26.5, 25.7, 25.4, 24.7.

LRMS (ESI™) m/z: 594.24 [M—H]~ (calculated 594.72 for [C30H3sN506S] 7).
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6.2.8 Modified amino acids

(9H-Fluoren-9-yl)methyl ((2R,3R)-1,3-dihydroxybutan-2-yl)carbamate (32)

Fmoc-Thr-OH (1.00 g, 2.93 mmol) was dissolved in anhydrous tetrahydrofuran (50 mL).
1 M Borane tetrahydrofuran complex solution (50 mL) was added dropwise over 10 min after
which the mixture was stirred at room temperature overnight. The reaction was quenched
by adding 1 M hydrochloric acid and stirring for 30 min. This mixture was diluted into (30
mL) amd extracted with a 1:1 mixture of tetrahydrofuran and diethyl ether (3 x 100 mL).
The organic extracts were comvined and washed with 1 M potassium hydroxide (2 x 50 mL)
followed by brine (2 x 50 mL) then dried over magnesium sulfate. Solvent was removed
by rotary evaporation and purufied by column chromatography (SiO2, 0 -10% methanol
in dichloromethane with 0.1% acetic acid) to yield 32 (0.738 g, 2.26 mmol, 77%) as an
off-white solid.

'H NMR (300 MHz, CD30D): § 7.81 (d, J = 7.4, 2H), 7.69 (d, J = 7.3, 2H), 7.37 (dt,
J =14.1, 7.3, 4H), 4.53 — 4.31 (m, 2H), 4.24 (t, J = 6.6, 1H), 4.00 (d, J = 4.1, 1H), 3.78 —
3.50 (m, 3H), 1.17 (d, J = 6.4, 3H).

LRMS (EST") m/z: 350.18 [M+Na]™ (calculated 350.14 for [C19HaiNNaOy]™1).

(9H-fluoren-9-yl)methyl ((2R,3R)-3-(tert-butoxy)-1-hydroxybutan-2-yl)

carbamate ((33))

A solution of Fmoc-Thr(tBu)-OH (1.02 g, 2.57 mmol) in tetrahydrofuran (40 mL) was
cooled to -10 °C. N-Methylmorpholine (0.280 mL, 2.55 mmol) and ethyl chloroformate
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(0.240 mL, 2.51 mmol) were added successively. The reaction mixture was stirred for 30
min at -10 °C after which sodium borohydride (0.307 g, 8.12 mmol) was added. Methanol
(30 mL) was slowly added in portions over 30 min and the reaction was left to stir at
room temperature. After this, 1 M hydrochloric acid (50 mL) was added and stirred until
the reaction mixture became transparent. The organic solvents were evaporated and the
remaining aqueous solution was extracted with dichloromethane (3 x 30 mL). The organic
layers were combined and dried over magnesium sulfate before the solvent was removed by
rotary evaporation. The crude oil was purified by column chromatography (SiO2, 20 - 50%
ethyl acetate in hexanes) to yield 33 (0.941 g, 2.44 mmol, 98%) as a white solid.

'H NMR (500 MHz, CDCl3): § 7.77 (d, J = 7.5, 2H), 7.61 (d, J = 7.4, 2H), 7.40 (t,
J =174,2H), 732 (t, J = 7.4, 2H), 4.48 — 4.37 (m, 2H), 4.24 (t, J = 6.8, 1H), 3.96 (d, J
— 3.4, 1H), 3.76 — 3.58 (m, 4H), 1.26 — 1.10 (m, 12H).

13C NMR (126 MHz, CDCls): & 157.2, 144.1, 141.5, 127.8, 127.2, 125.2, 120.1, 74.5,
67.6, 67.0, 64.1, 57.3, 47.5, 28.8, 20.2.

LRMS (ESI™) m/z: 382.18 [M—H]~ (calculated 382.20 for [Ca3HagNO4] ™).

Characterisation data is in accordance with literature values. 35!

6.2.9 Np-COOH

6-(6-(butylamino)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl) hexanoic acid

(Np-COOH)
(0]
OH
O, N o}
HN\/\/

15 (0.750 g, 1.93 mmol) and N-butylamine (0.95 mL 9.6 mmol) were dissolved in dimethyl-
sulfoxide (5 mL) and stirred at 70 °C overnight. After this, the reaction mixture was
concentrated under a stream of nitrogen. The concentrate was diluted into 2 M hydrochlo-

ric acid (20 mL) which induced a yellow precipitate. The mixture was extracted into
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dichloromethane (5 x 25 mL). The organic extracts were combined and washed with water
(3 x 25 mL) and brine (3 x 25 mL) then dried over magnesium sulfate. The solvent was
evaporated in vacuo to yield a yellow oil. Petroleum ether was added slowly to induce pre-
cipitation of a bright yellow solid which was vacuum filtered. The solid was then purified by
column chromatography (SiOg, 5 - 7% methanol in dichloromethane) to yield Np-COOH
(0.658 g, 1.70 mmol, 88%) as a bright orange solid.

'H NMR (300 MHz, CDCl3): 6 8.58 (d, J = 7.3 1H, ArH), 8.44 (d, J = 8.4, 1H, ArH),
8.07 (d, J = 8.4, 1H, ArH), 7.62 (d, J = 8.3, 1H, ArH), 6.72 (d, J = 8.5, 1H, ArH), 4.16
(t, J = 7.5, 2H, NCH,), 3.41 (t, J = 7.0, 2H, NCH3), 2.37 (t, J = 7.5, 2H, CH,COOH),
1.80 — 1.69 (m, 6H, 3xCHy), 1.55 — 1.48 (m, 4H, 2xCHy), 1.03 (t, J = 7.3, 3H, CH3).

13C NMR (75 MHz, CDCl3): § 177.0, 164.7, 164.2, 149.4, 134.5, 131.1, 129.8, 125.7,
124.7, 123.2, 120.2, 110.3, 104.4, 43.4, 39.9, 33.5, 31.1, 27.8, 26.6, 24.4, 20.4, 13.9.

LRMS (ESI™) m/z: 381.18 [M—H]~ (calculated 381.18 for [CoaHa5N2O4] 7).

6.2.10 General peptide synthesis procedure
Loading an amino acid onto resin

Rink amide (100-200 mesh) resin (300 mg) was swelled for 30 min in dichloromethane.
The Fmoc group was cleaved from the resin by rocking in a solution of piperidine in N,N-
dimethyl formamide (20% v/v, 4 mL) for 1 h. The solution was discarded and the resin was
washed with N, N-dimethylformamide (5 x 5 mL), dichloromethane (5 x 5 mL), then N,N-
dimethylformamide (5 x 5 mL). The first amino acid (4 equiv.) was activated using DIPEA
(8 equiv.) and PyBOP (8 equiv.) in N,N-dimethylformamide and left to activate for 2 min.
The activated amino acid solution was added to the deprotected resin and shaken for 1.5
h. The solution was discarded and the resin was washed with N, N-dimethylformamide (5 x
5 mL), dichloromethane (5 x 5 mL), then N,N-dimethylformamide (5 x 5 mL). The loaded
resin was then capped to inactivate unreacted amines.

A capping solution was made by combining acetic anhydride and pyridine (3:2). The
solution was added to the resin and shaken for 30 min. The solution was discarded and the
resin was washed with N,N-dimethylformamide (5 x 5 mL) dichloromethane (5 x 5 mL),
then N,N-dimethylformamide (5 x 5 mL).
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Loading an amino aclohol onto resin

2-Chlorotrityl Chloride resin (300 mg) was swelled in dichloromethane for 30 min. The
amino alcohol (2 equiv.) was added to a solution of DIPEA (4 equiv.) in N, N-dimethylformamide.
This solution was added to the resin and left to shake for 18 h. The solution was discarded
and the resin was washed with N, N-dimethylformamide (5 x 5 mL) dichloromethane (5 x 5
mL), then N,N-dimethylformamide (5 x 5 mL). The loaded resin was then capped.

A capping solution of dichloromethane, methanol and DIPEA (17:2:1, 5 mL) was added
to the resin and shaken for 1 hour. The solution was discarded and the resin was washed with
N, N-dimethylformamide (5 x 5 mL) dichloromethane (5 x 5 mL), then N, N-dimethylformam-
ide (5 x 5 mL).

Checking resin loading

A small portion of dried loaded resin was weighed exactly. Piperidine in N, N-dimethyl
formamide (20% v/v, 3 mL) was added and left to sit for at least 5 min after which the
absorbance was measured at 290 nm. Loading was calculated using an extinction coefficient

of 1.65 cm ™! (mmol/g) 1.

