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Lay summary

Fluorescence happens when a substance, such as a dye, glows after being exposed
to light. It is used by researchers to look at samples under the microscope.
Attaching fluorescent labels (dyes) to features-of-interest makes these stand out
(bright glow) against a dark background. This project aimed at designing new
fluorescent labels and developing a new kind of a fluorescence microscope to get
more information from images.

Most microscopes that use fluorescence look at how bright dyes glow, so called
“fluorescence intensity”. While this helps researchers show a feature is present, there
are other ways to use fluorescence to learn more details. Fluorescence emission
wavelength describes the colour of the observed glow, which can change depending
on whether the dye molecules are in solution or buried within a structure. Another
useful thing to measure is the time the glow lasts for, or the “fluorescence lifetime”.
This time is different for different dye molecules and, more interestingly, between
the same dye molecules in different surroundings. This could give researchers a
chance to learn more about the density, rigidity, or acidity of the environment of
the dye, and thus the feature-of-interest.

Looking at all three parameters (the brightness, colour and duration of
fluorescence) together could provide more details from a single experiment.
However, this is difficult to do, as current methods usually focus on only one
or two of these parameters at a time. The Full Spectrum Fluorescence Lifetime
Imaging Microscope (FS-FLIM), built for this project, enables 3-in-1 fluorescence
imaging. It can capture fluorescence intensity and lifetime across hundreds of
wavelengths. The thesis describes the construction and testing of this instrument.

Additionally, the thesis explores the use of peptides as fluorescent probes.



Proteins, which are molecular building blocks made up of long chains of amino
acids, have various functions within the human body such as fighting off diseases or
passing on information. Peptides are shorter chains of amino acids and can often
be fragments of proteins, but they lack the complex 3D structure and shape of a
full protein. Peptides are excellent at recognising proteins, making them highly
specific and sensitive labels. While peptides have been modified with fluorescent
dyes previously, these dye molecules are large and need to be placed away from
the peptide (like a label tag placed at the end of a drawstring of a teabag). This
thesis uses a new dye, SeNBD, which is small enough to be chemically placed
directly at the end of the peptide or even to replace one of the native amino acids
of the peptide sequence.

To show the potential of the new dye, peptides targeting two proteins-of-
interest were prepared and labelled with the SeNBD dye. A peptide previously
shown to bind to a-synuclein, a protein associated with Parkinson’s disease, was
used to label the protein in patient-derived tissue. The samples were imaged on the
FS-FLIM to detect a-synuclein clumps associated with the disease. Additionally,
a short peptide targeting PDZ, a protein motif present in Post Synaptic Density
Protein 95 (another brain protein), was also prepared with the SeNBD dye
substituting amino acids in the peptide sequence. The modified peptide was still
able to interact with the protein-of-interest, allowing high-detail imaging of the
structure of the protein in a brain-derived sample.

Overall, this work introduced a new class of fluorescent peptides. The new
small SeNBD dye allowed for imaging with short peptide sequences. The small
size of the peptides made sure the fluorescent signal was localised directly at the
protein-of-interest. First experiments were conducted to observe a-synuclein on a
novel microscope, the FS-FLIM, to learn more about the protein clumps formed
in Parkinson’s disease. It is hoped the techniques developed here could further

advance research in Parkinson’s disease and other areas.
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Abstract

Testing new function - does this work?? Fluorescence microscopy is a tool
routinely utilised to address biological questions. Direct visualisation of features
of interest, confirmation of protein identity or detecting the presence of a post-
translational modification enable researchers to study differences between healthy
and pathological phenotypes. As the questions get more complex, more advanced
imaging techniques are required to address the limit of resolution, probe specificity
to target and fluorescent background. This thesis explores two advancements to
the field of fluorescence microscopy: the development of a novel imaging platform
and the introduction of a new imaging modality.

The study covers the design and construction of the Full Spectrum Fluorescence
Lifetime Imaging Microscope (FS-FLIM): a new imaging platform. The FS-FLIM
maximises the information collected in a fluorescence imaging experiment. It is
capable of 3-in-1 imaging, collecting fluorescence intensity and lifetime data at
512 wavelengths simultaneously. The instrument is compatible with a wide range
of samples. The spectral region observed can be matched to the emitters present
in the sample. Moreover, a wide range of lifetimes (from sub-nanosecond to tens
of nanoseconds) can be recorded using the FS-FLIM. The performance of the
constructed instrument is validated through solution lifetime measurements of
several fluorescent dyes, and its application in environment sensing is described
using a model system.

Next, the thesis focuses on developing fluorescent peptides for imaging applica-
tions. Although peptides can be labelled with a range of fluorophores, this study
mostly uses a selenium-derivatised nitrobenzoxadiazole dye - SeNBD, a recent

exciting addition to the imaging toolbox. The fluorogenic properties of the new

il



dye are characterised in this study, and the incorporation of the dye on-column
using standard solid state peptide synthesis methods is described. The switch-on
character, as well as the small size of the dye, are leveraged throughout the work,
with short peptide sequences and internally-labelled peptide sequences developed
as a new generation of peptide probes.

The specificity of peptides enables their application as therapeutic agents
for otherwise undruggable proteins. One such example is a-synuclein, a protein
associated with Parkinson’s disease (PD). It is commonly thought that aggregation
of a-synuclein and formation of cytotoxic inclusions is involved in PD progression.
An a-helical bacteria-derived peptide, phenol soluble modulin a3 (PSMa), was
previously shown to bind to small oligomeric a-synuclein species. Here, the peptide
sequence was derivatised with several labels to explore its applications in imaging.
Pilot experiments to detect a-synuclein species in vitro were conducted to confirm
the binding to the protein-of-interest. A biotin-labelled peptide analogue was
used to perform immunohistochemistry staining on patient tissue for in situ
detection. Lastly, first attempts at fluorescence lifetime imaging of a-synuclein on
the FS-FLIM instrument were made.

To further illustrate the capabilities of SeNBD dye specifically, and its potential
for super-resolution imaging, a range of sequences targeting the PDZ domain
(a common structural motif of anchoring and signalling proteins) were then
considered. The chosen sequences were only a few amino acids long, however they
demonstrated retained transient binding to the protein-of-interest upon labelling
with SeNBD. Moreover, an internally-labelled sequence was also synthesised and
successfully used to target PDZ domains. The transient nature of the peptide-
protein binding was utilised in a Point Accumulation in Nanoscale Topography
(PAINT) experiment, where the on-off binding enabled precise localisation of the
dye molecules and super-resolution image reconstruction. The PDZ contained in
post-synaptic density proteins of a brain-derived sample was successfully imaged,
and nanoclusters of the protein super-resolved, corroborating literature findings.
Furthermore, an extension to the approach using a coiled-coil interacting peptide

pair: 101A and 101B, was investigated as an alternative approach for protein-
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peptide interaction pairs for super-resolution microscopy. Whilst the delivery of
the synthesised targeting sequence (101B) proved challenging, expressing 101B
attached to the target protein in cellulo, and subsequent staining with fluorescent
101A sequence produced promising results and enabled direct visualisation and
super-resolution imaging of TOM-20 and LAMP-1 in fixed HEK cells.

Overall, the work presented herein showcased a range of fluorescent peptides
that could be used across versatile fluorescence imaging platforms. The small novel
dye, SeNBD, enabled super-resolution imaging using peptide sequences containing
less than 10 amino acids. The small size of the peptides decreased the linkage
error and ensured the fluorescent signal was localised at target of interest. The
environment sensing properties of the dye were explored in preliminary experiments
to observe a-synuclein on a purpose-built novel microscope, the FS-FLIM. It is
hoped the techniques developed here could further progress research in the field

of neurodegeneration and beyond.
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Chapter 1

Introduction

1.1 Scope of the chapter

This chapter contextualises the role of optical and fluorescence microscopy in the
study of Parkinson’s disease. It covers physical chemistry definitions and principles
that are key to the work carried out in further chapters. Current state-of-the-art

techniques and imaging modalities are introduced.

1.2 Protein aggregation in neurodegeneration:
a nano-scale problem with systemic conse-
quences

There are currently over 50 million people worldwide suffering from dementia.” The
prevalence of the disease and the significant cognitive and behavioural impairment
make dementia one of the most societally impactful diseases and one of the leading
causes of death. Dementia patients require medical, social and informal care
around the clock and often over the span of decades. With limited treatment
options®? and few new drug candidates reaching the clinic, the disease cannot be
stopped or reversed. Despite its high prevalence and impact, dementia remains
incurable. This is partly due to the fact that the diagnosis follows the development

of motor symptoms. The onset of symptoms signals neuronal loss and damage that
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had already occurred. The diagnostic process is slow and complicated, including
but not limited to cognitive evaluation, family medical history, neuroimaging, and
exclusion of other conditions* This limits the treatment to managing symptoms
and slowing down the disease progression. Early intervention could offer better
patient outcomes and new therapeutic targets, however, for it to be possible,
potential biomarkers need to be identified and a thorough understanding of the
disease mechanisms is required.

The main symptom of dementia, cognitive impairment, is associated with
neuronal damage and loss'®" Due to the limited ability of neuronal cells to repair
themselves or be replaced,® the effects of neuronal loss are irreversible: leading
to a chronic, progressive disorder. Different diseases under the umbrella term
of dementia, such as Alzheimer’s disease (AD), dementia with Lewy Bodies
(DLB) and Parkinson’s disease (PD), are characterised by varying levels of
neurodegeneration in different brain areas that result in the distinct symptoms
across the three. AD is associated with loss of cortical neurons, leading to
disrupted cognition and memory. Similar subsections of neurons are affected
in DLB. PD patients show loss of neuronal cells in the substantia nigra pars
compacta in the midbrain As these neurons play a key role in movement initiation
and coordination, ¥ they give rise to the motor symptoms characteristic of PD.
Crucially, together with neuronal loss, the presence of intra- and extracellular
inclusion bodies is considered a pathological hallmark of the diseases/©1H2

The hallmark protein inclusion in PD is termed a Lewy body (LB) (Figure
and B). Its presence was previously used as a marker of neuronal loss.**
In 1997, Spillantini et al. showed LBs are made up of the protein a-synuclein
(a-syn) M a-syn is a small (14 kDa) protein, highly abundant in the brain, and
localised primarily to pre-synaptic terminals (nerve cell junctures).*® In its native
form, a-syn is thought to be involved in synaptic trafficking (membrane-associated
transport of chemicals between neurons), ™ but its specific role remains undefined. ™
In PD, increased a-syn presence is observed, alongside the formation of a-syn-

containing filamentous inclusions within the cell body (LB) and along the axon -

Lewy neurite (LN) (Figure and D)8
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Figure 1.2.1: PD neurons from substantia nigra showing hallmark protein deposits.
Panels A and B are images of LBs, adapted from Ryu et al.™ The arrows point
to circular inclusions within cells. The two panels showcase different cell staining
methods: a histological stain (pink, A) and an immunohistological stain (orange,
B). Panels C and D depict Lewy neurites as observed by Spillanti et al.?? LNs
are characterised by aS protein deposited along the axon. Immunohistochemistry
stains were used to visualise oS and ubiquitin (C) and oS only (D), highlighting
the complex makeup of LBs and LNs alike. Images from panels A and B are the

same scale, scale bar is 50 um. Scale bar for panel C is 90 ym and for panel D is
100 pm.
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The mislocalisation of a-syn from the synaptic terminal to the cell body or
the axon, resulting in a transient state of pale bodies and pale neurites, has also
been described in the literature*! These structures highly resemble LBs and LNs
in shape, yet are less pronounced (contain less a-syn or lack the characteristic
fibrillar structure). These are thought to later mature into LBs and LNs. Despite
being mostly formed of a-syn, LBs and LNs are highly heterogenous in their
make-up. Over 70 proteins, as well as lipids and other macromolecules, have been
observed in LBs.?? LBs contain incorporated neurofilaments, heat shock proteins,
proteosome units, ubiquitin® and even organelles.**

The observed correlation between LB presence and neuronal death,?” the
identification of insoluble a-syn within the inclusion bodies, and familial cases

2627 resulted in the

of PD showing mutations in the SNCA gene encoding a-syn,
role of a-syn in PD progression being investigated. Formation of inclusions by
the physiologically-relevant and otherwise soluble protein was postulated to be
the result of a-syn misfolding and subsequent aggregation.

The native conformation of a protein is determined by its primary structure,
the sequence of amino acids (AAs) encoded for in the genome, whereas the three
dimensional structure (secondary and tertiary structure) arises as a result of the
amino acid-specific interactions?® The folding is proposed to occur as an iterative
process, starting from a random state and following geometrically similar folds to
minimise the energy until the native state is reached.*” The native conformation
must be achieved for the protein to carry out its physiological function, form correct
associations and establish interactions. It is therefore unsurprising that protein
misfolding has been linked to biological malfunction*" Incorrectly folded protein
monomers can often expose hydrophobic residues on their surface, making the
molecule more aggregation-prone as inter-molecular interactions become favoured
in the largely hydrophilic environment. The propensity to misfold depends on the
primary structure of the protein. The presence of motifs in the sequence such as
AAs of opposite charges that could promote electrostatic interactions,*! or in fact
the lack of secondary structure defining the fold, can encourage protein misfolding.

Despite protective mechanisms, including chaperone proteins and ubiquitination
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(tagging proteins for clearance), factors such as mutations in the protein-coding
genes or infection with prions can further facilitate protein misfolding beyond
a level of clearance that can be sustainably maintained. When not cleared,
the incorrectly folded proteins have a higher propensity to form inter-molecular
interactions resulting in oligomers first and then larger deposits. This process is

called aggregation™? (Figure [1.2.2)).

Mutations Insoluble aggregate
(amyloid fibril)

Misfolded protein Oligomer

Native protein \ / \

Extra- and intra-
cellular deposits
NEUROTOXICITY

Figure 1.2.2: Schematic representation of the protein aggregation process. When
proteins are misfolded and not in their native conformation, singular monomer
units can associate with each other forming oligomers. Clearance mechanisms to
dispose of the unwanted protein conformations and their aggregated species are in
place. However these are not always effective, especially if other factors facilitating
protein aggregation or misfolding, like mutations, are involved. Oligomers can
further develop into mature fibrils - microscopic inclusions with characteristic g
sheet structure (amyloid). The aggregation process is linked to neurotoxicity, but
the role of the intermediate species and their toxicity are still under investigation.

The amino acid sequence of a-syn does not restrict the protein to any given
3D conformation under physiological conditions, making a-syn an instrinsically
disordered protein (IDP). IDPs are highly flexible, biologically active proteins that
can adopt various conformations depending on physiological conditions®2 a-syn
is thought to adopt a range of conformations, such an a-helix upon interaction

with lipid membranes, a compact globular monomer, or an extended monomer

which exposes the core of the protein and makes a-syn more aggregation-prone.33
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Aggregation gives rise to misfolding or conformational diseases, where the
process is associated with loss of function of the native protein and/or production of
toxic species.” These are often termed “amyloid diseases”, as the mature deposits
exhibit S-sheet rich centres that stabilise the structures (so called “amyloid fibrils”).
At this stage, the aggregates are no longer soluble within the cell matrix, and can
stick to and rupture cell membranes leading to cell death®® The LBs and LNs
observed in PD contain amyloid fibrils formed from a-syn.

The aberrant aggregation process is highly dynamic and the link between
protein aggregation and cell toxicity is still under investigation. Conflicting
evidence on the role of LBs in PD progression has been published. LBs were said
to both be formed in a protective response (encasing the toxic species)®® and to
facilitate further aggregation through the filamentous fibres templating monomer
oligomerisation and thus assisting the spread from cell to cell.*” Their presence
is associated with an advanced disease state. LBs can be observed on positron
emission tomography (PET)*® images of patients with associated cellular atrophy
indicated by their magnetic resonance imaging (MRI)* scan. Whilst the presence
of LBs can be used to classify the extent of pathology, it cannot signal early
stages of disease. It is the early aggregates (oligomers) that are currently of most
interest for diagnostic purposes. They are likely present years before the onset of
symptoms and are thought to be highly toxic, as they facilitate calcium influx,
caspase activation, and cell death 2% However, they are notoriously difficult
to study since due to their small size (only a few nanometers in length), highly
heterogeneous structure and low abundance (low concentrations in physiological

conditions).

1.3 Optical microscopy and the study of protein
deposits

Optical microscopy played a crucial role in building an understanding of the basis
of Parkinson’s disease. When James Parkinson published his work “An Essay

on the Shaking Palsy” in 1817, he described the condition in depth, naming
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symptoms and presenting illustrative case studies. He even hypothesised the
irritation or inflammation of the medulla and thecal ligament (part of the spinal
cord) caused nerve entrapment and resulted in the observed motor symptoms.
Despite his theory, Parkinson highlighted it needed further validation and he
called for “the attention of those who humanely employ anatomical examination
in detecting the causes and nature of diseases, particularly to this malady” *2 He
proposed only such “anatomical” studies could confirm the cause of the disease
and thus facilitate management and treatment of the condition. At the time of
his publication, optical microscopy was not routinely used to study disease.
Compound microscopes have existed since as early as 1590s, however they
suffered from low magnification, chromatic and spherical aberrations. A schematic

representation of an early compound microscope® is depicted in Figure m

Microscope body with two lenses

Light source

Condenser lens

o

Sample

Figure 1.3.1: Schematic representation of the early compound microscope,
reproduced from Wollman et al.®® The light source (a candle, later on a light
bulb) was placed next to a condenser lens directed at the sample. A microscope
body, containing two lenses, collected and magnified the image from the sample.
This design was later modified to introduce more controls for sample positioning
and focus.

The simple design used a candle as an illumination source. A condenser lens

7
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directed the illumination at a mounted sample. The reflected light was collected
and magnified by the microscope body. The wooden or brass tube contained a set
of two lenses, an objective and eyepiece lens, each magnifying the image. In their
early years, compound microscopes were seldom used for biological samples**
At the turn of the centuries, Robert Hooke and Joseph Jackson Lister improved
upon the state-of-the art compound microscope; their upgraded design, featuring
several lenses placed a certain distance apart, resolved the issue of chromatic
aberrations.*?

Microscopy found its application in the clinic when tissue sectioning and
staining became possible and dissecting rooms became part of hospitals.4® In the
second half of the 19th century, Rudolf Virchow, a German physician, suggested
the need for microscopic studies of pathological tissues to understand the basis of
disease 2™ Interestingly, it was also Virchow, the “father” of modern pathology,
who first coined the term amyloid in 1845 to describe macroscopic inclusions in
the brain. He used iodine and sulphuric acid, and the observed colouration of the
plaques made him believe the inclusions were made of cellulose.*”

Advancements in the optics, as well as the invention of staining agents, led
to the observation of Lewy bodies. A century after the initial report of the
disease, the pathology of PD was linked to lesions in the substantia nigra (SN) by
Tretiakoff 2% He reported intraneuronal inclusions in the SN of disease patients
and called these Lewy bodies, after the first researcher who observed those in PD
patients (albeit outside of SN) - Fritz Lewy.”® The standard staining methods
to give contrast under the microscope and stain morphological features at the
time were hematoxylin and eosin (HE). Hematoxylin acts like a positively charged
basic dye and has affinity for nuclei, which become blue when stained. The
complementary dye, eosin, is acidic and negatively charged. It stains cytoplasm
and extracellular matrix components pink.”¥ These remain the gold standard in
histology to this day. When Lewy first observed the inclusions, he noticed they
were eosinophilic. He further subjected them to solvents (alcohol, chloroform and
benzene) to determine their molecular make-up. They remained insoluble and

were therefore thought to consist of proteins.®*
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Other staining methods were used to visualise the LB inclusions in later years,
for instance silver staining.”**% The Bielschowsky staining method, first used in
1902, utilised the affinity of silver to components across tissue.”® A colourless
staining solution, containing silver ions in the form of a salt such as ammoniacal
silver or silver nitrate, was applied to tissue. Ionic silver (Ag™) bound selectively
to features across the sample, including proteins containing methionine residues.
These were later visualised through a reduction reaction. Metallic silver was formed
across the areas where ionic silver was bound. This could either be achieved in situ
via glutathione, adrenaline or any other native molecules of reducing capability,
or externally through “chemical development” (adding an external reducing agent
like hydroquinone/sodium sulfite solution). Positively stained areas (argyrophylic)
appeared darker under a light microscope against the negative (non-argyrophylic)
background.?”

The next big milestone involved identifying the protein component of LBs and
used immunohistochemistry (IHC). This step was possible thanks to the invention
of serum therapy® and a drive to understand what is now known to be the
antigen-antibody interaction.®! The discovery of antibodies® offered unparalleled
sensitivity; the staining protocols no longer relied on non-specific charge, affinity
or hydrophobic interactions between the dye and feature-of-interest, but could
target a specific protein. Spillantini et al. employed antibodies from anti-a-syn
serum raised against a synthetic peptide to stain the tissue'® (Figure )

A secondary biotinylated antibody was used to target the primary. The
interaction between biotin and avidin was next employed, through application of
avidin functionalised with horseradish peroxidase (HRP). This created a larger
complex at the protein-of-interest and enabled further staining. As a contrast
agent or “chromogen”, the researchers employed diaminobenzidine (DAB). This
compound, which is colourless in solution, would undergo an enzymatic reaction
with HRP in presence of hydrogen peroxide to form an oxidised product (insoluble
brown precipitate).%® In this manner, Spillantini et al. were able to visualise LBs
and conclusively confirm the presence of a-syn in the inclusions (Figure [I.3.2B).

This discovery has shaped the later years of research into the role of a-syn in PD
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NH,

NH,

H,N / NH,

brown polymer

Avidin- HRP
Secondary
i tibody
Primary antip
antibody (biotinylated)
Target

Figure 1.3.2: A. Schematic representation of the DAB staining process. Protein-of-
interest is targeted with a primary antibody. A biotinylated secondary anitbody
against the primary is used next. Avidin-HRP complex is applied to localise the
enzyme at the protein of interest. Brown colour can be observed when DAB is
oxidised, visualising the location of the primary antibody. B. An image of a nerve
cell with two pigmented a-syn positive LBs. Scale bar is 8 ym. Image reproduced
from Spillantini et al ™
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pathology and contributed to the gold-standard disease staging method: the Braak
scale.* Braak’s method combined the available staining techniques (including
IHC for a-syn and silver staining) to trace the disease progression.

With a drive for therapeutic interventions, PD research moved across from

05767 This, together with post-mortem

patients to animal and cellular models.
tissue studies, enabled researchers to build a better understanding of the changes
associated with the disease pathology. Fluorescence microscopy started being used
to observe the disease phenotype and track changes more and more frequently.
This fast, relatively low cost and sensitive technique is compatible across many

model systems, enabling in vitro and in situ studies. The principles underlying

the technique are covered in detail in the next section.

1.4 Principles of fluorescence

One of the most common contrast methods for optical microscopy uses a physical
phenomenon called fluorescence. Fluorescence occurs when a molecule is able to
absorb a photon and use the energy to excite an electron from its ground state
energy level to a higher, excited energy level. The relaxation back to the ground
state is accompanied by the emission of a photon and is described as fluorescence.
The emission of light by a dye molecules gives stained features a bright appearance
against the dark background. The processes resulting from photon absorption
by a molecule can be schematically represented in a Jablonski diagram (Figure
1.4.1)).

Molecules usually exist in their lowest energy electronic state, or ground state
(Sp on the diagram). Illumination with light of a specific wavelength (matching
the energy gap between the ground state and the excited state of the molecule)
can facilitate an electronic transition and a promotion of an electron to an excited
electronic state (absorption, Sy — Si). The likelihood of absorption of a photon is
proportional to the square of transition dipole moment (a mathematical function
describing the likelihood of an electronic transition between two energy states).

Transition to higher electronic states (e.g Ss) is also possible as the vibrational

11
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Figure 1.4.1: Jablonski diagram representing the processes occurring when
a photon is absorbed by a molecule, and an electron is promoted from the
ground to the excited state. Non-radiative processes (vibrational relaxation,
internal conversion (IC) and intersystem crossing (ISC)) and radiative processes
(fluorescence and phosphorescence) are represented.

levels of the excited state and higher excited states overlap. The transitions follow
spin multiplicty rules, meaning the spin of the excited electron does not change.

Once the molecule is excited, several processes can occur concurrently to relax
the molecule. Vibrational relaxation is responsible for a transition from higher
vibrational states to the lowest vibrational state of S;. This is a fast process,
usually on the order of 107!? s. If any electrons have reached higher excited
states, they can undergo a non-radiative process called internal conversion (IC),
where they transition from lowest vibrational levels of Sy into high vibrational
levels of S;. Following the S; — S transition, vibrational relaxation occurs again
with loss of heat. The IC is also a fast process lasting approximately 107! s.
Fluorescence occurs when the electron releases a photon (radiative transition) as
it de-excites from S; — Sy. As per Kasha’s rule, the transition originates from the
lowest excited electronic state.%8 It can occur to any of the vibrational levels of the
ground state. That and the fast non-radiative processes described above account
for the fact that the photon emitted is of lower energy (longer wavelength) than

the photon absorbed. Fluorescence is a spin-allowed transition (between singlet

12
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states) and as such is fast and occurs on the order of 1078 s.

A different pathway for the electron could follow non-radiative relaxation
through IC between S; and Sy and further vibrational relaxation (not depicted)
or loss of energy due to collisions. Equally, the electron can cross from an excited
singlet state to an excited triplet state (S; — T}) in an intersystem crossing (ISC)
event. Radiative de-excitation from T} — S is possible, and results in a long
glow known as phosphorescence. The transition is spin-forbidden, and occurs with
lower probability. It leads to slow emission on the order of up to 10~! s. The
intramolecular non-radiative processes compete with radiative decay de-excitation

pathway (fluorescence). The rates of all the transitions are compared in Table

Table 1.1: Summary of transitions related to fluorescence and their rates.

Name Rate, k (s7!)
Absorbance 10%°
Fluorescence 106 — 10°

Phosphorescence 1072 — 102
Internal conversion 10* — 10'2
Intersystem crossing 10% — 106

Vibrational relaxation 1012

1.4.1 Parameters describing fluorescence

The absorbance of a molecule can be expressed as a function of the incident
intensity (Ip - amount of light reaching the sample) and transmitted intensity (I -
amount of light transmitted through a sample). Absorbance is proportional to
the concentration of the sample (c), the length of the path the light has to travel
through (1) and the intrinsic ability of the molecule to absorb light (e: molar
extinction coefficient, expressed in M ~!em™! for a particular wavelength). The
two can be related through Equation otherwise known as the Beer-Lambert

Law.

13
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A =logy, (]70) —eXxcxl (1.1)

Fluorescence intensity describes how much light the molecule emits (the number

of photos emitted per unit of time). A useful metric to describe the probability of
fluorescence is the quantum yield (@), which is the ratio of photons emitted to
photons absorbed. When the number of photons emitted matches the number of
photons absorbed, the ratio is equal to 1, and the fluorophore is 100% efficient.
Quantum yield is usually expressed using Equation [1.2] where the rate constants
for the radiative process of fluorescence, k¢, and the non-radiative processes that

compete with fluorescence, k,,., are included.

ky

b= —— 1.2
k¢ + Enpr (12)

In addition to the non-radiative processes already described (all intramolecular),
photobleaching (photochemical decomposition, where a change to the fluorophore
structure damages its ability to absorb light) and intermolecular processes (col-
lisions and quenching) can also compete with fluorescence. Photobleaching
diminishes the intensity of observed fluorescence, as fluorophore molecules are
rendered dark (unable to fluoresce). Most photobleaching is thought to occur from
the triplet electronic (T}) state. The energy can be transferred to a triplet oxygen
species (molecular oxygen, 0s), generating singlet oxygen (10,).®? This reactive
oxygen species can then undergo quenching through an irreversible chemical
reaction with a fluorophore molecule/™ Photostability is a measure of how long
the fluorophore can fluoresce for under constant illumination and can describe
how resistant different fluorophores are to photobleaching processes.

The wavelength () relates to the colour of light that is used or observed. The
wavelength of maximum absorbance, Ay, is important to know when deciding on
the excitation source. The wavelength of maximum emission, \.,,, might dictate
the choice of filters to observe the signal. Fluorescence is of longer wavelength
(lower energy) than absorbance, and the difference between the two is described

by the Stokes shift (Figure [1.4.2)).

14
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Figure 1.4.2: Absorbance (dotted line) and emission (red continuous line) of
silicone rhodamine (SiR). Spectral data obtained from FPbase ™ The red double
headed arrow highlights the difference between absorbance and emission maxima -
the Stokes shift.

This difference is useful in designing optical microscopes, where the emission
signal can be detected selectively whilst blocking the excitation, increasing the

signal-to-noise ratio of measurements.

1.4.2 Fluorescence lifetime

Another interesting parameter is the fluorescence lifetime (7), which expresses the
time a molecule spends in the excited state. It can be expressed using equation
below. The fluorescence lifetime is inversely proportional to the sum of the

radiative (ky) and non-radiative (k,r) rate constants.

1

= - 1.3
"k + (1:3)

Experimentally, it can be derived from the fluorescence intensity decay over
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time. Fluorescence decay usually follows first order kinetics. Lifetime can be
modeled following a first order kinetic equation (Equation [1.4) where I(t) is
intensity at any given time t, and I is the initial intensity.

—t

I(t) = Ipe= (1.4)

For fluorophores with several conformational states of different lifetimes, multi-
exponential decay fits are necessary. The lifetime (7) becomes a weighted mean
of the lifetimes of the different components and their fractional contributions.

The radiative decay, k¢, is a relatively long process among the energy transitions
time scale (see Table , giving the high energy molecule time to undergo a
variety of transitions and non-radiative de-excitation (quenching). Quenching
leads to the reduction in the observed fluorescence lifetime, and it can be a direct
result of internal or external processes. Thus, fluorescence lifetime can be used to
report on the microenvironment of the fluorophore.

Internal quenching can be a result of bond rotation (energy expelled to twisting
or photoinduced isomerisation of an alkene) or environmental factors. Temperature
and viscosity can both affect the rates of non-radiative decays; as can polarity of
the solvent for some dyes, not necessarily those that display emission wavelength
shifts (i.e. solvatochromatic dyes). These processes all affect the stability of the
excited state conformation of the dye molecule. Reversible changes to electron
distribution in the excited state can also lead to internal quenching. These are
enabled by structural motifs within the fluorescent molecule and can be harnessed
in the design and manufacture of fluorescence-based metal sensors and long-lifetime
probes. Strongly electron donating groups (like tertiary amines) or nitro groups
when present in close proximity to an electron acceptor, can lead to excited state
electron transfer (ESET). Upon excitation, an electron moves from the electron-
rich donor to the acceptor. The resulting excited acceptor is non-fluorescent and
thus can relax non-radiatively through vibrational relaxation to its ground state.
ESET can explain the difference between 7 of fluorescein (approx. 4 ns) and
tetranitrofluorescein (2.3 ns). Equally, fast (sub-picosecond) intramolecular proton

transfer can lead to excited state proton transfer (ESPT). The resulting molecule
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can have a distinct lifetime from the starting molecule. ESPT is exploited in
applications of pH-sensing imidazole dyes. The dye structure can also increase
the probability of ISC (S; — T1): incorporation of heavy atoms (Br, I) increases
the rate of that transition and leads to increased phosphorescence.

External quenching can involve energy transfer to another molecule, as is the
case in Forster resonance energy transfer (FRET). FRET occurs between two
molecules in close proximity (< 10 nm), where the emission spectrum of one
overlaps with the absorption spectrum of the other. Excitation of a donor leads
to emission in the acceptor molecule (that was not directly excited with a laser
source). Loss of fluorescence intensity of the donor is also accompanied by its
lifetime shortening, the energy transfer process competes with fluorescence as a
de-excitation pathway. The lifetime of the acceptor remains unchanged. FRET
can occur between two molecules of the same species. The energy transfer then
works both in forward and back directions (homoFRET) and this leads to general
shortening of the observed lifetime. The efficiency of the energy transfer between
donor and acceptor is distance-dependent, which is why FRET pairs can be used
as a molecular ruler. Dynamic quenching (or collisonal quenching) is a process
that involves loss of energy by an excited molecule (A*) non-radiatively via collison

with other molecules (Q) (Equation [1.5).

A QM Ay (1.5)

This process decreases fluorescence lifetime. The effect of quencher concen-
tration ([Q]) on fluorescence lifetime (Equation [1.6) can be derived from the
Stern-Volmer equation, and explains how fluorescence lifetime can be used to

monitor oxygen levels.

To

- e (1.6)

T

To observe and study molecules using fluorescence a large toolkit of dyes and

probes has been developed.
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1.5 Fluorescent probes & their applications to

PD

Whilst some naturally occurring molecules, such as amino acids (tryptophan,
tyrosine, phenylanaline) and transmitters (for instance, nicotinamide adenine
dinucleotide (NAD)), possess chromophores and are able to absorb and emit
photons, most fluorescence applications rely on extrinsic fluorescent labels. This
is because the intrinsic fluorescence (autofluorescence) usually requires low wave-
length excitation, the efficiency of the emitters cannot be controlled or tuned, and
it can only be traced back to a range of native molecules, the locations of which
cannot be controlled. Most targets, including a-syn the protein of interest in PD,
are non-fluorescent under native conditions and require strategies such as as the
use of fluorescent protein (FP) fusions, organic dyes or organometallic complexes.
These classes of fluorescent compounds are briefly described below. This list is
not exhaustive, other classes of bioorthogonal probes are discussed by Cserep et

al./” and those with particular applications to live-cells by Dean et al.™

Fluorescent proteins

The discovery of FPs can be traced back to the 1960s, when a green-light emitting
protein was first isolated from Aequorea victoria jellyfish and aptly named green
fluorescent protein (GFP). ™ FPs derived from other species, as well as genetic
engineering and modification of the jellyfish-derived GFP, gave rise to an expanded
FP colour pallette spanning all the way across the visible spectrum =

FPs are characterised by a relatively large size (approximately 25 kDa), where
the fluorophore is often shielded by the protein shell.™ Their large size can impede
their folding or localisation within a cell, explaining the (relatively) weak emission
and short lifetime (in the range of 1-4 ns). Since FPs are produced by cells,
through deoxyribonucleic acid (DNA) manipulation, the gene encoding the FPs
can be built-in to a wide variety of cellular targets. The stoichiometry of the

labelling can be controlled, enabling 1:1 stoichiometry for quantitiative studies,*"

although folding efficency and maturation time for FPs needs to be considered.

18



CHAPTER 1. INTRODUCTION

The genetic expression of FPs makes them compatible for the study of dynamic
processes in live cell models.

Pandey et al. have used an a-syn GFP fusion construct to study the behaviour
of wild type (WT) a-syn and point-mutated a-syn in a neuroblastoma-derived cell
line SH-SY5Y. The researchers reported that the fusion to FP did not influence
the aggregation properties of a-syn. After validating their constructs, they studied
three familial mutations and one novel mutation of a-syn and compared their
aggregation timelines. The GFP-a-syn cell lines enabled direct visualisation of

the aggregates using confocal microscopy .t

Organic dyes

Successful synthesis of fluorescent dyes such as Magdala red (1867%%) and the
true game-changer fluorescein (1871,%* named after its remarkable, at the time,
fluorescent properties) started decades of research in organic dyes. These remain
the most widely used class of fluorescent probes due to their established and
scalable chemistry as well as diverse physical, chemical and biological properties.
A wide variety of water-soluble functionalised dyes for microscopy applications have
been developed ®#®% They are characterised by a relatively small size of around
500 Da and favourable quantum yields and photostability. Several examples of
organic dyes, with their quantum yields, are presented in Figure [1.5.1]
Although some dyes show intrinsic propensity to bind to cellular structures

9394 nsually they are conjugated to other targeting

such as lipid-rich membranes,
molecules (antibodies, DNA, ribonucleic acid (RNA), peptides) for specific labelling
of targets of interest. Moreover, a range of self-labelling tags for proteins were
developed to enable application of organic dyes in cell imaging P**® The tags are
often derived from enzymes. One example is HaloTag, derived from bacterial
haloalkane dehalogenase. HaloTag convalently binds a ligand (containing the
fluorophore) at the active site. In nature, the substrate would be released, however
bioengineered HaloTag system prevents the release of the ligand from the active
site. Thus, any dye can be conjugated to the reactive HaloTag ligand motif (a

primary chloroalkane) for covalent capture at the HaloTagged protein
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AF594 Atto655
®,= 0.66 ®,=0.30

Figure 1.5.1: Four examples of organic fluorophores, their chemical strucutures
and quantum yields: JF549 ) Cy3B2Y AF594%! and Atto655.%4 Quantum yields
were obtained from aqueous solution measurements.

In the context of amyloid protein imaging, the dye most commonly used is
thioflavin-T (ThT) (structure in Figure [1.5.2)), a benzothiazole salt.

It contains a rotatable bond (single o bond between two rings) and is classed
as a molecular rotor”” The extended ring structure is responsible for its mode of
action. The dye is known to bind to S-sheets within amyloid fibrils, the interaction
promoted through pi-pi stacking interactions.”® The recognition motif is specific to
the secondary structure, but not a specific protein. Figure [1.5.3|shows the [-sheet
organisation characteristic of an amyloid protein.”? Anti-parallel 3-strands are
arranged forming a 10 A groove.

ThT can be used to label various protein inclusions, characteristic of PD but
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Figure 1.5.2: Jablonski diagram representing TICT and the two corresponding
conformations of ThT. ThT molecules can exist in two conformations: planar
and twisted. Upon excitation an electron is promoted to an excited state (S7).
This state is stabilised by ThT interactions with amyloid fibrils, leading to Th'T
fluorescence. TICT is a dark state, associated with the twisted conformation,
where non-radiative de-excitation is favoured. TICT is the dominant de-exciation
pathway for ThT in solution, where its emission is weak and its largerly non-
fluorescent (molecules relaxed via non-radiative pathways). When TICT cannot
be accessed (ThT edged inside a fibril), the fluorescence is the dominant relaxation
pathway, explaining the difference in fluorescence lifetime and quantum yield
between the unbound and bound dye.
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Figure 1.5.3: [-sheet structure of amyloid fibrils, image adapted from Nelson et
al. " B-strands are arranged in anti-parallel direction, with a 4 A distance between
them. A 10 A groove is formed between two 3-sheets.

also AD etc., as long as they display amyloid structure. The dye molecule can
enter the space between the two (-strands of a fibril, where its structure becomes
locked. ThT molecules are able to interact with amino acid side chains in an
orientation parallel to the long axis of the structure®® No rotation along the sigma
bond is possible in this conformation, and the energy is expelled in the form of

fluorescence. The unbound molecules rotate freely in solution, accessing a different
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conformation in the excited state in a process called twisted intramolecular charge
transfer (TICT) as represented in Figure [1.5.2] This state is postulated to be
“dark” (not fluorescent, “quenched”) and the excited energy in that state is expelled
through non-radiative processes. Fluorescence displayed only upon binding gives
a lower fluorescence background signal (200-fold increase in quantum yield upon
binding to fibrils*™ and a ps to ns increase in lifetime of the dye'™). ThT has
been employed by Horrocks et al. to detect the formation of S-sheet rich oligomers
and fibrils during a-syn aggregation in wvitro and to detect amyloid species in

102

biofluids of PD patients and healthy controls**~ at a single-molecule level.

Organometallic complexes

103 4

Some organometallic (OM) complexes, containing ruthenium,*** rhenium* or

iridium,'*' are characterised by long and bright emissions and thus found appli-
cations as fluorescent probes. They are highly photostable, water-soluble and
exhibit large Stokes shifts. The long emissions observed are of phosphorescence
origins. The excited complexes undergo energy charge transfer from metal centre
to ligand (fast intersystem crossing into a stable triplet state). They are thus also
characterised by long lifetimes.

Ruthenium-based complexes found an application in a-syn aggregation detec-
tion. Cook et al. described a switch-on dipyridophenazine ruthenium(II) complex,
with good cell permeability and low cytotoxicity that binds to a-syn fibrils. 1
They observed the probe in human neuroglioma (H4) cells, where it not only
co-localised with over-expressed and aggregating a-syn but also showed an 18-

fold increase in fluorescence intensity, showing potential as a sensitive marker of

aggregation.

All of these classes of probes offer unique advantages as well as challenges.
Table [1.2] compares optical properties of several types of fluorescent compounds.

The class, excitation and emission wavelengths and lifetime value (in aqueous
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Table 1.2: Fluorescent properties across the different classes of probes. The
lifetimes for the organic fluorophores and the organometallic compound were

measured in water.

Name Class Aez (mm) | Aepp, (nm) | 7 (ns) | e (M~tem™t) | @y
TyrosinelV” Intrinsic 275 300 2.5 1,400 0.13
NAD(P)H1% Intrinsic 300-380 450-500 0.3 6,300 0.02
eGFPLY FP 488 509 2.71 54,000 0.60
mCherry 1" FP 587 610 14 72,000 0.22
BodipyF1/H0 Organic 502 511 5.87 80,000 0.93
AF6471 Organic 650 665 1.04 240,000 0.33
[Ru(bpy)s)> ™2 | OM complex 450 630 358 14,600 0.03

solvent systems) are quoted. The molar absorption coefficient (¢ at Ags) and O
are also presented for all the fluorophores. The two parameters are especially
useful when comparing the effectivness of fluorophores in a “molecular brightness”
calculation. Molecular brightness (Equation is a product of the € and ®;.
molecular brightness =€ x @y (1.7)

The higher the value, the brighter and thus more detectable the fluorophore.
Autofluorescent molecules have very low molecular brightness values (0.18 and 0.13
for tyrosine and NAD(P)H, respectively). FPs are characterised by higher ¢ values,
despite relatively low quantum yields. For the two examples used, the molecular
brightness is in the 10,000 M ~tem™! region. The highest molecular brightness
values can be calculated for the two organic dyes, AF647 and BodipyFL.

The different classes of fluorophores also have their own niche applications.
Intrinsic fluorescence of amino acids and transmitters is often exploited in flu-
orescence lifetime imaging microscopy (FLIM). FPs are predominantly used in
cell imaging applications and disease models. Organic dyes have the most varied

properties and applications, as their structures can be tuned to modulate )., or
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7. OM complexes exhibit the largest Stokes shift and the longest fluorescence

lifetimes out of the probes mentioned.

1.6 Fluorescence microscopy - practical consid-
erations

The compound microscope (first introduced in Section was an example of
a brightfield microscope. In brightfield microscopy, the sample is illuminated
with white light and the image is formed based on the absorbance of light within
the specimen. Contrast is achieved through staining agents, that colour features
within the sample. Fluorescence can also be used as a means of introducing
contrast, in a technique called fluorescence microscopy.

