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Enlightening RNA biology — Insights from Fluorescent Nucleobase Analogues
From fluorophore characterization to applications in live-cell imaging

PAULINE PFEIFFER
Department of Chemistry and Chemical Engineering
Chalmers University of Technology

ABSTRACT

Well-characterized, native-like probes to study RNA and its nucleotides are essential
for advancing both fundamental research and the development of RNA-based
therapeutics. Fluorescent nucleobase analogues (FBAs) offer unique opportunities to
probe nucleic acids under physiological conditions while preserving native interaction
patterns. This thesis explores the use of fluorescent nucleosides to investigate RNA
and nucleotide metabolism, with a particular focus on live-cell imaging applications. It
includes a comprehensive photophysical characterization of FBAs, emphasizing their
suitability for various microscopy techniques. These insights are applied to monitor the
spontaneous cellular uptake of FBAs wusing fluorescence microscopy, including
confocal imaging, two-photon excitation microscopy, and fluorescence lifetime
imaging. One adenine analogue, 2CNgA, emerged as a key compound due to its
ability to enter cells and localize to the nucleus, i.e. the site of RNA synthesis. In
addition to imaging, techniques such as flow cytometry and spectroscopy were
employed to elucidate the uptake pathways and the metabolic processing of 2CNgA,
including its incorporation into RNA. This work also demonstrates the incorporation of
2CNgA into long RNA via in vitro transcription, including a thorough characterization
of 2CNgA incorporation degree and its photophysical properties in an RNA
environment. The subsequent cellular delivery of this FBA-labelled mRNA and the
expression of the encoded fluorescent protein are investigated for applicability for RNA
studies in living cells.

Together, the thorough -characterization of FBAs, the observed spontaneous uptake
and subsequent RNA labelling, and the in vitro transcription-based labelling strategy
constitute a versatile toolbox for studying dynamic aspects of RNA biology and RNA-
based drug delivery in living cells. This thesis also highlights the potential of diverse
readout methods for advancing RNA imaging and analysis.

Keywords: Fluorescent base analogues, RNA, nucleotides, nucleosides, RNA
building blocks, fluorescence, spectroscopy, fluorescence microscopy, live cell
imaging, in vitro transcription
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SAMMANFATTNING

Vilkarakteriserade, naturliknande prober for att studera RNA och dess nukleotider ar
avgorande for att frimja bade grundforskning och utvecklingen av RNA-baserade
lakemedel. Fluorescerande nukleobasanaloger (FBAs) erbjuder unika mdjligheter att
undersoka nukleinsyror under fysiologiska forhdllanden samtidigt som de bevarar
naturliga interaktionsmdnster.

Denna avhandling utforskar anvindningen av fluorescerande nukleosider for att
undersoka RNA och nukleotidmetabolism, med sdrskilt fokus pd applikationer inom
avbildning av levande celler. Den innehdller @ven en omfattande fotofysikalisk
karakterisering av FBAs, sirskilt med avseende pad deras ldmplighet for olika
mikroskopitekniker. Dessa insikter anvidnds sedan for att folja det spontana celluldra
upptaget av FBAs med hjidlp av fluorescensmikroskopi, inklusive konfokalmikroskopi,
tvafotonexcitationsmikroskpi  och fluorescenslivsldngdsavbildning. En adeninanalog,
2CNgA, framtrddde som en nyckelmolekyl tack vare sin formaga att ta sig in i celler
och lokalisera till cellkdrnan — celldelen for RNA-syntes. Forutom avbildning anvéndes
tekniker som flodescytometri och spektroskopi for att utreda upptagsvigar och
metabol omsédttning av 2CNgA, inklusive dess inkorporering i RNA. Avhandlingen visar
ocksd hur 2CNgA kan inkorporeras i langt RNA via in vitro-transkription, foljt av en
noggrann karakterisering av inkorporeringsgraden och dess fotofysiska egenskaper i
RNA-miljoén. Den celluldra leveransen av detta FBA-méarkta mRNA och uttrycket av det
kodade fluorescerande proteinet undersoks for tillimpbarhet for RNA-studier i levande
celler.

Tillsammans representerar den noggranna karakteriseringen, det spontana upptaget
av FBAs och den in vitro-transkriptionsbaserade mérkningsstrategin en méngsidig
verktygsldda for att studera dynamiska aspekter av RNA-biologi och RNA-baserade
lakemedels leverans i levande celler. Avhandlingen lyfter ocksd fram potentialen hos
olika avldsningsmetoder for att frimja RNA-avbildning och analys.