Manual peptide elongation

To deprotect the Fmoc from the resin bound amino acid, a solution of piperidine in N,N-
dimethylformamide (20% v/v, 3 mL) was shaken for 3 mins (3 x 5 mL). The solution was dis-
carded and the resin was washed with N, N-dimethylformamide (5 x 5 mL) dichloromethane
(5 x 5 mL), then N,N-dimethylformamide (5 x 5 mL).

The amino acid (2 equiv.) was activated using DIPEA (4 equiv.) and PyBOP (4 equiv.)
in N,N-dimethylformamide (5 mL) and left to shake for 5 min. The activated amino acid
solution was added to the resin and shaken for 1.5 h. The solution was discarded and the
resin was washed with N,N-dimethylformamide (5 x 5 mL) dichloromethane (5 x 5 mL),
then N,N-dimethylformamide (5 x 5 mL).

The deprotection and amino acid coupling steps were repeated for each amino acid until

the entire peptide was synthesised.
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Coupling the fluorophore onto the N-terminus

A solution of piperidine in N,N-dimethylformamide (20% v/v) was used to protect the
Fmoc of the resin bound amino acid. The acid functionalised fluorescent sensor (1.2 equiv.)
was dissolved in N,N-dimethylformamide (5 mL) and activated using DIPEA (4 equiv.)
and PyBOP (4 equiv.) which was left to stand for 2 min. The activated fluorophore was
added to the resin and shaken overnight. The solution was discarded and the resin was
washed with N, N-dimethylformamide (5 x 5 mL) dichloromethane (5 x 5 mL), then N,N-

dimethylformamide (5 x 5 mL).

Cleaving and deprotecting the peptide off the resin

The resin bound Np-COOH and BNp-COOH conjugated octreotide was cleaved us-
ing a solution containing trifluoroacetic acid, water, phenol, thioanisole, and ethanedithiol
(82.5:5:5:5:2.5 v/v/v/v/v, 5 mL). Resin bound NpMT was cleaved using a solution con-
taining trifluoroacetic acid, water, and triisopropylsilane (95:2.5:2.5, v/v/v, 5 mL). The
respective solution was added to the resin and shaken for 1 h. Excess solution was dried

under a stream of nitrogen and the cleaved peptide was analysed by HPLC.

Peptide cyclisation

Peptide was dissolved at a concentration of <5 mg/mL in a solution of ammonium bicar-
bonate (50 mM) at pH 8 and shaken for 4 days. Cyclisation was confirmed using LCMS.

The cyclised peptide was isolated by lyophilisation.
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6.2.11 Peptides

NpMT

0. N (0]
HN
N:N (0]
HoN O\

LRMS (ESI™) m/z: 1293.05 [M—6H]5~ (calculated 1293.46 for [CgsHgrN11019]%7).
LRMS (ESIT) m/z: 1350.18 [M+2Na+4H]* (calculated 1350.36 for [Cg4H77N11NagsO19)%F).
Analytical HPLC (C18 column, 0 - 100% acetonitrile in water over 30 minutes (0.1%

TFA buffer)) retention time: 7.7 min.

Np-COOH octreotide (cyclised)

o, B DS B

e y e JY o

"OH

LRMS (ESI™) m/z: 1380.91 [M—2H]?~ (calculated 1380.60 for [C73HggN1201352]%7).
LCMS (C18 column, 0 - 100% acetonitrile in water over 60 min) m/z: 1385 [M+2H]**

(calculated 1385 for [C71HgaN12013S2]?F). retention time: 42.5 min.
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Analytical HPLC (C18 column, 0 - 100% acetonitrile in water over 60 minutes (0.1%

TFA buffer)) retention time: 37.5 min.

BNp-COOH octreotide

O
H o HIHN\(
©\ O N\/\N)J\/\/\é/NH
H
O, S [
0 o) H
; s )J\/\/\/
O, N N
Y\N)k[ N
H H
NH o (e]
SH

I S

H
AN o2 NH o
N N
HZN/\/\\\‘- “,, H ‘. OH
(e} o
HO ‘OH

LCMS (C18 column, 0 - 100% acetonitrile in water over 25 min) m/z: 1600.15 [M+2H]?*
(calculated 1600.97 for [C79H105N1501593)%"). retention time: 10.2 min.
Analytical HPLC (C18 column, 0 - 100% acetonitrile in water over 60 minutes (0.1%

TFA buffer)) retention time: 24.5 min.

6.3 Fluorescence studies

6.3.1 Solution-phase fluorescence

All solution-phase fluorescence studies were performed in the specified water-based solvents
which were prepared using MilliQQ water. Spectra were taken using a quartz cuvette with a
path length of 1 ¢cm and slit widths of 5 nm at a scan rate of 600 nm/min.

CyMT and ethyl ester hemicyanine absorbance and fluorescence spectra were performed
on a Varian Cary Eclipse Fluorescence Spectrophotometer. Abosrbance and fluorescence
spectrum of NpFR1, N-ethyl flavin, and 7-diethylamino coumarin-NHy were taken using

the Duetta Fluorescence and Absorbance Spectrometer.

6.3.2 Solid-state fluorescence

Glass slides were prepared by sonicating for 10 min each using distilled water, isopropanol,
and acetone, sequentially. The slides were then dried using a stream of nitrogen, and placed

in an ozone cleaning system for 15 min.
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For the absorbance and emission spectra taken using the smeared product, CyMT or
ethyl ester protected hemicyanine were dissolved in chloroform (1 mg/mL). 10 uL of this
solution was smeared onto a glass slide and was left to dry.

For spectra taken in a matrix dispursion, polymethylmethacrylate (PMMA) was dis-
solved in chloroform (20 mg/mL) and was stirred for 2h. CyMT was dissolved in the
PMMA solution at a concentration of 10% (w/v). Dilutions were performed to give final
concentrations of 5, 2.5, 1.25 and, 0.625% (w/v). 10 uL of the solutions was spin coated
onto a glass slide using the dynamic dispense technique at 1500 rpm.

The coated slides were mounted onto a 3D printed cradle and placed at 45° to the laser
and absorbance paths. UV-Vis absorption spectra were collected on Aligent Technologies

Cary 60 UV-Vis Spectrophotometer.

6.4 Electrochemical studies

Cyclic voltammetry

Cyclic voltammograms were obtained on the BAS 100B/W Electrochemical Analyser. Glassy
carbon was used as the working electrode and a silver/silver chloride wire was used as the
reference electrode. Probes were prepared at a concentration of 0.6 mM in acetonitrile with
0.1 M tetrabutylammonium chloride. The sample was degassed for 20 mins before taking

measurements.

6.5 Insulin preparation

6.5.1 CyMT tagged insulin fibril formation

To a solution of human recombinant insulin (0.970 mg, 0.172 nmol) dissolved in N,N-
dimethylformamide (100 uL) was added N,N-Diisopropylethylamine (10 pL, 0.13 pmol).
This solution was left to shake for 10 min at 170 rpm. A solution of CyMT (0.620 mg,
0.517 nmol) in dimethylsulfoxide (10 pL) was added drop-wise to the insulin mixture which
was then left to stir for 24 h. The mixture was extracted into phosphate buffered solution
using a Zeba TK MWCO (2 mL, Thermo Fisher) spin column. The concentration of the

protein fractions were assessed using absorbance spectroscopy at a wavelength of 280 nm
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using an extinction coefficient of 1.0675 cm~!(mg/mL)~!. The tagged insulin was dissolved
into glycine buffer (20 mM) at a concentration of 1 mg/mL and were fibrilised using a

thermomixer at 60 °C and 700 rpm for 18 h.

6.5.2 CyMT tagged insulin fibril slide preparation

ITO slides were treated with poly-L-lysine to assist with adhesion. To do this, the ITO
slides were cleaned as described in section 6.3.2. The slide was placed in a humidity chamber
before poly-L-lysine solution (200 uL, 0.01% (w/v)) was placed across the entire slide, and
incubated for 30 min. The solution was removed and excess was rinsed off with MilliQ
water. The residual water was blown off with a stream of nitrogen.

CyMT-tagged insulin fibrils were synthesised as described in section 6.5.1. 20 ul of
the fibril solution was dropped onto the poly-L-lysine-treated ITO-coated glass slides. The

droplets were left to air dry in the dark.