Imaging fluorescent samples requires a slightly different microscope set-up. An
example of a basic set-up is shown in Figure [1.6.1]

The sample is illuminated by a laser source of a specific wavelength, as opposed
to a white light source. An excitation filter, such as a band-pass filter, can be
used to modulate the wavelength of the light. A dichroic mirror is placed at
45 °to direct the laser light towards the objective and the sample. This special
type of a filter reflects light of shorter wavelengths than the cut-off wavelength
and transmits light of longer wavelengths. Thus, laser light can be reflected to
the sample. The objective focuses the light and illuminates the sample. The
fluorophores contained within undergo excitation and emit photons (fluoresce).
The light emitted from the sample is of a longer wavelength than the excitation
light (Stokes shift, as introduced in Section[I.4]). This means it can be transmitted
through the dichroic filter towards the detector. To prevent any of the excitation
light to reach the detector and block out background fluorescence, another filter
is placed in front of the detector. This is an emission filter and it modulates what
colour light can reach the detector, dividing light up in wavelength-based channels
for data acquisition. In some fluorescence set-ups, the detector is placed at a 90
°angle to the excitation pathway, to further minimise the amount of laser light

that reaches the detector. This set-up can undergo further modifications and
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Sample on coverslip

Objective

Excitation filter

Light source Dichroic

W Emission filter

Light to detector/eyepiece

Figure 1.6.1: Basic fluorescence microscope set-up. An excitation light is passed
through an excitation filter to generate light of desired wavelength. The dichroic
filter reflects light up to the objective. The objective collects magnified image of
the sample and passes the fluorescence back towards the dichroic mirror. The
fluorescence can pass through the dichroic. An emission filter is implemented to
ensure no exictation light reaches the detector.
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utilise sets of filters for muliplexed imaging.

Uniform illumination of the sample is desired in light microscopy, but less
favourable for fluorescence imaging. When the sample is thicker than the depth
of focus of the objective lens in light microscopy, blurring of the image can occur.
In such cases, the light coming from below and above the focal plane in the
sample will also be detected. The problem is more prominent for fluorescence
microscopy. Using widefield illumination (Figure[1.6.2]A), a large area of the sample
is illuminated all at once. This means all of the molecules in the illuminated
volume will fluoresce at the same time. As all this fluorescence is subsequently
detected, this imaging method leads to low signal-to-background (S/B) ratios.
Despite wide-field illumination epifluorescence offering speed of imaging, other
illumination modes, where the illuminated sample volume can be restricted, are
often preferred for in-detail imaging of thick samples, such as tissue.

Confocal microscopy (Figure [1.6.2B) relies on optical sectioning to image just
the focal plane. By placing a pinhole (a mechanical barrier) in the detection beam
path, all out of focus light is rejected and it cannot reach the detector. The size
of the pinhole restricts the confocal volume (the size of the plane imaged, usually
to around 1 pum diameter). Since the confocal volume is small, the imaging speed
is reduced in this approach. To build up a large field of view, the excitation beam
needs to be moved across the sample. Another method of restricting the excitation
volume uses light reflection from the glass-water interface. When excitation light
reaches the coverslip at a steep angle, it gets reflected. This is known as total
internal reflection (TIR) (Figure [1.6.2C). At the interface of the coverslip and
the sample, an electromagnetic field (known as evanescent field) propagates the
illumination approximately 100 nm into the sample. The level of illumination
quickly drops off with distance from the coverslip, meaning the illumination is
limited to surface molecules only. This greatly reduces S/B ratio, making total
internal reflection fluorescence microscopy (TIRFM) a great technique for surface
imaging.

Various detectors are used for different fluorescence applications from cameras

to more complex time-gating and photon counting devices, including single photon
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Figure 1.6.2: Three different illumination modes: widefield epifluorescence,
confocal and TRIFM. A. Widefield illumination combined with epifluorescence
detection. Excitation is directed uniformly at the sample, resulting in excitation
of all fluorescent species. Emitted light is collected via the same path as excited
light. B. Confocal microscopes use a pinhole in the detection beam to reject
out-of-focus light and restrict the imaged volume to a small spot less than 1 pym in
diameter. C. Total Internal Reflection directs the beam to the sample at an angle
that creates an evanescent field at the sample-interface. The laser light does not
penetrate the sample directly, and the illumination is limited to approximately

200 nm distance from the coverslip.

avalanche detector (SPAD). Most of these exploit the photoelectric effect, where
photons generate electric charge. The electric charge can be translated into voltage
values and read out to create an image. Most common types of cameras used
in fluorescence microscopy include complementary metal oxide semiconductor
(CMOS) and charge-coupled device (CCD) cameras. CMOS cameras are capable
of capturing, translating and reading-out output for each pixel simultaneously,
making them ideal for imaging fast events across a small number of frames. charge-
coupled device (CCD) cameras, where the electrical signal for each pixel is first
passed across an array of detectors and read back out to recreate the image,
have design elements such as signal multiplication regions, which increase their

sensitivity enable the detection of single photons™*3

1.7 Imaging at the nanoscale

Whilst fluorescence microscopy can be applied to observe protein distribution
across cells and distinguish features at sub-cellular level, in its routine applications
it cannot capture fine detail of structures smaller than approximately 250 nm.
Thus, the visualisation of the potentially toxic oligomeric species produced during
a-syn aggregation is made difficult. These can be tracked or differentiated between

using indirect approaches, but cannot be visualised in-detail until they reach
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mature aggregates under most fluorescence microscopes. Regardless of the optics
employed, the small oligomers appear as bright “fuzzy” spots of approximately

200 nm. This is because of the physical resolution limit of any light microscope.

1.7.1 Diffraction limit of light

Light is an electromagnetic wave and it cannot be focused to an infinitely small
spot. Instead it forms an Airy disk, a characteristic diffraction patter of approx.
200-250 nm wide (Figure [L.7.1]A). This phenomenon is described as the diffraction
limit of light. The smallest spot to which light can be focused can also be
referred to as a point spread function (PSF). Its cross-section (Figure [L.7.1B) is
characterised by an intense Gaussian peak surrounded by smaller concentric peaks
coming from the rings of decreasing intensity. Because the PSF is not infinitely
small, it means that molecules smaller than the PSF cannot be observed in detail.
Moreover, the PSF affects the resolution of the microscope. The full-width half-
maximum (FWHM) of the PSF is often used to compare the resolution of different
microscopes (Figure ) and can be measured experimentally. More formally,
the limit of resolution is defined as the smallest distance between two objects at
which they can still be separated in space. The resolution is system-dependent
and can be calculated using Abbe’s law (Equation .

Resolution = (1.8)

2x NA

This equation relates the wavelength used for excitation (A), and the numerical
aperature (NA) of the system. When two molecules are far apart, their PSFs do
not overlap and each molecule can be detected separately. As the distance between
the two fluorophores decreases, their PSFs start to overlap. Figure[I.7.1C shows a
hypothetical example of a limit-of-resolution distance where despite some overalp
in PSFs, the two fluorophores can be localised as separate emitters (left-hand
side). When the distance between them is smaller, their respective PSFs overlap
significantly and the both molecules appear as one “blur” - making it impossible

to tell them apart.
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Figure 1.7.1: Diffraction limit of light. A. An airy disk pattern of a focused light
beam, with a line profile through the middle. B. Intensity trace associated with
the line profile - a characteristic Gaussian peak and the associated lower intensity
peaks on both sides. FWHM method for resolution determination presented. C.
PSFs of two emitters separated by a distance that allows for spatially resolving
them (LHS) and does not allow to spatially differentiate between the two (RHS).
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Since the resolution is dependent on the wavelength of incident light, using
shorter wavelengths can lead to an increase in the resolution achieved. However,
near UV excitation tends to cause more photodamage to the sample and introduce
imaging artifacts. In addition, numerous intrinsic emitters are characterised
by low Aus, increasing the likelihood of autofluorescence interfering with the
desired fluorescence. The other component that can be changed is the NA, or the

numerical aperture. The NA is system dependent and can be calculated using

Equation [I.9]

NA =n x sin(a) (1.9)

where n is the refractive index of the medium used between the objective and
sample (water, immersion oil, air) and « refers to the angle of the light that can
be collected by the objective lens. Chaning the objective lens can help increase
resolution, however the maximum value of a is 90 °. Using a high refractive
index medium like immersion oil (with an n of 1.5) can also increase the limit
of resolution. There is a limit to the improvements to the resolving power of
any microscope that can be introduced through these modifications, effectively
capping the NA at around 1.5 and thus the achievable resolution at approximately
250 nm.

Despite these limitations, it is possible to break the diffraction limit and achieve
an over 10-fold improvement in resolution using a broad range of super-resolution

techniques that have been developed in recent years.

1.7.2 Super-resolution imaging

Super-resolution techniques cover a range of approaches that enable imaging with
resolution higher than 250 nm. They can be broadly classified depending on the
approach used.

The first group of super-resolution techniques rely on reshaping the PSF or
other technical interventions that improve the overall resolution of the observed

structures. These super-resolution techniques include stimulated emission deple-
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tion (STED) which introduces an additional laser source that depletes the emission
of fluorescence molecules outside of the desired spot, constricting the PSF 214115
One of the main drawbacks of the technique is the use of laser irradiation outside
of excitation, which leads to faster photobleaching. The wave-character of light is
utilised by structured illumination microscopy (SIM), where a range of interference
patters are placed in the illumination pathway to gain information about the sub-
diffraction, high frequency, structures and reconstruct super-resolution images*°
Expansion microscopy, on the other hand, artificially increases the size of the
sample by embedding it in a gel matrix and subsequent swelling of the matrix
These and other methods are discussed in detail by Huang et al.®

Other super-resolution techniques rely on the ability to “localise” individual
fluorophore molecules through temporally separating the emitters’ fluorescence.
These are broadly termed single molecule localisation microscopy (SMLM) tech-
niques ™ Instead of having all the fluorophores “on” at any given time, special
buffers (stochastic optical reconstruction microscopy (STORM)) or illumination
conditions (photoactivated localisation microscopy (PALM)) can result in the
fluorophores going between the “on” and “dark” state and enabling single molecule
detection. The centres of the PSFs can then be plotted and a super-resolution
image can be re-constructed. Despite not requiring physical intervention within the
imaging system, these methods require careful consideration of the fluorophores
used and adjustments to be made to the imaging conditions to ensure faithful
image reconstruction. A comprehensive review of these was conducted by Lelek
et al. 4V

One of the SMLM techniques, points accumulation for imaging in nanoscale
topography (PAINT) has been used to characterise a-syn oligomers. Bongiovanni
et al. employed Nile Red, a lipophilic dye that transiently binds to amyloid
fibrils (non-specifically) to study and visualise oligomers produced in an in vitro
aggregation reaction.*!' The transient nature of the binding allowed for separation
of the emission events in time and reconstruction of super-resolution images with
a high level of detail. The solvatochromatic properites of Nile Red were further

exploited by them through recording the emission wavelength and thus tracking
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the hydrophobicity of the species throughout aggregation.1%

1.8 Fluorescence Lifetime Imaging Microscopy
in PD

Fluorescence lifetime is a highly sensitive parameter and can be used as a contrast
method in Fluorescence Lifetime Imaging Microscopy (FLIM). Since the lifetime
of some probes is highly dependent on their microenvironment, it can be expected
to be heterogenous across the stained features. In fact, FLIM has been used to
report on the pH, rigidity or viscosity of structures*23!24 Unsurpisingly, FLIM
has found applications in imaging of PD. However, the applications of FLIM
to neurodegeneration are still few and far between compared to those of other
fluorescence imaging techniques.

NADH autofluorescence properties and the fluorescence lifetime shift associ-
ated with the transition between free (cytosolic) and bound (protein-associated)
transmitter is used to monitor mitochondrial metabolism 22128 Plotegher et al.
measured the fluorescence lifetime of NADH in a HEK-cell aggregation model 127
They used a cell line over-expressing a-syn on its own, further induced aggregation
by seeding the cells with pre-formed fibrils (PFF), and used a WT HEK cell
line as a control. They identified the fluorescence decays as free and bound
NADH at a single pixel level and quantified the ratio of the free to bound species
across the three conditions. They observed an increase in NADH lifetime upon
a-syn over-expression, and hypothesised this was due to the production of toxic
oligomeric species (invisible in confocal microscopy) that increased the oxidative
stress and evoked mitochondrial damage 22%:12% Interestingly, the difference in the
detected lifetime between the seeded cells and WT was less striking, suggesting
possible sequestration of the toxic oligomers to form large fibrils (LB-like inclusions
observed in confocal microscopy). Pokusa et al. carried on further studies and
co-localised the NADH signal with a-syn aggregates’3? as detected by thioflavin-S
(ThS), a variant of ThT. However, they relied on spectral un-mixing to deconvolute

the ThS and NADH signal (both sharing the same excitation wavelength) and
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analysed the decays without determining the contributions of each of the dyes.
The lifetime of unlabelled and fluorescently-labelled a-syn has also been used
to learn more about protein aggregation. Laine et al. demonstrated yellow
fluorescent protein (YFP)-tagged a-syn could be tracked across the lifespan of a
nematode species (C. elegans), used as a model organism for neurodegeneration.
The decrease in the YFP lifetime value, corroborating the presence of highly
ordered amyloid species, was only observed 10 days into adulthood when sizable

inclusions were observed 131

The method did not provide enough sensitivity to
observe the formation of the oligomers, likely both due to size and their high
levels of disorder. Klucken et al. used a tagged construct to decipher a-syn
conformations, utilising a FRET interaction between the N-terminus (AF488-
labelled) and the C-terminus (Cy3-labelled)*## of the protein. They quantified
the FRET based on the observed decrease in the AF488 lifetime, and postulated
this corresponded to folded conformations of the protein, where the two termini
are brought together close in space.

Some attempts at using FLIM for tissue imaging in PD include the reports
by Klingsted, where oligothiophenes (non-specific amyloid detection) were used
to image two synucleinopathies: PD and multiple system atrophy (MSA).1# In
separate experiments, they have shown the emission spectra and lifetimes of the
dye differed across the two disorders, likely due to the different conformations of
the aggregates formed in the two diseases. Since the change in emission was a
subtle spectral shift (ratio of emission at two wavelengths rather than an extensive
red-shift), it could not be monitored using the same set-up as fluorescence lifetime
detection. Despite the promising trend observed, the study served as an illustrative

example and would benefit from a larger sample size (n > 3).

1.9 Peptides as a novel imaging modality

Most imaging modalities, except for small dyes e.g. ThT, rely on two components:
a target moiety (either an antibody, or a chemical handle expressed endogenously)

and an emitter (fluorophore with properties chosen for specific application). Pep-
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tides are still somewhat under-utilised as a targeting moiety, despite their desirable
characteristics. This is likely due to small molecules historically dominating the
therapeutic market and antibodies being the “go-to” biologic due to their high
specificity.

Peptides present a number of advantages, and are a rapidly growing and
promising therapeutic field. They can provide high specificity to otherwise
undruggable targets, including broad protein-protein interaction (PPI) surfaces
that lack pockets for traditional small molecule binding. Their natural amino acid
composition means they can be easily degraded to naturally occuring components,
reducing their toxicity and potential off-target effects of any metabolites. Robust
technologies for manufacture and production ensure they can be prepared with
high purity outside of cells. Peptides can also be easily conjugated to therapeutic
agents, like radio-labelled ligands and fluorescent compounds, making them useful
across many imaging techniques 134130

The challenges associated with peptide applications are mostly a result of their
size and include issues with cell permeability and crossing the blood brain barrier,
and poor oral bioavailability. However, these are becoming increasingly well-
understood and can be circumvented with appropriate structural modifications:

37 peptide staples,'*® and cyclised peptides, 3 to

incorporation of D-amino acids,
name a few.

In context of PD, there has been several peptides developed that are reported
to interact with specific parts of the a-synuclein (a-syn) sequence.r" Interestingly,
these are explored almost exclusively as therapeutic targets, often inhibiting
the early stage oligomeric species or a-syn monomer interactions 42 Their
simultaneous application as a diagnostic is often overlooked. This could be partly
due to the potential loss of binding sensitivity upon conjugation to a fluorescent
scaffold and partly due to limited techniques available for meaningful study.

Between the heterogenity, small size and low abundance of a-syn aggregates, the

probes could remain invisible to standard confocal microscopy approaches.
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1.10 Thesis objectives

This thesis describes the development of a new imaging platform and a new
imaging modality. It aims to advance FLIM as an imaging technique and
its application to the field of neurodegeneration research. It is hypothesised
that a novel approach to FLIM, where the intensity and lifetime are monitored
across all wavelengths, could introduce further contrast in imaging and offer
novel means of analysing fluorescence imaging. Moreover, the thesis proposes to
introduce peptides as a versatile imaging modality and explore their potential for
imaging of neurodegeneration and other super-resolution applications. Peptides
offer specificity and binding dynamics that could be highly suitable for PAINT
approaches. Fluorescently-labelling peptides for super-resolution imaging could
provide a minimally-disruptive method for direct visualisation at the target of

interest with high level of specificity and a high resolution.

1.10.1 Advancing FLIM imaging technologies

Currently FLIM instruments collect lifetime data across narrow colour-based
channels and thus limit the amount of information about fluorescence available to
the researchers. The first aim of this thesis is to increase the amount of information
that can be extracted in a single fluorescence microscopy experiment. This is
addressed through the construction and application of a novel instrument, the Full
Spectrum Fluorescence Lifetime Imaging Microscope. The novel platform is effec-
tively a 3-in-1 fluorescence lifetime microscope, capable of collecting fluorescence
intensity and lifetime data across 512 discrete wavelengths, simultaneously.

The design, construction and validation of such an instrument is described in
Chapter 3, together with example applications. The instrument is further employed
to image patient-derived post-mortem tissue in Chapter 4 in a preliminary study,

where the advantages of this approach are carefully considered.
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1.10.2 Introducing peptides as versatile imaging modalities

Peptides have a potential to be excellent imaging agents. They are often developed
as therapeutic agents for otherwise difficult-to-target proteins. Their binding to
target-of-interest is specific and depends on the sequence of amino acids, making
it “tunable”. Rational substitutions of amino acids could lead to decreased or
increased strength of interactions. Peptides can be efficiently prepared and are
easily conjugated with various fluorophores, opening them up to applications across
super-resolution and FLIM alike. Due to their relative ease of conjugation, peptides
could address the issue of linkage error that plagues standard immunofluorescence
staining methods. In most applications, a fluorophore is located on a secondary
antibody, and a primary antibody is used to recognise the target. Assuming the
size of a standard antibody is approximately 10 nm,*# this places the fluorophore
approximately 20 nm away from the target (10 nm for the primary antibody
that detects the target and 10 nm for the secondary antibody that detects the
primary and contains the fluorophore). Using a peptide that can be directly
labelled decreases this distance significantly and enables researchers to observe
the fluorophore directly at the molecule of interest.

To this end, the thesis firstly aims to introduce a novel dye into peptide
sequences for a new generation of fluorogenic peptide probes. The properties

1. 4 including its

of the fluorescent amino acid, developed by de Moliner et a
fluorogenic character and lifetime sensitivity are described.

The second aim is to demonstrate the potential of the new fluorogenic probes
in different imaging applications. Through the incorporation of the amino acid
into different peptide scaffolds, successful synthesis and purification, the peptides
are further tested against their target. Potential for FLIM applications (Chapter
4) and super-resolution imaging (Chapter 5) are explored and the advantages of
the new probes discussed.

Chapter 4 further focuses of an application of a therapeutic anti-a-syn sequence
in a diagnostic application. The study focuses on validating the retained detection

properties upon fluorescent labelling and attempts different fluorescence imaging

techniques.
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Chapters 5 and 6 describe a peptide-based approach to super-resolution
imaging, with a focus on decreasing the size of super-resolution probes and
laying groundwork for creating a versatile labelling approach.

It is hoped that the methods developed here could be further translated and
applied to study neurodegeneration and characterise aggregates and disease protein

conformations in vitro and in situ.
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Chapter 2

Experimental

2.1 Scope of the chapter

This chapter describes general experimental methods used throughout the work
and explains relevant techniques. Details of specific experiments are covered in

the methods sections of each chapter.

2.2 General methods

Commercially available reagents were used where available and without further
purification. For high-performance liquid chromatography (HPLC)-mass spec-
trometry (MS) analysis, a Waters Alliance 2695 separation module connected
to a Waters PDA2996 photodiode array detector and a Z(Q Micromass mass
spectrometer (electrospray ionisation (ESI)-MS) with a Phenomenex column (C18,
5 um, 4.6 x 150 mm) were used. Peptide purifications were performed in a
semi-preparative Agilent HPLC consisting of a 1220 Infinity II autosampler and a
1260 Infinity IT detector. Kinetex 150 x 21.2 mm (5 gm) C18 column was used,
H>0 (0.1% HCOOH) and CH3CN (0.1% HCOOH) were used as eluents and a flow
rate of 8 mL/min. For MS analysis: high resolution mass spectrometry (HRMS),
electrospray ionisation (ESI) positive, spectra were obtained with a Bruker ESI
Micro-time of flight (TOF) mass spectrometer; and matrix-assisted laser desorption

ionisation (MALDI) analysis was performed on a Bruker UltrafleXtreme MALDI
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TOF-TOF mass spectrometer.

All microscopy was performed on 0.1 mm thickness 24 x 60 mm (631-0973,
VWR) or 24 x 40 mm (631-0135, VWR) borosilicate glass coverslips. These were
cleaned using an argon plasma cleaner (Zepto, Diener) for 30 min to remove any
fluorescent residues for all super-resolution imaging applications. Frame-Seal slide
chambers (9 x 9 mm? Biorad) were placed on the glass to create a well in which
samples could be added.

The phosphate buffered saline (PBS) used throughout the work was prepared
from tablets (10209252, Fischer Scientific). The buffer contained NaCl (8 g/L),
KCl (0.2 g/L), NagHPOy, (1.15 g/L) and KHoHPO, (0.2 g/L). At 25 °C the pH of
the buffer was 7.3 + 0.2. Each tablet was reconstituted in MiliQQ water to give 100
mL of buffer, as per manufacturer’s instructions. The buffer was filtered through
Whatman Anotop 0.02 pm filters (FIL.2824, SLS) prior to use for super-resolution
applications and 0.22 ym Millex syringe filters (SLGP033RS, Millipore) prior to
FS-FLIM experiments.

The T50 buffer was prepared in-house and contained Tris-Cl (10 mM) and
NaCl (50 mM), with the final pH of 8.0 & 0.2. Same filtration regime was followed.

2.3 Peptide synthesis

2.3.1 Choice of resin

For the C-terminal amide-derivatised peptides, two kinds of resin were used:

e Rink Amide ProTide low loading (LL) resin (R002, CEM) - for the a-syn
targeting peptides

e TentaGel R Rink amide (RAM) resin (R28902, RAPP polymere) - for 101A

and 101B sequences

They both had a low loading capacity of 0.18 mmol/g, which made them suitable
for synthesis of long peptide sequences.

For the unmodified free carboxylic acid peptides, 2-chlorotrityl polystyrene
resin (549401, Sigma-Aldrich) was used. Its theoretical loading capacity was 0.4
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- 1.0 mmol/g. The actual loading was calculated following an incorporation of
the first amino acid. This was performed using 5 mL polystyrene syringes fitted
with polyethylene porous discs over a suction manifold. The reaction scale was
0.05 mmol. A fluorenylmethoxycarbonyl (Fmoc) protected aa - Fmoc-aa-OH (1
eq.) and N,N-diisopropylethylamine (DIPEA) (10 eq.) in a minimal amount of
dimethylformamide (DMF) for dissolution and resin swelling were applied to resin
(0.084 g) and incubated on a shaker at r.t. for 20 minutes. Remaining active sites
were capped with methanol for 10 minutes. The solution was drained and the
resin was washed (4 x DMF, 4 x dichloromethane (DCM), 4 x DMF). Fmoc group
was then cleaved (20% piperidine, three treatments of 1 min, 5 min and 5 min
respectively). The cleavage solution was collected and its volume standardised
to 25 mL. A sample for ultra violet visible spectroscopy (UV-vis) absorbance
measurements was prepared (1:10 dilution of cleavage solution in DMF). The
absorbance was measured on a nanodrop (Denovix) at A = 290 nm three times.

The average A value was used to calculate the actual loading following Equation

2.1k

A290 xV x DF

loadi =
f(loading) o [

(2.1)

where Ajgy was absorbance of sample at A = 290 nm, V was total volume of
solution collected, DF the dilution factor used in spectroscopic sample preparation,
€290 the extinction coefficient for Fmoc (5,700 M ~tem™1), 1 the path length and

m the mass of resin used.

2.3.2 Peptide elongation

Automated microwave-assisted solid phase peptide synthesis (SPPS) was carried
out in a Liberty Blue microwave peptide synthesizer (CEM). Manual synthesis
was carried out in polystyrene syringes fitted with polyethylene porous discs over
a suction manifold. Standard Fmoc/tBu based methods were used. A schematic
cycle is presented in Figure [2.3.1] The cycle consists of 5 steps. The resin of choice

is loaded with the first amino acid, either manually or on Liberty Blue. The Fmoc
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Figure 2.3.1: A schematic representation of an SPPS. Rink amide (full structure
in the bottom corner, abbreviated throughout the figure) is loaded with the first
amino acid, Fmoc-AA-OH. Fmoc is removed in a deprotection step to free up the
reactive amine. A pre-activated amino acid is added (Fmoc-AA-O-Act) and a
new peptide bond is made. Deprotection is needed to remove the Fmoc group.
Peptide elongation continues in a series of couplings and deprotections until the
full sequence is prepared and can be cleaved off the resin.

Iz

Elongation Pre-activated amino acid

protecting group needs to be removed in a deprotection reaction (treatment with
base) to free up the reactive amine. A pre-activated amino acid is then used in
a coupling reaction. A wide range of coupling reagents is available. This amino
acid (Fmoc-AA-O-Act) is set up with a leaving group in the pre-activation step
and thus can readily react with the amine group. A new C-N bond is formed.
The Fmoc protecting group needs to be removed before another coupling can take
place. When the sequence is ready, cleavage step is performed. This cleaves the
peptide off the solid support whilst removing all side chain protecting groups.
The concentrations of reagents were chosen to suit the reaction scale, following

the manufacturer suggestions. For a 0.05 mmol reaction, the conditions chosen
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were as follows:
e Amino acid concentration: 0.2M in DMF

e Coupling using activator: 0.25M N, N’-diisopropylcarbodiimide (DIC) in
DMEF and activator base: 0.5M ethyl cyano(hydroxyimino)acetate (Oxyma-
Pure) in DMF

e Deprotection: 20% piperidine in DMF or 5% piperyzine with 0.1M Oxyma-

Pure in DMF (for R containing sequences only)

2.3.3 Microwave coupling of SeNBD amino acid to pep-
tides

Two strategies were used to incorporate the NBD-derived amino acids into the
sequences. Coupling was carried out either using Fmoc-AA-OH (1.2 eq.), Pyoxim
(1.2 eq.), OxymaPure (1.2 eq.) and DIPEA (2.4 eq.) in DMF at r.t. across a
course of 4 h, or using Fmoc-AA-OH (1.2 eq.), DIC (2 eq.), OxymaPure (2 eq.)
and DIPEA (2.4 eq.) and a 10 min, 30 W, 90 °C microwave program on Liberty
Blue.

2.3.4 Peptide capping

All peptides were capped at the N-terminus. Following complete synthesis of the
full Fmoc-deprotected sequence on resin, the resin was washed (4x DMF, 4x DCM,
4x DMF) in preparation for acetylation. The peptide-containing resin was reacted
with acetic anhydride (10 eq.) and DIPEA (10 eq.) in min. volume of DMF for
30 min at r.t. with shaking. The acetylation solution was then filtered off under

suction.

2.3.5 Cleavage from resin & reconstitution

Cleavage was performed using trifluoroacetic acid (TFA) and scavengers - triiso-

propyl silane (TIS), and water (H,0). A reducing agent, dithiothreitol (DTT), was

44



CHAPTER 2. EXPERIMENTAL

added to methionine containing peptides to discourage oxidation under cleavage
conditions. The duration of the cleavage reaction was modified according to the

resin type:

e C-amide peptides were cleaved using 95% TFA, 2.5% TIS, 2.5% H,0, 2.5%
w/v DTT for 3 h

e C-carboxylic acid peptides were cleaved using 95% TFA, 2.5% TIS, 2.5%
H,O for 1 h

The filtrate was combined together with solvent used for resin washes (1x
TFA, 2x DCM). The resulting solution was concentrated under reduced pressure.
Peptide was reconstituted through slow addition of ice cold diethyl ether (Et,0).
The crashed out solid was further washed with diethyl ether and freeze-dried to
remove any traces of solvent prior to purification.

All peptides were dissolved in dimethyl sulfoxide (DMSO) to give stock solutions
that were further diluted and used for imaging applications (exceptions identified
in the methods sections of respective chapters).

Where small amounts of peptide where obtained, the accurate mass for yield
was back-calculated from the absorbance of the stock solution (A), and using the

molar absorption coefficient (¢) for the dye, following the Beer-Lambert law (2.2)).

A=cxexl (2.2)

2.4 Microscopy methods

2.4.1 FS-FLIM

The FLIM optical diagram and set-up is discussed in detail in Chapter 3 (see
Figures [3.4.1] 3.4.2). The microscope is a custom-built instrument, built by the
author with the guidance of Dr Gareth Williams, Prof. Mathew Horrocks and Dr
Hazel Stewart.

The instrument was aligned prior to every imaging session. The alignment

of the FS-FLIM consisted of three parts. First, the alignment of the lasers to
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the fibre was checked. A power and energy meter console (Thorlabs, PM100D)
was used to check the laser powers as the beam exited the collimator against
recorded values. The dichroic and planar mirrors in each laser path were used to
adjust the angle at which the beam entered the fibreoptic cable, until the power
output was maximised. The illumination pathway was next aligned by ensuring
a known sample (4 pum tetraspeck fluorescent spheres, Invitrogen, see Chapter
3 for details) was evenly illuminated. If the illumination was uneven and the
beads appeared oval rather than spherical, the two mirrors of the periscope (prior
to the microscope body) were used in combination to guide the beam into the
objective. Lastly, the detector was also optimised using a green fluorescent slide
(Thorlabs). The detector response, as observed in MatLab, was optimised using
the translational stage through pm-scale movements to the board position in x, y
and z. The fluorescent beads were then imaged to confirm board position and the

part of the spectrum imaged (further details in Chapter 3).

2.4.2 TIRFM

The TIRF microscope used throughout the work was constructed by Dr Craig
Leighton, Dr Alexandre Chappard, Dr Owen Kantelberg, Dr Katie Morris and
Dr Zoe Gidden with guidance from Prof. Mathew Horrocks. It was previously
described by de Moliner et al'**

The optical set-up is presented in Figure 2.4.1] Samples can be excited by the
five laser sources present: 405 nm (MLD 405-250 Diode Laser System, Cobolt),
488 nm (06-MLD Diode Laser System, Cobolt), 515 nm (Fandango 300 DPSS
Laser system, Cobolt), 561 nm (DPL 561-100 DPSS Laser System, Cobolt) and
638 nm (MLD 638-140 Diode Laser System, Cobolt). The laser beams were passed
through excitation (band-pass) filters and attenuated by neutral density (ND)
filters, before being circularly polarised to ensure uniform illumination by passing
through quarter-wave plates. The beams were further expanded and collimated
through a Galilean beam expander. The beams were then combined using a series
of dichroic mirrors and planar mirrors. The beam was then directed through a

Kohler lens to ensure even sample illumination. The beam was directed parallel to
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the optical axis at the edge of a 1.49 NA TIRF Objective (CFI Apochromat TIRF
60XC Oil) oil immersion lens, mounted on an inverted Nikon TI2 microscope. The
microscope was fitted with a perfect focus system to auto-correct the z-stage drift
during imaging. The fluorescence emitted from the sample was collected by the
objective lens and separated from any stray laser light and the returning TIRF
laser beam by a Di03-R405/488/561/635 dichroic mirror (Semrock) for the 405,
488, 561 and 638 nm imaging lines. A different dichroic mirror (Di02-R514-36,
Semrock) was used for the 515 nm imaging line. The emitted fluorescence was then
passed through an appropriate filter (488 nm: BLP01-488R, FF01-525/30; 515 nm:
BPL01-561R, FF01-607/36; 561 nm: LP02-568RS, FF01-587/35; 638 nm: FF01-
432/515/595/730, LP02-647RU - all Semrock) mounted on an automatic filter
wheel. The fluorescence was passed through a 2.5x beam expander and recorded
by an electron multiplying charge-coupled device (EMCCD) camera (Delta Evolve
512, Photometrics) operating in frame transfer mode (EMGain = 11.5 e-/ADU
and 250 ADU /photon). All images were recorded using 50 ms exposure time.
Each pixel was 103 nm in length. The image acquisition was automated using the
open-source microscopy platform Micromanager (NIH, Bethesda).

The TIRFM was aligned prior to each imaging session and optimised using
100 nm TetraSpeck beads (Invitrogen). The beads were diluted into 0.02 pm
filtered PBS at 1:100 ratio, before being placed on a glass coverslip and being
placed on the microscope. The surface of the slide was then found with the
help of the perfect focus system. White light imaging (no emission filters in the
emission path) mode was used next and the Kohler lens was removed from the
beam path. The 638 nm laser was steered using one of the mirrors immediately
prior to the back aperture of the microscope, until the beam was perpendicular to
the glass and the refractive ring pattern was observed on the camera. The ring
pattern was used to centre the beam and adjust for even illumination. This was
achieved using a combination of the two mirrors prior to the Kohler lens. Next,
the remaining lasers were aligned in turn (561 nm, 488 nm, 405 nm) adjusting
their refractive ring patterns through the use of dichroic and planar mirrors in the

laser paths. The lasers were aligned to be on top of each other. 515 nm laser was
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Figure 2.4.1: Diagram presenting the optical layout and light pathways of the
TIRM.

always aligned last, with the microscope dichroic changed from the quad-band
to the appropriate filter. The Kohler lens was then placed back into the optical
path. Using the mirrors right before the lens, the 638 nm laser beam was steered
through the objective and its angle adjusted until TIRF illumination was achieved.
This was determined to be the point at which the signal to noise ratio within
the beads image was highest, and a returning TIRF beam could be observed as
a back-reflection on the mirrors. The illumination was then checked for all the
channels through imaging the bead sample and adjusted using the individual laser
lines, if necessary.

For cell imaging, a “dirty” TIRF angle was often used; the mirrors prior to
the Kohler lens were used to adjust the illumination of the aligned microscope.
This was done until the blinks in the cell were brought into focus and could be

observed over the background.
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2.4.3 Single-molecule confocal microscope

The single-molecule confocal microscope used in this work was a custom built
instrument. It was built in-house by Dr Craig Leighton, Dr Alexandre Chappard,
Dr Owen Kantelberg, Dr Katie Morris and Dr Zoe Gidden with guidance from
Prof. Mathew Horrocks. It has been described previously by Chappard et al.*4°

The set up is shown in Figure Three laser beams 405 nm (LBX-405-100-
CSB-OE, Oxxius), 488 nm (LBX-405-100-CSB-OE, Oxxius) and 638 nm (LBX-405-
100-CSB-OE, Oxxius) serve as excitation sources. They were all combined using
an Oxxius L6Cc laser combiner (Oxxius, France) and aligned spatially through a
a 0.13 NA optical fiber (Thorlabs). The fibre output was collimated by a reflective
collimator (RCO8APC-P01, Thorlabs) and was directed, via two mirrors to allow
for beam path adjustment, to the back port of an inverted microscope (Nikon
Eclipse TE2000-U). A dichroic mirror (DI03-R405/488/561/635, Semrock) inside
the microscope reflected the beam through an oil-immersion objective lens (Nikon
CFI Plan Apochromat VC 100x Oil, NA 1.4, W.D 0.13 mm). Light was focused
to a diffraction-limited confocal spot. The fluorescence emitted by the sample was
collected by the same objective lens and passed through the same dichroic mirror.
Next, it was focused through a 50 pm pinhole (Thorlabs) via a tube lens. At this
point, the fluorescent light was separated using a second dichroic mirror (Omega
Filters, 585DRLP). The longer wavelength passed through the dichroic to be
focused by a lens (Thorlabs, Plano apoconvex, focal length 50 mm) through a filter
set (long-pass LP02-647RU-25, band-pass FF01-432/515/595/730-25, Semrock)
onto an avalanche photodiode detector (APD) (PerkinElmer). Shorter wavelengths
were reflected from the 585DRLP dichroic and then focused through a different
filter set (long-pass BLP01-488R-25, band-pass FF01-525/30-25, Semrock) onto a
second APD. Output from the detectors was connected to a USB data acquisition
card (Measurement Computing, USB-CTR04) which counted and combined the
signals into 100 pus time bins. This was the expected residence time for molecules
in the confocal volume. For the experiments presented in Chapter 6, the confocal
volume was illuminated by the 488 nm laser with 1.2 mW irradiation at the

backport.
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Figure 2.4.2: Set up of the SM confocal highlighting the beam path from laser
source to sample, and the fluorescence emission path onto APDs.

To ensure sensitive detection of photons by the APDs, the microscope was
aligned prior to every imaging session. The alignment was conducted with two
laser beams (488 nm and 647 nm) at low laser powers (110 uW and 27 pW at
the back-port) respectively. The alignment procedure followed two steps. Firstly,
the excitation path of the lasers was adjusted using the two mirrors between the
collimator and the microscope body. Even illumination at the centre of the optical
axis was ensured by observing the back reflection of the laser beam off a glass slide
on a CMOS camera (Thorlabs, DCC1545M). Secondly, the emission pathway was
aligned to the two APDs. This was achieved using two complementary fluorescent-
labelled oligonucleotides (prepared and purified by the supplier - ATDBio). The
sequences (Table[2.1]) were used to form a duplex through mixing of complementary
strands and heat treatment (annealing performed by Dr Alexandre Chappard). A
5 nM solution of duplex DNA in 0.02 pm-filtered PBS was firstly imaged on a
glass coverslip. The signal was adjusted by manual manipulation of the pinhole

and APD positions to maximise fluorescent counts observed by both APDs in
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an iterative process. Once the signal was maximised, a 25 pM solution of duplex
DNA was prepared in PBS supplemented with 0.01% Tween 20 (VWR, 437082Q).
This was to minimise adsorption of the low concentration DNA onto surfaces. The
sample was used to check the alignment of the two-channels and measured for 5
mins with a bin width of 0.1 ms. The output was analysed using custom-written
Python code to determine the association quotient, or Q-value. This parameter
compared the coincidence events to all events recorded in both channels, taking

into account the chance coincidence. A QQ-value > 0.180 was considered acceptable.

Table 2.1: Oligonucleotide sequences used for the alignment of the SM confocal

microscope. The notation is 5’ to 3’ and dyes conjugated to the 5" end.

No Full sequence

S1 | AF488-TAGTGTAACTTAAGCCTAGGATAAGAGCCAGTAATCGGTA
52 | AF647-TACCGATTACTGGCTCTTATCCTAGGCTTAAGTTACACTA

o1



Chapter 3

Full Spectrum Fluorescence

Lifetime Microscopy

3.1 Scope of the chapter

Fluorescence lifetime imaging microscopy is an attractive technique for biomedical
and diagnostic applications, however the advancements in FLIM have been
dampened by technological limitations, such as the number of imaging channels
available and the speed of data transfer (electronics). Williams et al. designed
and published the details of a microscope able to collect fluorescence intensity and
lifetime data at 512 different wavelengths simultaneously.*4% The capability to build
lifetime histograms from binned photon data on-chip addresses the technological
bottleneck of standard FLIM by diminishing the volume of data for transfer.
This chapter covers the work in the design, implementation and performance
optimisation of a home-built full spectrum fluorescence lifetime imaging microscope

(FS-FLIM) and showcases the capabilities of the instrument.

3.2 Introduction

The scientific community has been trying to measure phosphorescence and
fluorescence lifetimes since the mid-19th century. Early studies focused on

phosphorescence emission (then known as “afterglow”), as fluorescence was
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believed to disappear immediately when the light source was removed *4” With
some phosphorescent materials emitting on the timescale of minutes and hours,
the phosphorescence could be visually observed and measured with an instrument
as simple as a clock. Phosphorescence emission on the order of <0.1 ns proved
more challenging - stretching beyond the limit of most stop-watches, and thus
requiring bespoke instrumentation.

The phosphoroscope, invented by Edmund Bacquerel in 1895, was the first
piece of apparatus for phosphorescence lifetime measurements*#® It employed two
mechanically operated wheels, each with a single hole. In a dark drum a sample,
such as a uranyl salt crystal used by Bacquerel, was placed between the two wheels.
The wheels were positioned with the holes misaligned. The first wheel was used
to deliver the light source to the sample, with the rotation of the drum creating
intermittent pulses of light. The second wheel was used to view the light emitted
from the sample. The speed of the rotation was varied, so that the light could be
captured with each turn. When no light was visible through the emission hole,
it suggested that the phosphorescence duration was shorter than a full turn (i.e.
shorter than the time taken for the hole to return to its starting position). The
speed of the drum limited the detection of phosphorescence emission and resulted
in the phosphoroscope having a subsecond resolution (10~* s). This set-up has not
only further aided the discovery of radioactivity by Bacquerel’s son,*? but inspired
a whole generation of commercial instruments: spectrophosphorimeters*®” The
phosphoroscope still shares similar design features with the lifetime instruments
of the modern day, for instance the intermittent light source, offset emission
and detection collection points, and photon timing mechanism for emitted light.
However, the phosphoroscope was limited both in the detection and the generation
of light pulses (with the same drum mechanism responsible for pulsing the light
source). As such, the instrument was not able to record fluorescence lifetimes
which were orders of magnitude shorter than the long phosophorescence. It was
not until 30 years later, in 1926, when fluorescence decays were first accurately
measured. The fluorescence lifetime of Rhodamine B and fluorescein salt uranine,

was measured and published by Enrique Gaviola, the inventor of the first ever
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fluorometer 12!

Since then, fluorescence lifetime has not only been used to characterise materials
and probes in vitro, but has been used to provide additional contrast in situ
through fluorescence lifetime imaging microscopy.

Today’s FLIM technology relies on fast electronics and sensitive photon
detectors. FLIM instruments run either in the time-domain or frequency-domain
(Figure [3.2.1) ™2 The time-domain FLIM uses a pulsed laser as an excitation
source. It records the fluorescence decay data either directly (pulse sampling,
photon gating) or with the help of time-resolved detectors, with the lifetime values
generated directly from observing the decay kinetics (Figure ) In frequency-
domain, a continuous light source can be employed. The amplitude of the sine
wave of light is modulated over time and the fluorescence is recorded and compared
with the original excitation wave. The fluorescence sine wave is distinct from the
excitation light and exhibits changes both in the amplitude and phase value, as
can be seen in Figure [3.2.IB. The phase delay and change in amplitude can be
plotted against wave frequency to aid lifetime calculations. The two approaches
both have their advantages. Frequency-domain FLIM is a more cost-friendly
option (no need for pulsed lasers) and enables fast data acquisition, however it
struggles with dim samples with low photon counts. The time-domain approaches
allow for accurate lifetime estimates even with low photon count samples, and are
excellent for complex systems where multiple components of a decay might need
to be considered. The biggest limitation is dynamic samples. Time-domain FLIM
suffers from an inherent property of the electronics called a “dead time”, where
most post-pulse photons cannot be captured. Thus, time-domain FLIM requires
a long acquisition period to collect decay data overtime.