Nyckelord: Fluorescerande basanalog, RNA, nukleotider, nukleosider, RNA-

byggstenar, fluorescens, spektroskopi, fluorescensmikroskopi, avbildning av levande
celler, in vitro-transkription
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“Doch Wissenschaft kann niemals absolut sein. Sie ist die Kunst der Annidherung.”

“But science can never be absolute. It is the art of approaching.”

Frank Schitzing, “Nachrichten aus einem unbekannten Universum”
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1. INTRODUCTION

Ribonucleic acid (RNA) gained unprecedented global attention during the COVID-19
pandemic, as the first mRNA-based vaccines became widely known to the public.
However, within the scientific community, RNA has long been a subject of intense
research. The rapid development of the COVID-19 mRNA vaccines was the result of
decades of foundational work which highlights the role of RNA and its building blocks
in modern medicine. Beyond vaccines, nucleoside analogues have also emerged as
powerful drugs in the treatment of viral infections and cancer — though these

advances remain less visible to the general public.

As the fight against diseases continues, the development of new therapeutic strategies
and diagnostic methods is essential. Therefore, research tools are needed to study
RNA and its building blocks to accomplish further design and development of drug
candidates. These tools must provide reliable readouts without interfering with the
system of interest, e.g. natural cellular pathways — unlike drug candidates
themselves, which are specifically designed to interfere with the targeted pathways.
Continuous innovation in research methodologies 1is vital to advancing both

fundamental understanding and therapeutic applications.

Among many techniques used in molecular biology, fluorescence-based methods are
very valuable and widely used. They complement structural techniques such as X-ray
crystallography, nuclear magnetic resonance (NMR), and cryo-electron microscopy
(cryo-EM), while offering advantages like high sensitivity and specificity, compatibility
with live-cell experiments, and cost-effective instrumentation. These features would
make fluorescence also a well-suited technique for studying nucleic acids, but the
natural nucleobases are virtually non-fluorescent. Therefore, a fluorescent moiety is
required for readout. Common fluorophores, that are often bulky dyes, can be attached
externally. The alternative approach — central to this thesis — is to use modified bases

that are intrinsically fluorescent.

Significant progress has been made in the design and characterization of fluorescent
base analogues (FBAs), including prior work by the Wilhelmsson group. Building on
this foundation, this thesis presents the photophysical characterization of FBAs and

explores their application as tools for studying nucleotide metabolism. Unlike studies



that focus on incorporating FBAs into oligonucleotides via solid-phase synthesis, this
work emphasizes the use of fluorescent nucleosides as RNA building blocks for

enzymatic incorporation.

The thesis is based on two published articles and three manuscripts. It starts with a
detailed background on RNA as molecule and as a therapeutic agent, as well as an
overview of RNA labelling strategies. The following methodology part outlines the
experimental techniques employed throughout the research this work is based on. The
core of the thesis text presents the original research, organized by methodology rather
than publication chronology, reflecting the interconnected nature of the research
projects. It starts with the photophysical characterization of FBAs, followed by imaging-
based investigations, and concludes with applications of FBAs as research tools to
study cellular processes. It is important to note that the design and synthesis of the
FBAs and oligonucleotides were carried out prior to this work and that the author did

not contribute to these aspects.

The final section of this text presents additional projects that were carried out as part
of this work but have not yet been published. These projects are included as an

outlook, highlighting the potential of FBAs in future research contexts.

Overall, this thesis provides a comprehensive study on how fluorescent nucleosides
can be utilized in RNA research, particularly in live-cell studies with focus on imaging.
It contributes to the groundwork for future research of nucleic acid biology and the

investigations of novel therapeutic strategies and drug candidates.



2. BACKGROUND
2.1 Biochemistry

In this chapter, the background of this thesis is described, including the current

research landscape and state-of-the-art of the field.

2.1.1 Ribonucleic Acid

Nucleic acids are, alongside proteins, lipids, and carbohydrates, one of the major
macromolecule classes in cells. The two naturally occurring nucleic acids are
ribonucleic acid (RNA) and deoxyribonucleic acids (DNA). They are both polymers of
building blocks called nucleosides which are connected by phosphodiester bonds (Fig.
1A). RNA nucleorides consist of a sugar moiety (B-D-ribofuranose), phosphate
group(s) that are attached at the 5’ carbon of the sugar, and a nucleobase attached

via a N-glycosidic bond at the 1’ position (Fig. 1B).
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Figure 1. Molecular structure of RNA. A) Shown is a dinucleotide connected via a
phosphodiester bond. The arrow indicates the typical reading direction of RNA. B)
Building block of RNA: nucleoside triphosphate, which is threefold negatively charged
at physiological pH. Indicated in italics are the annotations of sugar atoms and
phosphate groups. C) The most common (canonical) nucleobases of RNA, which are
derivatives of purine or pyrimidine, with their annotation of atoms indicated in italics.