6.6 Confocal microscopy

6.6.1 CyMT tagged insulin microscopy

CyMT tagged insulin fibrils were prepared as described in section 6.5.2. No imaging media
was used for these studies. Fluorescence images were taken on the Olympus Fluoview
FV3000 Confocal Microscope using the 561 nm laser. A lambda scan was taken to find the
most appropriate collection window, which was determined to be 575 - 675 nm. Images

were taken using a 40x objective. Images were processed using FIJI software.

6.6.2 HaloTag microscopy

Halo-CTR1 DLD1 cells were plated into MatTek glass bottom plates at 30% confluence per
well and allowed to adhere for 24 h in a humidified incubator at 37 °C with 5% CO,. BCS
(50 pM) or CuSO4 (30 uM) was added to the cells to incubate for 24 h. After this, the
cells were incubated with the desired probe for 20 mins before being rinsed with phosphate-
buffered saline (3 x 1 mL). After which FluoroBrite DMEM supplemented with 2% (v/v)
foetal bovine serum was used for as an imaging medium.

Cells were imaged in a temperature controlled incubator at 37 °C with 5% COs. Images
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were obtained on an Olympus FluoView FV1000 confocal microscope using a 60x water
objective lens. The probes were excited using the 405 nm laser and a collection window of

500 - 600 nm.

6.7 MALDI studies

6.7.1 Low resolution MALDI-MS

A saturated solution of a-cyano-4-hydroxycinnamic acid (4CCA) in ethanol (0.25 pyL) was
dropped onto a polished steel plate and left to dry. The sample was dissolved into TA30,
then mixed 1:1 with a saturated solution of 4CCA in TA30. This mixture (0.25 uL) was
dropped on top of the dried droplet and was left to dry. MALDI-MS was taken on the
Bruker Autoflex Speed MALDI-TOF.

6.7.2 MALDI-MSI sample preparation

For the images of the probe alone, CyMT was dissolved in dichloromethane (0.5 mg/mL).
50 pL was dropped onto an indium tin oxide (ITO) coated glass slide, and the droplet was
smeared to form a thin layer across the slide which was left to dry.

The prepared glass slides were placed in a MTP slide adaptor and a visual scan was

taken at 4800 dpi using the Epson perfection v39.

6.7.3 Matrix sublimation

Matrix sublimation was performed by depositing 4CCA matrix (350 mg) in a glass petri
dish that was then placed into a vacuum chamber. The glass slide was tape-mounted to
the bottom of the cooling insert face-down. The cooling insert was filled with ice. The
chamber was evacuated for 4 min, after which the chamber was heated to between 140 - 170
°C under vacuum for 10 min. The chamber was removed from the heat source and allowed

to equilibrate to atmospheric pressure before the sample was removed.

6.7.4 MALDI-MSI

Prepared slides were place on a Bruker solariX 2xR 7T Fourier Transform Ion Cyclotron

Resonance Mass Spectrometer equipped with a smart beam II Nd:YAG MALDI laser. Plate
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offset was set to 100.0 V. Deflector plate was set to 220.0 V. Laser power 36%. 200 laser shots
at a frequency of 1000 Hz with small laser focus. Accumulation during detection was turned
on. On-line calibration was turned on for the following m/z related to 4CCA responses:
379.092463, 399.03778, 568.135056, 845.105426. The API high voltage was turned off. The
dry gas temperature was set to 30 °C. Funnel 1 voltage was set to 150 V Skimmer 1 was
set to 15 V. Funnel RF Amplitude was set to 150 Vpp. Octopole frequency was 5 MHz at
an amplitude of 350 Vpp. Collision cell RF frequency was set to 2 MHz with an amplitude
of 1000 Vpp. Time of flight delay was set to 0.8 ms at a transfer optics frequency of 6 MHz
and an amplitude of 350 Vpp. The transient size was 512 K mass range 150 - 3000. Average
scan set to 1. Transients were transformed in magnitude mode with 1 zero fill and a data
reduction factor of 95% and full sine apodisation function was applied. Sweep excitation
power was set to 19%.

Spectral image was prepared using flexImaging software with 1 region selected that
included the 4CCA matrix sublimed over the slide and a second slide without sublimation.

100 pum raster pattern was applied. Laser diameter was 50 um to prevent oversampling.

6.8 Computational chemistry

All structure files were generated and visualized using IQmol 3.0.1. Quantum calcula-
tions were carried out using Q-chem 5.4 or Q-chem 6.0 software packages.?°23%3 The self-
consistent field (SCF) method was performed using Pulay’s direct inversion in the iterative
subspace (DIIS) algorithm, with a convergence criterion of 10~® for geometry optimizations
and 107! for excited-state calculations. The SG1 standard quadrature grid was used for
all calculations unless otherwise stated, except for M11 functional calculations which were

performed using SG3.

6.8.1 Geometry optimisations

For NpFR1 Geometry optimisations were performed using density functional theory (DFT)
by utilising the Becke’s three-parameter hybrid functional (B3YLP) method?? and the 6-
31G* basis set with the inclusion of solvent by using the conductor-like polarisable contin-

uum model (CPCM).299:354355 A dielectric constant of 78.39 was used as a standard for

water.
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Several conformers were considered and generated for the geometry optimisations in
order to sample multiple structures along the potential energy surface. Frequency analysis
was used to determine the nature of the found stationary point. A conformer was concluded
to be at a minimum point on the potential energy surface if the frequency analysis returned
0 imaginary frequencies.

To ensure that multiple starting geometries were sampled, a Python script was created
for use with PyMol due to the high number of degrees of freedom in the FCR1 structure.
The dihedrals were specified and were generated at either 0°, 90°, 180°, or 270°, while the
dihedrals specified for the rotation of the fluorophore were selected to be either 90° or 180°.
This generated 128 starting geometry files. Of these, 20 files were discarded due to overlap
of the chromophores. The remaining files were optimised using B3LYP/6-31G* level of
theory in the gas phase. From here, the 10 lowest energy conformers were then re-optimised
using a solvated model to emulate protein binding conditions by using CPCM. The lowest
energy conformer was subjected to a frequency analysis to confirm that the structure was at
a minimum on the potential energy surface. The lowest energy conformer was found to have
3 imaginary frequencies with amplitudes of 51.92, 45.13, and 25.49, indicating the geometry
is not at a minimum. Therefore, the lowest energy conformer geometry was further refined
using a finer quadrature grid (17,674 vs 3,816 number of grid points). The frequency was

then computed again and 0 imaginary frequencies were found.

6.8.2 Spectral overlap integral

The absorbance spectrum of N-ethyl flavin was converted to be expressed in units of
M~!em™" vs X\. The conversion of the absorbance units was performed by calculating
the extinction coefficient which was used to scale the absorbance values. The emission spec-
trum of coumarin was normalised. The scaled spectra were imported into ale - UV/VIS-IR
Spectral Software and the spectral overlap integral was calculated from 380 - 600 nm using

the ’Calculate spectral overlap integral’ function.

6.8.3 Transition dipole moments

The optimised geometry of FCR1 was used to extract the structures of the coumarin and

flavin portions individually. To ensure the most accurate representation of the relevant

185



structures, the point of separation was determined to be one carbon atom away from the
last molecule involved in the structure conjugation.

For the flavin portion, TD-M11/6-314+G* level of theory was used to calculate the first
eight singlet excited states from the ground state. The first excited state was found to have
the most significant transition strength. The transition dipole moment of this was extracted
from the Q-chem output file.

For the coumarin portion, TD-M11/6-31+G* level of theory was used to calculate the
first eight singlet excited states. The first excited state exhibited the most significant transi-
tion strength, thus a geometry optimisation was performed on this state. After optimisation,
further TD-M11/6-31+G* was used to calculate the first five singlet excited states. The
first excited state was found to have the most significant transition strength. The transition

dipole moment of this state was extracted from the Q-chem output file.

6.8.4 Orientation factor calculation

The midpoint of each fluorophore in FCR1 was determined by extracting their coordinates
from the optimised structure. The extent of each independent fluorophore was defined as
one carbon atom away from the last atom involved in the conjugation, to ensure accurate
consideration of the relevant structure. The coordinates of each chromophore were averaged
to obtain the midpoint 3D coordinates, which was converted into a vector. The vector of
the transition dipole moments were determined as described in section 6.8.3. The angle
between the two vectors was calculated using a rearrangement of the dot product formula

given in equation 6.1.

0 = arccos (afb) (6.1)

|a] x [b]
where 0 is the angle between two vectors, a is vector 1, and b is vector 2.