Since the advent of FLIM, the technique has been routinely applied to
biomedical imaging. Using fluorescence lifetime, on top of the standard intensity
data, enables one to distinguish spectrally similar fluorophores, allowing multiplex
sample labelling. Lifetime values are broadly independent of the fluorophore
concentration and the excitation source, making the measurements more robust

(no need for calibration), and enabling the of study complex phenomena e.g.
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Figure 3.2.1: The two modes of FLIM. A. Time-domain FLIM. An excitation pulse
is used to illuminate sample. Emission data is collected in from of fluorescence
decay. Not every pulse leads to photon collection, thus multiple pulses are required
to build up decay data and fit lifetime values. B. Frequency-domain FLIM. A
continuous source of light is used. The excitation light is modulated to a sine
function, the emitted fluorescence is also recorded as a sine function, it appears
shifted from the excitation with difference in phase and amplitude.
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quenching dynamics and FRET. Due to the sensitivity of fluorescence lifetime,
the parameter can be used to detect the microenvironment of the emitter, thus
providing extra contrast. Both endogenous and exogenous emitters have been
applied to biomedical imaging. Endogenous emitters rely on autofluorescent
compounds present throughout the tissue and lend themselves to clinical imaging.
With applications spanning identification of infected or cancerous tissue®® and

23 endogenous FLIM is an attractive

detecting tumour margins for resection,*
avenue of research. Exogenous probes are also of interest since they can be designed
to report on a characteristic of interest, and thus can be used to describe changes
to and properties of biological systems. With the help of the right tools, FLIM
can report on changes in temperature, pH or viscosity*2324 Exogenous FLIM has
promising applications in pro-drug tracking™®* and ion trafficking visualisation'®?
and reports on disease related changes to structure and homeostasis.

When looking at biological samples, complex fluorescence profiles are often
expected due to autofluorescence competing with probe fluorescence or multiple
environments and lifetime values for the probe across structure. Lifetime and
emission shifts are even more important to understand but also more complicated
to record. Subtle changes in lifetime and wavelength have been difficult to
capture with the state-of-the-art technology**!%% Tong data acquisition has
limited the applications of FLIM to non-dynamic systems. Existing technology
that provides spectrally-resolved data (Leica Stellaris) relies on sequential image
capture (prolonging the acquisition time required further) and can only provide
fluorescence lifetimes acquired and averaged across broad spectral ranges. The
volume of data collected in FLIM measurements has also been a bottleneck, as
electronics able to cope with gigabytes of data with fast data transfer speeds are
necessary. Thus, in order to exploit FLIM to its full potential, there is a need for

new technology to address the need for fast and sensitive instrumentation.
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3.3 Methods

3.3.1 Optical set-up

The system is described in section [3.4.1], and shown in Figures [3.4.1] in detail
there.

Briefly, the system uses 5 laser lines: 405 nm, 440 nm, 470 nm, 560 nm, 635
nm (PicoQuant, Germany), with a pulse duration < 100 ps and a repetition rate
of 40 MHz and an average power of ~ 2 mW, managed using Sepia II PicoQuant
software. The lasers beams were combined using dichroic mirrors (Brightline,
Laser2000: Di02-R405, Di02-R442, Di02-R488, Di02-R561, Di02-R635). The
laser beams were all coupled to a single mode fibre (P1-460B-FC, Thorlabs)
and collimated using a 2 mm collimator (RC02-FC-P01, Thorlabs). The laser
beam was then guided onto the galvanometric mirror (GVS202, Thorlabs), and
scanned in the x-direction. Two 50 mm diameter 300 mm radius-of-curvature
mirrors (CM508-150-E02, Thorlabs) and a 25 mm diameter plane mirror (BB1-E02,
Thorlabs) were used to re-image the beam onto the second scanning galvanometric
mirror. Subsequently, another set of curved mirrors was used to re-image the
beam: a 50.8 mm diameter 200 mm focal length spherical mirror (CM508-200-E02)
and a 75 mm diameter 500 mm focal length spherical mirror (CM750-500-E02)
and fold mirror. The second set of spherical mirrors introduced a magnification
of 2.5 times to fill the back aperture of the objective. The objective used was
a 60 x 0.5 NA water objective (Olympus). All optics used were standard silica
mirrors with dielectric coating (Fused Silica Broadband Dielectric Mirrors, BB1
series, Thorlabs), for a reflective achromatic light path. The light emitted from
the samples followed the same pathway and was separated from the laser light
at a filter wheel, containing 5 filters (Shemrock, Laser 2000: 405 Long Pass, 480
LP, 561 LP and 635 LP as well as a 4-band dichroic Di01-R405/488/561/635) for
the different laser lines and applications. The light was then passed through a 10
x 0.25 NA plan fluorite objective (Olympus), and collimated via an achromatic
doublet lens (focal length 60 mm - ThorLabs AC508-075-344 A), directed onto

a transmissive holographic grating with 600 lines / mm (Wasatch Photonics
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WP-600,/600-345 50.8), followed by focusing through a second achromatic doublet
(focal length 60 mm - ThorLabs AC508-346 075-A) to produce a line on the sensor
matched to the sensor pixel height of 95.12 um. The sensor is part of a Rall
board, mounted on a three-axis translation stage (PT3A /M, Thorlabs).

3.3.2 Sample preparation
Dye solutions

Phosphate buffered saline solution was made up from PBS tablets (ThermoFisher
Scientific) according to manufacturer’s instructions and filtered through 0.22 pm
syringe filter (Millex, Millipore). Ultrapure water (MiliQ grade) was used for all
experiment unless stated otherwise. Fluorescein (Sigma-Aldrich) solutions for
imaging were prepared from an ethanol stock. Rhodamine 6G (Sigma-Aldrich) was
diluted in methanol and sulforhodamine B (Invitrogen) directly into water. All
dilutions were prepared prior to imaging. Aliquots of 50 uLi of each dye solution
were applied to a FluoroDish (Fluorodish 35mm, 10 mm glass well, WPI) for
imaging. Glycerol (Sigma-Aldrich) was mixed with water by weight to prepare
the 0, 20, 40, 60, 80 and 100 % (w/w) solutions. Sulforhodamine B was diluted

into those solvent mixtures directly from the aqueous stock solution.

TetraSpeck Microspheres

TetraSpeck Microspheres (4.0 pm, ThermoFischer) were diluted 1:100 in distilled
water. 20 uL of the solution was applied to a borosilicate coverslip (22 x 60 mm,
thickness no. 1, VWR) equipped with a Frame-Seal sticker (9 x 9 mm, Biorad).
The sample was sealed with a smaller coverslip (20 x 20 mm, thickness no. 1,

VWR) and stored for repeated imaging.

Grid dish

Fluorescein (50 ul, 5 uM ethanol solution) was placed in p-Dish 35 mm, high
Glass Bottom Grid-50 (Ibidi) for the grid imaging.
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3.3.3 Sample imaging

TetraSpeck Microspheres were imaged on the FS-FLIM with histogramming mode
3 (see and 3000 ps exposure of the 405nm laser. The dichroic mirror used
was a 405 nm long pass filter, or later on the quad-band mirror.

Fluorescein, R6G and SRB solutions were imaged on FS-FLIM, all using 470
nm excitation laser, and a 480 nm long pass filter mirror. R6G solution (1.25
M, methanol) and fluorescein (1 pM, PBS) were imaged over 1000 us, using hist
mode 3. SRB solution (20 uM, water and water:glycerol mixtures) was imaged
using 2000 ps exposure, and hist mode 2.

The grid images were acquired with the 470 nm excitation and 480 nm long

pass filter; in hist mode 3, with a short exposure of 1000 us.

3.3.4 Data processing

Initial data processing, including lifetime calculations was done in MatLab. The
scripts used were developed and published by Williams et al. for the original
iteration of the “KronoScan” 4% They were later modified to ensure compatibility
with long lifetime (histogramming modes 6 & 7) and the versions used in this

work can be accessed online (Dropbox folder).

e Fitting the decay curves

Least-squares fitting analysis was performed to calculate lifetime values. The
parameters for the decay fit were chosen using the “hyperspectral” script
(DOI: 10.5281/zenodo.13858118). Once the image was loaded into MatLab,
the “datapoint” tool was used to pick one of the brightest pixels in the
image. A bright pixel, especially one that is a part of the feature of interest
on the image, was chosen to ensure high counts and maximise the accuracy
of the fit. The decay data was used to select bins for fitting and the count
threshold value above which a lifetime calculation was attempted. The bins
selected were always the top of the peak as bin 1, and a bin about 2/3rd
down the peak as bin 2. On average the distance between bin 1 and bin 2,

chosen for the decay fit, covered 4 bins.
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e Generating lifetime values from data cubes

The “Analysis” script (DOI: 10.5281/zenodo.13858118) was then subse-
quently used to generate the lifetime values. The parameters chosen were
in-put into the code, and a least squares fit algorithm applied to each decay

using GPUfit function in MatLab.

The output of this analysis consists of two matrices:

— An intensity data set - where each image pixel is associated with an
intensity value (which is a sum of all intensities collected for that

spectral pixel) usually forming a 256 x 256 x 512 matrix.

— A lifetime data set - where each image pixel is associated with a lifetime

value (in ns), forming a matrix of the same dimensions

The MatLab output also allows access to images for specified wavelength (e.g.
every 20 or 50 nm) both as intensity and lifetime maps and histograms of
lifetime values across the whole image at those wavelengths. This, however,
has not been used extensively, as custom Python scripts were developed to

further handle the analytical challenges of the data.

e Confirming sensor position

To determine the exact board positions TetraSpeck microscopheres were
imaged (for rationale see Section [3.4.5]). The TetraSpeck beads slide was
imaged at the start of every imaging session, using 405 or 488 illumination
with hist mode 3 and an exposure time of 2000 us. After MatLab processing
(threshold = 300, bin 1 = 13, bin 2 = 10) as described in the sections
above, the images were analysed using the “find local maxima” script (DOI:

10.5281 /zenodo.13858130). The workflow is presented in Figure [3.3.1]

MatLab datacubes were read into Python, and two example images opened
in a Napari GUIL. The “labels” function was used to colour in the pixels
containing the beads, creating an image mask. The labels were then read
into MatLab, and the intensity spectrum across the chosen pixels generated.

A find maxima function was then defined and used to find local maxima off
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1. Open example image. 2. Label beads. 3. Generate intensity spectrum.
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Figure 3.3.1: Determination of the sensor position and board equation calculation.
A schematic representation of the workflow. An example image was generated
from the data cube. The pixels corresponding to beads were labelled using Napari.
Their coordinates were imported to Python and an average intensity spectrum
for those pixels was generated. The peak positions were recorded. The data was
compared to a pre-recorded reference bead data set. A straight line equation was
fitted between the sensor pixel number and the wavelengths of the peaks observed.
The equation was used in further analysis.

61



CHAPTER 3. FULL SPECTRUM FLUORESCENCE LIFETIME
MICROSCOPY

the graph, determining the x-coordinates of all fluorescence peaks (in sensor
pixels). The extracted coordinates (usually three, at most four when the
board was positioned in the blue region) were compared to the corresponding
emission peaks (x-coordinates, wavelength) from the reference beads data
(Table 3.1 data from Bongiovanni et al*#Y). The best fit linear equation was
then found. The “board equation” (y = mx + c) was then used in further
analysis and use to convert every sensor pixel (x) into a corresponding
wavelength (y). Parameter m corresponded to the first wavelength recorded

by the sensor in that position.

Table 3.1: TeatraSpeck beads and their four emission peaks as cited by the

manufacturer and measured experimentally.

Fluorophore colour | Wavelength cited (nm) | Wavelength measured (nm)
Blue 430 N/A
Green 515 512
Orange 580 582
Dark red 680 675

e Generating lifetime images

Further image post-processing was done in Python. The exact operations
varied between data sets, but the basic workflow for measurements and

imaging followed the steps outlined below.

For solution measurements, .mat files were first read into Python. Matplotlib
was used to generate all plots and numpy for basic calculations. The
intensities were summed across the spectrum (to show an image, intensity
summed across all wavelengths) and across image (to generate an intensity
vs wavelength and identify peaks). Lifetime (averaged across image) was
plotted against wavelengths and then averaged across the intensity peak to
generate the average lifetime value for each of the dyes analysed. The full

script can be accessed at DOI: 10.5281/zenodo.13858272.
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For image processing, the workflow was similar: .mat files were read into
Python, and intensities summed across the 512 channels to output a single
256 x 256 intensity image. The intensity spectrum was generated next,
summed 256 x 256 image pixels across the 512 spectral channels. A threshold
(manual or otherwise) was applied to help distinguish features of interest, and
a thresholded image generated by applying a binary mask and multiplying
the intensity image by it. Any sub-zero lifetime values (potentially due to
noise in experiments or errors in fitting) were discarded, and the thresholded
image was used to generate a lifetime image, 256 x 256. The intensity image
was normalised and applied as an alpha mask to the lifetime image to make
the lifetime images appear less flat. Histograms of lifetimes across pixels (or
pixels of interest) were then plotted to observe lifetime distribution. The

script used for this can be accessed at DOI: 10.5281/zenodo.13858274.

3.4 Results

3.4.1 Construction of the full spectrum fluorescence life-
time imaging microscope

The full spectrum fluorescence lifetime imaging microscope (FS-FLIM) was
designed and custom-built for this project. The design followed the one described
and published by Williams et al. 14°

The system (as photographed and shown in Figure ) was based a confocal
scanning microscope and employed a state-of-the-art sensor*>* for photon detection.
It is capable of recording fluorescence intensity and lifetime information across
512 different wavelengths, simultaneously. The microscope was equipped with 5
lasers lines to excite and image across a wide range of biological samples. The
microscope was operated using a custom-written graphical user interface (GUI)
(Matlab, developed by Dr Gareth Williams and modified with his assistance). All
the optics were arranged around an Olympus IX70 microscope body for ease of

operation. The Olympus microscope body was also equipped with an automated
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stage (Tango, Mérzhauser Wetzlar), that was integrated into the GUI operable
through the interface.

A. B. Single mode fibre
Dichroic mirror

Collimator

Laser source

]

Dichroic -
filter wheel
Concave mirror

Sample Galvanometric
[@] mirrors
Objective
Periscope

Figure 3.4.1: A. The FS-FLIM as seen from above. Light from laser is reflected
by excitation optics all the way towards the sample. The mirrors guide the
beam across the table, and the persicope feeds the light into the objective inside
the microscope body. The black enclosure houses all detection optics. The
sensor is mounted on the board, which also provides connections to the PC, laser
modules and mirror drivers. Photographed in December 2021. B. A schematic
representation of the excitation pathway of the microscope. Only one laser head
and laser beam presented for clarity. The optics highlighted reflect light from
laser source towards sample objective, and include mirrors, dichroics, concave
mirrors and galvos. The galvanometric mirrors are scanning mirrors that define
the confocal volume of the scan and thus the area of the sample illuminated.

Excitation pathway

5 different pulsed laser lines were implemented to excite a range of fluorophores
across the spectrum. Using discrete laser lines rather than a super-continuum
laser, as was done in the original version of the microscope, ensured the near-UV
(405nm) region could be accessed easily for imaging a wider range of fluorophores.
All the optics in the excitation pathway (and almost all the optics used in the
system) are reflective mirrors. As the system was designed to enable simultaneous
multi-channel imaging and collect emission data across the whole visible spectrum,

it was important that light of different wavelengths was focused down to the same
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point. Using transmissive optics often leads to the focus being shifted for different
wavelengths, a phenomenon described as chromatic aberration. The use of mirrors
with reflective dielectric coating ensured the system remained achromatic.

The excitation pathway of the microscope is presented in Figure [3.4.1B. The
laser beam was reflected off a mirror before reaching a dichroic mirror. The
dichroics were used to reflect and combine the beams from different laser sources.
The small size of the laser beams meant that the beam needed to be expanded to fit
the scanning optics. To improve system performance and ensure operational safety
(avoiding an additional periscope) a single mode fibre and a 2 mm collimator, as
can be seen in Figure [3.4.1B, were used. Coupling all the lasers to a single-mode
fibre improved the beam shape (from diffuse ellipsoid consisting of multiple light
modes to a tight circle characteristic of single-mode light) and sample illumination,
as well as ensured all lasers were spatially aligned.

The laser beam was then reflected off a second dichroic mirror (this time a
choice of a dichroic from a filter wheel, further discussed in the Emission Pathway
section) and guided onto the first of the two galvanometric mirrors. The first
galvanometric mirror scanned the beam in the x-direction. Two 50 mm diameter
300 mm radius-of-curvature mirrors (CM508-150-E02, Thorlabs) and a planar
mirror (25 mm diameter plane mirror, BB1-E02, Thorlabs) were used to re-image
the beam onto the second scanning galvanometric mirror. The spherical optics
needed to be positioned carefully to ensure the reflected light was collimated at
this point. The second galvanometric mirror scanned the beam in the y-direction.
The scan area was defined by the mirror scan width. A narrower scan corresponded
to an image of a smaller area of the sample, and a broader scan provided an
image of a larger area of the sample. The limitation on the scan width came from
the optics used. The planar mirror (between the galvanometric mirrors) had a
diameter of 25 mm, and thus could only fit a beam scanning across 25 mm.

Subsequently, another set of curved mirrors was used to re-image the scanning
beam: a 50.8 mm diameter 200 mm focal length spherical mirror and a 75 mm
diameter 500 mm focal length spherical mirror separated by a plane mirror. This

introduced an additional magnification to of 2.5 times to fill the back aperture
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of the objective. A periscope was then used to elevate the beam. A custom 3D
printed holder houses the final mirror inside the microscope body and directly
below the objective. The objective used routinely throughout this work was a 60
x 0.5 NA water objective, though other objectives could be used on the objective

turret wheel.

Emission pathway

The fluorescence from the sample initially followed the same path, as can be
seen in Figure [3.4.2] The light was reflected off the periscope mirror and guided
towards the galvanometic mirrors. There, the beam was de-scanned. The light
was passed through a dichroic mirror, where the laser light was separated from
the fluorescence. The dichroic was chosen to suit each experiment out of a set of
mirrors in the filter wheel, where the options included single-band dichroic mirrors
and a quad-band dichroic mirror for multi-colour imaging. The laser light was
reflected, whilst the fluorescence from sample was passed through and reflected
off a mirror through a 10 x 0.25 NA plan fluorite objective. It was important to
check for collimation of the incoming light at the mirror and the correct position
of the objective to avoid beam clipping. From the objective, the fluorescence was
directed through an achromatic doublet lens (focal length 60 mm), then onto a
transmissive holographic grating with 600 lines / mm (the choice of the grating
dictating the spectral resolution achievable), followed by focusing through a second
achromatic doublet lens (focal length 60 mm). All the optics that followed the
objective were considered part of the detection pathway (spectrophotometer) and
boxed-in to minimise light from sources other than the sample. The detection
optics had a two-fold function of changing the shape of the light beam, from
circular to a thin rectangular line (thus matching the shape of the sensor), and to
split the white light into its component wavelengths (thus ensuring detection of
light of multiple wavelengths by the sensor). The line of light on the sensor was
matched to the sensor pixel height of 95.12 pm.
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Figure 3.4.2: A schematic representation of the emission pathway of the microscope.
The optics highlighted guide the fluorescence coming from the sample towards
the detectors. The light was de-scanned at the galvanometric mirrors and passed
through a dichroic filter. The dichroic was used to separate the laser light. The
fluorescence from sample was further collimated by a 10 x objective. The beam of
light was flattened by two achromatic doublet lenses and split into the component
wavelengths by a diffraction grating. This was then detected by the custom sensor.
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Light detection & microscope board

The sensor was mounted to an electronics board, so called Ra II, and its position
is shown in Figure [3.4.3|]A. The sensor is a 512-channel time correlated single
photon counting (TCSPC) device. TCSPCs rely on a fast-watch technology to
time stamp photons arriving at the sensor. With the fluorescence split into its
composite wavelengths by the diffraction grating (white arrow in Figure ),
the time-stamping happened simultaneously across the spectrum in each of the

512 channels.

USB 3 datalink Galvo signal

Photons (no)

Time (s)
Emission probability

Excitation
@® Photon

Line sensor Laser synch

Photons (no)
T
Photons (no)

Figure 3.4.3: A. The detector optics, with the diffraction grating highlighted by
the white arrow. The close-up shows the microscope board and the important
electronics - the sensor, connections to PC, laser driver and galvos, DACs and
FPGA. B. Principle of detection at sensor. Each laser pulse can excite a fluorophore
and lead to emission of photon. Multiple pulses are necessary to build up a true
picture of the fluorescence decay. The probability of emission at any given time
decreases with time. The photons are detected in time bins (grey areas on the time
axis), and can be fitted with an exponential function to illustrate the fluorescence
intensity decay over time.

Each spectral channel consists of 16 SPAD detectors, spaced in two columns of
eight (total of 16 “red” and 16 “blue” SPADs with sensitivities tuned to the red or
blue portion of the spectrum). The combination of SPADs used for detection was
chosen in a way that minimises background counts. The SPADs are extremely

sensitive to optical signal, as even a single photon causes a high and narrow voltage
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spike. The sensitivity and fast response make the detector capable of discerning
photons arriving within tens of picoseconds of each other. The time of arrival
is defined as time between the excitation photon being released (the laser pulse)
and the excitation photon arriving at sensor (photon detection). This value can
be converted to a voltage and thus recorded, time-to-digital conversion (TDC),
by the chip. The board was connected to the laser drivers to synchronise the
pulses. The chip was placed on a singular printed circuit board (PCB), instead of
a more complex system, omitting the need for any delay lines and enhancing data
acquisition speed. The other elements of the board included field programmable
gate array (FPGA) which controls the sensor and oversees data acquisition and
two sets of digital to analogue converter (DAC), which control the scanning
galvanometic mirrors. A detailed description of the sensor and the associated
TCSPC capabilites can be found in Erdogan et al. "

Arriving photons were recorded after every excitation pulse (Figure ) in
each spectral channel. The number of photons detected builds up over the exposure
time, with most photons arriving right after the laser pulse and the number steadily
dropping off with time. The time-stamped photon data is usually binned and
further used to make a histogram. Whilst this is done post-acquisition in most
cases, the new sensor technology introduced here enabled “on-chip” histogramming
in each spectral channel. This reduced the volume of data usually associated
with TCSPC, and enabled greater photon processing throughput, leading to an
increased signal-to-noise ratio. Thus, lifetime data could be collected at lower
laser powers and shorter exposure times, which is especially advantageous for
applications such as live cell imaging.

The board was mounted on a translation stage enabling movement across 250
pm range in each of the three directions. The stage position was adjusted to
ensure the light was fully collimated (thin line) at the sensor through Z translation.
Y translation enabled fine adjustments to the height of the sensor above the
breadboard. However, its most significant advantage was making the system
tuneable. With the diffraction grating used here, a spectral resolution of around

0.50 nm was achieved. A different grating would lead to a different spectral
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resolution, with other gratings available to access and record Raman data also.
The sensor is capable of detecting light between 400 - 900 nm, but the exact
range of detection could be changed through adjusting the position of the board.
With the help of the translation stage (X axis), the most appropriate 250 nm was

imaged depending on the sample/fluorophores used.

3.4.2 Ensuring optimal performance of the microscope

Following the successful positioning of the optics and alignment of the laser light
and sample fluorescence to the detector, several other parameters/properties had

to be considered.

¢ DCR map.

Each spectral pixel consists of 16 SPADs, but not all of the SPADs were
used for detection during measurements. Whilst SPADs are highly sensitive

2% some of them are very prone

detectors, able to read even single photons,*
to reading noise (so called “screamers”). This is a manufacturing feature
for SPADs, where “false” events (non photon i.e. thermal or electrical field
related events) cause an avalanche and generate voltage that is then read
as signal. The dark counts rate (DCR), the signal produced due to noise
in the absence of photons, had to be read out across the sensor first, in a
dark room. The DCR map was then used by the software to select 8 or 4
SPADs for each of the spectral pixels that produced the lowest level of noise
and would be activated prior to measurements. Using 8 SPADs at any given
time gave a good balance of sensitive detection and high signal to noise ratio.

The DCR map was updated every 8-months or so and re-acquired for any

board (sensor) change.

¢ Histogramming modes.

The sensor collects histogrammed data, and can employ 16 or 32 counters to
the histogram bins. For the applications described herein, the 32 bin mode

counting was used.
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Upon photon detection, the counters register subsequent photon events until
receiving a stop trigger. The TDCs then translate the signal and update
the histogram, populating photons detected across specific time bins. With
the use of a parameter called “HistMode” the detection time range and
resolution of the time-window used could be changed. “HistMode” function
was encoded in the Ra II firmware and could take any value from 0 to 7.
With low values, a small time range was covered and each bin represented a
small time slice (high time resolution). Low histogramming modes were used
with fluorophores with short fluorescence lifetimes (<2 ns) with short decays.
High “HistMode” values allow to observe decays on a longer time-frame,
and since the detection window was split across the same number of bins,
they have larger bin sizes (smaller time resolution, appropriate for long
fluorescence emitters). Figure represents the difference between two

different histogramming modes.

When using “HistMode” = 1, the detection window is set to 3.2 ns, and
every bin (grayed out area on the time axis) is 0.2 ns wide. This means
that for most organic fluorophores the photons collected will not cover the
whole decay period and a shallow decay profile might be observed. When a
different histogramming mode is used, e.g. “HistMode” = 2, the detection
window will now cover double the time span (6.4 ns), and a full exponential
decay might be observed. Since the photons are always binned into the
same number of time bins (32 or like in the Figure, 16), the bin width now

corresponds to 0.4 ns and some of the temporal resolution is lost.

The exact detection windows and temporal resolutions for each of the seven

“HistMode”s are collated in Table 5.1l

For the decays to be fitted effectively, it was important to record the whole
decay as well as the levels of noise before the pulse. Thus, the positioning
of the decay in the detection window was crucial. This was optimised by
using a parameter called photon stop (PSTOP). PSTOP encoded a delay
(each PSTOP unit corresponding to ~63 ps) before photon binning and data
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Figure 3.4.4: Cartoon representation of the detection window for “HistMode” = 1
vs “HistMode” = 2. A. The lower histogramming mode detects photons spanning

across 3.2 ns, with each bin covering 0.2 ns. The bins are represented by the grey
boxes on the time axis. Depending on the sample, this might not be enough to
observe the whole fluorescence decay - like here, the number of photons does not
drop to pre-excitation levels. B. The higher histogramming mode detects photons
across 6.4 ns, and each bin is 0.4 ns wide. An exponential decay can now be
observed.
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Table 3.2: Time range and temporal resolution (ns) characteristic of each of the

seven “HistModes”, allowing for accurate detection of long and short decays.

HistMode | Detection window (ns) | Bin width (ns)
0 1.6 0.1
1 3.2 0.2
2 6.4 0.4
3 12.8 0.8
4 25.6 1.5
5 51.2 3.2
6 102.4 6.4
7 204.8 12.8

acquisition. The PSTOP was specific to each histogramming mode. The
delay ensured the laser pulses were synchronised with the data acquisition,
so that the photons would start arriving soon after data acquisition started,
maximising the amount of data that can be obtained. As illustrated in
Figure [3.4.5)A, without the PSTOP some of the decays are observed ns after

the acquisition began.

Fine-tuning the delay through introducing larger PSTOP values (Figure
3.4.5B) introduced a time gap before the data acquisition starts, thus shifting
the relative position of the decay in the acquisition window. When PSTOP
was overestimated (Figure [3.4.5(C), i.e. the delay was too long, only the end

tail of the decay could be observed in the acquisition window.

The PSTOP value was established using a MatLab script. A PSTOP value
was input manually, starting from 0 (by-pass the delay generator) and
increasing incrementally (several bins at a time for the low histogramming
modes, and tens of bins at the time for high hist modes). The decay was
observed and its position in the time-window noted. Through iterative

testing of various PSTOP values, the values presented in Table [3.3| were
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Figure 3.4.5: Cartoon representation of the effect of PSTOP value on the
acquisition window. The solid line represents the time when data is acquired, the
dashed line represents time before acquistion starts. A. When PSTOP is set to 0,
there is no delay and the data is acquired immediately after the pulse. In this case,
the decay falls in the middle of the acquisition window - for most fluorophores
this would prevent accurate fitting. B. When PSTOP is set to a larger number
(here PSTOP = 100), there is now a delay from when the laser pulse falls and
the data acquisition starts. This means that when the data collection starts, the
fluorescence decay can be observed < ns after. C. When PSTOP is increased
even further (here PSTOP = 200) the delay between pulse and acquisition is even
longer, meaning the data acquisition starts mid-decay. If the PSTOP was even
larger, the next decay from the pulse could be observed here.
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chosen and used throughout the work. It is worth noting, these are specific
to the system and any changes to the optical path affect the values chosen.
After “upgrading” the system and fibre-coupling the lasers, the optical path
was elongated. As a result the decays were shifted within the acquisition

window and new PSTOP values needed to be determined.

Table 3.3: PSTOP value signifying delay generated for each of the 7 Histmodes.
Modes 1-4 used most routinely throughout the work. In case of Hist 0, the PSTOP

value was set so as to by-pass the delay generator altogether.

HistMode | PSTOP (units)
0 7

380

428

015

685

255

850
2100

~N O Ot = W N

e Signal optimisation

Initially, when building the system, most samples used were excited at
470 nm and fluoresced in the green region of the spectrum (post-it notes,
green slide, green ink, etc). The position of the board (Y and Z) and the
angle of the diffraction grating were adjusted to maximise counts observed.
This ensured an easy detection of 405/470 nm excited samples, but led to
problems with detection of the further part of the spectrum (560 nm and
635 nm excitable samples), where even long acquisitions lead to few counts

and noisy decay curves.

In order to mitigate this, a white light lamp was used as a source of

illumination above the objective and the signal detection maximised across
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the whole sensor - an even coverage across all wavelengths as opposed to peak
and tail detection. This was achieved by adjusting the Y and Z positioning
of the board with fine yum movements, and fine adjustment to the diffraction
grating position (avoiding tilting the light beam coming out). The success of
the operation was further confirmed by reflecting the 470, 560 and 635 nm
lasers simultaneously off a glass slide, and observing the detector recording

three sharp peaks of similar height.

This significantly improved the performance, but did not accounted for all
variability in the detection across the spectrum. An inherent characteristic of
SPADs is a parameter called photon detection probability (PDP), describing
the sensitivity of SPADs across the spectrum. The probability of detecting a
single photon varies across the spectrum. Equipping the sensor with two sets
of SPADs, “blue” and “red”, was one way of accounting for the variability
and ensuring good performance across all sample sets. The PDP data,
originally acquired by Erdogan et al 7 is presented in Figure [3.4.6] The
data were acquired in increments of 10 nm, and thus needed interpolating

before correction factors could be generated.

In practice, the sensitivity of the blue SPADs was sufficient for all experiments
described herein, and a PDP correction factor was introduced and applied in
analysis to account for any detection discrepancies when necessary (mostly

to smooth the appearance of the spectrum).

Instrument Response Function

The Instrument Response Function (IRF) describes the response time of a
TCSPC, and is a measure of the resolution achievable and shortest lifetime
that can be measured on an instrument. For the TCSPC used, the IRF has
been previously measured by Erdogan et al.*>” for both sets of SPADs -
blue and red. The red SPADs were characterised by a more diffuse, tailing,
IRF with an average FWHM at 700 nm of 127 ps. The FWHM IRF for the
blue SPADs, at 500 nm, was 162 ps. With both values showing only small

variability across the wavelengths, and in fact shortening of FWHM at longer
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Figure 3.4.6: Photon Detection Probability as a function of wavelength. For the
blue SPADs the blue region of the spectrum 450 - 550 nm is the most sensitive
to incoming photons, for the red SPADs this falls around 600 - 700 nm. As the
sensitivity tails off the sensor readout will showcase lower intensity. A correction
factor can be introduced to mitigate this. Figure reproduced from Erdogan et
all7 with permission.
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wavelengths, both sets of SPADs exhibit narrow IRF values. In practice, an
IRF <200 ps suggests that the effect on lifetimes above 1 ns will be negligible.
For measuring very short lifetimes (<1 ns), to get a true lifetime value,
the IRF should be considered and an appropriate deconvolution fit applied.
However, in applications where relative lifetime values are of interest, this

might not be necessary.

3.4.3 Microscope output & data analysis

The lifetime data were acquired through a GUI, that recalls bespoke MatLab
scripts. The GUI is an intuitive interface and gives the user a chance to define
parameters including: step size (galvanometric mirror scan area, 0-70), hist mode
(decay time acquisition window, 0-7), number of image pixels (usually 256),
exposure times (in ps, usually set anywhere between 1000 - 100,000 us). The
software shows an intensity preview but the data needs to be further analysed to
access the lifetime values.

For each single image pixel of the 256x256 2D grid (Figure ), the output
consists of 512 intensity histograms (see Figure one for each sensor (spectral)
pixel. This corresponds to histograms spanning across approximately 250 nm.
An emission spectrum and a lifetime value at each spectral pixel can be further
extracted from this.

For the lifetimes to be calculated, a mono-exponential function needs to be
fitted to every decay in the image. With the sensor collecting a decay curve for
each of the 512 spectral pixels, for each image pixel, the computational load is
high. A standard 256x256 image results in over 30 million decays. With various
fits available, the MatLab scripts used in this work relied on the least squares fit
(for details of the fitting parameters see . The method is easy to implement,
quick for the amount of data generated, and highly accurate for data with high
signal-to-noise ratios.*? The fit determined the likelihood of detecting the specified
number of photons in each of the histogram bins. The squared difference between
measured photon counts and the estimated signal is minimised (least squares), with

the underlying assumption that all the noise follows a Gaussian distribution. The

78



CHAPTER 3. FULL SPECTRUM FLUORESCENCE LIFETIME
MICROSCOPY

A. B.

Fluorescence counts
12000 7
10000
8000 1
6000 -
4000 -
2000

0 Time bin

Spectral pixel

Figure 3.4.7: A. An intensity image that can be generated from the FS-FLIM
data, with each of the 256x256 pixels assigned an intensity value (photon number).
B. A 3D grid showing the data collected for every image pixel. The intensity is
collected over time (the photons binned) for each of the 512 spectral pixels.

main drawback of using a least squares fit, is that it results in inaccurate decay fits
for low SNR data. The systematic error for dim samples is approximately 5%+
(although it will not affect relative differences between the lifetimes measured,
just the absolute values). Thus, this was a consideration for both data acquisition

(sufficiently long exposure times necessary) and data analysis (where bright pixels

were chosen to establish fit parameters).

3.4.4 Validating FS-FLIM performance

In order to ensure that there was no systematic error, and the microscope was
able to produce accurate lifetime values, conventional and well-characterised dyes
were imaged on the system first and the generated lifetime values checked against
literature values.

Solutions of three dyes: fluorescein in PBS, rhodamine 6G (R6G) in methanol
and aqueous sulforhodamine B (SRB) (Figure were imaged on the FS-FLIM.
In each case, the solution was imaged above the coverslip surface to ensure no
surface interactions were observed. This was undesirable as it could skew the
observed lifetime values, in particular for rhodamine 6G. The intensity counts did
not reveal structure, as expected, but were used to generate averaged intensity
spectra and lifetime plots across all image pixels.

The fluorescent spectra of the dyes, acquired on the FS-FLIM, are shown
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Figure 3.4.8: Fluorescence emission of rhodamine 6G (red), fluorescein (green),
and sulforhodamine B (pink). Spectra plotted using data from FPbase.™

in Figure [3.4.9. Their emission peaks matched those observed in literature
(approximately 520 nm for fluorescein, ! 560 nm for R6G*? and 585 for SRB1%),
see Figure for literature spectra. It should be noted that the measured
spectra shown were not corrected for the spectral efficiency response of the sensor
(PDP correction factor not applied) and therefore the shape of the spectra deviated
from the expected emission profile, especially in case of fluorescein. However, the
shape of the observed emission spectrum did not impact lifetime calculations.
Figure also presents the lifetime values calculated for each wavelength and
thus represents lifetime as a function of wavelength. The dyes did not exhibit
large lifetime shifts since the lifetime value remained constant across the measured
wavelengths, as would be expected. The error on the measurement (standard
deviation represented as grayed out area on plots in Figure increased where
the emission was low. The emission peak position and lifetime across the peak
were used to calculate average lifetime values.

Table shows the averaged lifetime value for the three dyes. Fluorescein
(3.7 £ 0.2 ns) and R6G (3.8 £ 0.1 ns) lifetimes are in good agreement with the
quoted literature values****%% SRB lifetime (1.7 4 0.2 ns) deviated slightly from
the literature value of 1.2 ns for an aqueous system.'®¥ SRB has been used as a
temperature probe previously ' and a difference in temperature between the
measurements could account for this deviation.

A range of concentrations of fluorescein (40 nM, 200 nM, 1 xM and 5 uM)

were imaged to determine the effect of concentration on fluorescence intensity
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Figure 3.4.9: Fluorescence intensity (top row) and lifetime (bottom row) vs
wavelength for three dyes: Fluorescein in PBS, R6G in methanol and SRB in
water. Intensity spectra shown are not corrected for the spectral efficiency response
of the sensor.
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Table 3.4: Fluorescence lifetime values for three fluorescent dyes as measured

(error is standard deviation from three separate measurements) and reported in

(ns)

literature.
Fluorescence standard | Fluorescence Lifetime (ns) | Literature value
Fluorescein 3.7+0.2 T6T
Rhodamine 6G 3.8+0.1 3. 7164
Sulforhodamie 1.74+0.2 1.2163

and lifetime recorded. As the dye concentration increases, the intensity recorded
should increase also. The graph in Figure confirmed that trend. At
higher concentrations of the dye, higher photon counts were observed. Lifetime is
inherently concentration independent, and so, despite a change in concentration,
the lifetime value should remain constant. This was observed between two points
on the graph corresponding to fluorescein concentrations of 200 nM and 1 pM
respectively. However, lower lifetime values have been recorded outside of the
high nM range, outlining the limitations of the instrument and the technique.
The 40 nM solution of fluorescein did not yield enough photons for a correct
lifetime prediction, with the low signal-to-noise ratio leading to an underestimated
lifetime in decay fits. This can be mitigated through using a longer exposure
time (increasing the number of photons collected and fitted). Monitoring the
total counts of an image was later introduced as a consideration for dim samples,
to avoid underestimating the lifetime values measured. The 5 uM dye sample
also produced a lower than expected lifetime value. At high dye concentrations,
too many photons reach the sensor at the same time, causing an effect known as
“pile-up”. The early arriving photons are favoured, as a result of the dead time of
the TCSPC (the time that need to pass between two consecutive photons for both
to be detected), leading to underestimation of the fluorescence lifetime from the

decay data. For bright samples, a lower laser power (to excite fewer fluorophore

molecules in solution, and produce less photons) can be used to avoid pile-up.

These two levels of fluorescence provided information on the potential sources
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Figure 3.4.10: Fluorescence intensity (left hand side) and lifetime (right hand
side) vs concentration of fluorescein solution. The intensity increases with
increasing concentration. The lifetime is concentration independent, however
can be underestimated if the instrument is detecting too little photons (low
concentrations) or too many photons are reaching the sensor (high concentration,
“pile-up” effect).

of errors during sample measurements. The sample concentrations producing
pile-up/insufficient amount of photons will vary between fluorophores and systems,
however the bulk number of photons observed for one pixel in a measurement
produced a rough guide for these phenomena.

To illustrate the sensitivity of the system, SRB was next imaged in water-
glycerol mixtures. The fluorescence emission intensity and lifetime for six con-
ditions (0, 20, 40, 50, 60, 80 and 100% w/w glycerol) are presented in Figure
B.4.11] The intensity did not vary between water and glycerol solutions. This was
unexpected, as with more decays, more photons should be observed. However,
this could be partially explained by the difficulties in imaging glycerol-containing
samples, varying focal planes (there is no way to ensure the samples are imaged in
the same z-position) and photobleaching. The increasing viscosity did, however,
produce a change in lifetime. Longer lifetimes were observed for samples with a
higher glycerol percentage composition. SRB is a molecular rotor, with a “dark”
Twisted Intramolecular Charge Transfer state. When the dye is rotating freely,
the TICT and non-radiative processes compete with fluorescence (short lifetime
of around 1.5 ns observed). When the rotation is made more difficult by the
solvent, the TICT cannot be accessed, there is fewer intramolecular non-radiative

processes competing with fluorescence and thus the observed lifetime is longer
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Figure 3.4.11: Fluorescence intensity (left hand side) and lifetime (right hand
side) vs wavelength for six different SRB solutions. The dye concentration was
kept constant in all solvent systems at 20 M, the change relates to glycerol
content and thus viscosity of the solution. The recorded intensity is very similar
in all conditions. The lifetime increases in solutions with more glycerol (higher
viscosity).

(over 4.5 ns). The lifetime drop off in the trace for the 100% glycerol solution
can be explained by the photon counts dropping below the fitting threshold or an
increase in noise that would also obscure the fits. A further repeat should have

been run for the condition.

3.4.5 Imaging TetraSpeck beads & wavelength calibration

Having demonstrated the ability to measure lifetime values of solutions, it was
important to evaluate the performance of the system when imaging samples with
fine structure.

To that end, TetraSpeck microspheres labelled with four fluorophores were
employed. With a diameter of 4 um, these were large enough to spot easily, and
the four emission peaks across the spectrum (blue, green, orange and red) ensured
they were bright and easily detectable. 405 nm excitation was used with these,
and caused all fluorophores to emit (either in a FRET-based landslide excitation
or through off-resonance excitation).

Figure [3.4.12] presents the output from the TetraSpeck beads imaging. As
expected, distinct fluorophore peaks could be observed, in Figure the
green, orange and red peaks can be seen. The board (and thus the sensor) was

positioned to start spectral acquisition around 480 nm, with the 470 nm laser
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directed just off the board (and away from the sensor), explaining why only three
and not four fluorophores where detected in this particular experiment. The peak
shape (and the “shoulder” drop-off) can be explained by the filter set used (4-band
quad dichroic). The fairly even peak height suggested good sensor calibration and
a balance between green/red detection, where light of all wavelengths was well
mapped onto the sensor. The spectrum was generated from all pixels representing
the beads captured in the image, Figure [3.4.12B, where the 4 pm beads could be
observed on the surface of the slide. The zoom-in showcases the circular structure
of the beads. Due to the different fluorophores used for labelling, three distinct
lifetimes could be detected. In Figure [3.4.12(C, the lifetimes of the three peaks
(green, orange and red from top to bottom) can be observed on the bead zoom-in
picture. The change in colour is associated with longer lifetime values.