6.8.5 Excited state calculations

Excited state calculations were first performed using the CIS?*® and CIS(D)35" methods
using either 6-31G* or 6-31+G* basis sets. Then TD-DFT was performed using using
PBE03%®, CAM-B3LYP?3% B3LYP?% and M06-2X30 functional. For these calculations,
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6-31G*, 6-314+G*, 6-311+4+G**, 3617364 and aug-cc-PVTZ3% basis sets were considered.
MOM 3% was performed at BSLYP/6-31+G* level of theory using the SG1 grid or the SG3
grid. IMOM?3%7 was calculated using BSLYP /6-31+G* level of theory. Solvated calculations

were performed using CPCM with a dielectric constant of 78.39.

6.9 Computational Biology

6.9.1 Autodock 4

Autodock4 calculations were performed in the manner described by Bianco et al.?%! The
protein structure (PDBID 6U32) was prepared by removing the complexed ligand. The
protein structure was prepared by removing implicit waters and adding all hydrogen atoms.
The ligand structures of NpFR1-Tag and FCR1-Tag were generated in iQmol. An align-
ment file the ligands within the HaloTag binding pocket was generated. The flexible protein
residue was specified to be APS106. Calculation parameter files were generated using Au-
togrid4 for both the receptor and ligand files. These files were used to optimise the ligand

binding using Autodock4. Output files were visualised using PyMOL.

6.9.2 Molecular docking

The crystal structure of SSTR2 was downloaded from the protein database (PDBID: 7XNA).
This was selected based on its overall score and because it was obtained using X-ray crys-
tallography, which typically results in more accurate descriptions of the crystal structure.
To prepare the structure for docking, the native ligand was extracted and removed from
the protein binding pocket. Using Maestro software, the protein preparation wizard was
used to correct for errors in the crystal structure including misalignments, overlaps, and

missing side chains. 368

Implicit waters in the structure were removed, then all hydrogens
were added. The ligand structure of octreotide and BNp-COOH conjugated octreotide
were drawn and imported into Maestro. The geometry of each ligand was optimised using
molecular mechanics in Maestro by selecting the Macromodel minimisation program. The
lowest energy conformations were used for molecular dynamic simulations.

Molecular dynamic simulations of the ligands within the SSTR2 binding pocket were

performed using Desmond with the OPLSv4 forcefield.?% The simulation was performed
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at pH 7 in a T3I3P solvent and 25°C for 100 ns. These interactions were visualised using
mm-GBSA in Meastro, scanning across the simulation frames to elucidate bonding type (eg
hydrogen bonding or pi-pi interactions etc).3"" Free binding energy was calculated in the

Salme manner, and are expressed as percentages.
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Figure S1: Absorbance spectrum of N-ethyl flavin (0.100 mM) in water.
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Figure S2: Fitted Gaussians for each NpFR1 absorbance peak.
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Table S1: Overlap of significant transitions calculated using MOM and the SG-0 grid.

Transition Orbital Overlap
HOMO - LUMO 1.00
HOMO - LUMO+1 1.00
HOMO-1 - LUMO 1.00
0.0067
0.005]
0.004]
D
< 0.003]
0.002]
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0.00 5.00 10,00 15.00 20,00 25,00 3000 35.00 4000 45.00 50.00
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Figure S3: HPLC trace of BNp-COOH-labelled octreotide in 0 - 100% acetonitrile in

water with 0.1% TFA in water over 60 mins after using standard cleavage solution.
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Figure S4: HPLC trace of BNp-COOH-labelled octreotide in 0 - 100% acetonitrile in

water with 0.1% TFA in water over 30 mins after using reagent K.
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Figure S5: HPLC trace of Np-COOH-labelled octreotide dissolved in DMSO after sitting
for 12 h. Run in 15 - 100% acetonitrile in water with 0.1% TFA in water over 60 mins using
C8.
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Figure S6: 'HNMR spectrum of CyMT.
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Figure S9: 'HNMR spectrum of NaphTag,.
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Figure S10: '"HNMR spectrum of BNp-COOH.
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Examiners comment Correction Page/ref
There was a lack of NMR and MS data provided as Figures Added Appendix
to support the syntheses. These will need to be added as
evidence of the conclusions.
Abbreviation corrections: These have been amended Xi - Xv
Chloroform-d4 should be chloroform-d
Copper catalysed azide alkyne click should be copper
catalysed azide-alkyne Huisgen cycloaddition
HEPES should be 4-(2-Hydroxyethyl)piperazine-1-
ethanesulfonic acid
LCMS should be liquid chromatography mass spectrometry
UV-Vis is just ultraviolet-visible
The section on multimodal imaging was a bit light on Rewrote literature examples to highlight more 28
information and it was not always clear what specific benefits | clearly the benefit of the dual modal studies.
dual-modality brings in each case. Specific examples of what
dual modality images look like and how they visually Added:
complement each other should be included to demonstrate “Such multimodal probes allow for the 29
these benefits. detection of complimentary macroscopic, and
microscopic information.”
“This dual-modal probe not only enabled 30
fluorescent localisation of VEGFR-2 receptors
in whole mice, but the addition of PET
capability also allowed for accurate
quantification of targeting efficacy.”
“While useful at providing some level of 30
localisation, SPECT imaging alone, does not
allow for precise tumour delineation during
surgery. By incorporating the fluorophore, it
was found that greater delineation of the
tumour could be achieved during surgery,
which allowed for excellent results from the
radical excision of lymph-node tumour tissue in
mouse models.”
‘spacial’ should be ‘spatial’ Amended 8, 29, 36, 38
amino acids are ‘connected’ by amide bonds rather than Amended 9
‘tethered’
Hereceptin should be Herceptin. Amended 12
should be single-photon emission ‘computed’ tomography Amended 14
(SPECT)
radiolabelling doesn’t always involve peptides. Corrected to “Radiolabelling involves 18
incorporating a radionuclide onto a compound
of interest, and is commonly used to label
peptides and proteins.” for clarification
an explanation of ‘high specific activity’ and its importance is | Added “defined as the numbed of radioactive 18
needed. emissions per unit mass”.
Add in the tissue penetration limits of different wavelengths Added “This is in contrast to fluorescence, 28
of light. which is limited by optical scattering. However,
penetration depth of fluorescence is largely
dependent on wavelength where longer
wavelengths allow for deeper penetration.”
With reference
Provide a definition for temporal resolution. Added “the duration of time between 28
successive data measurements”
It would be useful to provide the structures of probes such as | Added probe descriptors including “CPH, a 29
CPH (page 27) and Gd-DOTA-DEVD-AFC (page 28). cyanine-based probe” and “gadolinium
complex, Gd-DOTA-DEVD-AFC”
It is worth noting that MRI is versatile, is commonly used in Added “MRl is a versatile technique that is 29
diagnostic medicine and research and provides images of frequently used in research and diagnostic
anatomy and physiological processes. medicine to provide information about anatomy
and physiological processes. However, MRl is
a relatively insensitive technique, and often
requires the use of contrast agents.”
Paramagnetic ions’ instead of just ‘paramagnetic’ and Gd3+ Amended 29
should be Gd?*.
Some background on '°F spin and use in MR is required Added “Other contrast agents include heavy 29
and it should be explained why both modalities (fluorescence | isotopes of atoms with a non-zero net spin,
imaging and MRI) was required for detecting caspase-3 such as °F.”
enzyme activity.
SPECT radiotracers are not necessarily always ‘taken up by | Omitted “are taken up by cells in the body” 30
the cells in the body’ and it certainly is not a requirement for
emitting gamma rays.
Clarify what is meant by ‘correlation and quantified Typo. Corrected to “correlated and quantified” 30




information’.