The TetraSpeck beads were further used to establish the detected wavelength
range of the sensor. Since the sensor is housed on a board, that is tunable, it was
important to ensure the correct spectral range was used for the measurements
and in data processing. Previously, the sensor position was defined based on
the position of the 470 nm laser. The translation stage was adjusted so that
the 470 nm signal would peak at the first spectral pixel. Thus, the wavelength
range covered by such a measurement would be 470 - 725 nm. However, this was
an impractical solution for samples excited with shorter wavelength lasers and
complicated when red end of the spectrum was of interest. The bead data set,
as can be seen in Figure [3.4.12A, provided a useful means of “calibration”. The
emission maxima visible on the generated emission spectrum were compared to
emission maxima measured on a standard fluorometer, and a line of best fit was
chosen to describe the relationship between the two as previously described and
shown in Figure|3.3.1, Thus, a “board equation” was generated and could be used
to confirm the position of the sensor. This procedure was repeated prior to any
measurements.

The bead data set also nicely illustrated the advantage of a“filterless” emission
detection. Lifetime values can be obtained for 512-discrete wavelengths and

averaged across discrete emission peaks rather than broad colour channels. The
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Figure 3.4.12: TetraSpeck beads, pum, as imaged on the FS-FLIM. A. The summed
intensity across beads detected in image, clearly showing three peaks, from three
distinct fluorophores. B. A summed intensity image showing the shape and size
of the TetraSpeck beads on a glass slide. Scale bar: 10 um, insert scale bar: 5
pm. C. Lifetime images of TetraSpeck beads, each averaged across one of the
three peaks. From top to bottom: lifetime of the green fluorophore, lifetime of
the orange fluorophore, lifetime of the red fluorophore. Scale bar: 5 pm.
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fluorescence intensity and lifetime data can be represented in the same image, but
can also be split across the detected emission peaks to enable fluorophore signal
separation and feature detection (in case of multiplex labelling). The change
in lifetime across wavelengths can be observed for every image pixel, not only
distinguishing different fluorophores (as was done here, lifetime change due to
multiple fluorophores present on the same bead) but also tracking changes in the
same fluorophore across environment (diagnostics of healthy vs disease cell lines

based on the lifetime values trends across the emission peak).*?

3.4.6 Determination of the magnification

Having confirmed the microscope is able to detect and image large objects, the
limit of the resolution and pixel size were studied next. The confocal system is
theoretically able to achieve resolution close to the diffraction limit, however the
shape of the point spread function (the shape of the beam used for imaging) and
the alignment of the optical components can limit the actual resolution achievable
by the microscope. At first the FS-FLIM did not rely on a fibre to filter the laser
output. The beam was large and ellipsoid in shape, containing light of various
modes. Implementing a single mode fibre, has helped to “tighten” the PSF, with
the beam becoming more circular and only containing the fundamental Gaussian
mode. Thus, the achievable resolution has improved to a near-diffraction limit.
In order to determine the size of the field of view (FOV) and the possible
optical resolution, a dish with a 50 um grating used for cell tracking was imaged.
The FOV is dependent on the magnification of the objective lens used, but also the
“step size” (ie the area of the sample scanned). A small step size, for example 20,
leads to a “zoomed-in” image, a large step-size covers a larger area of the sample.
The grating (Figure |3.4.13JA) was imaged using several step sizes. The distance
between the edges of the square was measured (distance in pixels) repeatedly
across images to get an average length in pixels. This was then used to estimate
the pixel size. The workflow, with the pre-fibre coupling data can be seen in Figure
. A smaller grid size (or a larger FOV) would be required to determine the

optical resolution by performing a Fourier Transform of the image.
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Figure 3.4.13: Imaging a 50 pum grating to determine the size of the FOV & pixel
size. A. Experimental set-up. Cell tracking dish containing fluorescein was used
for imaging. The layout of the grid obtained from manufacturer’s info. B. The
grid image from the microscope. The yellow line is representative of how the
distance was measured. 5 measurements were taken across one grid square in each
case, and the average distance used to determine the pixel size. C. The 50 p grid
images using various FOV settings and the pixel spacing estimated from them for
the non-laser coupled system.
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The images for step sizes between 30 to 60 are presented in Figure |3.4.13
Step size 30 was the smallest FOV still containing a full square, representing the
most “zoomed in” case. Decreasing the FOV size was accompanied by a decrease
in pixel spacing, however this would not provide any further benefit by moving
to even smaller FOVs. The resolution limit for 470 nm laser has been reached
by “step size” 30, any images acquired with lower values offer limited increase in
structural resolution. This value, for the smallest step size, has improved with
using fibre-coupled lasers and was measured at approximately 400 nm for the 405
nm laser. Given the NA of the objective used (0.5 NA), this corresponded to the
theoretical resolution of 405 nm and thus it was assumed that diffraction limited

performance was achieved.

3.5 Discussion

3.5.1 Microscope performance

Since its construction, the system has undergone several rounds of optimisation to
ensure satisfactory performance when imaging samples. Whilst some operations
relied on the understanding of the electronics (i.e. regular DCR map updates to
get rid of “screamers” visible in analysis), the alignment of the optics also played
a significant role.Ensuring the detected light was well-mapped onto the sensor and
could be detected with equal sensitivity at the green and red end of the visible
spectrum was the main bottleneck and made the largest difference to the range of
samples that could be imaged on the system. With the PDP correction technically
able to overcome the problem, the PDP data set obtained in 10 nm increments
required interpolation and, unless aligned perfectly, did not account for all the
discrepancies in the shape of the emission spectra. Equally, the 635 nm laser
used to “obscure” the signal, with most counts perceived coming from the laser
reflection and not emission peaks. Only when the detection was optimised, did
the red sample imaging become reliable. Equally, the fibre coupling has allowed
to obtain “crisper” images containing more detail. This was especially evident

when comparing first attempts at tissue imaging to images obtained post-system
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“upgrade”, where fine structure substituted a “hazy” fluorescence outline.

The initial validation data set was important to establish whether the instru-
ment was capable of recording true absolute fluorescence lifetime values, but also
to understand the operational parameters and establish photon count ranges for
further imaging sessions. Observing the concentration effect on the decay shapes,
and lifetime values calculated, provided an understanding for how systematic

errors in the measurements can arise and how they can be mitigated.

3.5.2 FS-FLIM vs standard FLIM microscopy

The FS-FLIM offers an opportunity to monitor lifetime across the whole spectrum
instead of in defined colour-based channels. The filterless detection suggests
complex systems with multiple emitters can be investigated on the FS-FLIM,
where the data can be obtained simultaneously, and signal resolved to generate
multiple images in post-processing. The on-chip histogramming vastly reduces
the amount of time needed for the FS-FLIM measurements, with most images
being recorded on the order of minutes. This provides a great advantage for live
cell work, and studying dynamic systems, where objects and features could move
in the time it takes to acquire an image. Moreover, FS-FLIM makes the study
of lifetime across the whole emission peak of the emitter possible. Using the
instrument, trends and deviations in the lifetime profile can be tracked directly,
instead of comparing averaged lifetime values across features. This has been an
avenue of interest in research involving nuclear protein staining across cancer cell
lines and healthy cell lines, where the lifetime profile of the same probe varies
across the two conditions and could potentially be used to differentiate between
them 162

On the other hand, the large number of channels associated with the FS-FLIM
can prove to be a disadvantage. In case of broad or dim emitters, the total number
of photons recorded is low and divided across many SPADs. This limits the
accuracy of fits and reduces the signal-to-noise ratio when compared to standard
FLIM. To mitigate underestimation of lifetime, longer exposure times are needed

to image dim samples. Additionally, the instrument cannot offer as high an optical
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resolution as a commercial FLIM systems. The FS-FLIM does not have a pinhole,
which greatly improves resolution by rejecting out of focus light and is present
in traditional confocal microscopes. The advantage of the additional data needs
to be balanced against the need for high resolution of structures for FS-FLIM
imaging.

The instrument is operated using scripts and a GUI developed in house, which
are not an intuitive interface for a new user and require a good understanding
of electronics and the system. The acquisition software is not fully automated
(lasers controlled by user) and there is no perfect focus system on the microscope.
This is different to commerical microscopes that are usually user-friendly and easy
to operate. Since the development of the original instrument, the KronoScan,
a fibre-coupled clinical version of the microscope, has been introduced. The
KronoScan comes with bespoke software, that is more user friendly and enables
even faster temporal resolution. The software is able to record decays in a rapid
scanning mode, and lifetimes can be acquired on the order of us. The caveat is
that this is only possible in two spectral channels at a time, broadly defined as
“red” and “green”. The FS-FLIM can also be used in the “clinical” mode (that
runs the clinical software, but uses the objective rather than a fibre for sample
illumination), and thus is able to acquire lifetime data rapidly with a more friendly
interface. However, this mode has not been used extensively throughout this work,
as the output is limited (lifetime and intensity images for the two channels only)
and the samples of interest were not dynamic (reduced need for speed).

The amount of data generated from each image is both the biggest advantage
and drawback of the instrument. It opens up avenues for many potential
applications, and invites many questions. To extract meaningful trends, a good
understanding of the sample and thorough experimental planning is necessary.
Whilst not attempted here, analysis methods relying on dimension reductions,
including Principal Component Analysis (PCA), could be useful for identifications
of features from large FS-FLIM imaging data sets.
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3.6 Conclusions

A fully functioning FS-FLIM microscope has been built. The microscope is capable
of imaging with a diffraction-limited resolution. Seven histogramming modes have
been implemented to measure both short and long lifetimes, with hist mode 1
ideal for subnanosecond fluorophores, and hist mode 7 ideal for fluorophores with
a lifetime in the range of tens of nanoseconds. These have successfully been
employed to image a range of samples since.

The systems performance has been checked for systematic errors through
imaging conventional dyes. The lifetime values obtained for fluorescein, rhodamine
6G and sulphorhodamine B corresponded well with literature values. Solution
measurements of sulphorhodamine B in solvents of varying viscosity have revealed
changes in the lifetime values recorded depending on the condition, which the
instrument was able to pick up. TetraSpeck beads were also successfully imaged.
The 4 pm beads are now routinely used to check for the board position and

instrument alignment.

3.7 Future perspectives

The FS-FLIM is a useful imaging tool for a range of applications. To fully showcase
the spectral resolution capabilities, multiplex imaging by staining the same sample
using multiple fluorophores should be attempted. The system can be used as a
good platform to confirm binding to target and contrast features detected with
various probes (as long as they are labelled with different fluorophores). The
extra contrast provided by lifetime means that conventional dyes that do not
vary in intensity across features, could be used to for detection and potentially
classification (assuming lifetime changes) of features of interests.

The FS-FLIM could also introduce a new way of running FRET experiments
(lifetime-based readouts). The lifetime of the donor molecule changes when the
donor fluorophore is placed in close proximity to the acceptor fluorophore, the drop-
off in lifetime inferring about the distance between the two. Whilst nanoscopic

oligomers might be difficult to detect on the FS-FLIM, larger aggregated species
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could be imaged once immobilised on the surface or after incorporation into cells.
If the a-syn peptide was to be labelled with two different fluorophores prior to

49 any changes in fluorescence lifetime, and thus conformation, upon

aggregation,t
permeabilisation and seeding further aggregation could be observed. Similar
conformation changes could be observed upon inducing liquid-liquid separation or
incorporation of a-syn into lipid droplets formed from other proteins. Equally,
with an appropriate membrane counterstain, the FRET and interaction between
the labelled a-syn sequence and the lipid membrane (or vesicle like lyposome
inside the cell) could be measured. The FS-FLIM could be used to access new
dynamic samples in the context of neurodegeneration like biocondensates or Liquid
Liquid Phase Separation droplets (these are currently thought to be a potential
precursor to aggregation). Initial work in this area included using Nile Red
to observe and characterise liquid-liquid droplets formed by ubiquilin-2 under
different environmental conditions, where the dye was used as a polarity reporter
to reason about the assembly and make-up of the core and periphery of the
droplets.*0°

In terms of instrument performance, its been optimised through imaging a
number of samples and it provides reliable lifetime measurements and a diffraction-
limited resolving power. Whilst the 512 channels offer unparalleled spectral
resolution, a further version of the software where the number of channels of
interest could be defined and set by the user could be useful. The 0.5 nm spectral
resolution is not always necessary to study fluorescence, and the ability to sum
the spectral bins together could shorten the experimental time needed to image
dim samples and broad emitters. When using multiple lasers simultaneously,
depending on the filter used, the laser signal can also be detected by the sensor.
Whilst this can be addressed in post-processing (laser produces a sharp peak, and
the decay is instantaneous with all intensity disappearing from bin to bin), the

filters could be further upgraded or a band-stop filter could be added to avoid this.

This has so far not been attempted, due to the limited space on the optical table.
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3.8 Contributions

Dr Gareth Williams has designed the original system. The microscope described
herein was constructed by the author of the thesis under his supervision and
with his help. The author made active decision on the design, implemented
changes to the optical lay-out and further improved the microscope following
the initial construction. Mr George Steedman has produced adapters, holders
and attachments that enabled construction of the microscope. He also equipped
the microscope with an alternative sample stage and magnets for secure sample
mounting. Dr Hazel Stewart has assisted with optimisation of the detection
performance, spectrophotometer realignment, and provided DCR map software.
Prof. Mathew Horrocks has initially assisted during instrument up-keep and
re-alignment.

The samples were prepared, processed and measured /imaged by the author.
All the data analysis was also performed by the author, the Matlab scripts used
for lifetime calculations were written by Dr Gareth Williams and modified by
the author. Python scripts for data/image processing and display were partially
written by Prof. Mathew Horrocks and later on improved and customised by the

author of this thesis.
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Chapter 4

Peptide probes for FLIM imaging

4.1 Scope of the chapter

This chapter describes nitrobenzodiazole-derived dyes used to generate fluorescent
peptides and presents preliminary work in the design and application of peptide

probes for detection and imaging of a-synuclein.

4.2 Introduction

4.2.1 Peptide sequences targeting a-synuclein

The role of therapeutic peptides in PD has been the subject of numerous studies in
recent years. ' From endogenous sequences to sequences containing D-amino acids
and other unnatural modifications, there is a drive to develop new peptide-based
interventions capable of disrupting the disease-associated aggregation pathways.

Several endogenous gut-derived peptides have been found to have neuroprotec-
tive potential for PD.1%” Glucagon-like-peptide 1 (GLP-1) is a 30 aa peptide capable
of crossing the blood brain barrier (BBB). Despite its main implications in diabetes,
its receptors are distributed widely across the body including many residing in
the brain. Exenatide, which is a peptide drug and a GLP-1 analogue, was shown

168169

to improve motor impairment in rat PD models and showed promise in the

clinic ™ PD patients treated with exenatide showed improvement in motor and
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non-motor symptoms above the levels reported by the control group, an effect that
persisted 12 months after initial treatement. ™ It was hypothesised this could be
due to its protective function in mitochondria (which are susceptible to oxidative
stress and reactive oxygen species) and promoting antioxidative enzymes*# Gut-
derived peptides with anti-inflammatory properties, such as pituitary adenylate
cyclase activating polypeptide (PACAP), have also been identified, ¥ but their
mechanism of action is less well-understood. Ghrelin, a peptide controlling appetite
and food uptake, has been described as a neuron survival agent and might help
stop apoptosis of neurons ™ Despite the observation that ghrelin responses in PD
patients are reduced in comparison to the general population ** thus potentially
qualifying it as a peripheral biomarker for the disease, the role of these peptides
in PD is still under investigation. Their therapeutic effects are thought to follow
general neuroprotective pathways.

It is the peptides that were developed specifically against a-syn that are
therefore of more interest, both from a therapeutic and an imaging stand-point.
a-Syn is a 140 aa long (14.6 kDa) protein, and its sequence can generally be divided
into three regions: the N-terminal amphipathic region (residues 1-60), a central
hydrophobic region (residues 61-95) referred to as non-amyloid [-component
(NAC) and implicated in amyloid formation, and the acidic C-terminal (residues
96-140). The N-terminal region is said to be the main interaction site for lipids,
capable of adapting an a-helical secondary structure. ™ The relatively high content
of lysines at this terminus facilitates binding to negatively charged head groups
of phoshopholipid membranes, whilst the hydrophobic residues can be inserted
further into the bilayer; hence its amphipathic character. This region of the
protein sequence is also linked to several point mutations found in early onset
PD 24 The central hydrophobic region, especially amino acids 71-82, is thought
to be the most aggregation prone sequence motif of the full-length protein, with
some of the flanking amino acids involved in stabilising the misfolded species
into S3-sheet rich fibrils.2™ The C-term is proline rich and negatively charged, it
facilitates interactions with cationic metals but also houses any post-translational

modifications to the protein like the S129 phosphorylation
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Table summarises a few examples of the peptide sequences designed to
target specific a-syn regions.

Meade et al. have used the exact N-terminal sequence of a-syn and demon-
strated it is able to form a-helices in presence of lipid vesicles. When incubated with
full-length a-syn, the sequence stabilised the monomeric protein and was shown
to prevent aggregation in a dose-dependent manner ™ Peptidomimetic scaffolds
further stabilising the N-terminal region and preventing protein aggregation in
presence of lipids were described by Bavinton et al.**” Horsley et al. reported
success when using a rationally designed N-terminal region targetting peptide
(NTR-TP), containing a recognition sequence and an aminobutyric acid (Aib)
[-breaking moiety. They tested both L- and D-isoforms of the peptide, the D-
isoform showed most promise both in ThT aggregation assays (reducing overall
ThT fluorescence when 5-fold excess peptide was present) and cyotoxicity studies

(improving cell viability following peptide treatment). 151

Table 4.1: Examples of sequences developed to target a-syn. J stands for

norleucine.
Name Length Sequence Target
(-51 _o5 100 25 MDVFMKGLSKAKEGVVAAAEKTKQG N-term
NTR-TP-D1& 7 GVLYVGS-Aib N-term
Cp-9122 6 JWHSKL N-term/NAC
4554 WITE2 10 KDGIVNGVKA N-term/NAC
T72P-6mert83 6 PGVTAV NAC
S61184 22 GAVVWGVTAVGRKKRRQRRRPQ NAC
PDpepl.3182 12 DEEIERQLKALG C-term
Tat-S-syn-degront&t 25 YGRKKRRQRRRRTKSGVYLVGRRRG monomer
p216187 11 WFQNRRMKWKK oligomers
LL-37188 37 LLGDFFRKSKEKIGKEFKRIVQR oligomers
IKDFLRNLVPRTES

Another interesting peptide probe was developed by Jin et al., its sequence
mimicked residues 35-45 of S-synuclein (another protein in the synuclein family).

Their design included a Tat domain (YGRKKRRQRRR; the motif ensured the
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peptide could be successfully delivered across the BBB and plasma membranes), the
targeting region, and a “degron” domain (RRRG tag, which recruited proteosomes
to the interaction site).*®® The peptide was injected into transgenic mice over-
expressing a-syn and led to a reduction in general a-syn levels in 24h. A different
amyloid-resembling peptide was identified by Chemerovski-Glikman et al.. A
short cyclic peptide sequence CP-2, featuring an unnatural amino acid, was found
to assemble into supramolecular structures and bind to NAC region, disrupting
pre-aggregated fibrils and inhibiting fibril elongation.!#* Another short peptide
sequence, 4554W was found to inhibit aggregation and toxicity in an assembled

rationally-designed library screening against WT and five common point-mutations

in PD 1 4554W binding to a-syn was studied by NMR and shown to bind to
early a-syn aggregates, limiting downstream aggregation and fibril formation %"
The peptide was shown to inhibit both the WT protein and the mutated versions,
making it a good lead as a potential therapeutic. Soon-Kim et al. devised a library
of short (6-12 residues) peptides from the NAC region, that were thought to be
p-breaking (preventing fibril formation through disrupting stabilising secondary
structure).**¥ For one of the sequences, T72P-6mer, they reported a 90% reduction
in aggregation and removal of mature fibrils upon treatment with excess peptide
(1:5 molar ratio). Attempts at interrupting the seeding dynamics led Sangwan et al.
to model peptides mimicking the NAC core to block S-strand interaction sites and
prevent fibril elongation. From their hit compounds, peptide S61 demonstrated
most promise in in vitro studies. They found the sequence was crucial to the
inhibitory effect of the peptide, with scrambled sequences showing no binding to
a-syn and having no impact on the aggregation kinetics &4

Some sequences were designed to inhibit a-syn interactions with other proteins.
A C-terminal derived peptide described by Nim et al. restored endosomal
degradation pathways for a-syn normally hampered through C-term interactions
with one of the cascade proteins™*”

Furthermore, sequences showing higher binding affinities to oligomers than

other forms of a-syn have also been reported. One such example is peptide

p216, which was found to inhibit oligomer toxicity in a cellular model of PD and
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increased cell viability by 20% 157 Santos et al. studied a human antimicrobial
sequence LL-37, and showed the sequence binds preferentially to oligomers and
is able to reduce aggregation in in vitro assays. The researchers postulated the
a-helical amphiphatic scaffold (rather than the exact amino acid sequence) were
responsible for the mechanism of action.**® Further examples of library-derived,
rationally-designed and endogenous peptide sequences with promise of inhibiting

a-syn aggregation are discussed in detail by Allen et al.*4"

4.2.2 PSMua sequence

With the aim of derivatising a sequence for diagnostic applications, a lead candidate
with confirmed binding properties to a-syn aggregates was of interest. Sequences
that do not interact with monomer were considered to be more promising, for ease
of differentiation between individuals with PD and healthy aged-matched controls
(especially since increased levels of a-syn were expected in those as well). The
desired criteria included tight and selective binding to a-syn (to ensure tolerance
of fluorescent tag) and a known mode of action.

A sequence that met all these criteria was developed by Santos et al.’t%®
Phenol soluble modulin a3 (PSMa3) is a bacterial extracellular peptide secreted
as a defence mechanism against an immune response ™! The naturally occuring
sequence is relatively short (22 aa, sequence: MEFVAKLFKFFKDLLGKFLGNN),
stable, amphipathic and cationic in character (net charge +2). It was shown to
fold into an a-helix in solution. All these characteristics suggested it would make a
good selective binder for oligomers and amyloid fibrils alike. Santos et. al. further
showed the sequence does not bind monomeric protein. It did, however, show
nanomolar affinity for oligomers and fibrils (Kp of 3.62 nM for oligomers). The
sequence demonstrated good anti-aggregation potency, lending itself to further
therapeutic applications.

Interestingly, PSMa shares a degree of structural similarity with other endoge-
nous peptides used to inhibit a-syn aggregation including PACAP, GLP-1 and
Exenatide. Their sequences give rise to amphiphatic a-helices with an overall

positive charge. Santos et al. identified these features as crucial for interaction
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with the hydrophobic patches and exposed acidic C-terminus tails of a-syn 192493

The structural similarity of those peptide probes suggests they also share a
common mode of interaction with a-syn and a similar mechanism of action. This
has further enabled the creation of a peptide database, containing endogenous
sequences sharing favourable physiochemical properites, which could show affinity
for a-syn oligomers.1? Additional biophysical and biochemical studies were used
to elucidate the exact N-terminus residues of a-syn exposed in the oligomeric
species and involved in the PSMa binding 1%

The PSMa peptide was derivatised with a fluorescent dye in the original
research paper, through cysteine incorporation at the N-term and further dye
labelling using maleimide chemistry. All of these findings suggested the sequence

would make a good starting point for fluorescent labelling and imaging applications.

4.2.3 Nitrobenzodiazole-derived amino acids for fluores-
cent peptides

Amongst the many dyes developed for use as fluorescent reporters in super-
resolution imaging %1% cyanines®?’ 2% rhodamines?’> % and ATTO dyes2t? 212
are some of the most popular. Despite their favourable optical properties, all these
molecules are large (over 500 Da molecular weight) and charged species. This limits
their incorporation into small binding motifs, such as peptides, and requires the
use of spacers to minimise disruption to binding or changes to bioactivity. Thus,
small fluorescent dyes that can be incorporated directly into the peptide sequence
for super-resolution applications are needed. De Moliner et al. developed a library
of nitrobenzoxadiazol (NBD)-derived amino acids, where atom substitutions at
two positions around the ring were systematically introduced and their effect on
the optical properties of the dyes observed *** The two positions were involved in
the pull-push dipole of the fluorophore 21#214 thus enabling tuning of the optical
properties. Out of the library, the two fluorescent amino acids presented in
Figure [1.2.1A, S-NBD (Compound 3) and Se-NBD (Compound 4) proved

most attractive for further incorporation into peptide sequences.
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A. Chemical synthesis of fluorogenic amino acids

NO, NO, NO,

N i. Boc-L-Dapa-OH n Fmoc-Cl, NaN3 NaHCO3 N

~ X X _ X
SN ji. HCI in dioxane SN H,O:dioxane (1:1) =N

HN HN
HCI HzNj\COOH Fmoc-HNJ\COOH

X=Se (1) X =Se (3) X = Se (5)

X=S(2) X =S (4) X =S (6)

B. Optical properties of fluorogenic amino acids

Compound | A, (nm) | A (nm) Qy € (x10° M cm™) | Polarity coefficient
3 488 601 0.19+0.02 448 +0.11 3.4+0.1
4 460 546 0.20 £ 0.05 9.74 +0.10 49+0.1

C. Stability of fluorogenic amino acids

Compound | TFA 95% [ Piperidine in DMF | TBAF Pd° N,H,
3 >95 % >95 % >95 % >95 % >95 %
4 >95 % 8414 % >95% | 9241 % | 657 %

Figure 4.2.1: Nitrobenzodiazole-dervied fluorogenic amino acids. A. Synthesis
of Se-NBD and S-NBD as building block for SPPS. B. Optical properties of
Se-NBD and S-NBD, recorded in DMSO, with rhodamine B as a quantum yield
reference. C. Stability of S-NBD and Se-NBD to standard SPPS conditions
expressed as % purity from 254 nm HPLC traces. Reaction conditions are as
follows: TFA:DCM(95:5), 1 h, r.t.; piperidine:DMF (2:8), 30 min, r.t.; TBAF 3
H>0 (3 eq.) in DCM,1 h, r.t.; Pd(PPh3)4(0.25eq.) in DCM,30 min, r.t.; 10%
N2H4HQO in DMF,l h, r.t.
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Both of these compounds could be accessed following the same synthetic
pathway from a pre-prepared fluorinated precursor molecule. A nucleophilic
aromatic substitution with Boc-L-diaminopropinoic acid (Dapa) introduced an
amine-based electron donating group to the heterocycle. The tetrbutyloxycarbonyl
(Boc) protecting group could then be removed under mildly acidic conditions.
This approach benefited from a good yield (>80 %) and good scalability (batches
of approximately 100 mg). Fmoc-protected analogues could then be accessed with
Fmoc-azide formed in situ from Fmoc-Cl and sodium azide. This transformation
also proved efficient (yield of around 75 %) and scalable.

The introduction of S (compound 3) and Se (compound 4) in the ni-
trobenzodiazole moiety, together with the electron donating group, has affected
the optical properties of the resulting dyes. The characteristics of Se-NBD and
S-NBD, as determined in DMSO, are compared in Figure [4.2.TB. Both Se-NBD
and S-NBD are excited by blue light (A;s = 488 nm for Se-NBD and A5 = 460
nm for S-NBD), though the maximum absorbance for S-NBD is slightly shorter
than that of Se-NBD. They dyes exhibit large Stokes shifts, as the A, falls at
601 nm for Se-NBD and 546 nm for S-NBD. They are characterised by modest
quantum yields (determined using rhodamine B as a reference) at approximately
0.20 for both dyes, and their € were in the range of thousands of M ~tem™! for
both dyes with S-NBD as brigher of the two (double the €). Despite not being
the brightest fluorophores, both dyes exhibit a polarity switch that makes them
interesting compounds for imaging. With low fluorescence in aqueous media,
their fluorogenic response can be observed in non-polar environments as can be
demonstrated by the polarity coefficients. Interestingly, both compounds are also
environment-sensitive. In a range of water-dioxane mixture, of increasing polarity,
the lifetime of the dyes increased in nonpolar solvent. Thus, they can be used as
polarity reporters.

Moreover, the incorporation of Se in the ring structure has improved the
photostability of the Se-NBD as compared to O-NBD by about 20 %14+ This was
unique to Se-NBD, as S-NBD had similar photostability as the original NBD.

Another advantage of the NBD-derived amino acids is their compatibility

102



CHAPTER 4. PEPTIDE PROBES FOR FLIM IMAGING

with SPPS methods. Both S-NBD and Se-NBD can be derivitised with an
Fmoc-group, and then incorporated into peptide sequences on resin. Their
stability against treatment with reagents used in SPPS was determined by HPLC,
and is summarised in Figure [£.2.1]C. The amino acids can withstand standard
deprotection conditions (piperidine), cleavage (95 % TFA), as well as alternative
deprotection conditions like tetra-n-butylammonium floride (TBAF), hydrazine,
palladium without decomposition. Thus, the fluorogenic amino acids do not
have to be conjugated to the ready-sequence in solution. Their stability means
they can be incorporated on the peptide synthesiser and cleaved and purified
without additional steps. Additionally, the amino acids do not have to be used
externally, at the N-terminus, but can substitute native non-polar amino acids in
the sequence. Taken together, this opens up interesting avenues for library building

and high-throughput synthesis of labelled-peptides for imaging applications.

4.3 Methods

4.3.1 Peptide synthesis

Solid state peptide synthesis followed the methods described in the Methods
section 2.3 The procedures and reagents used are listed there.

Briefly, the a-syn targeting library was prepared according to the scheme in
Figure[4.3.1 PSMa peptide backbone was prepared using Liberty Blue microwave-
assisted SPPS.

Full length sequence of PSMa was prepared. Biotin and cystein were also
incorporated on Liberty Blue, under standard Fmoc/tBu-SPPS at r.t. (Figure
4.3.1)).

biotin-Met-Glu-Glu-Val-Ala-Lys-Lys-Leu-Phe-Lys-Phe-Phe-Lys- Asp-
Leu-Leu-Gly-Lys-Phe-Leu-Gly-Asn-Asn-NH2 (biotin-PSMa) The syn-
thesis was performed on 55.6 mg of ProTide Rink amide resin (0.18 mmol g™').
After cleavage, the crude peptide was precipitated by adding cold Et,O (dropwise)
and the resulting precipitate was decanted and dried (4 x). Purification was

conducted by semi-preparative HPLC with detection at 254 and 280 nm. Pure
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HN-Q)

ProTide RAM resin

Fmoc-based
SPPS

PG PG PG PG
PG PG
l Biotin (q@») l
DIC, DMF

PG PG PG PG SH PG PG PG PG
G@Q@@O@Q@Q@C}O .
PG PG PG

\ TFA/TIS/DTT/H,O

PG

\ TFA/TIS/DTT/H,O

SH

biotin-PMS® Cys-PMS®

Figure 4.3.1: Synthesis of PSMa peptides for maleimide labelling and biotin
conjugation - reaction scheme.

fractions were collected and lyophilized to afford pure peptide as a white solid
(1.8 mg, 6%). HPLC-MS: tR: 4.41 min, 98% purity. HRMS (ESI+) (m/z) for
ClaoHa9oN34034S3, [M+H]T: 3044.58 predicted. [M+4H]**: 761.92, [M+5H]":
609.81, [M+6H]%": 508.30 observed.
Ac-Cys-Met-Glu-Glu-Val-Ala-Lys-Lys-Leu-Phe-Lys-Phe-Phe-Lys-Asp-

Leu-Leu-Gly-Lys-Phe-Leu-Gly-Asn-Asn-NH2 (Cys-PSMa) The synthesis
was performed on 140 mg of ProTide Rink amide resin (0.18 mmol g='). Double
couplings were performed for all amino acids from Ala onwards. After cleavage,
the crude peptide was precipitated by adding cold EtsO (dropwise) and the
resulting precipitate was decanted and dried (4 x). Purification was conducted by
preparative HPLC with detection at 220 and 280 nm. Pure fractions were collected
and lyophilized to afford pure as a white solid (14.2 mg, 20%). HPLC-MS: tR:
4.37 min, 98% purity. (m/z) forCy34Ho19N3203355, 2859.52 predicted. [M+3H]**:
1014.71, [M+4H]*": 761.23, [M+5H]>*: 609.24 observed.
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Ac-Cys(JF646)-Met-Glu-Glu-Val-Ala-Lys-Lys-Leu-Phe-Lys-Phe-Phe-
Lys-Asp-Leu-Leu-Gly-Lys-Phe-Leu-Gly-Asn-Asn-NH2 (JF646-PSMc)
The synthesis was performed at 1.7 uM scale. Cys-PSMa (5 mg, 0.0017 mmol)
was dissolved in PBS (300 pL, pH = 7.4). JF-646 maleimide (1.2 mg, 1.2 eq;
Tocris) was dissolved in DMSO (100 pL) and added portion-wise to the peptide
solution. The reaction was left in the dark, at r.t. with shaking for 2h. The
freeze-dried crude was purified by semi-preparative HPLC with detection at 220
and 646 nm. Pure fractions were collected and lyophilized to afford pure peptide
as a blue solid (2.3 mg, 72.3%). HPLC-MS: tR: 4.89 min, 97% purity. (m/z) for
Cl69 Ho44 N36 0389257, [M+H]T: 3478.75 predicted. [M+4H]**: 870.91, [M+5H]>*:
696.75, [M+6H]%": 580.79 observed.

For the synthesis of SeNBD-labelled analogues the backbones were prepared
on Liberty Blue at a 0.05 mmol scale. The reaction was scaled down (0.015
mmol) and SeNBD incorporations were performed in the microwave vessel using
Fmoc-AA-OH Fmoc-AA-OH (1.2 eq.), DIC (2.4 eq.), OxymaPure (2.4 eq.) and
DIPEA (2.4 eq.) and a 10 min, 30 W, 90 °C microwave program. All subsequent
amino acids were incorporated following the same protocol, with Fmoc-AA-OH
Fmoc-AA-OH (4 eq.), DIC (8 eq.), OxymaPure (8 eq.) and DIPEA (8 eq.) and a
10 min, 30 W, 90 °C microwave program.

Ac-Met-Glu-Glu-Val-Ala-Lys-Lys-Leu-SeNBD-Lys-Phe-Phe-Lys- Asp-
Leu-Leu-Gly-Lys-Phe-Leu-Gly-Asn-Asn-NH2 (F9SeNBD PSMa) The
synthesis was performed on 84.2 mg of ProTide Rink amide resin (0.18 mmol
g™1). After cleavage, the crude peptide was precipitated by adding cold Et,O
(dropwise) and the resulting precipitate was decanted and dried (x4). Purification
was conducted by preparative HPLC with detection at 254 and 485 nm. Pure
fractions were collected and lyophilized to afford pure peptide as a deep orange
solid ( mg, 6%). HPLC-MS: tR: 4.43 min, 96% purity. HRMS (ESI+) (m/z) for
Cl31 Hoo3 N33035S Se, [M+H]*t: 2879.41 predicted. [M+3H]**: 960.47, [M-+4H]**:
720.60, [M+5H]>T: 576.69 observed.

Ac-Met-Glu-Glu-SeNBD-Ala-Lys-Lys-Leu-Phe-Lys-Phe-Phe-Lys- Asp-
Leu-Leu-Gly-Lys-Phe-Leu-Gly-Asn-Asn-NH2 (V4SeNBD PSMa) The
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synthesis was performed on 84.2 mg of ProTide Rink amide resin (0.18 mmol g™!).
After cleavage, the crude peptide was precipitated by adding cold Et,O (dropwise)
and the resulting precipitate was decanted and dried (4 x). Purification was
conducted by preparative HPLC with detection at 254 and 485 nm. Pure fractions
were collected and lyophilized to afford pure peptide as a deep orange solid (0.5
mg, 1%). HPLC-MS: tR: 4.47 min, 96% purity. (m/z) for C37Ha05N330345Se,
[M+H]": 2969.42 predicted. [M+4H]4+: 743.10, [M+5H]5+: 594.68 observed.
For the SeNBD-variants of the peptide, the masses of peptide obtained were
calculated from prepared stock solutions to minimise the measurement error with

small amounts of the material obtained.

4.3.2 Optical characterisation of NBD dyes

Optical properties were measured in a Synergy H1 BioTek spectrophotometer
as previously described.** For liposome experiments, phosphatidylcholine (PC)-
based liposomes were purchased from Liposoma, diluted in PBS and transferred
into a black flat-bottom 96-well plates (ThermoFisher) for optical measurements.

All experiments were performed in triplicate, unless otherwise indicated.

4.3.3 Aggregate immobilisation and staining
Human a-syn was obtained from StressMarq:

e monomer (Type 1, catalogue number SPR-321)

e kinetically stable oligomers (SPR-484)

e preformed fibrils (Type 1, SPR-322)

e preformed fibrils (Type 1, SPR-317)

Sample preparation followed the previously published protocol*® Briefly,
coverslips were cleaned using argon plasma for 45 min to remove autofluorescent
organic contaminants. Ibidi 18-well sticky chambers were affixed to the glass. 50

pL of PLL (Sigma-Aldrich, P4707-50ML) was incubated in the chamber for 15
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min. Excess PLL was removed by washing three times with 0.02 ym-filtered PBS.
Protein (500 nM, each type) was incubated on the surface for 1 hour and replaced
with imaging solution before imaging. Imaging solution contained ThT (5 uM)
and imaging peptide (JF646-PSMa) at either of the three concentrations 0, 0.5
nM, 10 nM, 100 nM. V4SeNBD PSMa or F9SeNBD PSMa were used at either of
the three concentrations 0, 10 nM, 100 nM, 500 nM.

4.3.4 TIRF imaging

Single-molecule and super-resolution imaging was performed on a Total Internal
Reflection Fluorescence microscope (TIRFM) described in Methods section [2.4.2]

The laser lines and mirrors are described therein.

Liposomes

50 pL of poly-L-lysine (PLL) (70,000-150,000 Da, Sigma-Aldrich) was added to
a coverslip and incubated for 30 minutes, before being washed with PBS three
times. Liposomes (Liposoma) were diluted 100-fold to a concentration of 0.04
mg/mL and incubated on the coverslip for at least 10 min. Three PBS washes
were then performed to remove excess sample. BODIPY-FL or compound 7 were
added at either 10 nM or 1 uM and imaged with 515 nm excitation for 50 frames.
To determine the photobleaching lifetimes, the liposomes imaged with 1 M
compound 7 uM or BODIPY-FL were segmented and their intensity profiles over
the frame stack were fit to an exponential decay. Only fits with an R? > 0.70 were

considered (Python code available at: https://doi.org/10.5281 /zenodo.7275931).

Aggregate imaging

The ThT was excited using 405 nM laser (100 W cm™) and the JF-646 peptide
using 638 nm illumination (50 W ¢cm™?). 50 frames were recorded in each channel.
9 regions of interests were imaged for each condition. Maximum projection z-stacks
were created in Fiji. Number of spots was determined using the Find Maxima

function with Fiji with prominence set to 350.
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4.3.5 Brain sample preparation and staining

Paraffin-embeded brain sections were mounted on coverslips to accomodate 8
2-mm biopsy punch-out of tissue per slide. Both PD and healthy controls were
stained and image. The brains were part of the PINE cohort, the cases and
numbers imaged were as follows: 130/17 for an individual with PD with dementia,
and 15/19 for a healthy individual. In both cases the tissue section came from
putamen.

The staining for a-syn included the following staining agents:

e JF-646 PSMa

e Phospho 5129 antibody (ab209422, Abcam) - primary antibody
e AF-586 labelled secondary (ab175695,Abcam)

e Hoescht (1:800 dilution, mg/mL)
The staining process was split across two days and involved:

e Tissue deparaffinisation: 4 washes by submering slides in xylene (5min),
xylene (5min), 100% EtOH (5min), 70% EtOH (5min), followed by a wash

in running tap water.

e Antigen retrival: The coverslips were placed in citric buffer (10 mM citric

acid, pH = 6.0) and pressure cooked for 5 min (browning meat setting).

e Ibidi chamber mounting: The slides were air dried and argon dried to
remove residual water. The tissue was aligned to ibidi chambers and the

sticky wells were applied to the coverslip.

e Permeabilisation: The slides were washed with PBS (2 x, 5 mins) and
incubated in permeabilisation buffer (PBS, 0.3% v/v Triton-X, 15 min).
The slides were thorouhgly washed (3 x PBS, 5 min). Following this step

the sections were kept hydrated at all times.

e Autofluorescence quenching (when carried out): Sections were washed

in 70% ethanol (2 min). True Black was placed over each section (1:20
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dilution in 70% EtOH, as per manufacturers recommendation) and incubated
for 20 mins (in the dark). PBS wash was performed (5 min). TrueView
was prepared as per manufacturers recommendation and incubated over the

sections for 5 mins in the dark. 3 x PBS washes were performed next.

Blocking: Sections were incubated for lhr in blocking buffer (PBS, 1%

Bovine Serum Albumin, salmon sperm DNA 1:100 dilution).

Staining - overnight: Staining buffer was prepared in blocking buffer and
included primary antibody at 1:1,000 dilution (1.02 ug/mL) and the peptide
(variety of concentrations). The sections were left in the fridge (4 °C) for

anywhere between 14-18h, covered from light.

Staining - following morning: The sections were washed 3 x PBS,
before the secondary anitbody (1:1,000, 1.0 ug/mL) and Hoescht (1:800)
were applied for 2h at r.t. in the dark.

Curing: The sections were washed 2 X final times with PBS, before
air-drying for 5 minutes and curing in Prolong Gold (antifade mountant,

ThermoFisher) to preserve the tissue until imaging.

4.3.6 Brain sample imaging

Pre-prepared brain samples were imaged either on a spinning disk confocal set-up

(Opera Pheonix Plus) by Dr Justyna Cholewa-Waclaw or on the FS-FLIM by the

author. QuPath and ImageJ were used for image generation and data processing.

The FS-FLIM measurements used 470 nM illumination. Histogramming mode

used was hist 2, and the exposure time ranged from 3,000-8,000 ms. Images

processed as before.
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4.4 Results

4.4.1 Fluorogenic properties of SeNBD-labelled probes

To demonstrate the fluorogenic properties of SeNBD and its potential for fluores-
cence imaging, the dye was first conjugated to form a lipid-analogue compound.
The carboxylic acid moiety of SeNBD was activated and conjugated to a long
chain alkyl amine, following the reaction shown in Figure [£.4.T]A. Two compounds
of different length (n = 12 and n = 18) were initially prepared. The compounds
were isolated and purified, before testing their fluorescent properties.

Phosphatidyl choline (PC) liposomes were chosen as a good model system
for hydrophobic environments. These artificial vesicles mimic cell membranes
and are composed of a lipid bilayer encapsulating an aqueous core. Thus, alkyl
chains of the prepared carbohydrates can insert themselves into the hydrophobic
tails of the lipid bilayer. This brings the dye moiety, SeNBD, into a hydrophobic
environment and enables the quantification of the observed fluorescence. As the
amino acids showed fluorogenic character, it was expected the prepared probes to
be significantly brighter when incorporated into the membrane of the liposomes
(hydrophobic) than when in solution (hydrophilic).

The fluorescence emission was measured for both lipid-analogues in PBS
and in a PBS solution containing PC liposomes. The shorter chain (n = 12,
shown in Figure 4.4.1]A as compound 7) showed better propensity to insert into
liposomes, with similar trends observed in literature " As expected, the lipid
analogues showed low fluorescence counts in PBS. Upon addition of liposomes, the
fluorescence signal for compound 7 increased 44-fold, showing hydrophobicity-
mediated switch-on of the Se-NBD fluorophore, as demonstrated in Figure 4.4.1B.
This was a promising result for fluorescence microscopy, as it indicated the dye
might allow to significantly reduce the fluorescent background in the buffer and

achieve a high signal-to-background (S/B) ratio.
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Figure 4.4.1: Visualising PC liposomes with a SeNBD-labelled lipid analogue
A. Synthesis of Se-NBD containing lipid-analogue for insertions into liposomes.
B. Fluorescence of the compound at 10 p in PBS (black) vs in presence of PC
liposomes, showing the fluorescence switch-on. C. Structure of BODIPY FL, lipid
labelling dye. D. Fluorescence imaging of liposomes stained with compound 7
and BODIPY FL, without any washing steps. Line profiles showcase intensity
across the image - the presence of a peak suggests liposomes appear brigher above
background. D. Quantification of S/B for the 1 uM lipsome images for BOPIPY
FL and compound 7. S/B presented as mean £SD, from n=8.

To illustrate the advantage of the fluorogenic dye, its performance was tested
against a commercial lipid-dye, BODIPY FL (structure shown in Figure [£.4.1]C).
The PC liposmes were incubated with two concentrations of compound 7: one
low (10 nM) and one high (1 gM), and the same experiment was repeated with
BODIPY-FL. The samples prepared this way, with no washes, were imaged
using TIRFM. At low dye concentration, Se-NBD and BODIPY FL showed
similar performance when visualising liposomes (Figure ) Increasing the
dye concentration allowed for the visualisation of SeNBD-labelled lipsomes clearly
above background. The BODIPY FL-labelled liposomes were not detectable due
to the increased background fluoresence of the dye, as can be observed both in the
images and intensity traces across the image pixels in Figure [£.4.1]D. To successfully
use BODIPY at micromolar concentrations and detect individual liposomes, a
wash step was needed. SeNBD-labelling was compatible with wash-free imaging
of the prepared sample.

To further illustrate this point, the S/B ratio was quantified for liposome
images taken with 1 uM of each of the two dyes (Figure [£.4.1E). The BODIPY
FL had a S/B ratio of 1.5, whereas the S/B ratio was higher for Se-NBD at 4.50.

Further applications of the fluorogenic Se-NBD dye focused on incorporation of
the amino acid variant of the dye (compound 5, Fmoc-SeNBD-OH) into peptide
sequences. Specifically, it was hypothesised that the PSMa peptide could be
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derivatised with the dye, whilst retaining its a-syn binding properties, and used
to image pathological protein aggregation in situ. It was hoped that the small
size of the dye and its incorporation directly into the sequence would enhance
the fluorescence upon binding to target whilst allowing the peptide to retain its

native binding.

4.4.2 DAB staining for a-syn pathology with biotin-PSMa«

With the goal of visualising pathological a-syn in situ, the first technique investi-
gated was immunohistochemistry. THC experiments are routinely performed to
examine post-mortem tissue and used to visualise pathological protein inclusions
in patient tissue. The IHC staining could confirm if the prepared peptide can
penetrate tissue efficiently and stain pathological features above background. To
this end, a biotin-labelled PSMa peptide was first prepared. The full PSMa
sequence was prepared using SPPS methods and an N-terminal biotin moiety was
introduced. The peptide was purified following derivatisation and supplied to a
collaborator to conduct a pilot IHC staining.

Dr Jenna Gregory at the University of Aberdeen performed the staining
experiment using the supplied peptide to visualise a-syn. A 500 nM peptide
solution was used to incubate pre-processed tissue sections overnight. The biotin
was used to visualise the stained locations, through DAB staining in presence
of strepatvidin-HRP. Example images from this staining are presented in Figure
4.4.2]

The peptide signal corresponds to the brown-stained areas (due to presence of
DAB) and the blue is a counter-stain to visualise the nuclei. The pathological
features in the images were also assigned by Dr Jenna Gregory. In these images,
PSMa successfully identified aggregated a-syn in form of mature LBs (white
arrows), smaller intracellular LBs (orange arrows), and even smaller aggregates
(blue arrow). As could be seen on the staining pattern of the larger LBs (white
arrows), the peptide did not penetrate all the way through the structure of the
LBs. Optimisation of the staining protocol (longer incubation time, varying the

peptide concentration) could help mitigate this issue.
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Figure 4.4.2: DAB-staining for a-syn pathology with biotin-PSMa. 6 panels
showing brain tissue of an individual with PD stained for a-syn pathology using
the peptide. Brown signal corresponds to peptide and blue to nuclear stain.
Blue arrows: aggregates, white: Lewy Bodies, orange: small intracellular LBs.
Experiment and pathological assignment performed by Dr Jenna Gregory.

This data set provided encouragement that the peptide could be a good
staining agent for tissue. The peptide was able to penetrate tissue and stain
features-of-interest when following standard tissue staining protocols. The peptide
signal in the tissue corresponded to pathological a-syn inclusions as identified
by a pathologist, further suggesting the probe was suitable for in situ studies.
Further IHC experiments, including the staining of aged-matched healthy control
tissue and comparing the peptide signal to a gold-standard a-syn antibody, are
needed to explore the feasibility of using biotin-PSMa to classify disease state and
stage.. The lack of expertise in describing pathological inclusions and short tissue
supply, meant that further efforts did not focus on IHC staining. THC provides a
standardised approach to tissue staining and is compatible with high-throughput
tissue processing, however the technique has its drawbacks. The DAB staining
limits the contrast that can be achieved and is not compatible with multiplexing
(one probe needs to be tested at the time). Moreover, the resolution that can be
achieved is limited, and the smaller aggregate species are not easily visualised.

Thus, a fluorescence label for the PSMa peptide was considered next. Fluorescence
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is characterised by high contrast and could provide definitive identification of
a-syn through multiplex staining with the peptide and an antibody at the same

time.

4.4.3 Fluorescence imaging with the PSMa peptide

Fluorescence microscopy offered several key advantages over the IHC approach.
The high sensitivity of fluorescence detection set-ups and the low background in
most fluorescently-labelled samples increase the contrast that can be achieved.
Multiplexed imaging, where several probes with different fluorophores can be
imaged simultaneously, is possible and lends itself to co-localisation studies between
a known-binder and a newly-developed probe. Quantitative analysis is also possible
with fluorescence microscopy, increasing the amount of data that can be extracted
from every experiment.

Thus, a fluorescent label was introduced to the PSMa peptide. The first
attempt at fluorescent functionalisation focused on incorporating a bright, “always
on”, commercially-available dye. The method for its incorporation followed
the protocol previously described by Santos et al.. To generate a fluorescent
version of the PSMa peptide, the full sequence was first prepared using SPPS
methods. An additional cystein residue was installed at the N-terminus. The
cystein incorporation enabled a Click chemistry coupling to a JF646-maleimide.
A far-red dye was chosen for its compatibility with multiplexing and an excitation
away from the UV-region of the spectrum reserved for autofluorescence, nuclear
stains, and the gold-standard amyloid dye ThT. Whilst the conjugation itself
was relatively easy, the peptide sequence needed to be purified prior to the Click
reaction and following the Click reaction. Thus, two rounds of semi-preparative
purifications were conducted, which did not only prolong the process, but likely led
to loss of yield (the fluorescent peptide was prepared at 1.7 uM scale). However,
JF646-PSMa was delivered successfully.

To test whether the labelled peptide would be able to detect a-syn in wvitro,
an assay was conducted. Various forms of pre-aggregated a-syn were obtained

from StressMarq, including monomer, oligomers and fibrils. The oligomers were
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kinetically stable oligomers (KSO), oligomeric species associated with pre-fibrillar
secondary structure.® The fibrils came in two types: Type 1 (more rigid, a
polymorph associated with PD) and Type 2 (more flexible, twisted polymorph
associated with MSA).#* All protein samples were incubated on a coverslip. JF646-
PSMa and ThT containing imaging buffer was then applied over the proteins
and the coverslips imaged on the TIRFM. 50-frame stacks were acquired and the
maximum intensity projections of these generated and compared. Figure 4.4.3
shows representative images of KSO and the two types of fibrils imaged with 10
nM peptide (red) and ThT (blue). The oligomeric species images showed few
small spots co-localising in both channels, indicating most KSO were non-ThT
active. However, more events were detected in the red (peptide) channel with no
corresponding ThT signal. It is possible that these early oligomers do not exhibit
extensive [-sheet structures for ThT incorporation, and the peptide is a better
suited probe for the detection of those species. The images of the fibrils showed
more dense peptide events (presumably corresponding to larger protein species).
Type 1 fibrils showed some co-localisation with ThT, whilst examples of signal
co-localisation with type 2 fibrils were hard to come-by. The amyloid fibrils are
characterised by their g-sheet structure and thus they were expected to be ThT
active. The lack of perceived ThT staining was therefore somewhat surprising.
However, it is possible the peptide and ThT compete for the same binding sites
in case of the mature fibrils or inadvertently block the mode of interaction of the
other imaging agent through introducing steric hindrance across the surface. A
FRET interaction between the two dyes is also not impossible. This would require
further investigation to determine with certainty. Staining the fibrils with the two
probes separately and testing out the sequential staining, through addition of a
peptide solution first and then ThT could confirm whether this reflected a low
content of B-sheet-rich fibrils in the imaged samples or revealed the incompatibility
of PSMa with ThT. Super-resolution imaging was not attempted at this stage.
Next, the performance of 10 nM peptide was compared across the different

protein species. The number of spots (as determined with the same prominence

threshold) was detected across the different wells (Figure [£.4.4A). The trends
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. . g .

Figure 4.4.3: Imaging a-syn oligomers and fibrils with 10 nM JF646-PSMa and
5 uM ThT to visualise oligomeric and fibrillar species immobilised on a surface.
Scale bar 5 pm.

observed were encouraging. The control slide used 1% BSA solution in place of
a-syn. Application of the imaging peptide directly to a PLL-coated slide was
avoided, due to previously observed peptide aggregation on the coated surface.
Whilst some events were detected even without the a-syn present, the number of
spots detected in presence of protein was notably higher. KSO sample and both
types of fibrils (Type 1: Fibril 1 and Type 2: Fibril 2) all produced hundreds of
events. The signal detected in the monomer sample was increased with respect
to the control, but less so than with KSO and fibrils. Since the monomer was
not pre-processed prior to the experiment, it was hypothesised some aggregation
could have occured during the handling of the protein. Thus, the detected events

were not suggestive of the peptide binding to the monomer.
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Figure 4.4.4: Investigating the binding of JF646-PSMa to a-syn. A. The number
of localisations (defined as number or events detected in 50 frames of an image,
mean + SD, n = 3) detected when imaging different forms of a-syn (500 nM) and
BSA control. B. The number of events (defined as in A) as a function of peptide
concentration, when imaging KSOs (500 nM).
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In case of the KSOs and fibrils, many events were detected. A further
experiment investigating the effect of protein concentration on the number
of spots detected could be performed in the future. Perhaps an incubation
with a lower concentration protein (here 500 nM protein was used in all cases)
could be considered for further applications. Equally, decreasing the peptide
concentration in future imaging experiments could be used to further optimise
the imaging conditions, especially given the high numbers of events detected in
the concentration regime investigated. Figure presents the difference in
the number of events detected for KSO at 0, 5, 10 and 100 nM respectively. It
is important to note the same prominence threshold was used for all these. The
prominence threshold became less meaningful in the 100 nM peptide case, where
the background was higher. Encouragingly, few events were observed at the 0 nM
peptide condition, with a steady increase in spots observed with the increase in
peptide concentration.

Driven by the encouraging results observed in the in vitro experiments, further
attempts focused on using the red-labelled JF646-PSMa for tissue staining. To
this end, patient-derived tissue sections were processed. The wax embedding
medium was removed, antigens retrieved through incubation in hot citric acid, the
tissue was permeabilised and non-specific binding blocked through application of
BSA solution. The staining agents used included the PSMa peptide (excited by
the 635 nm laser and detected in the red channel) and a gold-standard anti-a-syn
antibody phospho S129 (imaged in the 580 nm channel). The antibody detects
a-syn with a post-translational modification (phosphorylation of serine at position
129) present in LBs and associated with pathological aggregation.*” The stained
sections were imaged on a spinning disk confocal microscope, chosen for this
purpose due to its high throughput capabilities.

First, unstained sections were imaged as a control. Representative images of
unstained tissue are presented in Figure [4.4.5] where the PSMa channel is shown
in red and the antibody channel (590 nm excitation).

Despite the lack of staining, the images reveal autofluorescence pattern of small

granular puncta, in both channels. When the red and green images were overlayed,
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Figure 4.4.5: Autofluorescence of PD-patient derived brain tissue recorded in two
channels: 580 nm (presented in green) and 650 nm (presented in red). The third
image is an overlay of the two channels. Scale bar is 100 pm.

the fluorescence signal showed perfect co-localisation with all features in yellow.
These were identified as lipofuscin, an “aging pigment” formed from degradation
by-products of mitochondria, present throughout neurons in aging cells#2!' It is
characterised by broad fluorescence emission, and thus can be detected across
both emission channels. Lipofuscin can be segmented out of images, where the
structural features of the target of interest are different to those of lipofuscin.
Unfortunately, a-syn aggregates in neuronal cells form a similar pattern of puncta
and granules distributed around the cell making the distinction between the two
challenging.

Next, the tissue was stained with 200 nM PSMa peptide and the Phosho
S129 antibody and imaged to check if the staining could be observed above the
autofluorescence levels. Representative images are presented in Figure [4.4.0]

The peptide channel showed the desired aggregate structures. However, when
compared to the antibody channel (green, on the left hand side image), an almost
complete overlap between the two was observed. This was deceptively similar to
the non-stained tissue case. Therefore, it was reasoned the puncta were in fact not
a result of the peptide staining, but autofluorescence of lipofuscin. It was suggested
the autofluorescence signal was stronger than the peptide staining, obscuring any
real a-syn structures. Alternatively, it is also possible that PSMa has some
propensity to bind to lipofuscin, given the make-up of the granules (lipids) and the
hydrophobic character of the peptide. This interaction could explain the overlap
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Figure 4.4.6: Immunoflorescence staining for a-syn pathology with JF646-PSMa
(PD-patient derived brain tissue). Representative ROIs showing peptide staining
(200 nM, red colour), antibody staining (Phospho S129 anti-a-syn antibody, green
colour), and a merged image of the two channels. Scale bar is 100 pm.

between the channels, but would not be distinguishable from autofluorescence on
the red image. Moreover, due to the deceptively similar appearance of lipofuscin
to the protein aggregate structures, it would be impossible to segment it out of
the image. Other methods, such as spectral unmixing®“ could be employed to
remove lipofuscin signal. The dye emission spectrum should provide a sharp peak
at emission maximum as opposed to the broad emission of lipofuscin. Spectral
unmixing could differentiate between the fluorophore and autofluorescence signals,
based on the emission profile. A lipofuscin imaging channel (excitation 488 nm,
emission 647 nm) was even devised by another group member, however since the
un-mixing matrix was prepared with a different emitter in mind, it could not be
readily applied to the above case. Further optimisation of the method would be
necessary to fully address the problem and observe the actual peptide staining.

Thus, quenching steps were introduced to the staining protocol to mask the
autofluorescence signal and reveal peptide staining. Two quenchers: TrueBlack
and TrueView were used. The two agents block endogenous emitters through
chemical reaction modifying the emitter and disrupting fluorescence and physical
blocking of autofluorescent lipids. The quenching steps were introduced before
the blocking step and the application of imaging agents (as before: a S129 a-syn
antibody and various concentrations of the peptide). The sections were then
imaged on a spinning-disk confocal microscope (Figure [4.4.7)).

All peptide concentrations used (10 - 200 nM) in the experiment led to low
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Figure 4.4.7: Immunoflorescence staining for a-syn pathology with JF646-PSMa
(autofluorescence-quenched tissue, disease case). A representative ROI showing
peptide staining (200 nM, red colour), and peptide staining merged with a-syn
antibody (green). Scale bar is 100 pm.

levels of red fluorescence. Despite the fluorescence quenching steps, the far-red dye
should remain able to absorb and emit photons under the experimental conditions.
Additionally, the staining pattern recorded in the red channel did not resemble the
expected “punctate” appearance expected of a-syn. The green (antibody) channel
showed an expected pattern of fluorescent puncta and aggregate-like structures,
similarly stained features were expected in the red channel also. The peptide
signal seemed more likely a result of remaining autofluorescence or off-target
interactions with lipid membranes. It was reasoned that the application of the
autofluorescence quenchers potentially interfered with the peptide fluorescence or
its ability to recognise the target. Thus, a different technique was considered to

try to visualise the peptide signal in tissue.

4.4.4 FLIM imaging with SeNBD-labelled PSMa«

With the lipofuscin interfering with fluorescence intensity images, the attentions
were turned to FLIM next. It was hypothesised that the autofluorescence and
peptide fluorescence would differ in lifetime. Thus, lipofuscin could be separated
out of the image through applying a lifetime-mask to the intensity image. The
FS-FLIM system was used for this round of experiments, as the additional spectral
and lifetime information could make the deconvolution of the autofluorescence

from sample fluorescence easier.
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To that end, the nitrobenzodiazole derived amino acid, Fmoc-SeNBD-OH
(compound 5), was next incorporated into the PSMa sequence. The SeNBD
amino acid was used for this purpose due to its polarity-dependent switch-on and
lifetime sensitivity. The fluorescence labelling was achieved using SPPS methods
and did not require extra steps or purifications. Due to the small size of the
dye, the fluorescent amino acid was used to replace native PSMa residues, rather
than to decorate the N-terminal. Two amino acids, V4 and F9 were chosen to be
substituted by SeNBD. It was hoped that the small size of the dye would enable
substitutions without disrupting the secondary structure or the binding. Given the
length of the sequences, and some previous success with internally-labeling shorter
sequences (discussed in further chapters), the peptides seemed likely to tolerate the
substitution. This would have to be confirmed through biophysical characterisation
of the probes to know for certain. Assuming the mode of recognition relies on
non-specific hydrophobic interaction, two hydrophobic amino acids were chosen
to be swapped out for SeNBD. Both valine and phenylalanine are hydrophobic
amino acids, and phenylalanine is structurally most similar to the SeNBD core. In
both cases, the Fmoc-SeNBD-OH was used in microwave-assisted synthesis, was
incorporated on resin and remained stable throughout the following deprotection,
coupling and cleavage steps. A purification step yielded V4SeNBD-PSMa and
F9SeNBD-PSMa. No capping steps throughout the synthesis were used in this
instance, though they could perhaps be implemented in the future to ease the
purification. The gradient of the eluent system used needed to be adjusted
iteratively to ensure a good resolution of the peptide from n-1 impurities.

Fmoc-SeNBD-OH (compound 5) was first characterised using the instrument
(Figure [4.4.8).

5 uM solutions of the fluorescent amino acid was prepared in water/glycerol
mixtures, with an increasing glycerol percentage. It was hypothesised that the
more viscous environment would cause both the fluorescence switch-on of they
dye (more emission observed in glycerol vs water) and show lifetime variability
(longer lifetimes expected in high viscosity solutions). The desired increase in

intensity at the A, was observed (Figure [£.4.8A). The lifetime also did increase

122



CHAPTER 4. PEPTIDE PROBES FOR FLIM IMAGING

A. B.
3

5_x10 2.5
24 2.0
2 m
2 £
g__/3 { qE) 1.5 %
> =
B2 £ 1.0/
3 ' - p
[
-1 . . 0.5

0 25 50 75 100 0 25 50 75 100
% viv glycerol % viv glycerol

Figure 4.4.8: Intensity and lifetime of Fmoc-SeNBD-OH in solutions of increasing
glycerol content. 5 uM amino acid was prepared in solutions of increasing glycerol
concentration (from 0 - 100% v/v). The intensity recorded at maximum emission
wavelength (n = 3 £+ SD) (A) and lifetime at maximum emission wavelength (n
= 3 £ SD) (B) were observed.

(Figure ) as expected averaging 0.53 ns in water and 2.18 ns in 80% glycerol.
The lifetime measured in 100% glycerol was lower than expected. The measured
fluorescence lifetime increased with the increasing glycerol content. However in
neat glycerol solution, both the intensity and lifetime measurement showed more
variability (higher standard deviation). Given previous difficulties when working
with glycerol samples, this was not surprising.

Next, tissue sections were stained with FOSSeNBD-PSMa at varying concen-
trations. No quenchers were used in the staining protocol. The tissue was excited
with a 470 nm laser. A FLIM image obtained using 500 nM F9SSeNBD-PSM«
is presented in Figure [£.4.9A.i. Some features with punctate morphology where
observed. An intensity threshold was used to pick up these features, and the
average lifetime across the spectrum was calculated for these. Low lifetimes of
approximately 1 ns were observed. When a histogram of these was plotted (Figure
.ii.) a broad distribution, potentially indicative of many populations of
emitters, was observed.

When compared to unstained tissue (Figure .i.), by eye the structures
highlighted in both images did not vary much in appearance nor lifetime. However,

the lifetime histogram (Figure [4.4.9B.ii.) showed a Gaussian-like population with
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A.i. 500 nM peptide
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Figure 4.4.9: F9SeNBD-PSMa stained tissue observed using FS-FLIM. 500 nM
peptide staining: A.i. FLIM image and A.ii. Corresponding lifetime histogram
(average lifetime between 470-720 nm). 0 nM peptide staining: B.i. FLIM image
and B.ii. corresponding lifetime histogram. Scale bar is 1 pum.
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a narrower distribution pattern. This was indicative that FLIM could perhaps
help separate the tissue autofluorescence from the peptide signal.

Thus, an attempt at thresholding out the longer lifetime pixels was attempted.
Ideally, this would also involve spectral information but at this moment in time,
this improvement has not been introduced due to the large overlap between the two
spectra observed. Figure shows emission spectra of the features observed
on images in Figure m The two emission profiles in presence (500 nM peptide)
and absence (0 nM peptide) of the peptide staining are very broad, without clearly

identifiable features.
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Figure 4.4.10: FS-FLIM analysis to compare peptide emission and autofluorescence
in tissue. Fluorescence emission spectra generated from features of interest
on previously shown images. 500 nM peptide and 0 nM peptide (lipofuscin
autofluorescence) show similar emission profile as recorded by the FS-FLIM.

The results of the lifetime thrsholding are shown in Figure 4.4.11}

Figure shows a summed intensity image, with zoomed-in structures
presented in Figure [f.4.TTB. The left hand side images are a result of zoom-in on
panel A, right hand side inserts show the same ROIs with the lifetime mask applied.
The highlighted pixels are associated with lifetimes longer than 1 ns (based on
the expected lifetime of the probe). It can be noticed that these pixels highlight
smaller structures, that appear dimmer in the main image (likely emitting fewer
photons than the autofluorescent lipofuscin), often of a very pixelated pattern.
This would be consistent with small aggregate-like inclusions, which would prove

challenging to image with diffraction-limited techniques. However, this result is
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Figure 4.4.11: Removing autofluorescence based on lifetime. A. Intensity image
of a representative ROI. Scale bar is 1 um. B. Zoom-ins showing the intensity
(LHS) and the pixels of lifetime above 1 nm. Scale bar is 200 nM.

by no means conclusive. Further work on using the lifetime (especially including
the spectral component to unmix the two) is necessary, and a counter-stain should

be used to confirm the signal is in fact coming from a-syn.

4.5 Discussion

Imaging of patient-derived brain tissue with PSMa proved to be a challenging task.
The initial attempts included an THC experiment conducted by a collaborator.
The pattern of staining seemed consistent with a-syn inclusions within neuronal
cells, however the peptide did not penetrate some of those features fully. The a-syn
staining appeared with low contrast over the background. The protocol would
require further optimisation for applications in tissue classification and disease
staining. The fluorescent staining with JF646-labelled peptide was inconclusive and
did not reveal the same kind of structures. Despite some success with the peptide
in detecting a-syn oligomers and fibrils in vitro over monomer and BSA control,

these structures could not be visualised in situ. High prevalence of lipofuscin
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in the imaged tissue and limited success using autofluorescence quenchers were
thought to be two main reasons for this.

Interestingly, an N-terminally labelled PSMa variant was used previously to
detect a-syn in tissue sections by Sim et al.**® The researchers reported the
importance of using a far-red dye, BODIPY 630/650, as the use of a cyanine
dye led to non-specific binding. Thus, they highlighted the fluorescent label can
have implications on the probe beyond disrupting the binding to target. Their
BODPIY-labelled PSMa was successfully used to visualise a-syn in PFF-injected
rodent brain tissue. Sim et al. mentioned that a green variant of the peptide
(labelled with the more common BODIPY-FL) was difficult to detect above the
endogenous autofluorescence. This could explain difficulties in visualising SeNBD-
labelled PSMa, especially given the broad emission of both lipofuscin and the
dye, however should not impact the JF646-PSMa experiments.

The biggest difference in the experimental approaches was the tissue model
used. Sim et al. opted to use wild-type mice injected with PFFs before culling.
This treatment results in PFFs seeding aggregation and recruiting endogenous
a-syn into PD-like inclusions.*** The model can be used to track the spread of the
pathology through following the a-syn spread from the injection site. With limited
reports in literature on the subject, it is reasonable to assume this model leads to
less lipofuscin accumulation than what would be observed in patient-derived tissue,
where age and compounding factors including oxidative stress and disease-states
increase the lipofuscin load *#2%27 In fact, even the age-matched control brain
tissue used for this study (derived from non-PD individuals) was characterised
by high lipofuscin load. Sim et al. did not discuss the potential propensity of
the peptide towards lipofuscin, but they did choose intestinal tissue as the main
sample in their study. Whilst some lipofuscin is still expected in the intestine, the
levels are less. It might also be easier to differentiate between lipofuscin signal
and fibrilar deposits of a-syn in the muscle cells. Although the detection of a-syn
above the background in the brain was possible with the BODIPY-labelled PSMa,
perhaps for these reasons Sim et al. focused on detection of a~-syn in the intestine

in their research.
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With the lack of success in fluorescent staining of patient-derived brain tissue,
potential issues in the used protocol where identified. One of the concerns around
the experimental design was the possible competition, or epitope incompatibility,
between the chosen antibody (phoshpo S129) and the peptide. Sim et al. success-
fully employed both for counter-staining and identification of a-syn. However, their
protocol included incubation with the antibody as the first overnight staining agent
and a much shorter (30 min) peptide staining. In the protocol used throughout
this chapter, the peptide staining was performed overnight at the same time as
the primary antibody incubation. It would be interesting to see if the modified
protocol could produce more fluorescent signal from the peptide at the desired
target.

Further differences in the protocols included no permeabilisation step (no
Triton-X used), but addition of Tween-20 to blocking and wash buffer by Sim et
al.. Tween-20 is a detergent, which can be used to block non-specific interactions,
but could also help to retain a favourable conformation of the peptide probe.
Addition of Tween-20 to the buffer could also reduce off-target staining and
non-specific interactions. This small change to buffer composition could be easily
implemented in the next staining attempt.

The fixation method and subsequent de-waxing protocol were similar between
the methods described by Sim et al. and the protocol described here. The fixation
protocol together with the antigen retrieval step could impact the availability of
different epitopes for interactions with the staining agent, and thus the signal
detection. However, seeing as these protocols were remarkably similar and followed
standard tissue processing methods, this was unlikely to be the reason for the
unsuccessful staining. Moreover alternative fixation methods could not be explored,
given the fact that the tissue was fixed at the point of harvest from donor by the
brain bank.

a-syn-like structures were imaged on the FS-FLIM. The advantage of the
instrument could not be fully leveraged, due to the short lifetime of the SeNBD
fluorophore incorporated into the peptide sequence. In addition, the broad emission

of SeNBD did not produce a distinct peak over the broad lipofuscin fluorescence.
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Distinguishing between the two would require PCA-type analysis. Using a different
fluorophore, with longer lifetime and a sharp emission peak (ideally in the red
region of the spectrum) would simplify the data analysis and potentially showcase
the advantages of the FS-FLIM approach better. Another advantage of FS-FLIM
was providing extra contrast by combining the technique with an environment-
sensitive fluorophore (SeNBD). A probe with longer fluorescence lifetime would
make this approach more promising. While the fixation could affect the absolute
lifetime values measured in FLIM experiments, the relative differences between
environments should reflect true differences in rigidity or polarity of the structures
and thus could be used for additional analysis.

Another study successfully employing PSMa for a-syn detection was published
by Giarola et al.*® The study covered the design and validation of a surface
plasmon resonance based biosensor. The device surface utilised PSM« as a capture
peptide to selectively immobilise oligomers. A linear relationship was observed
between the oligomer concentration and the perceived sensor response, with a
limit of detection estimated to be in the low nanomolar range. The oligomers were
successfully detected in artificial cerebrospinal fluid (CSF) and patient-derived
CSF of healthy individuals, with some modifications to the method. The study
highlighted several interesting observations relevant to PSMa applications. The
peptide performance was highly dependent on its conformation and ability to
fold. In cases where folding was disrupted through mutation of native amino
acids or tight packing on the sensor surface, less peptide-oligomer interactions
were observed. The peptide was shown to bind to monomer more in those cases
too, although likely just through non-specific binding mechanisms rather than
sequence recognition. The introduction of SeNBD in the PSMa sequence, although
closer to the N-terminus than the known fold-disrupting mutations (K9P-F11P),
could influence the secondary structure in solution. The SeNBD amino acid is
believed to be more favourable than a proline substitution (known to introduce
kinks and disrupt a-helices), but the true effect of these mutations in the buffer
conditions should be assessed in a circular dichroism experiment. Furthermore,

the complex matrix of CSF led to a higher limit of detection for the sensor,
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suggesting detection varies in different media. The researchers found the addition
of Tween-20 particularly useful in inhibiting non-specific interactions. This was
the second report of Tween-20 supplemented buffer for work with PSMa and such
buffer should be tested in the experimental protocols used for tissue staining here
also. Overall, the study aligns with the observations made in the TIRFM in vitro
experiment and suggests the need to further adjust the protocol when moving
from solution to immobilised surface detection (or solution to tissue) particularly

with regards to peptide conformation.

4.6 Conclusions

In summary, the fluorogenic properites of SeNBD were investigated. The dye
showed an increased fluorescence upon incorporation into liposomes and an
improved S/B ratios when compared to a conventional dye. The small size
of the dye was further exploited through its incorporation into peptide sequences.

Four derivatised versions of PSMa peptide, a known a-syn binder were prepared.
Firstly, a biotin-variant was made and tested in an IHC experiment. The peptide
labelled a-syn species (LBs and smaller aggregates), but did not penetrate all the
way through tissue. A full study (including staining of aged-matched controls)
could further validate the success of IHC staining with PSMa. A JF646-PSMa
peptide was used in preliminary studies to detect in vitro a-syn aggregates and to
stain patient-derived brain tissue. Whilst the in vitro study gave promising results,
the tissue staining proved difficult due to the endogenous lipofuscin fluorescence.
The peptide signal was covered up by tissue autofluorescence and the peptide
staining did not work in presence of quenchers. Thus, a FLIM-compatibile version
of the peptide was prepared. The Fmoc-SeNBD-OH amino acid was used to
replace an internal residue in the PSMa sequence giving two internally-labelled
peptides for fluorescence lifetime imaging applications. FS-FLIM was able to
reveal some differences in lifetime between the 0 and 500 nM peptide conditions.
An attempt at separating out a-syn signal using lifetime was made, however

the nature of the highlighted features should be confirmed with an antibody
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counter-stain.

4.7 Future perspectives

Whilst the initial attempts suggest with further work the PSMa peptide with a
SeNBD dye could be used to image PD-patient derived tissue, there is several
things of interest that should be investigated next.

The performance of the SeNBD-labelled peptides should be compared to that
of JF646-PSMa. Given the smaller size of SeNBD, the effect of the dye in the
peptide scaffold on the dissociation constant, Kp, would be interesting to measure.
JF646-PSMa, at low nM or even pM concentrations, should be tested for potential
applications in super-resolution microscopy.

The lifetime-sensing properties of SeNBD-labelled peptides could be further
tested on an more relevant in vitro system. StressMarq proteins were not imaged
on the FS-FLIM, due to their small size, but they could be incubated with peptide
and the fluorescence lifetime measured using a fluorometer. It would be interesting
to see if the lifetime varies from oligomers to fibrils, and whether it remains
similar irrespective of fibril type. Equally, the switch-on of the peptides could be
quantified with a-syn oligomers or fibrils in a plate reader assay. The effect of
the position of the SeNBD could be better understood, if that data was to be
collected.

Should the biotin-PSMa to be used in IHC staining further, a validation study
comparing the peptide to the current gold-standard staining method would be
necessary. Such a study could help evaluate the performance of the peptide and
understand its potential advantages over the use of antibodies.

Lastly, optimisation of all imaging conditions might be necessary before further
studies: a different quenching protocols could be investigated for the use of JF646-
PSMa in tissue, or robust lipofuscin detection and removal pipelines could be

developed in image post-processing and data analysis.

131



CHAPTER 4. PEPTIDE PROBES FOR FLIM IMAGING

4.8 Contributions

Dr Fabio de Moliner prepared the Fmoc-SeNBD-OH used in the experiments and
the liposome probes. The author synthesised all peptide probes. Prof. Marc
Vendrell carried out the plate reader experiments characterising liposomes. Dr
Rachel James performed the incubation of a-syn on the pre-prepared ibidi plates
for staining and imaging. The author designed the experiment, prepared the
surface and the staining reagents and provided instructions for the incubation step.
The author imaged the ibidi plates and processed the acquired data. The tissue
was fixed by the brain bank. Judi O’Shaugnessy and Bev Notman performed the
tissue coring, block preparation and sectioning. The brain staining was initially
performed with Judi O’Shaugnessy’s help and expert supervision. The author
designed all experiments, decided on staining conditions and prepared the tissue
independently for the experiments described. Dr Jenna Gregory performed and
analyzed the IHC staining using the biotin-PSMa. Dr Justyna Cholewa-Waclaw
imaged the brain samples on a Spinning Disk confocal set-up. All other imaging

was done by the author as was all the image processing and analysis.
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Chapter 5

Fluorogenic peptides for

super-resolution imaging

5.1 Scope of the chapter

This chapter covers work in the design and application of peptide probes for
super-resolution microscopy. A short peptide sequence with specific target-binding
properties was modified with a fluorogenic amino acid and used to image Post
Synaptic Density 95 protein (PSD-95) in situ to illustrate the nanostructure of
the protein complex.

Parts of the work covered in this chapter have been published in the following

journals, following peer review:

¢ Imaging proteins sensitive to direct fusion using transient peptide-
peptide interactions. Z. Gidden, C. Oi, E. J. Johnston, Z. Konieczna, H.
Bhaskar, L. Mendive-Tapia, F. de Molinier, S. J. Rosser, S. G. J. Mochrie, M.
Vendrell, M. H. Horrocks, L.. Regan, Nano Lett. 2023, 23, 22, 10633-10641

e Small fluorogenic amino acids for peptide-guided background-free
imaging. F. de Molinier", Z. Konieczna®, L. Mendive-Tapia, R. S. Saleeb,
K. Morris, J. A. Gonzalez-Vera, T. Kaizuka, S. G. N. Grant, M. H. Horrocks,
M. Vendrell. Angew. Chem. Int. Ed, 2023, 60, €202216231

" these authors contributed equally

133



CHAPTER 5. FLUOROGENIC PEPTIDES FOR SUPER-RESOLUTION
IMAGING

5.2 Introduction

5.2.1 PAINT techniques for super-resolution imaging

A range of different Single Molecule Localisation Microscopy (SMLM) techniques
have been developed in the last two decades!?%22%230 t5 allow for high-detail
imaging of structures with a nano-scale resolution. These methods break the
diffraction limit of light through separating the fluorescence signal in time. Instead
of visualising all fluorophores within the sample, SMLM relies on visualising only a
subset of fluorophores at any given time. Thus, the exact position of single emitters
can be estimated and the signal from all fluorophores collected over the course
of an image acquisition. The detected single molecule localisations are used to
reconstruct a super-resolution image. SMLM requires the molecules to go between
a fluorescent “on” state and a dark “off” state to temporally separate fluorophores
in the sample. This “blinking” behaviour can be induced using photoactivation®**

232 This approach places a limitation

or photoswitching and chemical intervention.
on the fluorophores that can be used to image a sample, as this is only possible
for a small selection of dye molecules. Alternatively, proxy-molecules can be used
to temporarily localise the fluorophore at the target in approaches called points
accumulation for imaging in nanoscale topography (PAINT). PAINT techniques
are compatible with a wider variety of dye molecules, as the fluorophores can
now remain “on” at all times, opening up the dye tool box for biologists and
microscopists alike.

The classic PAINT imaging approach employs oligonucleotides (short strands
of DNA, several nucleobases long) to bring the fluorophore molecule and tar-
get molecule together2®¥ As illustrated by Figure [5.2.1]A, the “imager” strand
(oligonucleotide decorated with the fluorophore at the 3" end) and “docker” strand
(localised to target) are complementary DNA sequences and thus capable of
hybridising in situ.

The nucleotide bases have one preferred binding partner (adenosine (A) and
thymine (T), cytosine (C) and guanine (G); top and bottom pair respectively in
Figure [5.2.1B), based on the hydrogen bonding interactions between the two bases
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Figure 5.2.1: Principle of DNA-PAINT. A. Two short oligonucleotide strands
with complementary sequences are used to bring together the fluorophore (here
represented as a circle on the imager strand) and target of interest (conjugated
to docker strand). B. Hydrogen bonding between the base pairs: top pair is
A and T, bottom pair is G and C. The curly lines signify further nucleobases
in the chain. C. Cartoon representation of a DNA-PAINT experiment where
immunohistochemistry is used. Primary antibody binds to the target, secondary
antibody conjugated with the docker strand is used to label the primary antibody.
Imager strand diffuses freely in solution.
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forming the base pairs (bp). The number of hydrogen bond donor and acceptor
atoms on the ring structures determines the binding partner, two hydrogen bonds
are formed between A and T, and three between the G and C pair. When
the imager strand diffuses in solution, the fluorophore cannot be accurately
localised. It appears as a “smear” on camera and contributes to general background
fluorescence (this is an “off” state). When the imager strand hybridises with the
docking strand, the fluorophore is held in place at the target of interest. The
fluorescence can be localised, and appears as a bright punctum on the camera
(“on” state). The binding is specific to the complementary DNA strand only and
is transient in nature, meaning repeated “on” events can be observed over time.
The stability of the duplex formed by imager and docker strands can alter the
binding kinetics (duplex dissociation rate), so tuning the oligonucleotide length
and base pairs used can facilitate longer bound times or quicker dissociation

233234 Jungmann et. al. quote the dissociation rate to

and imager exchange.
be very sensitive to the oligonucleotide length with a k,;; = 1.6s7* for a 9 bp
duplex and k,s; = 0.2s7* for a 10 bp duplex.**” DNA-PAINT experiments require
the signal to be localised to the target of interest, and thus functionalising the
target with the docker strand. The most common approach for this involves

233236 where the target is labelled with a primary antibody and

immunolabelling,
a secondary antibody previously conjugated to the docker strand (Figure [5.2.1C).
The two antibodies introduce a linkage error, where the dye is in fact tens of
nanometers away from the target. Other labelling methods, including the use of
conjugated nanobodies*** ¥ and aptamers,** are under development to decrease
the distance between the fluorophore and the target.

Interestingly, application of protein-peptide interactions in place of the standard
imager-docker interactions have been explored for the peptide-iteration of DNA-
PAINT, called Peptide-PAINT. The technique employs endogenous interactions
of a peptide sequence with a protein target, reducing the need for step-wise
functionalisation of target with the docker and enabling researchers to use
shorter imager strands. Following the same principle as DNA-PAINT, the

transient binding between the peptide and its protein partner generates fluorescent
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localisations under the microscope and enables super-resolution imaging. For
instance, a short protein fragment known to interact with an adhesion protein,
talin, was exploited by Fischer et al. PIPKIy peptide was able to detect isoforms
of talin in vivo and allowed the study of the elusive protein at nanometer scale >4’
Harnessing an endogenous interaction, Bhaskar et al. co-expressed a short Lifeact
peptide with enhanced Green Fluorescent Protein that transiently bound to actin
filaments in live mammalian cells. They used this system to visualise the actin
network and track its movement in time* Tas et al. explored using an even
shorter peptide sequence (a four amino acid peptide DTWYV) and its interaction
partner, a protein domain (PDZ domain) construct. The peptide was employed as
a tag for the protein-of-interest, whereas PDZ-fluorescent protein was the “imager”
counterpart. The technique proved effective in fixed cells and was used to visualise
vimentin and mitochondria. 44

The success of these approaches relies on fluorescently labelling the “imager”
peptide. Methods compatible with live cells have to utilise fluorescent proteins.
Delivering the imager peptide post fixation opens the dye tool box up to organic
dyes that can be used to synthetically label the imager peptide. Even then,
careful consideration is needed. Since the blinking is a result of transient binding,
the dye remains always “on” in solution. This could lead to high signal-to-
background ratios and “noise” detection throughout measurements. What is
more, the available fluorescent dyes are usually charged hydrophobic scaffolds
and can induce non-specific binding.**¥ The folding of the peptide must also be
retained post-labelling. Whilst this is not a primary concern for longer peptides,
it raises concern for the short protein-interaction partners. If Tas et al. were
to fluorescently label their 4 aa long peptide instead of the PDZ domain, it
would likely lose its ability to interact with the protein domain if labelled with a
fluorescent protein or even a conventional fluorophore.

In this chapter, a novel synthetic dye SeNBD was incorporated into a short
peptide sequence creating short fluorogenic peptides that could super-resolve a

native protein in situ. It was hoped that the dye could help generate a new

generation of probes that minimise linkage error and further explore its suitabilty
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for native amino acid substitution.

5.2.2 Peptide-PAINT - choosing the target protein

The fluorogenic character and high signal-to-noise ratio make SeNBD (first
introduced in Section an ideal dye for super-resolution microscopy and
Peptide-PAINT. The dye is capable of producing bright emission when close
to target (hydrophobic environment such as tissue, organic matter) and the
concentration regime is not limited as the dye is significantly less bright in solution.
Thus, high concentrations can be used to ensure quick signal replenishment and
ample localisations without compromising localisation precision. Moreover, SeNBD
benefits from an amino acid core. This makes the dye easily incorporated into any
peptide sequence and allows to target indigenous proteins in vitro and in complex
1 situ environments.

For the first proof-of-concept Peptide-PAINT experiments, a synaptic protein
was chosen as the target of interest. The protein, post-synaptic density protein 95
(PSD-95), is present throughout the human brain and is localised to post synaptic
membrane of neuronal excitatory synapses. PSD-95 is one of the most abundant
post-synaptic proteins and is often used in imaging as a marker of the post-
synapse. It is considered a scaffolding protein and has many known interaction
partners, playing a part in synaptic plasticity and signal transduction 244247
The organisation of PSD-95 into small nanodomains and its implications for
neurotransmission is a topic that has gained interest in recent years.#452l Tools
to study the protein complexes and their structure in a high level of detail are
necessary.