| think it is important to add information regarding the large Added “Fluorescence imaging offers superior 30
differences in sensitivity, tissue penetration and resolution spatial resolution (~ 200 nm) in comparison to
between fluorescence and radioimaging. radioimaging (~ 5 mm). However, a drawback

of fluorescence imaging is its limited tissue

penetration depth, which varies based on the

wavelength of the fluorophore employed. On

the other hand, radioimaging has the

advantage of deeper tissue penetration,

enabling imaging of structures at greater

depths.”
Check consistency of spelling for ‘tumours’ and ‘tumors’. All corrected to ‘tumour(s)’ 30 and

throughout

. ‘ual-modality should be ‘dual-modality. Amended 30
PET ‘recognition’ would be better described as ‘detection’ or | Changed ‘recognition’ to ‘detection’ 30
‘imaging.
The example of the dual PET and fluorescence imaging This comment was addressed in a previous 30
probe does not describe the different complementary correction
information that was gathered from the two techniques so
this should be included.
Does fluorescence provide complementary temporal as well Added “and temporal” 31
as spatial information to the vibrational technique?
The thesis would benefit from visual representations of Literature examples of the presentation of Section 2.1
published multi-modal images to appreciate the benefits of multi-modal images have already been given
each approach. in the review segment of the introduction.
it was never made clear to me what potential proteins were Added “allowing it to be attached to any 40
to be analysed and why protein of interest containing a primary amine.”
It was also not clear how an NHS ester could be used to This was touched on in section 2.8 (planned Section 2.8
label a protein unless the protein was already isolated. tissue studies as well as the conclusion.
The applications for these probes, including the proteins to Added “This would allow the analysis of any 39
be studied and the conditions for attaching the probes, protein of interest.”
should be clarified.
A low-res MS was mentioned but it should be included as a No page was mentioned on this comment, so Not specified
Figure. I’'m unsure what this is in relation to. Figures of

the low-res studies based on CyMT have

already been provided.
mass to charge ratio or mass-to-charge ratio (m/z)? Changed to ‘mass-to-charge’. 33
‘detected’ instead of ‘detector’. Amended 33
‘record’ instead of ‘recorded’. Amended 34
‘immunohistochemistry’ instead of ‘immunohistochemsitry’ Amended 37
‘demonstrated’ not ‘demonstration’ Amended 37
should it read ‘mass-tags and MSI’ rather than ‘mass-tags This sentence is in reference to using mass- 39
and multimodality’? tags for multimodality, and thus was not

changed.
Are there any requirements for the fluorescent moiety? Such | Added “This fluorophore must not exhibit 40
as excitation and emission wavelengths? emission within the range of the photo-

cleavable linker, so as to avoid self-induced

cleavage.”
It is better to state that NHS-activated esters react with Changed to “react to primary amines, 40
primary amines rather than are ‘specific to primary amines’ specifically”.
Figure 2.3 Indicate that the ONB linker is in blue and that the | Added “(blue)” and “(red)” specification in the Figure 2.3
NHS is in red. caption.
what is the significance of the ‘presence of water’ that The original reference to this section was 42
enables cyclisation to occur? added and “in the presence of water” was

removed to avoid confusion.
Fig 2.4 -The charge on the nitro group N in the top right Amended Fig 2.4
corner should be +.
Inherent positive charge allows for the tag to be ‘readily Changed to “readily detected by MS”. 42
detected’ by which technique?
What wavelengths are in the orange region? How deep is Added citation to literature reference 42
‘deeper tissue imaging’? And what tissue are you intending describing penetration depths of difference
to analyse? wavelengths of light.
Figure 2.5, you could label this molecule as CyMT Added CyMT to figure caption 43
Was sodium iodide needed for the reaction to work? Why? This was already addressed by reference to 43

the ‘Finkelstein-type’ reaction. Therefore, no

changes were made.
how was the formation of the cyclised product confirmed? These characterisations were preliminary and 46

will need to be repeated before publication.
The C:N ratio should be < 3, or between 1 and 3 are not Amended 48
synthesised.....
Include the absorbance spectra in solution and compare with | This has been noted as a comparison to be 49

the solid state.

performed in future work.




The sentence ‘If medium-free...." is unclear. Does ‘washing Fixed to say “Medium-free imaging eliminates 50
and drying’ refer to removing the medium and will this occur the need for removal of imaging medium post
after fluorescence imaging? fluorescence imaging, reducing the risk of
sample disruption or contamination that can
impact the accuracy of subsequent analysis.”
Literature references about the different ways aggregation Reference added 50
causes quenching would strengthen the argument.
‘It is well known...” Provide references. References added 51
Does the solution phase absorbance provide any indication Added “This cannot be elucidated from the 51
for J- or H-aggregation? solution-phase absorbance either, as the
spectroscopic properties and behaviour of
molecules in the solid state can differ
significantly from those in solution.”
How much excess of CyMT was used? This was already given in the methods 61
You could use ‘eluted’ rather than ‘run through’ Changed to “eluted from” 62
What is the magnification of the image? Provide some The magnification could not be determined as Figure 2.21
discussion on why the image in Figure 2.20 looks so it is taken from a photo-image
different to this one?
What different information could be garnered from the This was a preliminary assessment of whether | Whole of
multimodal imaging in this example? Or is it enough in this it would be possible to observe signal from chapter 2
preliminary study that there was something observed using both techniques sequentially using the same
both techniques? sample.
What are the limitations of this probe and the images These were assessed within the conclusion Section 5.1
gathered thus far? How would you address these? chapter.
it is disappointing that instrument failure prevented further Added “...conjugation of CyMT to an isolated 64
studies, but it would still be useful to describe the intended protein using immunohistochemical
study in some detail to display the planning and knowledge techniques, allowing it to be assessed within a
gathering that was presumably done. What protein was tissue sample for fluorescence imaging...”
being studied? How was it going to be modified selectively in
a tissue sample?
The choice of amino acid sequence seems rather random. This was a random selection. 65
There are many combinations of amino acids that would
provide water solubility and ionisation potential so why was
this one chosen in particular? Provide a reference if you can.
‘Scheme Scheme 2.9’ is a typo. Amended 66
‘Wang'’ has a capital W. Amended 68
Peptide synthesis sounds better than ‘elongation’. Amended 68
Please include the low-res MS spectrum of NpMT This was only preliminary characterisation and | 69
will need to be repeated for publication.
Preparative HPLC was mentioned as completed but Typo. This was changed to ‘analytical HPLC’ 68
‘purification and isolation...was not performed’. Can you rather than ‘preparative HPLC'.
clarify this statement?
There is a lack of figures in this section. | recommend adding | Added structures for some of the mentioned Chapter 3
a figure of the cell pointing out the areas/organelles and probes. intro
some of the sensors discussed in this section.
Several of the chemical abbreviations are mis-represented Amended 71
such as ‘H202’ should ‘H,0,’".
‘Alzheimer’s’ should be ‘Alzheimer’s disease’. Amended 71
Retention rather than retainment. Amended 73
Hypochlorous rather than hypochlorus. Amended 74
The names in the Figure don’t match the caption. Amended Figure 3.3.
Does AutoDock software have a reference? Who This is referenced in the next sentence but | 85
makes/publishes it? have moved the reference to the earlier
sentence.
‘molar extinction spectrum’ should be ‘molar extinction Molar extinction spectrum is correct. No 89
coefficient’? change was made.
‘taken’ should be ‘produced or analysed’ Changed to ‘measured’ 90
denote the absorbance (dashed) and emission (solid line). “absorbance (dashed) and emission (solid)” Figure 3.8
added to figure caption.
What does it mean to ‘scale the absorption spectrum’? Changed to “This value was used to convert 90
the absorption spectrum to a plot of molar
absorptivity”
Is it 17.6 or 16.627 Changed in text to '16.62’ Figure 3.10.
Split the images into (a) and (b) and indicate in the caption Added to caption “separated at 1 carbon Figure 3.12
which molecule is bound by the cyclohexane group. beyond the last atom involved in the
chromophores' conjugation”
References for positive sstr2 expression on PC3 cells and Added “identified using the Human Protein 138
for the use of Huvec-TERET2 cells need to be provided. | Atlas (https://www.proteinatlas.org/)”
was under the impression that sstr2 expression was minimal
for PC3 cells (Cancers, 2022, 14(10): 2513, doi:
10.3390/cancers14102513).
The first sentence is not clear. Added “was” for clarity. Section 4.3.1
Provide a literature reference for the copper(ll)-catalysed Changed to ‘Ullman-type reaction’ — see 124

SnAr reaction.

comment from examiner 2.




‘KCO3J’ should ‘K,COj'. Bioin should be biotin in the caption. Amended Scheme 4.2
Provide a literature reference for the statement ‘copper In relation to comment for page 119. 124
catalyst may induce formation of product'?

Do you have an explanation for why DMSO at reflux was Reference to the paper that used this was 125
successful? a mechanism? a reference? some discussion? already given. Mechanism is not fully

solubility? temperature? DMSO and THF are both polar understood.

aprotic solvents.

Provide a definition for ‘bleed-through’. Added “(fluorescence signal caused by the 126

excitation wavelength)”

There is no LCMS data in Figure S4. There needs to be
some confirmation that this peptide conjugate has been

This was given by LCMS data in the methods.
Also, Figure S4 is the analytical HPLC trace.