PSD-95 is a modular protein and consists of 5 defined sub-domains, crystal
structures of which have been previously obtained *%%2%% These include an src
homology 3 (SH3) domain, a guanylate kinase-like (GK) domain and three PDZ
domains, all presented in Figure [5.2.2]A. The domains are linked via flexible loop
regions, and are thought to be able to exist in various conformations to facilitate
binding to proteins and ligands.

The PDZ domain (PSD-95, disc large tumor suppressor, zona occludens
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1 724

N terminal C terminal

Figure 5.2.2: Structure of PSD-95 A. Genetic construct and a cartoon
representation of PSD-95 protein, highlighting the 5 domains: three PDZ domains,
an SH3 and GK domain. B. A crystal structure of the third PDZ domain with
the various components highlighted: [-strands in blue, a-helices in purple. C. A
binding groove between an antiparallel S-strand and an a-helix, here occupied by
a cartoon representation of a ligand. All the residues forming hydrogen bonds to
ligand (directly or via water coordination) are highlighted in yellow and named.
PDB access code for PDZ structure: 1BE9
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1, named after three proteins where it was first identified) is a sequence motif
responsible for peptide binding. It mediates protein-protein interaction, and in
the human synapse organises glutamete receptor complexes and larger signalling
receptor assemblies**® From the target perspective, the third PDZ domain (PDZ3)
is of most interest. It consists of approximately 90 amino acids, several [-strands
and a-helices arranged in an overall globular structure.*>” Figure highlights
this 3D structure, with [-strands represented in blue and a-helices in purple.
Between the a-helix on the right hand side and the downward pointing anti-
parallel -strand lies an elongated groove. This has been determined as the ligand
binding site, based on several solved PDZ domain structures.?>*%*¥ The amino
acids directly exposed in the binding pocket are highlighted and named in Figure
. These are also most crucial for the ligand coordination. For the PSD-95
PDZ domains, the tightest binding ligands are those resembling the C-terminal
motifs of proteins such as NMDA (N-methyl-D-aspartate) receptors and Shanker-
type ion channels or CRIPT (Cysteine-Rich Interactor of PDZ Three). 200462 Tt ig
from those interactions that binding information and the crucial amino acids are
identified.

The PDZ3 domain of PSD-95 is known to bind CRIPT protein.?®® The C-
terminal sequence of CRIPT protein is known, and a crystal structure of a
CRIPT derived peptide (KQTSV) and PDZ3 complexed together was obtained
and solved 7 This binding is illustrated in Figure [5.2.2/C. The three C-terminal
residues are most important for the binding. It is the C-term of the peptide that
inserts itself into the binding groove between the a-helix and S-strand. The free
carboxylate group of the peptide binds to the loop between the two (-strands
(GLGF on the diagram). The carboxylate of the C-terminal amino acid (valine)
forms hydrogen bonds to the amide in the loop (G322 L323 G324 F325 residues)
and makes further contact with the parallel S-strand on the other side of the
binding pocket through a water molecule coordinated to the arginine (R318).
The hydrophobic valine (position 0, first amino acid of the peptide) side chain
points into a pocket of hydrophobic residues. The threonine (position -2) lies in a

pocket containing a histidine (hydrogen bonding between the N of histidine and
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the hydroxyl group on a side chain). Thus the universal binding sequence for
the domain was determined to be - S/T X V, where X can be any amino acid.
For PDZ3, valine in position 0 is critical, and the amino acid at -2 needs to be a
threonine or serine to take part in hydrogen bonding. However, different classess
of PDZ domains exist, some have additional binding pockets that facilitate further

4 and thus might require or prefer different amino

ligand-protein interactions
acids in further positions.
The known binding interactions of PDZ and C-terminal peptides of various
proteins made it possible to identify several hit sequences for fluorescent labelling.
The two chosen for fluorescent labelling were the CRIPT peptide, KQTSV4~
targeting PDZ3 of PSD-95, and SSIESDV (7 residues of GluN2B subunit) binding
to PDZ2 of PSD-952%% The second sequence has been used as an affinity tag for
protein purification, where addition of the short peptide tag to a protein of interest
allowed for a selective interaction with a PDZ-modified resin. Elution from the
column was further achieved by washing the resin with a different peptide (a
tighter binder).?* Despite the interactions of the peptides with their respective

domains being well-known and characterised, no attempts at fluorescent labelling

of these have been reported.

5.3 Methods

5.3.1 Peptide synthesis

Solid state peptide synthesis followed the methods described in section [2.3] The
procedures and reagents used are listed there.

Briefly, the PSD-95 targeting library was prepared according to the scheme
in Figure [5.3.1] Peptide 10 was prepared using Liberty Blue microwave-assisted
SPPS. Peptide 9, 11 and 12 were prepared manually using 5-mL polystyrene
syringes fitted with porous discs, under standard Fmoc/tBu-SPPS at r.t. Amino
acid 5 was coupled using Fmoc-SeNBD-OH (1.2 eq), Pyoxim (1.2 eq.), OxymaPure
(1.2 eq.) and DIPEA (2.4 eq.) in DMF. Solvents, excess reagents and soluble

byproducts were removed by suction.
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Amino acid 5 coupling: PyOxim, DIPEA, DMF
Acetylation Ac20, DIPEA, DMF:
Clevage: 95% TFA, 2.5% TIS, 2.5% H,0
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Figure 5.3.1: Synthesis of PDZ targetting peptides - reaction scheme to compound
9 and 10.

SeNBD-Lys-GIn-Thr-Ser-Val-OH (9)

The synthesis was performed on 62.5 mg of 2-chlorotrityl polystyrene resin
(0.4 mmol g~t). After cleavage, the crude peptide was precipitated by adding
cold Et2O (dropwise) and the resulting precipitate was decanted and dried (x2).
Purification was conducted by semi-preparative HPLC with detection at 220 and
500 nm. Pure fractions were collected and lyophilized to afford pure peptide 9
as an intense orange solid (3.3 mg, 16%). HPLC-MS: tg: 4.52 min, 98% purity.
HRMS (ESI+) (m/z) for Cs5Hs5N110125e, [M+H]T: 902.3270, found, 902.3306.
MALDI (m/z): [M+H]*: 902.3270.

Ac-SeNBD-Ser-Ser-Ile-Glu-Ser-Asp-Val-NH, (10)

The synthesis was performed on 28 mg of Tentagel R RAM resin (0.18 mmol
g™1). The resin containing the peptide sequence (0.005 mmol) was coupled to
amino acid 5 (Fmoc-SeNBD-OH). After acetylation and cleavage, the crude peptide
was precipitated by adding cold EtoO (dropwise) and the resulting precipitate was
decanted and dried (x3). Purification was conducted by semi-preparative HPLC
with detection at 220 and 480 nm. Pure fractions were collected and lyophilized
to afford pure peptide 10 as an intense orange solid (1.1 mg, 20%). HPLC-MS:
tr: 3.22 min, 98% purity.

Compounds 11 and 12 were prepared from the same backbone, as is highlighted
in Figure .3.2
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Figure 5.3.2: Synthesis of PDZ targetting peptides. Reaction scheme to compound
11 and 12 from the same backbone.

Ac-Ser-Ser-SeNBD-Glu-Ser-Asp-Val-OH (11)

The synthesis was performed on 28.2 mg of 2-chlorotirtyl polystyrene resin
(0.6 mmol g~!). After cleavage, the crude peptide was precipitated by adding
cold EtyO (dropwise) and the resulting precipitate was decanted and dried (x2).
Purification was conducted by preparative HPLC with detection at 220 and 480
nm. Pure fractions were collected and lyophilized to afford pure peptide 11 as an
intense orange solid (0.9 mg, 5.5% yield). HPLC-MS: ¢g: 2.84 min, 98% purity.
HRMS (ESI+) (m/z) for Csq4Hy7zN11018Se, [M-H]: 976.2193, found, 976.2098.
MALDI (m/z): [M+Na]™: 1000.2161.

Ac-Ser-SeNBD-Ile-Glu-Ser-Asp-Val-OH (12)

The synthesis was performed on 28.2 mg of 2-chlorotirtyl polystyrene resin
(0.6 mmol g~t). After cleavage, the crude peptide was precipitated by adding
cold Et2O (dropwise) and the resulting precipitate was decanted and dried (x2).
Purification was conducted by preparative HPLC with detection at 220 and 480
nm. Pure fractions were collected and lyophilized to afford pure peptide 12 as an

intense orange solid (1.3 mg, 7.66% yield). HPLC-MS: tg: 3.18 min, 98% purity.
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5.3.2 Synaptosome preparation

The synaptosome extraction was performed according to published procedures
with minor modifications*®® The experiment was performed at 4 °C, using the
homogenization buffer (0.32 M sucrose, 1 mM HEPES at pH 7.4, cOmplete
EDTA-free protease inhibitor cocktail). Briefly, heterozygous PSD-951°Ta8 mouse

200 (approx. 300 mg wet weight) was suspended in the homogenization

forebrain
buffer (3 mL) and the homogenization was performed by 12 strokes with a teflon-
glass homogenizer. A pellet was obtained by centrifugation (1,400 g, 10 min, 4 °C)
and resuspended in homogenization buffer (1.5 mL) with 3 strokes of the teflon-
glass homogenizer. After centrifugation (700 g, 10 min, 4°C), the supernatants
from both spins were pooled. Another centrifugation (14,000 g, 10 min, 4 °C) was
carried out and the pellet containing synaptosomes was collected. The pellet was
resuspended in homogenization buffer (0.6 mL) and underwent a final sucrose
gradient centrifugation (0.85M/1.0M/1.2M sucrose, 2 mL each, 83,000 g, 2 h,
4 °C). The purified synaptosomes were collected from the band between 1 M
and 1.2 M sucrose. The same preparation method was used for the brain tissue

of a homozygous PSD-95"2°Ta¢ mouse and a heterozygous PSD-951°T28 mouse

pre-injected with a JFX-650 dye.

5.3.3 FCS measurements

In order to quantify the binding of PDZ peptide to its target, fluorescence
correlation spectroscopy (FCS) was used together with an ex vivo system: a
chemically synthesised and fluorescent-labelled KQTSV peptide and PDZ domain
protein (1xPDZ domain-biotin, purified from E.Coli). The difference in masses
between the two is presented in Table 5.1 The full sequence of the PDZ peptide
is shown below, the last six histidines were a purification tag.

The peptide was incubated with a range of protein concentrations (for 1xPDZ:
0, 0.5, 4, 8, 12, 16 uM). All solutions were prepared in triplicates. The final
peptide concentration was kept constant at 100 nM.

The diffusion through a confocal volume was observed using a home-built
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Table 5.1: Mass difference between PDZ protein and the binding peptide.

Name (Sequence) Mass (gmol™!)

PDZ peptide (SeNBDlinker-KQTSV) 901
1xPDZ (MGLNDIFEAQKIEWHEGSGEEDIPREPRRI
VIHRGSTGLGFNIVGGEDGEGIFISFILAGGPADLSGE
LRKGDQILSVNGDLRNASHEQAATALKNAGQTVTII
AQYKPEEYSRFEAGSHHHHHH*) 13,800

single molecule confocal instrument, described in detail in the Methods section.
The confocal volume was illuminated by a 488 nm laser (LBX-405-100-CSB-OE,
Oxxius; 1.2 mW irradiation at the back-port ), and 5 x 30 second traces were
recorded for each sample. The bursts of fluorescence as the peptide/peptide-
protein passed the confocal volume were recorded on an Avalanche Photodiode
(APD) detector (PerkinElmer).

The variation in intensity over time was calculated according to equation

(SF(H)SF(t + 7))
(F(1))?

where 7: lag time, F(t): fluorescence at time t, and () is an average in a time

G(r) = (5.1)

range.
The data were then fit to the 3D diffusion curve (equation and thus
the diffusion time lag could be obtained from fit parameters for that particular

experiment.

G(r) = ﬁ <1 + %) B (1 + S,;J) o (5.2)

where 7: lag time, N: number of particles observed in the diffusion volume, 7p:
diffusion time, S: structure factor accounting for the dimensions of the confocal
volume.

A custom-written Python script was used to transform the burst data into

autocorrelation curves and calculate diffusion lag times and diffusion coefficients
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(code available at: DOI: 10.5281/zenodo.13829074).

Further analysis was performed in GraphPad (Prism). The red channel
diffusion lag time data were averaged for each condition (N=3, or N=2 for one
case where the residual value for a repeat exceeded the other residuals by an order
of magnitude), and the standard deviation between repeat measurements was
calculated. The resulting plots were fitted using a non-linear regression function

(binding kinetics, one site specific binding) to the following function:

Bipoe X x

Kp+=x (53)

y =
where B, is the max diffusion lag time (plateau), Kp is the equilibrium
dissociation constant.
Three fits were performed to obtain the average Kp, using the mean from
the three measurement and the values obtained on either extreme (4 /- standard

deviation).

5.3.4 TIRFM sample preparation, image acquisition and
analysis

Single-molecule and super-resolution imaging was performed on a TRIFM de-
scribed in Methods section 2.4.21 The laser lines and mirrors are described
therein.

pHaloTag) was incubated

The synaptosome preparation (heterozygous PSD-9
with SiR HaloTag ligand (40 M) for 10 min on ice. The solution was diluted in
PBS (1:10 ratio) and incubated for 3 mins on a plasma-cleaned coverslip. The
prepared slides were then washed with PBS (three times) to remove excess sample
and HaloTag-ligand. Next, 50 pL of one of the imaging peptides (compounds
9 or 11; 500 nM) was added. SiR was excited using the 638 nm laser light
and 500 frames were collected. Peptide 9 was excited with the 561 nm and
peptide 11 with the 515 nm laser. Images were acquired for 5000 frames and
10,000 frames, respectively. Laser illumination used was approximately 500 W

cm™ 2. Peptide-PAINT images were analysed using Fiji (Java 8 2017 release).
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Single localisations were detected with the Peak Fit function (Fiji GDSC-SMLM
plugin), using a signal strength threshold of 20, and a precision threshold of 50
nm. Using a previously published approach,**® clusters of PSD-95 localisation
events indicative of whole synaptosomes were defined using DBSCAN 2% compiled
in Python 3.8 (sklearn v0.24.2). An epsilon value of 1 pixels and a minimum
points threshold of 100 were used to cluster the data and remove unclustered
localisations. For each localisation within its respective cluster, the distance to
the nearest neighbouring localisation (defined as the nearest neighbour distance)
was determined. From this, the mean nearest neighbour distance (N Dg,.) for
each cluster was calculated. The number of neighbours (NN) for each localisation
was then determined by counting localisations within 5 x N D,,. for each cluster.
Nearest neighbourhood images were generated by plotting each localization as a
circle, the color of which was weighted on the NN coefficient. The resolution of
each synaptosome was calculated as a function of the localisation fitting precision
and the average nearest neighbor distance in accordance with previously published
methods“® (Python code available at: https://doi.org/10.5281/zenodo.7275947).
The overall resolution of the images was calculated using Fourier Ring Correlation
analysis (Python code available at: https://doi.org/10.5281/zenodo.7275952).

To compare the effect of synaptosome preparation on the number of localisa-
tions, the homozygous and heterozygous PSD-951°1%8 was prepared as above
and stained using peptide 9 (50 pL, 500 nM). The SiR labelling step was omitted
for PSD-951l0Tas_JEX_650 sample. All conditions were imaged using 561 nm
illumination for 3,000 frames. Super-resolution images were reconstructed using
the same GDSC SMLM plugin and settings as above. The number of localisations
for each condition (from 3 FOVs) was compared and plotted using Origin (Origin
2023b release).

To compare all PDZ-binding peptides, the same protocol was followed. The
synaptosome was labelled with SiR-HaloTag, before dilution and deposition on a
coverslip. Each coverslip was stained with one of the peptides (9, 10, 11, or 12, 50
pL, 500 nM). 515 nm laser was used to excite all of these, and the super-resolution

images were acquired from 10,000 frames. The GDSC SMLM and NN analysis
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was performed as above. The number of localisations for each condition (from 4

FOVs) was compared and plotted using Origin (Origin 2023b release).

5.4 Results

5.4.1 Peptide-PAINT - designing a target library

The two PDZ-targeting sequences, KQTSV and SSIESDV, were chosen for
fluorescent labelling for three reasons: the binding of the peptides to target
domains was well documented in the literature, the binding affinities for these

20327071278 and both probes are short sequences.

were estimated in the M range,
The knowledge of binding to target and its affinity was helpful in choosing
labelling approaches and sites. The uM affinities to the protein domain suggested
compatibility with super-resolution techniques. The short sequences presented a
labelling challenge. 5 or 7 amino acid sequences make for probes of a relatively
small molecular weight. The molecular weight of commercially available dyes,
such as Alexa Fluors, is comparable to the molecular weight of the whole sequence.
If these were to be used to label the peptides, it would add substantial bulk
to the probe. Moreover, Alexa Fluors are charged dye molecules, which could
further disrupt the binding affinity of such labelled peptides. Thus, the usual
labelling approach would involve implementing a carbohydrate linker chain. This
would also increase the total size of the probe and, in turn, could impede the
probe’s permeability and also offset the localisation of the fluorophore with respect
to the target molecule for imaging. As such, SeNBD dye provided a unique
opportunity to retain the small size of the probe despite functionalisation for
super-resolution imaging. It was hypothesised that with the use of SeNBD dye,
the binding properties of the peptide would be retained, and it would be possible
to localise the fluorophore directly at target (minimising offset and linkage error)
in super-resolution imaging.

Thus, four sequences to target PSD-95 were designed and prepared as shown
in Figure p.4.1]

For the CRIPT peptide, the N-terminal labelling approach was utilised and
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Figure 5.4.1: PSD-95 protein binding peptides. A. CRIPT derived peptide
sequence KQTSV, with SeNBD placed at the N-terminal. Compound 9 and 10
vary in the C-terminal modification. The free carboxylic acid (compound 9) is
the binding peptide, amide (compound 10) is the control peptide. B. Affinity
chromatography derived peptide sequences. The fluorescent label, SeNBD, was
placed internally substituting the native isoluecine (compound 11) and serine
(compound 12). SeNBD amino acid highlighted by orange glow.
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a short linker implemented leading to compound 9 as the lead molecule, as
shown in Figure[5.4.TA. This followed the more “conventional” way of fluorescently
tagging molecules, placing the fluorophore away from the binding groove. For the
affinity tag peptide, a different approach was taken. The peptide was prepared
on two different resins: Rink amide and 2-chlorotrityl polystyrene resin, leading
to an amide modification and a free carboxylic acid on the C-term, respecitvely.
Compound 10 was prepared as an amide, and the labelling strategy followed
the “conventional” route with SeNBD placed as the last amino acid on the
N-terminal. This peptide was to serve as a control to compare binding. The
inability of compound 10 to partake in hydrogen bonding within the binding
groove of PDZ2 in the same way as the carboxylate versions (compound 11
& 12) was hypothesised to lead to a less potent binder. The sequence was
then labelled internally, by substituting native amino acids: isoleucine (I for
SeNBD, compound 11 in Figure [5.4.1B) and serine (S for SeNBD, compound
12 in Figure |5.4.1B). Isoleucine was chosen for this as a non-polar amino acid,
and the serine as a non-binding amino acid. Both positions were proposed to
tolerate the substitution. This incorporation was made possible by the stability
of SeNBD dye, since the fluorescent amino acid could be incorporated on resin,
and further coupling and deprotection cycles to complete the sequence left the
benzoselenodiazole core undisturbed. The peptides were synthesised, purified and
lyophilised to give red powder. The peptides were reconstituted in DMSO for all

the biological applications work presented below.

5.4.2 Binding affinity as determined by FCS

After identifying and preparing candidate peptides that bind to target, it was
important to understand how the fluorescent label influenced their ability to bind
to PDZ domains and confirm the affinity of the binding would be compatible with
super-resolution microscopy. The small size of SeNBD, especially in comparison
to other fluorescent dyes, allowed to add less bulk to the targeting peptide and
thus suggested the necessary binding interactions might still be retained. A

recombinantly expressed PDZ protein construct (see Methods for sequence) was
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obtained from a collaborator, and fluorescence correlation spectroscopy (FCS) was
employed to quantify binding between the protein construct and compound 9.

The protein and the fluorescently labelled peptide (SeNBD-KQTSV-COOH)
were incubated together, before being imaged on a single-molecule confocal
microscope (Figure [5.4.2)). The laser excitation created a small observation
volume (confocal volume) which the molecules could freely defuse in and out of.
The protein construct remained undetected (non-fluorescent) whereas the peptide
and peptide bound to protein appeared as bursts of fluorescence in the confocal
volume (Figure [5.4.2]A). The time spent in the confocal volume by both of these
species differed based on their size. The peptide moved across the confocal volume

faster on its own than when bound to a protein molecule.

>
o

Autocorrelation

Re ™ 10° 10° ) 10° 10"
- Time lag (s)

0.00015

0.00010

Intensity (photons)

0.00005

Diffusion time lag (s)

0 5 10 15 20
Concentration of PDZ (uM)

Time (seconds)

Figure 5.4.2: Studying the binding between PDZ peptide and an in vitro PDZ
construct. A. A cartoon representation of the experimental principle: protein,
protein with PDZ peptide and PDZ peptide on its own diffusing through a confocal
volume. When the molecules are within the confocal volume they are illuminated
by the laser and detected as fluorescence bursts. B. Example data recorded on
the single-molecule confocal, fluorescent intensity seen as tall “bursts” across
time. The change in fluorescence intensity over time can be further expressed as
auto-correlation function. C. Auto-correlation function vs time-lag: experimental
data were fitted to a non-linear regression curve to extract a diffusion time lag. D.
Diffusion time lag was calculated for a range of PDZ protein concentrations in
three separate experiments. The Kp was estimated at 670£110 nM (mean+SD
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Thus, fluorescence intensity traces were recorded for 2.5 minutes (Figure )
for each sample preparation and the variation in intensity over time was calculated
and plotted (Figure [5.4.2C). The data were then fit to the 3D diffusion curve
and thus the diffusion time lag could be obtained from fit parameters for that
particular experiment.

The diffusion time lag was analysed across a series of protein concentrations
(0-20 M), with each experiment was performed in triplicate. The diffusion lag
time was plotted as a function of peptide concentration. Through fitting equation
7?7 to the experimental data points (mean diffusion lag time for each peptide
concentration), the dissociation constant, Kp was calculated.

The Kp was estimated to be 670£110 nM (mean+SD) for this peptide. The
low uM dissociation constant suggested a suitable binding tightness for super-
resolution microscopy applications. The moderate Kp value for this system could
be the result of the fluorescent label incorporation or the buffer make-up. Perhaps
the peptide-PDZ interaction is tighter in situ, given the crowding effects of a
complex solution matrix or even the higher temperature used to keep live samples.
Potential avidity effects, where several PDZ are close together could make the
apparent Kp lower too. The dye moiety itself could also influence the binding
dynamics. The Kp value measured here is true for the compound 9 and PDZ
domain, but will likely vary when different dyes or dye positions within the peptide

are considered.

5.4.3 Imaging synaptosome samples

Having tested the peptide on an in vitro protein construct and concluding the
binding affinity could be favourable for super-resolution applications, the peptide
was next used for fluorescence microscopy in situ.

The sample that provided a true complex environment to look at was a
synaptosome preparation. Synaptosomes are extracted from a homogenised
and processed mouse brain tissue, and conserve the synaptic structures, whilst
removing other structural proteins highly abundant in tissue.*™ Synaptosomes

can be deposited onto a glass slide and subsequently imaged without the need
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for permeabilisation and blocking (as is the case with tissue), or specific pull
down techniques (charged species stick to the argon-treated surfaces easily). The
mouse model used in these experiments contained PSD-95 with a HaloTag 2™
enabling efficient counterstaining through incubating the synaptosome with a
silicon rhodamine (SiR)-HaloTag ligand. Such labelled sample was then incubated
on a glass slide, excess sample washed off, and imaging solution containing the
PDZ-binding peptide (compound 9) was applied. It was hypothesised discernible
“blinking” would be observed (burst of fluorescence coming from the peptide
localising to PSD-95). Furthermore, the events detected by the probe could
be compared to the PSD-95 HaloTag signal (a control stain) to reason about
specificity.

The experimental principle is illustrated in Figure A, where the two
probes binding to PSD-95 can be observed.

The HaloTag is covalently bound to a HaloTag ligand (in this case, SiR)
giving off constant fluorescence. The peptide (compound 9) binds transiently to
PSD-95 and, due to its fluorophore, it switches on when bound. Representative
fluorescence microscopy images are presented in Figure [5.4.3B. The SiR can
be visualised with limited detail (top panel, diffraction-limited imaging) whilst
the super-resolution reconstruction (bottom panel, compound 9) allowed for
observation of the structure of PSD-95 in high detail. The signal from the two
probes is highly co-localised across images. The blinking, used to reconstruct the
super-resolution image, can be seen in Figure [5.4.3[C. Each frame in the montage
is 1 second apart, the fluorescence signal appears and disappears as time passes
(from top right to bottom left). Thus, PSD-95 molecules can be localised one at a
time across the image acquisiton. This is further iterated in Figure [5.4.3D, where
a line profile shows the variation in fluorescence intensity over time. The peaks
(ON events) characterise the peptide binding to PSD-95, whilst the troughs (OFF
events) are background counts where the peptide diffuses in solution. Thus, it was
demonstrated that compound 9 can be successfully used for super-resolution
imaging of PSD-95.

Furthermore, the peptide-PAINT imaging highlighted the nano-structure of
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Figure 5.4.3: Super-resolution imaging of synaptosome. A. A cartoon
representation of the experimental principle - PSD-95 protein (blue sphere) is
labelled with a halo tag (crimson sphere) and a Halo ligand (SiR-Halo, crimson
star). The peptide (chain of green spheres) is labelled with SeNBD (green star).
The peptide binding is transient and its fluorescence switches on in the bound
state. B. Representative fluorescence microscopy images of PSD95-HaloTag within
a synaptosome labeled with SiR-HaloTag ligand (40 puM, right:diffraction limited
image) and peptide (500 nM, left: peptide-PAINT image). Scale bar: 500 nm. C.
Montage of frames, starting from the top left frame and going from left to right
and top to bottom with 1 second separation between frames, from time-lapse
fluorescence microscopy of a single synaptosome after incubation with peptide 9.
Scale bar: 500 nm. D. Longitudinal plot of fluorescence emission (intensity profile
at a defined location as a function of time) of peptide 9 within the synaptosome
shown in c. The peaks “ON” indicate the binding of peptide to the PDZ domain
and the troughs “OFF” indicate the dissociation of peptide 16 from the PDZ
domain.
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the protein in the sample. The images obtained revealed hotspots with high
density of localisations, similar to those previously observed by Broadhead and
et al. using PALM microscopy.**! These hotspots correspond to several PSD-95
molecules concentrated closely in space forming “aggregates” or nanoclusters of
approximately 50-250 nm in diameter. These PSD-95 nanoclusters were observed
in synaptosome preparations derived from mouse brain tissue previously,**! with
the nanoclusters thought to form post-synaptic building blocks and useful in
estimating synapse size. This nano-distribution of PSD-95 inspired further
analysis of the spatial distribution of PSD-95 in nearest neighbour (NN) analysis.
To that end, the local density of the fluorescence signal was first quantified
(based on the number of neighbouring events). The density revealed hot-spots
(coordinates with many localisations) and showed the distribution of individual
PSD-95 molecules within the synaptosome (Figure [5.4.4A). The NN analysis
confirmed clustering of PSD-95 within individual synaptosomes and allowed to
estimate the size and number of cluster within the synaptosome also. Thus, various
types of synaptosomes could be distinguished based on the number of PSD-95
clusters present. Synaptosomes containing one, two and more than three PSD-95
nanoclusters could be observed in super-resolution images and their identity was
further confirmed by the nearest neighbour density map plots (Figure .
Thus, the distribution of the image precision and resolution could be plotted and
mean number of neighbours and distance between neighbour events could also be
observed (Figure [5.4.4B). The overall image resolution achieved was quantified
using the Fourier Ring Correlation®*¥ method, and estimated at 63.245.7 nm %!

To exclude the possibility that the peptide is in fact interacting with the
HaloTag ligand or HaloTag rather than the PDZ domain of PSD-95 as expected,
the peptide was tested across three synaptosome preparations available: one
from a PSD-95%8°Ta8 heterozygous mouse, one from PSD-95M8°Ta homozygous
mouse, and one from a PSD-95M8°Tae_JEX650 homozygous mouse where the
labelling was performed prior to synaptosome extraction. Through using these
three conditions the dependence between the number of events observed and

the degree of labelling of PSD-95 within the synaptosome could be determined.
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Figure 5.4.4: Imaging and classifying PSD-95 nanoclusters using peptide-PAINT.
A. Representative fluorescence microscopy images from different synapse subtypes
as defined by the number of PSD95 nanoclusters per postsynaptic density (PSD).
The left panels display peptide-PAINT SR microscopy images of PSD95 in
synaptosomes, and the right panels display the same images after nearest neighbor
(NN) analyses, which feature high local density in the protein nanoclusters. Scale
bar: 200 nm. B. Representative histograms of the mean local density (top,
determined by counting the number of neighbors within a radius of each molecule
scaled to the mean density in its synaptosome) and the effective map resolution
for each synaptosome (bottom).
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Homozygous mice had all copies of the protein carrying the HaloTag modification
and heterozygous animals had half the copies modified with HaloTag. Equally, this
experiment was used to check whether the dye made any difference to the number
of binding events detected. As can be seen in Figure the obtained images
looked similar in all three cases, showcasing PSD-95 nanoclusters in individual
synaptosomes as confirmed by white light imaging (not shown). Density map
analysis was not attempted here, as the images were collected in fewer frames
(3,000 as opposed to 10,000 used for the high-detail imaging in Figure [5.4.3).
3,000 frames proved sufficient to compare the conditions, but the super-resolution
images would benefit from higher precision and detail. More localisations should be
collected (either through increasing the concentration of the peptide or increasing
the acquisition time). Moreover, a different laser illumination (561 nm) was used
for this experiment. It was later decided that 515 nm is most suitable for exciting
SeNBD in a non-polar environment. This explains the overall low numbers of
localisations detected, but since it is consistent across the three conditions it does
not void the comparison.

The number of events detected per 1,000 frames was compared in Figure
for all three conditions. It is relatively consistent across the three synpatosome
preparations, with the lowest number of spots detected in the homo SiR sample
at an average of 2,500 localisations detected per 1,000 frames. The heterozygous
SiR sample produced an average of 4,600 localisations and the homozygous
JFX650 - 4,100. Some variation here was expected, due to the sample preparation
introducing variability to the number and concentration of synaptosomes. This
is difficult to quantify, and normalise for, across the three different biological
conditions. The experiment would further benefit from carrying out repeats to
account for variation between each preparation. The standard deviation here
expresses variation across three different regions of interests, and not three different
sample preparations. Electrostatic interactions of the dyes (SiR vs JEX650) might
influence how well the samples stick to the glass slide surface. On the whole, the
peptides performance seems consistent across the samples and independent of the

counter-staining dye.
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Figure 5.4.5: Comparing the peptide performance across three different
synaptosome preparations. A. Representative fluorescence microscopy images
of PSD-95 contained in three different synaptosome preparations: heterozygous
PSD-951eeTag homozygous PSD-954°7a9 _ hoth labelled with SiR-HaloTag and
homozygous PSD-954°Ta9 JEX650. Top row presents diffraction limited images
from the signal of the Halo Tag ligands, bottom is super-resolution reconstructions
imaged using 500 nM of peptide 9. Scale bar: 400 nm. B. Bar chart quantifying

the localisation (peptide blinks) detected on average per 1,000 frames from three
consecutive images. The error represents the standard deviation.
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5.4.4 Internal amino acid substitution for a new generation

of PSD-95 peptides

Peptide 9 showcased that the small size of SeNBD dye and its switch-on character
make it amenable for super-resolution imaging. However, the labelling approach
used still followed the standard approach to fluorescent labelling of probes and
placed the dye at the N-terminal. Another advantage of choosing SeNBD as
the dye was the ability to prepare internally labelled fluorogenic peptides for
Peptide-PAINT applications. Peptides 11 and 12 were designed and prepared
with the dye introduced in place of a natural amino acid within the peptide
sequence. The substitution of the native amino acids for the dye amino acid could
disrupt sequence-specific binding. The positions chosen for the substitutions were
towards the N-term of the peptide, away from the C-term sites responsible for
peptide insertion into the protein. Even still, given the short sequence of the probe,
these substitutions could decrease the probe specificity or cause off-target events.
To this end, an experiment comparing the performance of the internally-labelled

peptides to the known binders was designed. The performance of the internally
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labelled peptides was tested against the N-terminally labelled peptide 9.

First, it was important to ensure that the label incorporation did not disrupt
the ability of the peptide to insert itself into the PDZ domain of PSD-95. To
this end, the number of localisations obtained when imaging synaptosomes was
compared with the original peptide (compound 9) and the longer derivatised
sequences (peptides 11 and 12). As a control for these experiments, compound
10 was also employed. This peptide contained the fluorescent dye, SeNBD, at the
N-terminal and more importantly was capped at the C-terminal. The presence
of an amide instead of a free carboxylic acid was to disrupt some of the crucial
binding interactions and confirm that sequence specificity is at the source of
binding.

With this in mind, the synaptosome samples were incubated with 500 nM
of each of the peptides: peptide 9 (KQTSV-analogue used in sections above),
peptide 10 (SSIESDV control) and peptide 11 & 12 (both internally labelled
SSIESDV sequences). From 10,000 frame acquisitions, an average number of
localisations per 1,000 frames per FOV was calculated for each of these and
presented in Figure [5.4.6/A.

Peptide 9 produced on average 17,600 localisations. The performance of
SSIESDV analogues was slightly better: peptide 11 averaged around 20,100
localisations, and peptide 12 produced even more localisations (average of 25,000
localisations per 1,000 frames per FOV). However many of the localisations
detected by peptide 12 were revealed to be single localisations rather than repeat
localisations. Whilst they could be easily removed by clustering alogorithms
and a “synaptosome localisations” threshold, this analogue was potentially more
promiscuous than peptide 11, especially given the largest variability in local-
isations from FOV to FOV. Encouragingly, the amide version of the SSIESDV
(compound 10) produced the least number of localisations averaging at 6,500
per 1,000 frames. When further analysis was performed, most of these were
removed giving the smallest number of synaptosome-like clusters detected out
of all 4 probes. A similar trend was observed when the number of localisations

per cluster were compared for the four peptide (Figure ) The smallest
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Figure 5.4.6: Detecting synaptosomes with a library of PDZ peptides. A. Average
number of localisations detected per 1,000 frames for each of the 4 PDZ binding
peptides when imaging the synaptosomes. Error bars are standard deviation from
4 different acquisitions. B. Average number of localisations detected per cluster
for the PDZ binding peptides. Error bars are standard deviation from 4 different
acquistions. C. Representative super-resolution images of two FOVs acquired
using peptide 10 (left hand side) and peptide 12 (right hand side). Scale bar: 1
pm. Zoomed in images showing synaptosome-like clusters. Insert scale bar: 200
nm.
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number of localisations per cluster was exhibited by peptide 10 (the control), and
the internally labelled peptides showed most localisations per cluster. Peptide
12 showed slightly fewer localisations than peptide 11 per cluster. Processed
super-resolution images of synaptosome using compound 10 and compound 12
can be seen in Figure [5.4.6/C. The images are representative 12 ym x 12 um FOVs,
showcasing the number of clusters (synaptosomes) detected with both peptides.

Thus, it could be concluded that the internally labelled SSIESDV peptide can
perform on par with the N-terminally labelled KQTSV one. Whilst no biophysical
characterisation of its binding was performed, the performance of the probe in the
imaging experiment suggests the peptide tolerated the internal label well without
compromising the number of events detected. The signal from this peptide co-
localised with the counterstain (SiR) still. There was a potential preference in
positioning of the fluorescent amino acid for optimal binding properties retention,
as compound 12 showed more localisations than compound 11, however fewer
localisations per cluster. The C-terminal interactions were crucial for correct
insertion into the binding pocket of the PDZ domains of PSD-95, as peptide 10
performed worse than its two analogues: peptide 11 and 12, and also showed
less localisations than peptide 9.

The performance of peptide 11 was further compared to sequence 9 in
a repeat of synaptosome imaging and nearest neighbour analysis. As before,
synaptosome families containing one, two or several PSD-95 clusters could be
observed both in super-resolution and as localisation densities maps (Figure
5.4.7A), with a high level of detail. Comparing the performance metrics between
the two experiments, peptide 10 benefits from a marginally higher precision
averaging at 20.740.1 nm (as illustrated in Figure ), resolution as calculated
using the Fourier Ring Correlation method (60.8 +£4.8 nm), and S/B ratio of
14.84+1.3 (ccounted for in the histograms in Figure .
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Figure 5.4.7: Imaging and classifying PSD-95 nanoclusters using peptide 10 for
peptide-PAINT. A. Representative fluorescence microscopy images from different
synapse subtypes as defined by the number of PSD95 nanoclusters per postsynaptic
density (PSD). The left panels display peptide-PAINT SR microscopy images
of PSD95 in synaptosomes, and the right panels display the same images after
nearest neighbor (NN) analyses, which feature high local density in the protein
nanoclusters. Scale bar: 200 nm. B. Representative histograms of the mean local
density (top, determined by counting the number of neighbors within a radius of
each molecule scaled to the mean density in its synaptosome) and the effective
map resolution for each synaptosome (bottom).

162



CHAPTER 5. FLUOROGENIC PEPTIDES FOR SUPER-RESOLUTION
IMAGING

5.5 Discussion

SeNBD was developed as a small fluorogenic amino acid and its switch-on character
showed promise for super-resolution imaging. To showcase the potential of this
small fluorescent reporter, a PDZ-peptide targeting library was rationally designed.
By substituting non-interacting amino acids for SeNBD, a short sensitive probe
was obtained. The switch-on character of the dye was demonstrated with a
plate reader experiment, where the fluorescence intensity of SeNBD-labelled
carbohydrate in the presence and absence of liposomes was measured. A similar
experiment, titrating the N-labelled and internally labelled PDZ peptides against
recombinantly expressed PDZ in bulk could be attempted. This would provide
more insight in how the positioning of the fluorophore could affect the switch-on
and thus signal to noise ratio. The data set could also be used to confirm the
binding kinetics observed by FCS. This was not attempted, due to limited amount
of PDZ protein available.

The experiments performed showed that the fluorescent amino acid incorpo-
ration did not affect the binding affinity of the peptide sequence. The binding
affinity was optimal for super-resolution imaging, where blinks were observed
under the microscope and used to reconstruct PSD-95 clusters with a high level
of detail. When comparing the performance of the peptides, it was observed
that the C-terminal modification led to reduced number of localisations. The
specificity of the peptide was confirmed based on co-localisation with a genetically
encoded label expressed with PSD-95. It would be interesting to observe what
binding looks like in the absence of PSD-95, especially in a sample likely to contain
PDZ domains across various proteins. Whilst the crystal structures show which
features enable and facilitate binding, no tests on the promiscuity of the probe
were conducted. This should be kept in mind when the peptides are used as a
primary probe (without a co-localisation signal).

FCS facilitated the observation of the interactions between PDZ and its binding
peptide and quantify the dissociation constant Kp for the pair. However, k,ss

and k,, rates could not be determined using this method. An alternative assay,
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with immobilisation of PDZ on a coverslip surface and an in-depth study of the

blinking dynamic, would have to be designed.

5.6 Conclusions

The above body of work showcases the development and application of peptides
for super-resolution microscopy.

Small peptides targeting the native PDZ protein were successfully decorated
with the SeNBD-amino acid and used to super-resolve the nano-structure of
PSD-95 in mouse-derived synaptosomes. Two sequences, previously shown to bind
to PDZ domains of PSD-95, were successfully modified with a fluorescent probe
and in both cases the binding was unaffected by the presence of SeNBD. The
switch-on character of the benzoselenadiazole dye allowed for imaging with high
signal to noise ratio. A resolution of 60.8 + 4.8 nm was achieved as determined
by Fourier Ring correlation. The small fluorogenic peptides developed here could
enable new super-resolution imaging studies of protein localisation and turnover
within the synapse and are a promising lead for rapid detection of proteins levels

in complex samples.

5.7 Future perspectives

The PDZ binding peptides have worked well in the complex in vitro sample of
synaptosomes. A step forward would be to use these probes within tissue. This
has not been attempted before and could come with its own challenges. Tissue is
highly fluorescent, so it is possible quenching methods would need to be employed
to visualise the probe above background fluorescence. Another potential difficulty
would be PDZ domains present outside of the PSD-95 clusters, as the specificity of
the probe has not been studied, and PDZ domains are present throughout many
proteins. A co-localisation stain for diffraction limited imaging could help with
localising signal belonging to PSD-95 even in the event of some cross-staining.

The nanocluster classification attempted within the synaptosomes could provide
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very useful insight, if it could be replicated in tissue. The spectral properties of
SeNBD make it compatible with co-staining experiments, and its relatively broad

emission could make it a good donor for dual labelling for FRET experiments.

5.8 Contributions

The fluorescent dyes (SeNBD and SNBD) used in this chapter were synthesised
by Dr Fabio de Moliner. The original PDZ targetting peptide, compound 9, and
amide control, compound 10, were synthesised by Dr Lorena Mendive Tapia.
The author synthesised all other peptides and performed repeat syntheses where
the stocks were low. Dr Louise Holyoake supplied recombinant PDZ protein.
The author designed, planned and performed all experiments and analysed the
data. Dr Takeshi Kaizuka prepared the synaptosome samples used and Dr Katie
Morris assisted with synaptosome labelling for the co-staining experiments and
super-resolution imaging.

The CD measurements were performed at the University of Glasgow, thanks
to Dr Andrew Jamieson’s hospitality, and with the expert guidance of Dr Danielle
Morgan.

Prof. Mathew Horrocks authored several of the Python scripts used throughout
this chapter (FCS, GDSC-SMLM, nearest neighbour analysis, liposome analysis).
Some of these were further modified by the author. Analysis was performed by the
author and the author created the graphics and figures from the analysis outputs.

The TIRF microscope and SM confocal microscope used in this chapter are
home-built instruments. They were built by Dr Craig Leighton, Dr Alexandre
Chappard, Dr Owen Kantelberg, Dr Katie Morris and Dr Zoé Gidden with

guidance from Prof. Mathew Horrocks.
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Chapter 6

Coiled-coil peptide interaction in

super-resolution imaging

6.1 Scope of the chapter

This chapter covers work in the design and application of a universal labelling
approach utilising peptide-peptide interactions for super-resolution microscopy.
The feasibility of using a coiled-coil interaction using synthetic peptides was tested,

and proof-of-concept images of cellular organelles in fixed HEK cells were obtained.

6.2 Introduction

6.2.1 Peptide-PAINT techniques for super-resolution imag-
ing

An alternative approach to DNA-PAINT introduced peptides in place of the imager

and docker oligonucleotides for PAINT. For this purpose, a-helical peptides are

most likely to be employed. Two a-helical peptides can twist around each other

and form a so called coiled-coil structure®# This is a common folding motif

across a variety of proteins, responsible for association and interactions of protein

subunits. The a-helices are characterised by a periodic structure (a heptad: seven

amino acid repeat in the form of (abedef),)?* Out of the seven amino acids
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two, ones in positions a and d, are often apolar. This allows the helix to form a
hydrophobic side (core). The hydrophobic cores of two helices facilitate “knobs-
into-holes” packing, where apolar side chains of one peptide can insert themselves

224 This is a non-specific interaction

into the hydrophobic core of the other peptide.
and it is often stabilised further by attractive electrostatic interactions formed
between other polar residues between the two peptides. Various peptide pairs that
are able to form coiled-coils were reported in recent years. “Versatile Interacting
Peptide” tags were developed by Doh et. al as a genetically encodable CoilE tag
for a target protein and a CoilR reporter peptide. Their tag system had dual
applications in electron microscopy and diffraction-limited fluorescence microscopy
of sub-cellular structures without good immunohistochemistry labels**? Chen et
al. developed several orthogonal peptide pairs based on leucine-zipper structures
for phenotype monitoring in yeast cells.*®® Charged coil pair (E/K peptides, named
after their repeat heptatds containing several glutamic acid residues and lysine
residues respectively) were successfully employed as a capture-detection system

237

for bio-sensing and affinity chromatography“>“ and, more recently, for fluorescence

imaging. The E/K interaction was used to visualise membrane proteinsg2°=c?
and observe internalisation of receptors in real-time.” However, until 2020, the
applications focused on diffraction limited imaging with no reported attempts at
super-resolution imaging due to the tight binding between the peptides. Eklund
et al. revisited the kinetic studies of the E/K peptides2%*°2 paying attention to
the peptide length and its effect on dissociation in non-denaturing conditions,?%
and thus have rationally redesigned the sequences to allow for transient binding.
Following the E/K heptad repeat (Figure [6.2.1]A) pattern, and introducing a
length mismatch between the K and E helices, they have confirmed K19 and K22
coils display the desired transient binding (Kp = 81 nM as opposed to Kp = 20
nM for 21 aa long peptides®*).

Not only did they image two cellular targets: vimentin and tubulin in super
resolution (experimental principle shown in Figure ), showing their structures

with a high degree of detail, but they also designed a platform to quantitatively

assess the technique. The kinetics of the associations were compared to DNA-
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Figure 6.2.1: Principle of Peptide-PAINT. A. A helical wheel diagram presenting
the fold of E and K a-helical peptides. The two helices interact via hydrophobic
interactions stabilised through favourable electrostatics between postively charged
lysine residues and negatively charged glutamic acid residues. The colour of the
amino acids indicates its properties: grey - hydrophobic, blue - negatively charged,
red - positively charged. B. Peptide-PAINT as performed by Eklund et al.?** The
set-up follows standard DNA-PAINT practice, with a primary antibody for target
of interest and a secondary antibody conjugated to the docker strand (here K22
peptide). Imaging peptide, E19, diffuses freely in solution.

PAINT in a direct assay, where the K22 peptide was conjugated to a DNA-strand
that provided means of immobilisation and an alternative detection with the
complementary oligonucleotide sequence. 86% of the signal detected with the
E19 peptide labelled with Cy3B was co-localised to the DNA-PAINT signal 4%
suggesting the two techniques are comparable in performance. What is more, the
localisation precision was similar across the two acquisition methods (3.6 nm for
DNA-PAINT and 4 nm for Peptide-PAINT). An advantage of Peptide-PAINT over
DNA-PAINT was also revealed, with more frequent binding events observed in
Peptide-PAINT than DNA-PAINT at the same imager concentration. Eklund et
al. qualified the association rate of the peptides to be twice that of oligonucleotides,
quoting the average dark time as 30.0+0.9s for Peptide-PAINT and 71.2+5.5s for
DNA-PAINT. The efficiency of hybridisation of oligonucleotide strands is affected
by the charge repulsion forces between the negatively charged phosphate backbones
of DNA strands. Thus, using Peptide-PAINT (and replacing oligonucleotides
with peptides) could address one of the bottlenecks of DNA-PAINT: long image

acquisition times.

168



CHAPTER 6. COILED-COIL PEPTIDE INTERACTION IN
SUPER-RESOLUTION IMAGING

Following the initial reports, coiled-coil interactions were further utilised in
super-resolution imaging of cellular targets. Maity et al. successfully used the
E22/K19 pair for imaging of membrane proteins, organelles, histones and receptors
in mammalian cells and neurons. Their modified protocol involved co-expressing
the E22 docker with the target of interest, further delivering the imager peptide
to fixed or live cells prior to imaging#* In search of an orthogonal coiled-coil pair
that could facilitate multiplexed imaging, Eklund et al. followed similar protocol
with a P3/P4 pair. They showed co-expression of P3 to Her2 receptors and used
a P4 binding partner for its detection in cells post-fixation ** Co-expression of a
similar coiled-coil pair named SYNZIP, with one peptide attached to the target
of interest and the other peptide attached to a fluorescent protein, gave rise to
the live cell imaging using reversible interactions points accumulation for imaging
in nanoscale topography (LIVE-PAINT) approach.*** Oi et al. pioneered this
technique in S. cerevisiae, imaging proteins in the yeast bud neck. Co-expression of
both interaction partners removed the need for cell fixation and permeabilisation
and allowed for an approach fully compatibile with live organisms. Gidden et
al. later proved this technique is particularly attractive for proteins that do not
tolerate direct fusion of fluorescent proteins and can be used to image otherwise

difficult targets?*® The work was further extended into mammalian cell lines.?%

6.2.2 Peptide-PAINT using coiled coil interactions

Whilst the peptide-protein interaction approach presented in the last chapter
proved peptide probes can be excellent tools for super-resolution microscopy,
it lacked translational capacities. The two peptide sequences derivatised in
this work have already been shown to bind to PSD-95. Several other proteins
have known peptide-binders as peptides make interesting targets for otherwise
undruggable proteins or interaction sites, with several high throughput lead
sequence identification methods available for lead sequence generation."? To
identify therapeutic peptide sequences, methods such as integrated venomics
and display technologies are commonly used. Integrated venomics relies on

identifying peptide sequences from the venom of animals such as snails, insects
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or centipedes. These venom peptides often contain a disulphide-rich scaffold
that can be further engineered and mutated to enhance the number of hits in
screenings against therapeutic targets.“*“U3 Display technologies such as phage
or mRNA display can be used to create large (10'° — 10') and diverse peptide
libraries, that can be screened based on affinity to desired target.2%3%5 Alternative
in silico approaches, including using complementary-determining regions (CDRs:
short peptide sequences rationally designed for target proteins), have enabled the
identification of binding peptides to specific proteins of interest and their further
functionalisation in antibody-constructs.®% Excitingly, de novo peptide libraries
can also be generated using RaPID (RAndom nonstandard Peptides Integrated
Discovery) platform that can incorporate nonstandard amino acids into the hit
sequences through flexible in vitro translation. RaPID combines mRNA display
technology with affinity-based selection of in vitro macrocyclic peptide libraries #’"
Despite these advances, the timeline from initial library building to confirming
specificity and affinity of the lead sequence, produces a significant bottleneck when
it comes to fluorescent peptide development.

With that in mind, the simplest approach to extend the range of applications of
Peptide-PAINT outside of a few set targets, was to look at a protein independent
approach. Following the footsteps of Gidden et. al., and Eklund et al., a transient

2829 \was harnessed to generate blinking

interaction between two a-helical peptides
for SMLM. Figure[6.2.2]shows a cartoon representation of the principles of Peptide-
PAINT in SMLM. One a-helical peptide is conjugated to the target molecule
(anchor peptide), whilst the other peptide (imager peptide) diffuses freely in
solution. As was the case with peptide-protein version of the technique described
above, the imager peptide cannot be localised when moving in solution. When
the imager encounters the anchor peptide, the transient binding holds the imager
peptide in place ensuring localisation of the fluorophore molecule (imager and
anchor peptide complex in Figure ) The interaction is transient, the complex
dissociates and another imager peptide can interact with the anchor. The intensity

profile that would be associated with these events is presented in Figure [6.2.2B.

The asterisk (*) signifies binding events above the general background, repeated
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Figure 6.2.2: Peptide-PAINT using transient coiled-coil interactions. A. A cartoon
representation of the target functionalised with an anchor peptide (here through a
pair of antibodies). The imager peptide diffuses freely in solution, forming transient
imager-anchor complex over the course of imaging. B. Schematic representation
of an intensity profile over time associated with a Peptide-PAINT experiment.
Asterisk (*) denotes high intensity associated with imager-anchor interaction,
which would be observed as “blinks” on a camera.
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across the imaging time. Mimicking the LIVE-PAINT approach,?? the synthetic
approach to Peptide PAINT employed a 101A and 101B peptide pair. The 101A
peptide was chosen as the imager, following fluorescent labelling at the N-terminal,
and 101B peptide as the anchor peptide for functionalisation of a target protein.

The chosen interaction pair was a set of heterodimeric coils - 101A and 101B,

1289 a5 a modification to

the structures of which were first reported by Chen et. a
the original SYNZIP leucine zipper pair. The amino acid sequence of these are
based on the bZIP - basic lecuine-zipper transcription protein2%5% The crystal
structures of the two interacting peptides,*™ 101A (grey) and 101B (blue) are
presented in Figure [6.2.3] The full sequences are denoted in Figure [6.2.3B. Both
coils are 42 aa long, and their sequences follow the classic heptad repeat patter
characteristic for coiled-coil pairs** The first amino acid in the sequence is in
position f, the next 7 follow the abcdef labelling convention. The helix wheel
diagram is presented in Figure [6.2.3C, where the specific interactions between the
two peptides can be better observed. The two interacting grooves are hydrophobic
and made up of (mainly) leucine residues in positions d, with some more variability
in the hydrophobic amino acids in positions a. The interaction is further stabilised
by the attractive electrostatics of residues in positions g and e. Negatively charged
amino acids are presented in blue, and positively charged amino acids in red. The
green spheres represent a few polar non-charged amino acids present throughout
the sequence.

The feasibility of using synthetic 101A and 101B peptides for super-resolution

imaging was tested in vitro and in situ using a cellular model.
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B.
101A N RVKDLKN RVKDLKK ELARLEK
ENESLKR EIAYMEK ELARLE

101B R EIAYMEK ELARLEN RVKDLKE
ENATLKD KVKTLKN RVKDLK

Figure 6.2.3: 101A and 101B peptide structures. A. A cartoon representation
of the crystal structures of 101A (grey) and 101B (blue) forming a coiled-coil.
PDB access code: 3HE5. B. Amino acid sequences of both peptides. Notation
follows the abcdef heptad repeat pattern, the first amino acid is in position f. C.
A helix wheel diagram showcasing the interactions between 101A and 101B. Grey
amino acids are non-polar, green polar uncharged, red negatively charged and
blue positively charged.
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6.3 Methods

6.3.1 Peptide synthesis

101A peptide library was generated following the scheme presented in Figure|6.3.1

Ac-Asn-Arg-Val-Lys-Asp-Leu-Lys-Asn-Arg-Val-Lys- Asp-Leu-Lys-Lys-
Glu-Leu-Ala-Arg-Leu-Glu-Lys-Glu- Asn-Glu-Ser-Leu-Lys-Arg-Glu-Ile-Ala-
Tyr-Met-Glu-Lys-Glu-Leu-Ala-Arg-Leu-Glu-NH2 (Ac-101A)

The synthesis was performed on 28 mg of Tentagel R RAM resin (0.18 mmol
g™1). After cleavage, the crude peptide was precipitated by adding cold Et,O
(dropwise) and the resulting precipitate was decanted and dried (x3). Purification
was conducted by semi-preparative HPLC with detection at 220 nm. Pure fractions
were collected and lyophilized to afford pure peptide Ac-101A as a white solid
(4.8 mg, 18%). HPLC-MS: tg: 4.82 min, 99% purity. HRMS (ESI+) (m/z) for
Ca24H389 N9 OgsS, [M+H]*: 5169.000.

Ac-SeNBD-Asn-Arg-Val-Lys-Asp-Leu-Lys-Asn-Arg-Val-Lys- Asp-Leu-
Lys-Lys-Glu-Leu-Ala-Arg-Leu-Glu-Lys-Glu-Asn-Glu-Ser-Leu-Lys- Arg-Glu-
Ile-Ala-Tyr-Met-Glu-Lys-Glu-Leu-Ala-Arg-Leu-Glu-NH2 (SeNBD-101A)

The synthesis was performed on 28 mg of Tentagel R RAM resin (0.18 mmol
g™1). After cleavage, the crude peptide was precipitated by adding cold Et,O
(dropwise) and the resulting precipitate was decanted and dried (x3). Purification
was conducted by analytical HPLC with detection at 340 and 486 nm. Pure
fractions were collected and lyophilized to afford the pure peptide SeNBD-101A as
a pale-yellow solid (3.1 mg, 11%). HPLC-MS: tg: 4.70 min, 98% purity. HRMS
(ESI+) (m/z) for CossH + 396N74,07SSe, [M+5H]>T: 1097.3790, [M+6H]5":
914.4846, [M+T7TH]"": 783.9881, [M+8H|*": 686.2394. MALDI (m/z): [M+H]+:
5482.9403

Cy3B-Asn-Arg-Val-Lys-Asp-Leu-Lys-Asn-Arg-Val-Lys-Asp-Leu-Lys-
Lys-Glu-Leu-Ala-Arg-Leu-Glu-Lys-Glu- Asn-Glu-Ser-Leu-Lys-Arg-Glu-
Ile-Ala-Tyr-Met-Glu-Lys-Glu-Leu-Ala- Arg-Leu-Glu-NH2 (5-101A)

The synthesis was performed on 7 mg of Tentagel R RAM resin (0.18 mmol
g—1). The resin was reacted with Cy3B-NHS ester (2 eq.), DIPEA (2.eq) for
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HN-Q
TentaGel R RAM resin mm
NRVKDLKNRVKDLKKELARLEKENESLKREIAYMEKELARLE
Fmoc-based
SPPS
PG PG PG PG
PG PG
i) Fmoc-SeNBD-OH, pyxim, DIPEA, DMF Cy3B-NHS ester (H) Ac,0. DIPEA, DMF
ii) Ac20, DIPEA, DMF DIPEA, DMF
PG PG PG PG PG PG PG PG PG PG PG PG
|
PG PG PG PG PG PG
‘TFA/TIS/DTT/HZO \ TFATISIDTT/H,0 \ TFATISIDTT/H,0

SeNBD-101A Cy3B-101A Ac-101A

Figure 6.3.1: Synthesis of 101A and analogues using Fmoc-based SPPS.

4h at r.t. The excess reagent was washed off with MeOH. After cleavage, the
crude peptide was precipitated by adding cold Et,O (dropwise) and the resulting
precipitate was decanted and dried (x3). Purification was conducted by semi-
preparative HPLC with detection at 220 nm and 560 nm. Pure fractions were
collected and lyophilized to afford the pure peptide Cy3B-101A as a bright pink
solid (0.7 mg, 9.6%). HPLC-MS: tg: 4.93 min, 98% purity. (m/z) for formula
5666.06 predicted, [M+6H]": 944.93, [M+7H]": 809.71 observed.

The 101B peptides were prepared according to the scheme in Figure [6.3.2]

biotin-Arg-Glu-Ile- Ala-Tyr-Met-Glu-Lys-Glu-Leu-Ala-Arg-Leu-Glu-
Asn-Arg-Val-Lys-Asp-Leu-Lys-Glu-Glu-Asn-Ala-Thr-Leu-Lys-Asp-Lys-
Val-Lys-Thr-Leu-Lys-Asn-Arg-Val-Lys-Asp-Leu-Lys-NH2 (biotin-101B)

The synthesis was performed on 28 mg of Tentagel R RAM resin (0.18 mmol
g—1). After cleavage as described above, the crude peptide was precipitated by
adding cold Et20 (dropwise) and the resulting precipitate was decanted and dried
(x3). Purification was conducted by semi-preparative HPLC with detection at
220 and 280 nm. Pure fractions were collected and lyophilized to afford pure
peptide biotin-101B as a pale-yellow solid (9.9 mg, 38%). HPLC-MS: tg: 4.53 min,
95% purity. HRMS (ESI+) (m/z) for Coz9Hzg9Ng9OpsSa, [M-+5H]>T: 1057.5960,
[M+6H]%:881.4974, [M+7H]™": 755.7128, [M+8H|*": 661.2490. MALDI (m/z):
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HN-Q)

TentaGel R RAM resin

Fmoc-based
SPPS

PG PG PG PG
|
PG PG

DBCO-NHS ester (qmw»)

Biotin (@) Oxyma, DIC, DIPEA, DMF

DIC, DMF

PG PG PG PG PG PG PG PG
=- 00000000000 «=-CO000000000-0
PG PG PG PG
J TFA/TIS/DTT/H,O J TFA/TIS/DTT/H,O

La00000000000.. N 00000000000,

biotin-101B DBCO-101B

Figure 6.3.2: Synthesis of 101B and analogues using Fmoc-based SPPS.

[M+H]*:5283.8171.

DBCO-Arg-Glu-Ile-Ala-Tyr-Met-Glu-Lys-Glu-Leu-Ala- Arg-Leu-Glu-
Asn-Arg-Val-Lys-Asp-Leu-Lys-Glu-Glu-Asn-Ala-Thr-Leu-Lys- Asp-Lys-
Val-Lys-Thr-Leu-Lys-Asn-Arg-Val-Lys-Asp-Leu-Lys-NH2 (DBCO-101B)

The synthesis was performed on 28 mg of Tentagel R RAM resin (0.18 mmol
g—1). The resin was reacted with DBCO-NHS ester (4 eq.), DIPEA (4 eq.) in
presence of DIC (4 eq.) and Oxyma (4 eq.) in DMF, at 60 °C, 30 W for 10
mins. for After cleavage as described above, the crude peptide was precipitated by
adding cold Et20 (dropwise) and the resulting precipitate was decanted and dried
(x2). Purification was conducted by semi-preparative HPLC with detection at 220
and 310 nm. Pure fractions were collected and lyophilized to afford pure peptide
DBCO-101B as a pale-yellow solid (1.3 mg, 4.8%). HPLC-MS: tz: 4.92 min, 96%
purity. (m/z) for formula, [M+5H]>": 1068.99, [M+6H]5": 891.11, [M+7H]"*:
763.23.
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6.3.2 CD measurements

CD spectra were obtained at r.t. using a JASCO J-810 CD spectrometer. A

! with 1 nm data

range of 190-260 nm was scanned at a speed of 50 nm min~
pitch, 1 nm bandwidth and 8 s response time. The presented spectra are averaged
across 8 accumulations taken. Samples were prepared in phosphate buffered
saline (PBS, pH 7.4). CD spectra were measured in 0.2 mm quartz cuvettes at
two indicated concentrations in each case. Raw data (observed ellipticity - 6;
mdeg) were converted to mean residue ellipticity (MRE; deg cm? dmol~! res™!) by

normalizing for path length (1), peptide concentration (c), and number of amide

bonds (N) using the formula in Equation |6.1| below.

0
MRE:lelxaxN (6.1)

6.3.3 FCS measurements

For measuring the association between 101A and 101B, SNBD-101A peptide,
biotin-101B and streptavidin (SA101, Sigma Aldrich, 0.2 mg/mL stocks) were
used. First, biotin-101B and SNBD-101B were prepared from DMSO stock. All
solutions were prepared in duplicates. 400 nM biotin-101B solution and 400 nM
and 100 nM SNBD-101A solutions were prepared in eppendorfs and heated on
a heating block (Eppendorf) at 60 °C for 10 minutes. The diffusion of 100 nM
SNBD-101A solution was then measured on the confocal microscope under 488 nm
laser illumination. 400 nM biotin-101B and 400 nM SNBD-101A were incubated
for half an hour at a 1:1 ratio. Following the incubation, the peptides were further
incubated with strepatividn for 30 minutes. The streptavidin was used at two
concentrations of approx. 3.8 uM (0.2 mg/mL stock) and 1 M. This resulted in
final concentrations of 1.9 M and 500 nM streptavidin. FCS of all solutions was
acquired. The same analysis as above was performed to obtain diffusion lag times.

The data were plotted in GraphPad (Prism).

177



CHAPTER 6. COILED-COIL PEPTIDE INTERACTION IN
SUPER-RESOLUTION IMAGING

6.3.4 TIRFM sample preparation, image acquisition and
analysis

Single-molecule and super-resolution imaging was performed on a TRIFM de-
scribed in Methods section 2.4.20 The laser lines and mirrors are described

therein.

101A-101B peptides

The plasma-cleaned coverslips were incubated with BSA-biotin (1 mg/mL, 50
pL) for 10 min. Slides were washed three times with PBS and incubated with
streptavidin (0.2 mg/mL, 50 L) for 10 min. Following three PBS washes, the
anchor peptide biotin-101B (experiment dependent: 0 nM, 1 nM, 100 nM) was
incubated for 10 min. Finally, after three PBS washes, the imaging peptide
(experiment dependent: 1 nM Cy3B-101A or 100 nM SeNBD-101A) was applied
to the surface. Samples were imaged using 515 nm excitation (for SeNBD-101A),
561 nm excitation (for Cy3B-101A) and 638 nm excitation (for AF647) under
wash-free conditions. Fluorescence images were acquired for 500 frames with 50
ms exposure and approximately 500 W ¢cm~2 in both channels.

Heat-treated peptides were prepared (through dilution into PBS) to the
concentration required by the experiment and heated on an Eppendorf heating
block to 60 °C for 10 minutes. Such prepared peptides were used immediately in
the experiments and used up within 12h of heat treatment.

500 frame stacks were used to compare the “mobility” of the peptide when
prepared cold or heated. A single particle tracking script was used for this purpose.
A threshold was used to identify localisations within a single frame. These were
then tracked across the image (with the assumption that the molecule could move
up to 5 px between frames and be missing for 5 frames to qualify as the same
event). A tracks image representing the movement of each of the detected spots
was generated. The total displacement within the stack (MSD) was recorded for
each molecule to generate histograms. The code used to track molecules and plot

histograms can be access at DOI: 10.5281/zenodo.13829155.
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For the surface optimisation experiment all coverslips were plasma cleaned for

30 minutes. The different surfaces were prepared as following:
e Plasma cleaned - no further preparation;

e PLL - 50 uL of poly-L-lysine (70,000-150,000 Da, Sigma-Aldrich) was added
to a coverslip and incubated for 30 minutes, before being washed with PBS

three times;

e BSA - BSA-biotin (1 mg/mL, 50 mul) was applied to a coverslip for 10
min. The coverslips were washed three times with PBS and incubated with
streptavidin (0.2 mg/mL, 50 muL) for 10 min. Another three washes were

performed;

e Tween - the slides were dipped in 5% v/v solution of Tween-20 in T50, and
washed thoroughly (3x) with PBS;

e PEG - surface modified with PEG-silane according to SimPull methods,*°
incubated with streptavidin (0.2 mg/mL, 50 pL) for 10 min, and washed
with MiliQ water (3x);

e PEG+ - surface modified with PEG-silane according to STAPull methods 21
incubated with streptavidin (0.2 mg/mL, 50 L) for 10 min, and washed
with MiliQ) water (3x); 1% v/v Tween-20 solution was applied for another

10 minutes. Slide was washed with MiliQQ water for final three times;

e DT20 - surface preparation followed published protocol *' BSA-biotin (1
mg/ml, 50 uL) was applied to a coverslip for 10 min. The coverslip was
washed three times with T50 and incubated with 0.2% Tween-20 in T50
buffer for 10 minutes. Following three more washes, streptavidin (0.2 mg/mL,

50 uL) was incubated for 10 min. Another three washes were performed.

Such prepared surfaces were treated with 100 nM heated SeNBD-101A solution.
9 FOVs were imaged for each condition using 561 nM excitation, taking 500 frames
in each image. For each of the images, a standard deviation based projection was

created. The spots were localised using the “find maxima” function in Fiji - the
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prominence used for this was 50. The number of spots detected for all conditions
was visualised in Origin.

For the co-localisation experiments the plasma-cleaned coverslips were incu-
bated with BSA-biotin (1 mg/mL, 50 pL) for 10 min. Slides were washed three
times with PBS and incubated with AF647-labelled streptavidin (16.6 nM, 50 pl.)
for 10 min. Following three PBS washes, the anchor peptide biotin-101B (100 nM)
was incubated for 10 min. Finally, after three PBS washes, the imaging peptide
(100 nM SeNBD-101A) was applied to the surface. Samples were imaged using
515 nm excitation (for SeNBD-101A) and 638 nm excitation (for AF647) under
wash-free conditions. Fluorescence images were acquired for 500 or 50 frames with

50 ms exposure on both channels. Merge images were created in Fiji.

6.3.5 Cell fixation and staining - biotin-101B

All cell were seeded in ibidi 18-well plates with glass bottom for super-resolution
microscopy. The seeding was conducted at approx. 5,000 cells per well to achieve
30% confluency on the day of imaging. The cells were kept in the incubator until
fixation. Post fixation cells were processed immediately and after fixation stored
at 4 °C up to 1 week before further processing.

The initial cell handling protocol followed the procedure devised by Eklund et.
al for Peptide-PAINT 24 The buffers outlined below were prepared on the day of
imaging. Stock PBS was filtered through 0.02 pm filter (Whatman, Anotop) and

used to prepare the following:

e fixation buffer - 3% glutaraldehyde (prepared from 25% w/v solution) in
PBS;

e pre-extraction buffer: 0.3% glutaraldehyde, 0.25% v/v Triton X-100 in
PBS;

e blocking buffer: ImM EDTA, 3% (wt/volume) BSA, 0.02% Tween-20, 1%
(wt/vol) dextran sulfate in PBS;
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e blocking buffer + TX: ImM EDTA, 3% (wt/volume) BSA, 0.02% Tween-
20, 1% (wt/vol) dextran sulfate, 0.25% Triton X-100 in PBS;

e reduction buffer - 0.1% (wt/v) NaBH4 in PBS - prepared during the

fixation step.

The PBS and fixatives were warmed to 37 °C. Cells were rinsed with PBS
(1x) and treated with the pre-extraction buffer for 90s. The pre-extraction buffer
was removed and substituted with the fixation buffer for 10 minutes. The cells
were then rinsed with PBS twice. The remaining fixative was reduced by a freshly
prepared sodium borohydrate buffer - the reduction buffer was applied over the
cells for 7 minutes. Subsequently, a series of PBS washes was performed (1 min, 3
min, 5 min, 10 min). The blocking buffer supplemented with TX was applied for
2.5h and cells kept at room temperature.

Following primary antibodies were prepared in the blocking buffer (without

TX):
e « tubulin - Rabbit anti-tubulin antibody (ab52866, Abcam), at 1:500 dilution

e TOMM?20 - Rabbit anti-TOMM20 antibody (ab78547, Abcam), at 1:500

dilution

The incubation time ranged from 16-19h (overnight) at 4 °C. The cells were
washed with PBS (3x) the next morning before treatment with a secondary

antibody (1-1.5h at room temperature). The secondaries used included:

e Donkey anti-Rabbit biotinylated antibody (ab7082, Abcam) at 1:200 dilution,

amounting to 0.0005 mg/mL);

e Donkey anti-Rabbit Cy5 antibody (711-175-152, Jacksonlmmuno) at 1:200

dilution.

The cells were washed 3 times after the incubation period had passed.

The biotin-101B peptide was diluted in PBS to a range of concentrations
(0.2 nM, 200 nM, 400 nM, 1 uM and 2 pM) and heated as before. A range of
streptavidin concentrations was prepared (0.05 nM, 50 nM, 100 nM, 250 nM
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and 500 nM). The solutions were mixed in 1:1 ratios to yield solution of the
total concentrations of: 0.1 nM biotin-101B & 0.025 nM streptavidin, 100 nM
biotin-101B & 25 nM streptavidin, 200 nM biotin-101B & 50 nM streptavidin,
500 nM biotin-101B & 125 nM streptavidin, 1 pM biotin-101B & 205 nM
streptavidin. These were designed to follow a 4:1 ratio biotin and streptavidin and
for streptavidin concentration to exceed the biotin concentration in the antibody.
These solutions were incubated at 36 °C with 250 rev/min shaking for 30 minutes
and applied to the stained cells for another 30 minutes. 3x PBS washes were
performed to wash excess reagents.

The imaging peptides (10 nM Cy3B-101A and 1 x SeNBD-101A) were applied
prior to imaging on TIRFM. Cy3B-101A was excited with 561 nM illumination
(~ 25 W cm™2) and SeNBD-101A was excited with 515 nm laser (~ 40 W cm™2).
10,000 frames were recorded. White light images (50 frames) were recorded for
each cell. The GDSC SMLM plugin was used to find single localisations (precision
= 50 nm, signal strength = 0, fail limit = 10).

6.3.6 Cell fixation and staining - genetically encoded 101B

All cells were seeded in ibidi 18-well sticky plates for super-resolution microscopy.
Coverslips were argon plasma cleaned for 45 minutes, before attaching the wells.
The slides were then incubated for 1 hour in poly-D-lysine (PDL) (50 pug/mL,
Gibco) and thoroughly washed with deionised water. The wells were seeded as
before. The cells were kept in the incubator until desired confluency of 30% was
achieved. Post fixation cells were processed immediately and after fixation stored
at 4 °C up 1 week before further processing.

The fixing protocol was simplified slightly. The buffers outlined below were
prepared on the day of imaging. Stock PBS was filtered through 0.02 pm filter
(Whatman, Anotop) and used to prepare the following:

e fixation buffer - 3% glutaraldehyde (prepared from 25% w /v solution) in
PBS;

e blocking buffer: 3% (wt/volume) BSA in PBS;
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e blocking buffer + TX: 3% (wt/volume) BSA, 0.25% Triton X-100 in
PBS;

e reduction buffer - 0.1% (wt/v) NaBH, in PBS - prepared during the

fixation step.

The PBS and fixatives were warmed to 37 °C. Cells were rinsed with PBS
(1x) and treated with fixation buffer for 10 minutes. The cells were then rinsed
with PBS twice. The remaining fixative was reduced by a freshly prepared
sodium borohydrate buffer - the reduction buffer was applied over the cells for 5
minutes. Subsequently, three PBS washes were performed. The blocking buffer
supplemented with TX was applied for 2.5h and cells kept at room temperature.

For the co-localisation experiments, the primary antibodies were prepared in

the blocking buffer (without TX):

e TOMM20 - mouse monoclonal anti-TOMM?20 antibody (ab56783, Abcam),
at 1:200 dilution

e LAMP1 - mouse monoclonal anti-LAMP1 antibody (ab25630, Abcam), at
1:100 dilution

The incubation time ranged from 16-19h (overnight) at 4 °C. The cells were
washed with PBS (3x) the next morning before treatment with a secondary
antibody (1-1.5h at room temperature) also prepared in the blocking buffer. The
secondary used was an AF647-labelled donkey anti-mouse antibody (131571,
ThermoFisher) at 1:1,000 dilution in blocking buffer. The cells were washed 3
times after the incubation period had passed.

The imaging peptides (Cy3B-101A and SeNBD-101A) were applied directly
prior to imaging on TIRFM. Cy3B-101A was excited with 561 nM illumination
(~ 25 W ecm™2) and SeNBD-101A was excited with 515 nm laser (~ 40 W cm™2),
AF647 was excited with 635 nm illumination (~ 20 W ¢cm~2). 10,000 frames were
recorded for the peptide signal and 50 frames for the antibody signal. White light
images (50 frames) were recorded for each cell also. GDSC SMLM plugin was

used to find single localisations (precision = 50 nm, signal strength = 0, fail limit
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= 10) and create the Peptide-PAINT images. Z-projections and merge images

were created in Fiji.

6.4 Results

6.4.1 Characterisation of 101 A and 101B n wvitro

The a-helical peptides were synthesised using standard SPPS methods on a Rink
amide resin. Fluorescent amino acids and a conventional dye (for a control peptide)
were placed at the N-terminal of the 101A sequence. Two types of linker molecules
for further derivatisation of antibodies to 101B sequence were considered: DBCO
to perform a Click reaction with azide-tagged antibodies, and biotin for binding
to streptavidin-tagged antibodies. The 101A sequence was built on resin and the
final Fmoc group removed. Functionalisation with amino acids 5 and 6 (SeNBD
and SNBD) was performed on resin, using the same coupling conditions as for all
other amino acids, with a small excess of the fluorescent amino acid. Subsequent
Fmoc deprotection, cleavage from resin, and HPLC purification yielded the desired
peptides: SeNBD-101A and SNBD-101A at 95% purity. A similar route was
followed to prepare a biotinylated version of the 101B anchor peptide, where biotin
was treated as an “unnatural” amino acid and coupled to the peptide chain on
resin (a large excess of biotin was used in this case at approximately 4 equivalents).
The same approach as for biotin was followed for DBCO-NHS. The decision to
perform the conjugation on resin was dictated by the reports of DBCO resistance
to long term TFA treatement 22213 For the conventional fluorophore, despite
the pre-activated dye (Cy3B-NHS ester), microwave conditions were needed to
push the reaction towards completion. Thus, three fluorescent imager peptides:
SeNBD-101A, SNBD-101A, and Cy3B-101A, a control Ac-101A peptide and two
anchor peptides: biotin-101B and DBCO-101B were prepared.
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Circular dichroism analysis

Next, the secondary characteristics of the a-helical peptides were studied to
confirm correct folding of peptides in solution. To this end, circular dichroism
(CD) was used. CD is a spectroscopic technique that measures the difference of
absorbance between left-handed (LH) and right-handed (RH) circularly polarised
light. Chiral molecules, such as a-helical peptides, interact differently with RH and
LH circularly polarised light, giving rise to characteristic peaks in the spectrum.
The difference in absorbance (mdeg) is observed across wavelengths (range around
190 nm - 260 nm). The mdeg can be further converted to mean residue ellipticity
(MRE; degem?mol'res™) to account for path length, peptide concentration and
number of amide bonds and make meaningful comparisons across measurements
possible. For a-helical peptides, three features are needed for identification: a
positive peak at around 193 nm and two negative peaks (dips) near 208 nm and 222
nm. The CD traces recorded for 4 peptides: Ac-101A, SeNBD-101A, Cy3B-101A
and DBCO-101B were compared. The acetylated version of 101A, containing no
dye, was treated as a positive control, where a-helical folding could be observed. It
was hoped the small size of the SeNBD was unlikely to disrupt the coil structure,
and in fact even with Cy3B a level of tolerance was expected due to the size of
the peptide (41 aa) and the positioning of the fluorescent dye (position g, which is
not involved in the hydrophobic interactions of two coiled-coils). The CD spectra
obtained for the peptides are presented in Figure [6.4.1] These were measured in
PBS buffer (no traces of organic solvent) at two concentrations: 25uM and 50uM.
The limiting factor in choosing these was the solubility of the peptides in purely
aqueous buffer. The solutions needed to be homogeneous for accurate absorbance
measurements at concentrations high enough to detect signal. At concentrations of
100uM, the DBCO-101B peptide was observed to crash out of the solution. When
measured at 5uM, the difference in absorbance was indiscernible from the buffer
(blank) signal. The traces were compared across two concentrations to account
for any concentration effects on secondary structure. Figure |6.4.1]A compares the
secondary strucutre of SeNBD-101A and Ac-101A.

The three peaks characteristic of an a-helix were observed, with a positive

185



CHAPTER 6. COILED-COIL PEPTIDE INTERACTION IN
SUPER-RESOLUTION IMAGING

A. B.

3 Ac-101A 25uM Ac-101A 25uM
.0 ——Ac-101A50uM 20 — Ac-101A 504M
S 0 —— SeNBD-101A 25uM 2 ——101B 25uM
x SeNBD-101A 50uM X ——101B 50uM
= <= 104
8 10- 3
5 5
g 0- g 01
§ 5 10,

g 107 o
) z
W 20 201
E T T T 1 2 T T T 1
200 220 240 260 200 220 240 260
Wavelength (nm) Wavelength (nm)

o
o

m 10 - — _ +101B o Cy35-101A 25[JM
2 — 85B8AE0 B 01 S 1 Cy3B-101A 50uM
5 5 01

£ o :

g [$] _1 i

g g

3 -5 s

i & -2

= 10 p=

200 220 240 260 200 220 240 260
Wavelength (nm) Wavelength (nm)

Figure 6.4.1: CD spectra of 101A and 101B analogues. All spectra averaged
across 8 accumulations, acquired at two different concentrations 25uM and 50pM
except for mixtures where both peptides are incubated in equal volumes (1:1)
to the total concentration of 25uM. A. Ac-101A spectrum compared to SeNBD
spectrum - the addition of the fluorophore does not disrupt the secondary structure
observed. B. Ac-101A and DBCO-101B display a-helical structure in vitro C. CD
spectra of 101A-101B mixtures: Ac-101A and DBCO-101B and SeNBD-101A and
DBCO-101B, no change observed between the two. D. Cy3B-101A CD spectrum:
a lot of noise observed due to solubility issues and subsequent concentration
overestimation.
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peak around 193nm, and two double dips roughly at 208 and 220 nm. The
SeNBD trace showed a larger dip (more negative MRE measured) in the a-helix
region, suggesting the dye potentially promotes dimerisation. The shape of the
spectrum was consistent between the two conditions. The remaining spectra
obtained followed the same shape. Ac-101A and DBCO-101B are compared
in Figure [6.4.1B. Mixtures of 101A and 101B, to a total concentration of 25
uM for each peptide, were prepared and their CD spectra acquired. No change
in the spectral shape was observed. This posed some concern and suggested
homo-interactions between the peptides and dimerisation inhibit binding with the
partner in the experimental conditions. The fluorescent 101A and Ac-101A gave
similar spectra in terms of magnitude of the absorbance difference (Figure[6.4.1C).
Interestingly, both traces spanned a lower range of MRE. This could be accounted
for in the calculations, as now there was double the number of peptide bonds in the
mixture. The Cy3B-101A measurements (Figure ) were inconclusive. It was
hypothesised that the dye did not affect the secondary structure of the peptide,
as the trace roughly followed the shape of all other spectra. The main reason for
the noise and low MRE observed in the case of Cy3B-101A was its solubility, the
peptide was observed crashing out of solution throughout the measurement. This
not only interfered with data acquisition, but also made the concentration value
used for mdeg to MRE calculation inaccurate. Thus, this particular spectrum had
to be interpreted with caution.

Based on the observed spectral shape, indicating helical structure, further
analysis was attempted. The helical fraction of the peptide was calculated to
determine how much of the peptide (%) adopted the a-helix structure under
the measurements conditions (PBS buffer). This was achieved by comparing
the ellipticity value at 222nm to a theoretical value of a fully-helical peptide,
following the Equation [6.2], where 995 is the ellipticity value measured at 222nm

and 0222 predictea 15 the theoretical value.

0220 — 0(c

2100 (6.2)

%helicity:0222 —
,predicted — Yec

For 6999, an average of the ellipticity measured at 222nm at the two distinct

187



CHAPTER 6. COILED-COIL PEPTIDE INTERACTION IN
SUPER-RESOLUTION IMAGING

concentrations was used. 6. is a term accounting for the temperature of the
measurements, and was calculated using equation [6.3) where T is temperature

expressed in degrees Celsius. The CD measurements were performed at 22°C.

0. = 2220 — 53T (6.3)

0222 predictea accounted for both the temperature and peptide size, through
incorporating N, - number of peptide bonds, T (temperature in Celsius, as above)
and k - a scaling factor equal to 3, in equation

k

9222,predicted = (—44000 + (250 X T)) X (1 — F) (64)

p

0292 predicted Was calculated for the peptides and mixes separately (again account-
ing for the larger number of peptide bonds IV, present in the mixes). Unsurprisingly,
in both cases, the value was estimated at around -36,000
degem?dmol~'res™!, which was consistent with literature reports.

As a result the helical fraction for each of the four peptides and the two mixes

was calculated and presented in Table [6.1]

Table 6.1: Calculated helical fraction of peptides based on the CD measurements.
Average value measured for two conditions presented for all samples (bar mixes).

Error bars represent standard deviation.

Peptide Fraction helical (%)
Ac-101A 25+3
SeNBD-101A 50+£1
Cy3B-101A 8=+1
DBCO-101B 592+1
Ac-101A + DBCO-101B 38
SeNBD-101A + DBCO-101B 48

The lowest % helicity observed was for the Cy3B-101A peptide. However,

this could not be assigned to the fluorophore disrupting the folding, and rather
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accounted for by the solubility issues and likely incorrect concentration. All other
values align with those observed for a-helical peptides in literature 215 Ac-101A
showed a slightly lower % helical fraction than SeNBD-101A (25% for the former
and 50% for the latter). This could either be explained by the SeNBD having a
favourable effect on the helix in comparison to an acetyl group, the dye promoting
dimerisation of the peptide in wvitro, or an inaccurate concentration estimate
for the Ac-101A solution. The helical fraction was similar across SeNBD-101A
and DBCO-101B. Interestingly, the % helicity has not increased for both mixes,
indicating the coiled-coil interactions were not observed under the experimental
conditions. Whilst Ac-101A became more helical on addition of 101B (25% to
38%), SeNBD-101A and SeNBD-101A 4+ DBCO-101B remained basically constant
(50% and 48% respectively). This was interesting, since % helicity is often used
to monitor folding (or unfolding) under different conditions.*** Thus, another
parameter was used to try to measure the structure. 0o99:6508 ratio was previously
used to suggest the presence of coiled coils. Calculating the ratio of ellipticy
at the two specific wavelengths, coiled coils were reported to exhibit a ratio
around and higher than 1, whereas a ratio of less than 0.9 was characteristic of
isolated helices.**® With that in mind, the ratio for the peptides and the mixes
was calculated from the CD data. Where measurements at two concentrations
were acquired, these were calculated separately and then averaged for presentation
in Table [6.2] Data for Cy3B-101A was not presented, due to the amount of noise
in the spectrum (however, the ratio exceeded 1 in line with all the other peptides).

The ratios averaged at around 1 for all the peptides under investigation. With
no difference in the ratio observed between solutions containing single peptides and
mixes of peptides, it was proposed quaternary structure and coiled-coil interactions
could be present across all experimental conditions. This suggested formation of
homo dimers in solutions of Ac-101A, SeNBD-101A and DBCO-101B in abscence
of an interaction partner. This somewhat surprising finding was in fact in line with
the observations of Chen et. al, who found homo interactions between coils, whilst
100-fold weaker, are in fact present. They suggested 101A, in particular, can

form homo dimers in an anti-parallel orientation with itself in absence of 101B /450

189



CHAPTER 6. COILED-COIL PEPTIDE INTERACTION IN
SUPER-RESOLUTION IMAGING

Table 6.2: 6999:0505 ratio as an indication of quaternary structure. Values of and

above 1 are stipulated to be coiled-coils, values of less than 0.9 are isolated helices.