Experimental
and

synthesised. Please include the data as a figure in this appendix.
chapter.
How was the peak at 38 minutes confirmed as the product? Added “as confirmed by LCMS”. 143
Isochratic should be isocratic. Amended 136
Check for several spelling typos in the first paragraph. For Amended Section 4.8.
example, ‘Strepavidin’ should be ‘Streptavidin’.
| think the statement “The probe was shown to be Amended in the comment presented further Section 4.8.
successfully incorporated into a peptide of interest, down. (pg 175)
octreotide’ might not be entirely accurate based on the
evidence provided. See comments on chapter 6.
‘in vaccuo’ should be ‘in vacuo’ Amended Methods
section

‘precipitate which was filtered’ should be ‘precipitate which Amended 155
was collected by filtration.”
‘dried by rotary evaporation’ should be ‘solvent was removed | Amended 158
by rotary evaporation’.
‘DMSO46’ should be ‘DMSO-d¢’ Amended methods
‘MeOH'’ should be ‘MeOH-d,’ All changed to CD5;0D for consistency methods
‘aminohexanoic acid’ should ‘6-aminohexanoic acid’ Amended 168
More detail is required to explain how the loading was Added “Loading was calculated using an 177
calculated. What was the extinction coefficient? Provide a extinction coefficient of 1.65 cm'(mmol/g)".”
reference if possible.

These were all typos. 179-180
| have concerns about the data presented here for the Corrected formula from
peptides. The LRMS characterisation of NpMT doesn’t add ‘CoaH71N1104g’ to ‘CesHs7N1104o’ bringing the
up. The ESI- m/z value of 1293.05 can'’t be a 6- charge and mass to 1293 with a 6- charge, as stated.
the calculated value is 1297 not 1293 as stated. Same for Therefore, the 6+ charge is also correct in this
ESI+, the value of 1350.18 can’t be a 6+ charge. light.
The LCMS data for Np-COOH octreotide (cyclised) has a Corrected formula from ‘C71HgoN14043S,’ to
different molecular formula (2 extra N atoms) compared to ‘C71Hg2N12043S,” making 1385 correct.
the given LRMS formula. Also, the calculated mass is 1410
not 1385.
The LCMS data for BNp-COOH octreotide can’t be a 5+ ion Corrected from ‘C;1HgoN1,043S,’ to
with a value of 1600.15. ‘C79H10sN+15015S3" and corrected from [M+5H]%*

to [M+2H]?*, making 1600.15 correct.
This data needs to be checked and provided in the relevant
chapters because the data as it stands is not convincing.
‘uL’ should be ‘uL’ and ‘um’ should ‘um’ Amended 181
References 8, 11, 16, 32, 105, 225, 228 are missing page Amended References
numbers.
Reference 308 has typos Amended 218
Examiner2
1.3 ideal characteristics for a fluorophore — toxicity should be | Added “Additionally, the fluorophore should 1.3
mentioned, or (slightly different concept) unwanted biological | also have low toxicity.”
activity.
it is not clear the distinction between therapeutics and Changed location of title “targeting agents” to 1.6.1 and
targeting agents as outlined in the Thesis, the latter is the section after HER2, which is now placed 1.6.3
essentially dual-function? It is not clear and does not seem under the “therapeutics” title.
appropriate to have in different sections unless the
distinction is clearer, e.g. the HER2 example seems the
same principle as the ACE2 delivery example. This is a
central theme to the Thesis so needs to be clear in the
readers mind.
Page 112-115, are peptides discussed as direct ‘drugs’ i.e. Added “They have been used both as 116
the example in fig 5.2, or does “targeting agents” mean the therapeutic agents, as well as delivery agents.”
peptide is the delivery vector and an additional “drug” is for clarity.
attached to the peptide? It seems to move between these
concepts and is not explained well.
The aims on page 114, is “targeted drug therapy” simply a Also changed within the paragraphs from 115

selective drug that is a peptide? Or adrug attached to a
‘targeted’ peptide ?

‘therapeutic’ to ‘clinical




Page 123, | am still confused as the what “targeted Sentence was not relevant in the context of 116
medicine” is i.e. “breakthrough in the field of targeted that paragraph and was therefore deleted.
medicine”, it seems this “targeted medicine” is simply
targeting a receptor overexpressed in a disease or such?
This is not new a new concept (?) discovered in the 1980’s?
Figures such as 1.11 and others — label what the cartoon is Added ‘blue chain’ and ‘red arrow’ in caption 119
of. What is the blue ball? What is the bright green
callout/star? This level of detail/legend is missing from a lot
of the figures.
Mid Page 20, “The advantage of using small fluorescent Changed to ‘enter the cell membrane without 21
molecules is that they are small enough to permeate the cell | the need for permeabilisation’
membrane “ - this is not correct as a general statement,
many small molecule fluorophores do not permeate the cell
membrane due to charges or other factors.
1.8.1 labelling proteins and ‘self-labelling’ — ligand-directed Added section on ligand-directed labelling: 28
labelling should be mentioned and some references quoted.
For example, Ligand-directed labelling is another method for
https://pubs.acs.org/doi/10.1021/ja401956b, conjugating fluorescent sensors to a POI. One
widely utilised approach involves the use of
tosylates, wherein a ligand specifically
designed for the POI is synthesized with a
tosyl ester attached to a fluorescent label. The
labelled ligand selectively binds to the active
binding site of the target protein.
Subsequently, an S$_N$2-type reaction takes
place between the tosylate group and a nearby
nucleophilic amino acid, resulting in the
transfer of the fluorescent probe to the target
protein through acyl transfer.\cite{Tsukiji2009}
Compared to other labelling methods, ligand-
directed chemistry is considered less invasive
since it doesn't require modification of the POI.
This techniques also enables labelling in close
proximity to the active site of the protein.
1.9 Thesis Aims, | was expecting the aims to be a bit more Added “isolated insulin proteins” in the Abstract

specific, even narrowed down to a protein family, for
example, aim 2, “Create and investigate new sensors
designed to measure the redox state of particular proteins.”
— what proteins? This sounds like a very vague aim without
more details. To allow for what? Create new sensors better
than existing ones? That can be used to do different things?
Aim 3 is also very broad — is this a probe applicable to every
peptide-receptor binding that occurs in a cell? Or a class of
receptors? If it is broad (i.e. any peptide or receptor) this
advantage should be specified/championed in the aim. In
summary, at the end of the intro/aims, it is not obvious what
the Thesis is going to be about, specifically.

abstract also never mentions the name of a protein or
receptor.

abstract. The general aims of the thesis were
not changed as individual chapter aims are
more in depth.

Starting page 42 and throughout the Thesis — it should be
obvious what compounds have already been reported in the
literature and what are novel compounds. It does not
matter in terms of Thesis novelty if the first 2/3 of every
scheme are compounds already reported in the literature,
since the novelty lies mostly in the application. But this
should be made clear within the Thesis, it currently is not
clear either in the main chapter or in the experimental
section. For literature compounds, does the NMR data
match literature?

Added literature comparisons for compounds
that were previously reported within the
experimental section.

Experimental

Page 42, the nitration reaction — how was the regiochemistry | | did not take a 2D NMR. Regiochemistry was 44
of the product determined? 2D NMR should be discussed, or | not regarded as important to the function of the

a literature reference provided and that the compound compound and was not assessed.

data matches. What type of reaction is this? Why was nitric

acid alone enough for nitration, as opposed to the more

common combination of nitric and sulfuric acid, or acetic

anhydride and nitric acid?

Page 45, the “cyclised product” at the end of scheme 2.3 — Amended in previous comment 46

what data led to this structure being proposed? 1H NMR
spectra? MS? In order to claim (or propose) this compound
has formed some data needs to be presented. Data for this
proposed compound is not presented in the experimental
section either. What is the mechanism of how this proposed
compound formed? “It is likely that activation of the hydroxyl
group with the mesylate rendered it more likely to partake in




nucleophilic attack of the iminium.” But how is a mesylated
alcohol more nucleophilic than an alcohol, when the Ms
group is electron withdrawing and OMs is often used as a
leaving group (which is actually what was planned in the
next step)? Maybe depending on the reagent addition order,
as soon as the TEA goes in the reaction occurs, nothing to
do with MsCI (or OMs). It is a simple ether cyclisation. In
fact, if the mesylate could be made/was made, it would prob
severely limit the cyclisation reaction (?) since a nucleophilic
alcohol would not be present.

Although a commentary of all reaction yields is too much for | 2.6 — Added “The lower than expected yield of | 47/48
a Thesis, there should be some comments (true reaction this reaction were attributed to the use of an
conversion versus tricky purification) regarding standard old batch of EDC.”
reactions that are usually high yielding that gave low yields.
E.g. Scheme 2.6 product 14, why did a ‘standard’ amide 2.1/2.2 — the reaction in scheme 2.1 was
coupling give a 17% yield? Why were yields in scheme 2.1 performed on a larger scale and was not
so low, i.e. one would not expect a LiIOH (aq.) ester cleavage | optimised, yielding lower than the one
to yield 36%, the ester cleavage in scheme 2.2 is much performed on a smaller scale in scheme 2.2
higher yielding, why?
| might have missed something, but Fig 2.19, why was any This was mentioned in the first instance of 56
‘tagged’ insulin detected, i.e. why was the photocleavage not | matrix assisted low resolution mass
quantitative? And page 54, ‘showed the intact and cleaved’ spectrometry. “This is expected, given that the
molecules — why would 100% cleavage not be expected, matrix absorbs a lot of the energy from the
why is it expected to see both after the MALDI laser? Where | laser, resulting in milder conditions.”
is this discussed? This seems important.
Fig 3.8, what solvent was this done in? Is the normalised Added “Spectra were taken in MilliQ water.” 90
intensity the same in all solvents? The solvent should be
stated in the text or fig caption.
Page 114, what's a “solid membrane” ? Changed to ‘cellulose membrane’ 118
Page 116, “This pull-down partner selectively binds to the Added “Depending on the nature of the 120-121
fluorescently-labelled peptide-receptor complex. After peptide-receptor interaction, this will leave
binding to the magnetic beads, unbound contents are behind either the peptide alone (reversible
washed away, leaving only the target peptide-receptor interaction), or the peptide-receptor complex
complex.” How is this possible unless the peptide-receptoris | (irreversible interaction).”
a covalent and/or irreversible interaction? Otherwise the
‘unbound contents are washed away’ will also wash the non- | Fixed caption to include “The bound peptide
covalently bound ligand from the receptor to a large extent. can be isolated using external magnets, after
This warrants better explanation. which unbound contents can be washed to
yield the isolated peptide alone (not shown) or
the peptide-receptor complex.”
Page 119 to 121, nucleophilic aromatic substitution — it is Added citation to a paper using the conditions 124
well known that SNAr needs a strong EWG (like R-NO2) in scheme 4.3
ortho or para to the leaving group, and if this is not the case,
then a very strong base like molten NaOH or NaNH2 is
required. So was it surprising that it didn’t work (ie scheme
4.3)?
When Cu was tried, this then is not a normal SNAr Changed to “As such, an Ullmann-type 124
mechanistically but a ‘Ullmann’ type reaction with oxidative reaction was attempted, as given in condition
addition and reductive elimination etc. It would be useful to 6, where copper iodide was added as a
at least touch on this. catalyst...”
The reaction that did work, entry 8 in table 4.1. —what is the | This mechanism is not well understood but a 125
mechanism of this, is it a ‘normal’ SNAr? Why did these reference was given for the first use of these
conditions work? This needs some explanation. conditions to achieve SyAR of a bromo-
naphthlaimide.
Table 4.1 Entry 8, “successful reaction” - the yield should be | Changed to ‘88% yield’ 125
given in the table/somewhere in 4.1
Table 4.1 the ‘mixed products’ - this should at least state if Unsure- too messy to determine. 125
the desired product was part of the mixture, or not.
Page 124 or 127, why was the N-terminus chosen for Added to probe design segment instead “The 122
fluorophore/probe attachment, and not, for example, the Lys | carboxylic acid moiety enables the conjugation
side-chain, was this based on peptide SAR / sites required of the molecule to either the N-terminus or a
for activity/binding? This is not discussed and should be. For | lysine residue of a peptide. The choice
cyclic peptides like this, the N-terminus is not always the attachment site should be determined by the
obvious/non-interfering position for probe attachment. specific amino acids that are essential for
receptor activity, and must be considered
carefully during the design phase of the
peptide. This is crucial in ensuring that the
peptide retains its desired biological activity
and properties after modification, and also in
avoiding any undesirable effects or
interference with the receptor binding.”
Page 124 ‘design’ didn’t actually outline the design of Addressed in previous comment. 122

WHERE on the peptide the probe would be put. The concept
that the small peptide+probe has different binding to the
peptide could also be introduced. This is an important




concept to discuss when ‘tagging’ things. It is mentioned for
the first time of page 134, but ideally should come into the
‘design’ discussion too.

Section 4.5.1 HPLC challenges, this all comes as a shock Added “crude” for clarity. 132/133
(that these products were never made in pure form?) since
earlier it is declared products have been synthesised and
even fluorescence spectroscopy has been carried out on the
products, so at this stage, the reader assumes these
products were pure. So what was measured in the spectra in
411
and 4.97 It should be made clear earlier on that this is of a
crude mixture? What else is present? Also in the synthesis
section it should not read as if the products were made and
purified, which is how it reads.
The sentence “The probe was shown to be successfully Changed to “The probe was shown to be 143
(spelt wrong) incorporated into a peptide of interest, successfully incorporated into a peptide of
octreotide.” on page 139 is inappropriate since it could not interest, octreotide, as confirmed by LCMS
be purified. and analytical HPLC. However, this labelled
peptide could not be isolated due to instrument
failure.”
Also the control probe was not really ‘synthesised’ either i.e. The control probe alone was isolated and
isolated in pure form, this should be fleshed out in the therefore was ‘synthesised’ — no changes
conclusions. made.
Section 4.7.1. is missing a lot of comparison and discussion Added some literature comparisons of other 139
of the literature, doing a quick internet search there are MD simulations.
many reports of others doing MD with octreotide and
SSTR2, and analogue ligands. This should be discussed
and compared to the results in the Thesis. The whole
literature area is completely missing here.
Page 139, cannot conclude unequivocally that “These Added “likely”. 143

preliminary investigations indicated that the interaction
between octreotide and its receptor is unaffected by the
presence of the BNp-COOH probe.” There should be a
COULD or IS LIKELY in here. Without biological data this
cannot be declared, the modelling just indicates it is likely to
be tolerated.

Experimental — it is usual for PhD candidates to assign 1H
NMR spectra (at least to functional groups if not to exact
hydrogens) to demonstrate their understanding of NMR
assignments etc. e.g. compound 1, at least writing ArH not
just ‘H’ for the aromatic protons is pretty standard in a PhD
thesis. It is a lot of work to write up the assignments

all the compounds, so | suggest the candidate fully assigns a
handful of the final products/larger compounds as a means
to demonstrate their understanding of 1H NMR spectra peak
assignment.

Assignments were performed on the following
final compounds:

- CyMT

- 21

- FlavinTag

- NaphTag

- BNp-COOH

- Np-COOH

Experimental

Some of the NMR data also seems a little odd, page 155, aJ | These have been assigned. 159

value of 15.5 Hz — what H is this? This compound should be

assigned.

Page 156, the J values and multiplicities of the ArH’s do not Added literature reference. Many experimetnal

make sense? | would have expected to see dd’s for a lot of
the H’s, esp. since a lot of the compounds were run at 500
MHz. Puttng this structure into SciFinder tells me there are
42 references that contain/make this compound.

naphthalimide Ar-H’s only split as doublets.

Does the NMR data in the Thesis match literature?

NMR spectra for 3,4,8,11,24,32 were given in
literature using different solvents and thus
were not included in text.

Experimental

Page 156, 13C for compound 15, are some of the
quaternary Ar carbons not showing up? This should be
commented on/stated.

Added “(missing Ar signals attributed to
symmetry).”

160

Other analogues seem to have more C’s listed that could be
Ar or carbonyl. There are several 1H NMR signals listed
as a ‘d’ but with two J values, this should be a ‘dd’ | assume.

Two J values were typos. Amended.

Experimental

Putting some copies of 1H NMR spectra in an Appendix to
show a symmetrical ‘t’ in that Ar region would also alleviate
doubts that it is a true triplet.

Added.

Appendix

The peptide synthesis in the experimental chapter does not
have any indication of scale, it is all very generic. What mmol
scale was this done on? Coupling to the fluorophore page
174, information not given about the key sensor, in equiv. or
mmol.

Added some scale and equivalents for
indication.

Experimental

In 1.3.3 when discussing fluorescent properties of the
various scaffolds “..and DNA interchelating anticancer

Removed the DNA interchelating example.




agents..” — is this a biological activity in its own right
regardless of fluorescence? This is an important distinction
to make. Fluorescent sensor versus biologically active
ligand, or dual.