Peptide O292:0905 Tatio
Ac-101A 1.05
SeNBD-101A 1.07
DBCO-101B 1.06
Ac-101A 4+ DBCO-101B 1.06
SeNBD-101A + DBCO-101B 1.05

Whilst the affinity for these interactions is smaller, at high ©M concentrations
(exacerbated by the freeze drying process used to prepare the samples) these could

result in formation of coiled coils.

Imaging immobilised 101B peptide

This unexpected finding explained the initially unsuccessful attempts at observing
101A-101B interactions under a microscope. To confirm the ability of the prepared
peptide probes to interact in vitro and produce blinks under the microscope, an
experiment - as shown in Figure was attempted. A surface of a coverslip was
incubated with biotin-BSA, and streptavidin prior to biotin-101B immobilisation.
The surface was subsequently treated with an imager peptide solution and imaged
on a TIRF microscope. In the first run, 500 frames of 100ms exposure were
compared for three conditions: 1nM biotin-101B only, 1nM Cy3B-101A only,
and 1nM biotin-101B with InM Cy3B-101A (Figure [6.4.2B). As predicted, the
standard deviation projections of the z-stacks revealed no significant blinks (4
maxima on the image from the figure) for the biotin-101B peptide, confirming
no fluorescence contamination or autofluorescence of the surface. However, the
difference in the amount of events detected for the Cy3B fluorescence, in presence
of stoichiometric 101B and in its absence, was negligible at best, with approx. 330

events detected in both cases. The images showcase representative ROIs.
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A. B. N
Cy3B-101A 1nM 1nM %6” 1nM
biotin-101B i % Cy3B-101A @ Cy3B-101A %
y {ionid y
biotin-101B
Streptavidin
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Figure 6.4.2: 101A-101B binding events as detected on TIRFM. A. Experimental
set up: BSA-biotin used to treat coverslip surface, streptavidin incubation and
subsequent biotin-101B immobilisation. Cy3B-101A in solution, forming coiled-
coil with 101B transiently leading to observable blinks. B. Standard deviation
z-projections of a 500 frame stacks for InM 101B, InM Cy3B-101A in abscence
and presence of 101B. Similar number of events is observed from Cy3B-101A in
presence and abscence of the binding partner, suggesting the observed events are
due to the presence of Cy3B-101A dimers. Scale bar is bum.

Initially, the lack of difference between Cy3B-101A in the presence and absence
of 101B was attributed to the experimental set-up. There was no optimisation
of the surface, and spurious binding was to be expected with a bright dye
such as Cy3B. 101A and 101B peptides were assumed to be present at 1:1
stoichiometric ratio through using the same concentrations on the surface, however
the immobilisation process could result in a sparsely labelled surface with few
interaction sites for 101A. Thus, the next attempts looked at using excess 101B
on the surface. However, no difference was observed regardless of the 101B
concentration. It was therefore reasoned that, as seen in the CD experiments, the
Cy3B-101A peptide forms dimeric coils with itself. These interactions are likely
formed during the freeze-drying process, where the solvent is removed. Despite
further dilutions (lower concentrations needed for TIRFM than CD), the homo-
dimeric coiled-coils bind tightly. The spots observed on the TIRFM are in fact
signal from just Cy3B-101A dimers, not from Cy3B-101A and 101B interactions.

This, together with the CD data, confirmed the presence of homo dimeric
coiled-coils could be at the root cause of the imaging problems. It was hypothesised,

that unless these peptide homo-dimers could be disrupted, interactions between
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101A and 101B leading to actual localisation will be highly unlikely. The theory
was tested through another TIRFM experiment. The 101A imager (this time 100
nM SeNBD-101A) was imaged in presence and absence of the anchor peptide
(biotin-101B), and the relative mobility of the peptides was assessed through
particle tracking. One of the issues encountered during imaging thus far was
that the blinks observed fell within the first frames of the image and disappeared
quickly with poor signal replenishment observed over time. Some “always on”
events were also observed. With that in mind, 500 frames of 100 nM SeNBD-101A
were imaged on a surface (a montage of 9 of these is shown in Figure [6.4.3A).
It can be seen that one of the blinks disappears within the first 50 frames, and
the other bright event remains on across the 500 frames. The particles from that
image where identified in each frame and their movements tracked across the
entire image stack. Particles within a 5 pixel distance from the initial localisation
and absent for less than 5 frames were classed as the same localisation. The
movements of the particles were presented as traces on an image, with each colour
representing one molecule (Figure [6.4.3B, top panel). Moreover, the movement in
time was analysed as Mean Square Displacement (MSD). The maximal MSD of
each particle was then plotted on a histogram to show how much the molecules
moved across the imaging session (Figure [6.4.3B, bottom histogram). The same
analysis was performed for SeNBD-101A in the presence of 101B on the surface.
It was quickly discovered that the tracks for both these conditions showed little
movement and sparse localisations, and the MSD histograms binned most MSD
as 0-0.03nm (Figure [6.4.3C). This suggested that the hypothesised homo dimeric
scenario (Figure ) was in fact taking place. It was hypothesised that the
homo dimeric interactions take place in the highly concentrated stock solutions (for
instance 650uM), and cannot be effectively replaced by hetero dimer formation on
the timescales of the experiment (where relatively low, nM at most, concentrations
are used). Thus, an intervention was deemed necessary to un-coil the homo dimers
and enable successful Peptide-PAINT.

Whilst changing the peptide interaction pair, or investigating point mutations

in the peptide sequence that would inhibit the propensity of 101A and 101B to self-
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Figure 6.4.3: 101A-101B binding events as detected on TIRFM. A. A montage
of 9 frames from a 500-frame stack of 100nM SeNBD-101A imaging. Left to
right frames 1, 50, 100, 150, 200, 250, 300, 400, 500. Scale bar is 1pym. B.
Histogram showcasing max MSD for each particle detected from an image of
100nM SeNBD-101A on a surface. The insert showing the tracks (each molecules
is a different colour - the molecules are not too scale). C. Same data set displayed
for 100nM SeNBD-101A in presence of 1M 101B. D. Cartoon representation of
the homo-dimers between the imaging partners. E. A montage, as in A, for heated
solution of 100nM 101A. The tracks for heated 100nM 101A solution in absence
and presence of (heated before immobilisation) 101B, and the MSD histograms,
shown respectively in F and H. G. Cartoon representation of the interactions
observed.
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assemble, would provide a complete solution to the problem, the efforts focused on
finding a work-around and enabling imaging with the chosen system. To this end,
heat was chosen as the least intrusive intervention and most compatible treatment
for further applications to biological systems. Dilutions from stock solutions into
PBS were performed, and the resulting solutions were heated to 60°C for approx.
10 minutes. Solutions prepared in this manner were used in a repeat of the above
experiment, with the results presented in Figure [6.4.3E-G. A higher number of
blinks was observed, with new localisations and repeat localisations observed across
the whole 500 frames (montage of 9 in Figure [6.4.3F). Figures and
show the tracks in the presence and absence of 101B. It can be noticed that whilst
many tracks are still of low MSD values, the distribution is broader than before.
The tracks in presence of 101B are characterised by more “clustered” localisations,
where it is possible that the same molecule of 101A transiently interacts with
several 101B strands localised on the surface. Whilst further quantification was
not attempted, it was concluded that the heat treatment was necessary to observe
Peptide-PAINT interactions between 101A and 101B (Figure [6.4.3H) and it was a

crucial step to avoid homo dimeric coiled-coil formation in the stock solutions.

101A-101B affinity

Having confirmed the secondary structure of the probes, the affinity of the
interaction was investigated next. First attempts involved using FCS. However,
the relatively small size of both peptides did not introduce enough of a diffusion
coefficient shift to measure Kp that way.

Thus, an alternative approach was used. Bio-layer interferometry assay (BLI)*1¢
was conducted. In this experiment, streptavidin coated biosensor surface was
incubated with biotin-101B peptide at a known concentration. This lead to the
immobilisation of the peptide on the biosenor surface. The sensor was then
“dipped” in solutions of SeNBD-101A of varying concentrations. The interference
pattern of white light reflecting off the sensor was compared in the absence and

presence of the binding partner, and the different responses were used to estimate

the Kp. The in vitro measurements conducted suggested a Kp of approximately
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10 nM. This was about 10-fold less than expected, as the Kp for the unlabelled
peptide pair in situ (i.e. expressed in yeast cells) was previously reported at
approximately 200 nM %% Since the experiment was conducted as a one-off, it
would be worth investigating the method further and compare the interaction to
the Ac-101A & 101B pair. It is likely that the assay conditions do not reflect
the binding kinetics observed by Chen et al., nor those observed in yeast LIVE-
PAINT %% given the use of PBS buffer as opposed to dense cellular cytoplasm
(no crowding effects) and the small fluorophore tag present in place of a large
fluorescent protein. The dye introduced could also potentially effect the measured
affinities, with the larger dyes potentially leading to less tight binding. Further

quantification of the interaction was not pursued at the time.

6.4.2 Transient interaction between 101 A and immobilised

101B

The 101A and 101B interactions were studied on the surface next. Having
successfully observed a difference in the number of localisations between SeNBD-
101A in presence and absence of biotin-101B immobilised on the surface, it was
important to ensure the signal was coming from peptide-peptide binding events and
was not a result of non-specific interactions with the functionalised surface. Firstly,
different surface coatings were tested for the amount of noise they produced. With
charged amino acids present throughout the 101A structure, a surface that did not
attract the peptide was needed. The protocol used previously (functionalisation
with 5% biotin-BSA solution, followed by streptavidin incubation) was compared
against 6 other protocols. Argon plasma cleaned slides, PLL-coated slides,
and slides dipped in Tween-20 solution were prepared using simple one-step
functionalisation protocols. They were compared against two pegylated surfaces
(where PEG-silane was incubated with streptavidin, and where this process
followed an additional 1% Tween-20 incubation), and a DT20 preparation (biotin-
BSA, followed by 0.2% Tween-20, then streptavidin). 100 nM SeNBD-101A

was imaged on all surfaces, and an average number of localisations detected via
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GDSC-SMLM in 9 x 20-frame images was plotted for all conditions with the SD
between FOVs represented as error bars (Figure [6.4.4]A). The Tween-20 produced
the highest number of localisations (average of approximately 13,500+£800/20
frames), the surfactant coating attracting SeNBD-101A molecules to deposit
on the slide surface. Perhaps the concentration of Tween-20 in the dip should
be further investigated, as the wash process has produced “streaks” across the
slide surface. With the number of localisation approximately 10-fold higher than
in other cases, it could be hypothesised that the signal detected is not only
due to the peptide but also fluorescent contaminants. With only a few frames
collected, it was impossible to tell whether these could be bleached down to
uncover just peptide signal. Alternatively, the surfactant could further promote
the monomeric form of 101A, discouraging homo- and hetero-dimer formation
and more spurious monomer localisations. Either way, the Tween-20 dip was not
effective at minimising background localisations. Plasma cleaned slides produced
the second highest number of localisations (approximately 4,300+1,100/20 frames).
Both PEG-based surface blocking protocols and the PLL-coating produced similar
level of localisations (approximately 3,40041,500/20 frames for PEG + Tween-20,
3,10041,500/20 frames for PEG without the Tween-20 wash, and approximately
3,200+1,100/20 frames for PLL). Both surfaces using biotin-BSA in the blocking
step have performed well, with slightly less localisations produced by DT20
(2,20041,200 localisations/20 frames) than the in-house BSA protocol (2,6004000
localisations/20 frames). This was reassuring and suggested that the protocol
followed so far for surface blocking and 101B immobilisation would produce the
most reliable results.

With that in mind, the streptavidin in the protocol was substituted for AF-647
labelled streptavidin to try to observe colocalisation between the red dye on the
surface and the blinks generated by SeNBD. The schematic representation of
the experiment is shown in Figure [6.4.4B, where BSA-biotin is bound to AF-
647 streptavidin. Biotin-101B can be functionalised to the same streptavidin
molecule, and when the peptide imager partner - SeNBD-101A is in proximity,

the fluorescent signal of the two co-localises (this can be observed as a yellow
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Figure 6.4.4: Showing co-localisation between red-labelled streptavidin and SeNBD-
101A to confirm 101A-101B interaction is specific. A. Surface optimisation
experiment, testing the number of localisations detected from 20 frames by the
GDSCLM Fiji analysis for different surface preparations. PEG + is PEG and
Tween-20 wash. Average from 9 FOVs, with the error bars representing SD. B.
Cartoon representation of the co-localisation experiment set-up. C. Representative
fluorescence microscopy images showing the binding between SeNBD-101A (100
nM, green) and biotin-101B (100 nM) in the presence of AlexaFluor647 (AF647)-
streptavidin (17 nM, red). Merge fluorescence signals displayed in yellow.
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glow). The concentration of red-labelled streptavidin was tested first, to ensure
sufficient yet not dense coverage of the surface. Out of three dilutions (final
concentrations 8.5 nM, 13.6 nM and 17 nM), 1:1000 dilution of the original stock
(final concentration of 17 nM AF647) gave an optimal number of spots. Such
prepared surface was then incubated with SeNBD-101A and imaged, first using 647
nm excitation, then 515 nm, to localise streptavidin and SeNBD-101A molecules
respectively (Figure [6.4.4C). Co-localisation could be observed by the presence of

yellow spots on the merged images, confirming interaction between 101A-101B.

6.4.3 Imaging cellular targets using 101 A and 101B system

To test the feasibility of performing Peptide-PAINT experiment with the 101A-
101B coiled-coil system in fixed cells, the Eklund et al. protocol was first

2 First attempts at the experiment required functionalisation of

employed.
a secondary antibody with an azido-group, followed by a Click-reaction with
the DBCO-101B peptide. Such prepared constructs were then used in the
immunofluorescence staining protocol, in place of a regular secondary antibody
incubation. This simple approach had two disadvantages: no control over the
density of antibody labelling and, more pressingly, the possibility of homo dimeric
coiled-coils forming during the antibody-construct preparation. The DBCO-101B
peptide could be heated prior to the Click reaction, however the conjugation was
performed at low volume and thus high concentration substrate. Furthermore, the
purification involved passing the reaction mixture through a spin-filter column
and thus further concentration of the reaction mixture. Once the DBCO-101B
was conjugated to the antibody, the sample could not be subjected to heat
due to protein denaturation. Staining performed with the obtained antibody-
101B construct was inconclusive, with many “off-target” localisation and thus an
alternative staining approach was needed.

To that end, biotin-101B was employed as the alternative anchor peptide.
Biotin-101B was prepared at the desired concentration, heated and incubated with
streptavidin first. The target protein was treated with primary and biotinylated

secondary antibodies, before an extra (2h long) incubation with streptavidin-
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biotin-101B. Next, the imager peptide was applied. The schematic representation
of this targeting set-up is shown in Figure [6.4.5A.

A. seNBD-101A B.
¢ biotin-101B
peptide &
streptavidin
Secondary
antibody
(biotinylated)
Primary
antibody

Target

Imaging peptide 1 uM SeNBD 1 uM SeNBD 1 uM SeNBD
Anchor peptide 0.1 nM 101B 1uM 101B 200 nM 101B
Secondary antibody Yes Yes No

Figure 6.4.5: Peptide PAINT - biotin-101B and SeNBD-101A in HEK cells. A.
Cartoon representation of the staining steps undertaken to localise SeNBD-101A
to target. B. Primary antibody against TOMM-20 used in this experiment, stained
with a red-labelled secondary to confirm TOM-20 networks. WL image of the cell.
C. super-resolution images using 1 uM SeNBD-101A and three different 101B
concentration (in presence and absence of the secondary biotinylated antibody).
Legend underneath the images. Scale bars are 10 pm, except for inserts where
they represent 5 pm.

Whilst this extended the staining protocol, the extra step guaranteed the
peptide could be heat-treated prior to use, to “unzip” any preformed homo
dimeric coiled-coils. In this approach, the concentration of the anchor, 101B, could
be controlled independently of the secondary antibody concentration. In theory,
this could lead to a better control of the number of blinking events. With the

three step staining protocol devised, it was next tested on wild type cells (HEKSs)
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that were fixed, permeabilised and blocked prior to the experiment (details in
the Methods section). The primary antibody staining was tested through using a
red-labelled secondary antibody in place of the biotinylated secondary (Figure
6.4.5B) and provided the example TOM-20 distribution along mitochondrial
networks in HEKs and SHY5 cells (left hand side image). White light (right
hand side image) was used to find cellular signal. A relatively high (1 uM)
imager concentration was used, to ensure enough peptide to replenish signal and
encourage repeat localisations. At lower concentrations, most localisations were
observed within the first 50 frames. 10,000 frames were acquired for each cell.
The localisations were detected and processed using the GDSC-SMLM plugin.
The resulting super-resolution images are shown in Figure [6.4.5C. None of the
super-resolution images have displayed the mitochondrial structures observed with
secondary antibody. Moreover, the concentration of 101B did not introduce a
difference to the observed number, nor the perceived distribution, of localisations:
0.1 nM and 1000 nM 101B-biotin produced similarly disappointing images. When
the biotinylated secondary antibody was omitted from the staining procedure,
non-specific 101A-101B interactions were observed across the cell and resulted in
a visually similar image to when the biotinylated antibody was present.

When the staining was repeated with a different cell line, the results were
equally discouraging. Figure summarises one of the experiments conducted
with an SH-S5Y5 cell line. As previously, the primary antibody staining was
checked with a red-labelled secondary (Figure revealing extensive mitochon-
drial networks.

In this rendition of the experiment, Cy3B-101A peptide was used. Two
concentrations of biotin-101B were incubated with streptavidin, prior to targeting
the secondary biotinylated antibody. 0.1 nM 101B (Figure[6.4.6B) and 100 nM
101B (Figure [6.4.6C) produced similar images. It could be argued that some
of the localisations here are more clustered, however there is a high number of
spurious events present still. Additionally, the cells themselves appeared bright
and fluorescent under the microscope. Some autofluorescence was expected here,

however the high background was likely exacerbated by the appearance of the
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Primary antibody
&
Secondary antibody

B.

10 nM Cy3B-101A
&
0.1nM 101B

10 nM Cy3B-101A
&
100 nM 101B

Figure 6.4.6: Peptide PAINT - biotin-101B and SeNBD-101A in SH-SY5Y cells.
A. Primary antibody against TOMM-20 used in this experiment, stained with
a red-labelled secondary to confirm TOMM-20 networks. WL image of the cell.
B&C. super-resolution images using 10 nM Cy3B-101A and two different 101B
concentration. Scale bars are 10 um. WL images presented on right hand side.

201



CHAPTER 6. COILED-COIL PEPTIDE INTERACTION IN
SUPER-RESOLUTION IMAGING

imaged cells. After the extensive staining protocol, the fixed cells were prone to
lifting off the slide, clumping and “blebbing”. The shape and protrusions suggest
cell death and increased autofluorescence.

Similar attempts were made to visualise a different target (a-tubulin), with no
evident success. The imaging buffer composition was further investigated, with
additions of Ficoll and dextran to induce “crowding” and increase the perceived
concentration of imaging strand on target whilst working in the nM regime still.
Various incubation times for both the preparation of biotin-101B, streptavidin
construct and secondary antibody were tested. None of the efforts have produced
well-resolved molecular target structures, in super-resolution or diffraction limited
imaging. Despite the efforts, the number of off-target localisation remained high.
Thus, the biggest issue seemed the anchor peptide delivery.

One of the advantages of working with a peptide system (as opposed to
oligonucleotides) was that the amino acid sequences could be genetically encoded
and expressed by a cell. Gidden et al. made use of that by producing HEK cell
lines expressing 101B-TOM-20 and 101B-LAMP-1. The cells could be further
induced to express fluorescently tagged 101A under a promoter.** It was those
cells (under no promoter induced expression, i.e. without 101A) that were used in
the next set of experiments. Since the cell model and the expression levels were
already validated, the cells were used to test if, with the 101B peptide already
at target, the 101A could find and localise it within a fixed cell. The fixation
protocol was further shortened (see methods) and the synthetic 101A peptide was
delivered to permeabilised cells (Figure [6.4.7A).

The shorter handling protocol meant that the cells appeared “healthier” than
before on the white light images, with a representative cell in Figure [6.4.7B. Two
types of cells - HEK 101B-TOM-20 and wild type HEK cells (no 101B anchor)
were stained with 1 nM Cy3B (Figure[6.4.7C). Standard deviation projections of
the first 50 frames were generated and shown. The images were all contrasted the
same. In the presence of the 101B-anchor at TOM-20, even with just 50 frames
processed, subtle lines of mitochondrial network could be noticed in the cell body

(white light image for reference). The projection showed several bright puncta
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AI Bl
I Cy3B-101A
Target 101B
C. HEK TOMM-20-101B WT HEK

1 nM Cy3B-101A 1 nM Cy3B-101A

Figure 6.4.7: HEK 101B-TOMM20 cells with 101A imager. A. Cartoon
representation of the binding events. B. Representative white light image of
cells with the shortened fixation and staining protocol. C. Standard deviation
based z-projection from the first 50 frames of HEK 101B-TOMM?20 cells in absence
(0 nM 101A) and presence (Cy3B-101A and SeNBD-101A) imager peptide. Scale
bar is 10 pm.
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since distinct blinks were captured on the camera. Whilst the WT HEK cells
appeared generally bright, no blinking was observed during data collection. Thus
no puncta were present on the projection. The fluorescence signal was generally
spread across the cell body, with the brightest region highlighted by a white box.
The higher level of general fluorescence in the cell body was not unexpected due
to the presence of Cy3B-101A. The brightest region corresponded to a textured
protrusion in the WL image of the cell. This was also unsurprising, as the Cy3B
dye could partake in non-specific interactions.

Satisfied that the expression of the 101B anchor peptide directly at the targeted
protein has resolved the anchor localisation issues, super-resolution imaging with
Cy3B-101A was further attempted on the 101B-TOM-20 HEK cell line. The cells
were fixed, permeabilised and blocked before staining. Three concentrations of
the imager strand: 20, 10, 1 nM were first tested. 10,000 frames were acquired
and super-resolution images reconstructed. In all cases, the observed structures
corresponded to what would be expected of TOM-20 mitochondrial networks 217318
At 20 nM imager, the mitochondria could be identified immediately due to a high
amount of signal. However, upon bleaching down some of the peptide fluorescence,
distinct blinking has been observed and the super-resolution images revealed a
branched mitochondrial network. 10 nM and 1 nM Cy3B-101A also resulted in
super-resolution images of the branched structures (6.4.8)).

20 nM : 10 nM (Y
Cy3B-101A Cy3B-101A CySB_—-101A._ -5

Figure 6.4.8: HEK 101B-TOM-20 cells stained with Cy3B-101A. Three different
concentrations of imager strand allow sufficient localisations to super-resolved the
branched mitochondrial network. Scale bar is 10 pm on large images, and 1 ym
on close-ups.
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Higher concentrations of the imager peptide resulted in the need for pho-
tobleaching to observe blinking, and even then off-target localisations across
the cell body were observed. Lower peptide concentrations did not generate
comparable number of localisations (within the 10,000 frames) and led to a
more punctate pattern missing localisations along the branches. The optimal
concentration for imaging was dye dependent. SeNBD-101A required a higher
concentration regime to observe blinking and produce super-resolution images of
TOM-20. Concentrations lower than 50 nM did not produce sufficient signal, 50
nM was sufficient to observe mitochondria across the cell (Figure . Higher
concentrations were only used to generate diffraction-limited images due to similar
issues as observed in case of the Cy3B-analogue. Whilst it was shown that
using SeNBD-101A is possible here, further work might be require to make
its performance as compelling as that of Cy3B. Despite being able to use a
higher concentration of the imager strand, the switch-on properties were not fully
exploited here. The aa sequence is long enough to tolerate a larger dye, with a
higher quantum yield. Possibly a different position of the dye within the sequence
would allow for a stronger switch-on effect, brighter blinks, and more precise
localisations.

Finally, to confirm the signal was coming from the organelle of interest, a
counter-stain was introduced to check for co-localisation of fluorescent signal.
101B-TOM-20 and 101B-LAMP-1 cell lines were fixed, permeabilised, blocked and
stained. Overnight incubation with a primary antibody against the target (TOM-
20 and LAMP-1 respectively) was followed by a 2h incubation with a secondary
antibody against the primary labelled with AF-647. 5nM Cy3B-101A was applied
after washes, prior to imaging the cells. A representative ROI, showcasing part of
a 101B-TOMM-20 cell, is shown in Figure [6.4.10]

A maximum intensity projection across a 50-frame z-stack was generated
from the antibody signal (left hand side). Peptide signal was collected for 10,000
frames to enable super-resolution imaging. The stack was first z-projected to
generate a standard deviation based projection image. The co-localisation was

compared by creating a composite image (middle) where the antibody signal was
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Figure 6.4.9: HEK 101B-TOM-20 cells imaged using 50 nM of SeNBD-101A
imager. Three regions of interest are indicated by white boxes and zoom-ins for
these presented. Scale bar is 10 gm on large images, and 1 pum on close-ups.

TQMM-20 Peptide PAINT

Figure 6.4.10: HEK 101B-TOMMZ20 cells imaged using 5 nM of Cy3B-101A imager,
costained using a TOMM-20 primary antibody and a red-labelled secondary. The
three images shown are: maximal intensity projection from the antibody signal;
composite between the antibody signal and peptide (standard deviation based
z-projection) in magenta and cyan, respectively; super-resolution image from the
peptide signal. Scale bar is 10 pm.
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presented in magenta, and the peptide singal in cyan. White regions indicated
good co-localisation between the signals. The peptide signal was further analysed
to generate a super-resolution image of the mitochondrial network.

The same experiment was performed on a HEK cell line stably expressing 101B-
LAMP1. Figure shows the super-resolution image of the lysosomal network
- the lysosomes are distributed across the cell and slightly circular in nature. The
observed structure is similar to those observed by researchers previously 21%320 The
standard deviation based projection from the peptide signal (cyan) and antibody
maximal intensity projection (magenta) were superimposed to create a composite
in Figure [6.4.11B. Here, slightly less white can be observed, however there is some
noticable colocalisation. This could be partly explained by the fact that the two
channels are not perfectly aligned, with magenta dominating the right hand side of
the image and cyan - the left. Equally, the cell could have lifted and the two focal
planes used in the images could have highlighted different parts of the cell. The
close ups of singular lysosomes of the characteristic circular structure were chosen
and compared to the diffraction-based image in Figure [6.4.11]C. These highlight
the level of detail that can be obtained during super-resolution imaging that is lost
when working at the diffraction-limit of light. Whilst some further optimisation
for this application would be desired, the results satisfactorily concluded the

possibility of imaging multiple cellular targets with a high level of detail.
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- n .. ..

Figure 6.4.11: HEK 101B-LAMP1 cells imaged using 5 nM of Cy3B-101A imager,
costained using a LAMP1 primary antibody and a red-labelled secondary. A.
super-resolution image of the lysosomal network. B. A composite image showing
co-localisation between the antibody signal and peptide (standard deviation based
z-projection) in magenta and cyan, respectively. Scale bar is 10 um.. C. Close-up
of three selected regions of interest (white squares on panels A and B), showcasing
the circular structure of lysosomes. Scale bar is 1 pum.
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6.5 Discussion

Whilst FCS allowed for quick determination of the Kp for the PDZ interactions
studied, it proved more tricky for the 101A and 101B peptides. Another approach
to quantification of the 101A and 101B pair binding affinity could utilised the 101B-
biotin peptide and red-labelled streptavidin. The AF647-labelled streptavidin
could be employed to observe co-localisation between red (AF647) and green
(SeNBD) fluorescence and determine the number of bound species diffusing through
the confocal volume. However, more work would be required to optimise the
method first and find the right combination of incubation times, order, and
concentration of protein. Despite the more difficult optimisation process, the
method is still very reliable and would translate easily across other peptide-protein
systems.

The 101A-101B system was used to create a proxy in the absence of a peptide
binding directly to a protein of interest. The main challenges in implementing this
approach were: overcoming the homo dimerisation of the peptides when stored at
high M concentrations, and the localisation of the anchor peptide at the target
protein. The dimerisation process limited the options for conjugation of peptide to
antibodies, where low concentrations or heat treatment were required for successful
imaging. The protocol for conjugating 101B-DBCO to an azido-labelled antibody
concentrated the peptide stocks and the antibody-peptide complex could not be
subjected to heat. Biotin-streptavidin labelling strategy introduce a bit more
flexibility, and the peptide solutions could be heated prior to use. However,
it is likely that despite a few rounds of optimisation of the protocol, the right
concentration regime and incubation conditions were not found. A multifactorial
analysis experiment taking all factors into consideration could be performed to
find optimal conditions (this would be time and reagent-intensive). Fortunately, a
big advantage of working with peptides was that they could be genetically encoded
and expressed by cells in vivo. With the anchor localised at target through co-
expression, and subsequent imager peptide delivery, preliminary super-resolution

images for two-cellular targets were obtained. With some further optimisation,
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the 101A-101B pair could show promise across other targets, highlighting the
advantages of a genetic modification with a small tag and using synthetic dyes for

better resolution.

6.6 Conclusions

The above body of work showcases the development and application of peptides
for super-resolution microscopy.

A coiled-coil Peptide-PAINT method was presented as an alternative for
imaging targets without known peptide binders. The transient interactions between
101A (imager) and 101B (anchor) peptide were harnessed. When prepared
synthetically (as opposed to expressed in cellulo), the peptides showed a propensity
to form homo dimeric coils as suggested by CD and peptide mobility data. Heating
of the solutions was enough to disrupt the homo dimers and enabled the observation
of the interaction between the imager and anchor in vitro. Despite the difficulty in
chemically conjugating the anchor peptide to target of interest, it was possible to
genetically modify the target to express the peptide at the desired location (here:
TOM-20 and LAMP-1). The cellular structures were resolved with a good level
of detail, and the peptide signal co-localised to that from conventional antibody
staining. The system developed here is a good model for studying the effect of
disease states on cellular structures and shows good potential to be translated to

other organelles or proteins of interest.

6.7 Future perspectives

The 101A and 101B system was developed as a universal Peptide-PAINT pair
and could enable super-resolution imaging of various organelles and proteins of
interest. The anchor peptide is small in comparison to most proteins and as
such unlikely to cause issues with protein folding, function, or localisation when
genetically encoded and expressed in vivo. Delivering the 101A imager externally,

as opposed to co-expressing the 101A with a fluorescent protein,** allows for a
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larger arsenal of dyes to be used. At low imager peptide concentrations, where
the blinking dynamics are conserved, bright dyes with high quantum yields can
be used to ensure high signal to noise and high localisation precision. At high
concentrations, different dyes including environment-sensing ones, could also be
used for complementary imaging such as FLIM, or FS-FLIM. Considering the
impact the positioning of a fluorescent amino acid such as SeNBD can have on
the brightness of the fluorophore, 101A analogues where SeNBD substitutes a
position within the peptide chain rather than decorates the N-terminal, could also
be designed and tested. The imager peptide could be further modified, introducing
“staples” and restricting the degrees of freedom of the peptide, to test whether it
could be transported across the membrane and potentially allow for delivery to

live cells further down the line.

6.8 Contributions

The fluorescent dyes (SeNBD and SNBD) used in this chapter were synthesised
by Dr Fabio de Moliner. The peptide probes were synthesised and purified by the
author.

The CD measurements were performed at the University of Glasgow, thanks
to Dr Andrew Jamieson’s hospitality, and with the expert guidance of Dr Danielle
Morgan.

Dr Rebecca Saleeb was the Peptide-PAINT pioneer: she modified and conju-
gated the antibody and performed the first Peptide-PAINT experiments using the
DBCO-101B peptide. Further experimental work was designed and conducted by
the author. Dr Zoé Gidden generated stable cell lines expressing 101B-TOMM-20
and 101B-LAMP-1, and cultured and plated live cells for fixation and imaging.
Noelia Pelegrina-Hidalgo supplied live SH-SY5Y cells and Haresh Bhaskar supplied
live WT HEKSs. Later on, Agustina Salis Torres and Haresh Bhaksar took over
the 101B-HEK cell line day-to-day maintenance and plating prior to experiments.
Fixation, staining and imaging of the cells was performed by the author. All

imaging experiments were designed and performed by the author, as was the
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image processing and data analysis.

The TIRF microscope used in this chapter is a home-built instruments. It was
built by Dr Craig Leighton, Dr Alexandre Chappard, Dr Owen Kantelberg, Dr
Katie Morris and Dr Zoé Gidden with guidance from Prof. Mathew Horrocks.
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Chapter 7

Concluding remarks and future

directions

7.1 Overview

In this thesis, a novel instrument, FS-FLIM, was applied to tissue imaging. This
approach aimed at increasing the amount of information that could be extracted
from a fluorescent image and provide means at distinguishing a-syn aggregates in
situ. The chosen tissue sample preparation and fluorescent probe made it difficult
to distinguish a-syn above the autofluorescence background. It was suggested the
FS-FLIM could be used to distinguish the autofluorescence from the fluorescence
of a probe, however further work is necessary to make the approach feasible and
provide a robust analysis pipeline.

In addition, the thesis explored fluorescent peptides and specifically fluorogenic
internally-labelled peptides as a new imaging modality. This new approach
relied on incorporation of SeNBD amino acid into short peptide scaffolds. The
small size of the dye enabled fluorescent labeling of short peptides (up to 7 aa)
without the introduction of linker chains. This design ensured the dye was placed
directly at the target-of-interest during imaging, allowing for localisation and
image reconstruction of nano-structures with high precision. The work aimed to
illustrate the versatile applications of peptide probes across several fluorescence-

based techniques including super-resolution microscopy.
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7.2 Summary of conclusions

The FS-FLIM instrument was successfully constructed and its performance
characterised. The advantages of accessing fluorescence intensity, wavelength and
lifetime data were showcased in several applications of the instrument described
by collaborators and in this body of work. The application of the instrument

169 through long-lifetime bacterial dye

ranged from cancerous cell line detection,
imaging of E.Coli**! to brain tissue imaging. The instrument was used in a pilot
experiment and enabled visualisation of brain tissue derived from PD patients,
including pathological a-syn inclusions.

The NBD-derived dye family was successfully characterised and the switch-on
and lifetime-sensing properties of the Fmoc-SeNBD-OH amino acid were presented
herein. The stability of the dye to SSPS methods and its small size was exploited
to its full potential through labelling sequences of several lengths (40 aa, 22 aa,
and even 6 aa). Internally-labelled sequences, where the dye replaced a native
amino acid in the sequence, were also prepared and showed retention of binding
to target. This approach did not require additional purification steps, maximising
yield when working at a uM scale. Peptides for both super-resolution and FLIM
applications were developed.

In the context of neurodegeneration, the PSMa sequence was derivatised and
used in a series of experiments to visualise a-syn in vitro and in situ. Whilst further
work is needed, this indicated the sequence seems to tolerate fluorescent labels
and could be used to follow aggregation dynamics and pathological inclusions
across their lifespan.

Looking beyond a-syn, the applications of peptides in super-resolution imaging
were investigated. Short peptides sequences, known to transiently bind to PDZ,
were fluorescently labelled and used to super-resolve PSD-95 nanoclusters in a
synaptosome preparation. The small peptide size enabled the localisation of the
fluorophore at the target-of-interest, minimising the linkage error when compared
to other, standard, approaches. Furthermore, the feasibility of a more universal

approach, employing peptide-peptide rather than peptide-protein interactions,
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was considered. Despite the initial issues with localising the anchor counterpart
(101B) to target, incorporation of the 101B sequence into the cell genome enabled
successful localisation of the 101B peptide at the protein of interest in HEK cells.
Subsequent fixation, permeabilisation and staining with fluorescent-101A peptide
enabled super-resolution of TOM-20 and LAMP-1 in cells.

Overall, it is hoped the methods developed in this thesis could be further
translated to characterise protein aggregates characteristic of PD and allow for

sensitive visualisation of any biomarker.

7.3 Future directions

Whilst the thesis covered method development, further applications and experi-

mentation could showcase the potential of the tools presented.

7.3.1 FS-FLIM: imaging tissue in neurodegeneration

Whilst an application of FS-FLIM in tissue imaging was presented here, there is a
lot more that can achieved using FS-FLIM.

As hinted in Chapter 4, autofluorescence signal from tissue introduces a signif-
icant level of difficulty in imaging patient-derived samples. The autofluorescence
signal can be reduced with the use of quenchers during tissue staining steps. The
compatibility of quencher with the imaging modality used needs to be confirmed,
and usually only bright dyes (with high quantum yields) can be used as some loss
of fluorescence is expected. The removal of autofluorescence in post-processing
is made difficult by the broad emission of lipofuscin pigment. Whilst in some
applications, the signal can be easily distinguished from features of interest, the
appearance of pathological protein aggreagates is remarkably similar to lipofuscin
inclusions. Thus, a two-pronged approach where both the emission spectrum
and the decays from each pixel are considered, could provide a new method of
classification of signal. Automated approaches that could classify even small
differences would be most appropriate for this type of analysis. Methods such

as principal component analysis or artificial intelligence for image analysis, that
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could further elucidate differences that might be difficult to spot otherwise, should
be considered for this purpose.

Moreover, FS-FLIM could enable spectral multiplexing as well as lifetime
multiplexing. The “filterless” emission enables detection of fluorophores across
250 nm, where at least three dyes could be imaged simultaneously. The acquired
intensity data could be then split to generate “channels” or colour-code features
depending on the emission wavelength. Co-localisation between signal could be
therefore easily investigated. This type of experiment could provide further insight
into which species are detected by PSMa peptide in situ. Two different antibodies
for a-syn could be tested against the peptide in one experiment, and both the
co-localisation (intensity) confirmed as well as the lifetime compared.

Finally, FS-FLIM could introduce an additional level of contrast that could
distinguish features that appear identical in intensity-only imaging methods. ThT,
the gold standard amyloid dye, has been shown to exhibit slight lifetime changes
depending on the amyloid protein used in bulk experiments. Lindberg et. al.
previously reported a change in the observed average ThT lifetime between protein
constructs of different length: AS(1-40) and AS(1-42).#%4 Examining the lifetime
and emission spectrum of ThT, alongside other non-specific amyloid dyes, could
reveal subtle differences between the different pathological amyloid proteins and
potentially even between the same protein isoforms associated with different

diseases.

7.3.2 Fluorescence imaging applications of PSMa

The test IHC staining conducted with the PSMa sequence is a promising step
towards peptide validation. Since IHC is the standard method used by pathologists
to view and describe tissue, it would enable a direct comparison of the peptide
performance with the gold-standard probes used in the field. ITHC could be
attempted in high-throughput and allow for meaningful statistical comparison
in structures visualised between PD patients and age-matched controls. Further
efforts to quench autofluorescence and modify the existing protocol for tissue

staining would be needed, before fluorescence imaging of tissue and any attempts
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at super-resolution imaging in situ are made.

An exciting next step for the PSMa, not attempted here, would involve
using the peptide with a cellular model of PD. Cells such as SH-SY5Ys can be
genetically modified to express a-syn under a promoter (such as doxycycline).
Thus, the concentration of protein in the cell can be controlled during cell growth.
Additionally, mutations in the a-syn gene could be further introduced to mimic
familial cases of the disease. Alternatively, an induced pluripotent stem cell
(iPSC) model of PD, where patient derived cells are be differentiated into neuronal
cells, could be used for imaging. The aggregation kinetics of a-syn could be
monitored though employing one of the PSMa sequences. The model could be
validated using both the TIRFM and the FS-FLIM set-up and the dependence
of fluorescent signal on a-syn concentration observed. TIRFM could potentially
be used with low concentrations of the red-labelled PSMa to try to super-resolve
the early aggregation species. This could prove difficult, depending on the exact
Kp of the labelled peptide. The point at which the inclusions become visible
to a diffraction-limited system (such as the FS-FLIM) could be established, and
further lifetime analysis of mature aggregates would be possible. Equally, the
response of the model cells to seeding or introduction of therapeutic agents could
be monitored. A potential difficulty with this approach is the permeability of
the peptide sequence. PSM« is unlikely to be able to cross cellular membranes,
so prior permeabilisation of cells might be necessary. Alternatively, “stapling”
of the sequence could be considered. In this approach, chemical modifications
are introduced between amino acids in the sequence to stabilise the secondary
structure of the peptide,**¥ Introduction of staples would constrain the degrees of
freedom of the peptide, and the a-helical shape could facilitate interactions with
the cellular membrane 22#32% Given a choice of a membrane permeable fluorophore,

this could further enable live cell imaging.
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7.3.3 Expanding the 101 A dye toolbox: super-resolution
and beyond

The proxy-peptide-PAINT method, using the 101A and 101B interaction pair,
could be used as an alternative approach to PSMa detection of a-syn. Where
the PSMa peptide could have a therapeutic effect and reverse or modify the
aggregate species, the 101B-a-syn construct could provide means to monitor the
status quo and super-resolve aggregation species in the aggregation reaction. It
would be interesting to compare the two methods, both in terms of resolution and
performance, but also the biological information that could be accessed using the
two.

Further work could focus on increasing the potential resolution achievable
using peptide-PAINT. The next exciting step would be developing a PALM-
Peptide-PAINT approach. Conjugation of a photoactivable fluorophore to the
101A peptide could further reduce signal-to-background ratio, through activating
a subset of 101As at any given point in the experiment. Alternatively, it could
be possible to work at higher (uM) concentrations, where 101A-101B binding
sites are suturated, whilst still obtaining super-resolution images (using PALM).
This could be advantageous for any low-concentration target where the 101A
concentration might be significantly higher than the 101B concentration present
in the cell.

The cell models described herein could enable super-resolution imaging of
structures in pathology and cellular stress models, but could also potentially
be used for FLIM and FS-FLIM applications. The N-terminus of 101A can
be conjugated with any reporter dye molecule, including SeNBD. Whilst N-
terminal incorporation of SeNBD leads to relatively low signal from the dye, its
incorporation within the peptide scaffold could ensure there is an increase in
fluorescence upon 101A-101B interaction. To see how the fluorogenic properties of
SeNBD can be better harnessed, a range of rational substitutions of amino acids in
the 101A sequence with SeNBD could be attempted. The compatibility of SeNBD

with SSPS methods would ensure relative ease of preparation and purification of

218



CHAPTER 7. CONCLUDING REMARKS AND FUTURE DIRECTIONS

numerous analogues in a 101A library. The secondary structure of the different
versions of 101A should first be checked using CD. a-helical peptides could then
be further screened for the largest fluorescence increase upon binding to 101B.
The library could be tested in an in vitro experiment comparing the brightness of
signal between 101A analogues and surface-immobilised 101B. Additionally, the
substitution of the native amino acid with SeNBD could further change the binding
affinity and dynamics of the 101A-101B interactions. An in vitro screen could
further allow to observe these under the microscope and choose a 101A-analogue
with the best properties for imaging. A SeNBD-labelled 101A chosen in this
way could find applications in super-resolution microscopy and potentially enable

FS-FLIM studies at higher peptide concentration.
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