1.3.4. coumarins are based on the naturally occurring non- Moved figure caption reference to first 6
fluorescent parent compound — which is what compound? sentence to specify that the parent compound
Specify this, this is vague. is the one shown in the figure.
It would be good to show one example of a commonly used References to papers that utilise these probes | 5-7
fluorophore in each class along with the ‘core’ structure, esp | in biology have already been given in text. No
for figure 1.8. changes were made.
How were the most commonly used fluorophores from 1.3.1 Added a segment on BODIPY. 5-7
onwards selected, and why did BODIPY not make this list?
1.7 conventional methods to study peptide and protein, isn’t Added section on mass spectrometry: 19
MS ie MS/MS a common way to study peptides? From what | Mass spectrometry is a powerful technique
follows in the Thesis the answer is yes, but it should that is frequently used to analyse peptides and
not be missing/not mentioned in this section. The Thesis proteins. Protein analysis using mass
Aims 1.9, aim one involves multimodal MS imaging, yet the spectrometry can be performed using bottom-
topic of MS is lacking from the introduction..... it should up or top-down methods. In the bottom-up
be stated this is covered in the intro to Chapter 2. approach, proteins are enzymatically cleaved
into peptides before analysis, providing
information about peptide masses and
fragmentation patterns. This approach is
popular due to its simplicity and ease of
peptide analysis, but results in loss of
information such as protein modifications or
spice variants. On the other hand, the top-
down approach involves the direct analysis of
intact proteins, allowing for a more
comprehensive characterisation of the protein.
However, this approach faces challenges such
as low sensitivity and difficulties in analysing
larger proteins. In both scenarios, the
spectrum generates peptide or protein
fragments that need to be matched to
databases for identification, which requires
prior knowledge of peptides and proteins for
accurate analysis. Moreover, the technique is
destructive, leading to the loss of information
regarding the native function and location of
the peptide or protein.
Toxicity comments 21-23 about the arsenic containing These comments are about arsenic toxicity in 21
probes — where does the arsenic eventually end up? the context of the mechanism (binding to
thiols) which is how the arsenic probes
function. | have also mentioned “EDT ligands
remain complexed to any unreacted probe,
ensuring negligible arsenic toxicity when using
the FIAsH system.” Therefore, no changes
were made.
Fig 1.12, missing the structure of ReAsH-EDT2 that is listed Removed ReAsH-EDT, from caption. This 22
in the figure description. compound is later presented in Figure 1.15
It is not good practice to represent things in diff ways esp. so | Changed Figure 1.12 to COOH 22
close, fig 1.12 and 1.13 have the FIAsh-EDT2 written in
CO2H then COOH and the phenol and carbonyl shown on
different sides of the page.
Fig 1.15— it is ReAsH-EDT2, so what is “ReAsH” listed in the | Changed to ReAsH-EDT, 25
figure description?
Also ‘+ typo - should this be Ca2+ and not Ca2 + meaning Amended 25
and sensor?
Page 38, criteria 1, needs rewording / English fixed. This sounds ok to me. No changes made. 39
Criteria 1 — a reporter cleaves selectivity, criteria 2 the Criteria 2 — changed compound to reporter for 39
compound is released, is the reporter also the compound? consistency
Fix language to be consistent, this is confusing to follow.
Then point 4 “reported molecule” is used (?)
Page 39, “designed by Stevens et al. (unpublished work)” Changed to “Katherine Stevens from the 40
who is Stevens? If this an inhouse group in Sydney or Puakala lab at the University of Adelaide”
another research group somewhere? How is this known if it
is unpublished? A little more info is required here for this to
make sense. At least state Stevens full name and affiliation.
Page 39 “specifically an N-hydroxysuccinimide that is Changed N-hydroxysuccinimide to 40
specific to primary amines.” It is NHS esters not just “N- succinimidyl ester
hydroxysuccinimide” , which does not react at all with
amines.
Page 45 Scheme 2.3, and throughout, it is usual to number Noted. Amendments will be made to any future | 44

all structures in a scheme, to allow for easy and specific

publications.




referral in the text. | am not suggesting this is changed
throughout as this is a big job, but there are key points, like
when discussing scheme 2.3, that a number is really
required. “reaction results in formation of the cyclised
product” without compound code labelling in Scheme 2.3 this
is vague, there are cyclic products all through the scheme.

Is there a reason that alkylation with e.g. 6-azido-1- This route didn’t occur to me at the time. 47
bromohexane was not considered? Is it because of the
reflux/azide safety? It would add to the discussion to say
why this was not considered an alternative approach.
Page 46, is linker flexibility a concern for this application? As | No. Criteria has mentioned what is important 48
switching to an amide has shape/flexibility differences, which | already.
is not touched on.
Scheme 2.7, compound 7 should be coded as such. Amended 49
Figure 2.6, to collect this data what sort of time did was the Added “Any cleavage of the NHS ester in 49
sample in water for? Since in the ‘click’ reaction section water should not affect fluorescent readings as
earlier it says water was avoided because of NHS-ester it is not associated with the fluorescent core.”
stability. If this would not influence the fig 2.6 measurements
then state this (NHS ester stability) was not of concern.
One page 67 an NHS ester is submitted to 4 h resin Added “The short exposure time to water 68
cleavage with water — is it stable to these conditions? during this reaction is assumed to have
minimal effect on the NHS ester. However, this
should be assessed more thoroughly in future
syntheses.”
Page 64 “Naphthalimide cores also contain two positions Added “at least two” and a reference to Kate 64
available for functionalisation.” But there are literature Leslie’s paper about naphthalimide
examples with 3 positions substituted? substitution.
Scheme 2.10, reaction to make compound 16, how did this Added “The lower yields of this reaction may 66
work with an unprotected amine? | would have thought many | have been attributed to the unprotected amine
side products would form and it is surprising any product did. | forming side-products.”
This should be discussed in the text.
Pages 70-75 read like a review without figures, although well | Amended as per previous examiners Section 3.1
written in terms of English, it is very hard to follow and really comment.
get much out of the examples without any figures/chemdraw.
Fig 3.3 and in text, is NpFR1 and NpFRI1-Tag the same This was already outlined in text that the 80/81
chemical structure? It is confusing with both formats used, if structures of NpFR1 and FCR1 with the
one includes an extra “Tag” or something HaloTag ligand would be named NpFR1-Tag
and FCR1-Tag. No changes were made.
. On page 83 near the end FCR1 is introduced again like it Full name and abbreviation moved to first 83
appears for the first time with its full name then abbreviation mention on page 80.
— is this something else different to FCR1 above?
Is there any literature on quantum chemical methods for No. This is a novel compound. Section 3.6
FCR1?
Fig 3.14, structure of a potential FCR1 derivative? The Labelled as FCR1B 97
compound coding (or lack of) is confusing.
Fig 3.16 title, why is NpFR1 novel, in the sense it was Novelty in terms of the scaffold. Removed 99
reported in 2014 by others (?) “novel” from first sentence and kept novel
when referring to the scaffold:
In 2014, Yeow \textit{et al.} designed and
developed a redox sensor based on the
reversible redox response of the flavin moiety.
The fluorescent scaffold was based on the
fusion of a 1,8-naphthalimide and a flavin to
form the novel derivative, \textbf{NpFR1}
Page 110, Chapter 3 conclusions, it is not clear what the Conclusions make it clear that FCR1 is optimal | 113-114
future work/recommendations are, so FCR1 already contains | for use in future biological studies with the
almost the optimal distance between FRET partners so HaloTag system, which addresses the aim.
distance optimisation is not recommended/necessary? |.e. Future work is mentioned in final conclusion
there are not any derivatives of FCR1 proposed to be better? | about use in biological studies with HaloTag.
No changes were made.
Abstract, “Fluorescent properties of FCR1.... “ Amended i
Minor comment/style comment, compounds don’t have This has been noted for future publications. Throughout
feelings and are not people, so the language, for example
talking about fluorophores allowing ‘them’ to respond to
‘their’ environment, could be worded to be more scientific
throughout. Use of ‘they’ to describe compounds.
Page 23, it is not G-coupled protein receptors, but it is G Amended 24
protein coupled receptor
Page 36, “as demonstration by’ Amended 37
Page 44, carboxyllic (with two I's) Amended 45
Page 70, “various methods can used to target...” Changed to “can be used” 72
Page 95, dexhibits Changed to “exhibits” 99
Minor English comment, sentences like “No reaction Noted. Throughout




occurred under these conditions”

should be “A reaction did not occur..” because ‘nothing’ can’t
actually ‘occur’. It is like

saying no peak WAS observed, you can't ‘see’ no peak.




Can't attach Supervisor Confirmation of Corrections.PNG, please review file online.