The alternating sugar and phosphate groups form the “backbone” of the RNA polymer, while
the nucleobases define its sequence and are crucial for the functionality of RNA by hydrogen

bonding, called base pairing. There are four main nucleobases found in RNA, the two purine



bases adenine and guanine (bound to the sugar at position 9) and the two pyrimidine bases
cytosine and uracil (bound to the sugar at position 1) (Fig. 1C). Other (non-canonical or
modified) bases can be found in RNA as well, often methylated purines and pyrimidines, like
pseudouridine or hypoxanthine, that play a major role in specific cellular processes.! RNA
exhibits diverse secondary and tertiary structures that can vary significantly depending on
sequence, environment, and interactions with other molecules. A prevalent structural motif is

the inter- or intrastrand A-form helix, which arises from base pairing between nucleobases.>?

The central dogma of molecular biology, proposed by Francis Crick in 1957, describes the flow
from hereditary information (encoded in the DNA), through messenger molecules (mMRNA) to
the synthesis of polypeptides (proteins) that determine the phenotype.* As research continued
it became evident that RNA molecules are very diverse and also act as catalysts for biochemical
reactions (ribozymes®), regulate gene expression (e.g. siRNA and miRNAS), modify other
RNAs (e.g. snoRNA"), contribute to chromatin remodelling and genome stability (e.g. IncRNA
and piRNA®?), and are involved in cellular signalling'®. The characteristics of RNA, including
their reaction mechanisms, interactions, nucleotide structures, and macromolecular diversity,
have therefore gained interest for biochemical method development and therapeutic
applications.!!? Although several methods and technologies to detect and study RNA in

biological systems already exist, there is still a need for more.

2.1.2 RNA Therapeutics

Building blocks, oligomers, and polymers of RNA have gained significant attention and
have become increasingly important in human medicine. Due to the described roles
of RNA in cell biology (Ch. 2.1.1), RNA therapeutics offer precise and targeted
treatments for a variety of diseases. This chapter will give a short overview of
therapeutic approaches based on nucleic acids, with a focus on RNA derivatives. It
should be noted that the chemical definition of RNA is not as clear as described above
(Ch. 2.1.1) due to, sometimes heavy, molecular modifications on the sugar, the

phosphate-sugar backbone, and/or the nucleobases.

RNA therapeutics defines a disease treatment where RNA is a direct target, or where it
constitutes the drug itself.!* During this thesis work, the COVID-19 pandemic hit and gave
RNA research great public attention due to the approval of the first mRNA-based vaccines.'*
The RNA in these vaccines is an mRNA sequence coding for a modified version of the spike

protein of the virus. Once injected, the mRNA is taken up by cells, particularly antigen-
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presenting cells like dendritic cells and monocytes. Inside their cytoplasm, the mRNA is
thereafter translated by the ribosomes into a harmless mimic of the viral spike protein, which
is transported to the cell membrane and presented on the cell surface. Recognition of the
artificial viral motif by the immune system then leads to an immune response, which prepares
the body for potential infection by the actual virus.!> The first mRNA flu vaccine was tested in
mice in 19906, but difficulties with rapid degradation prevented it from advancing to clinical
trials in humans. The necessary breakthrough in mRNA vaccine technology came with the
development of advanced delivery methods.!” Usually, the body quickly degrades foreign RNA
as a defence mechanism, making it difficult for vaccine RNA to “deliver the message”.'®
Furthermore, long mRNA molecules cannot cross cell membranes due to their significant size,
charge, and hydrophilicity.'® The game-changing development was lipid nanoparticles (LNPs)
that encapsulate the mRNA, protecting it from degradation and facilitating cellular uptake via

the endocytic pathway.?*?!

The progress of LNP-mRNA formulations for cancer
immunotherapy began in the early 2010s, and the first LNP-encapsulated siRNA drug was
approved for polyneuropathy in 2018.2%2? Hence, when the COVID-19 pandemic hit, much of
the required knowledge and methods were in place to rapidly develop effective mRNA

vaccines.

Following the pandemic, the 2023 Nobel Prize in Physiology or Medicine was awarded to
Katalin Karik6 and Drew Weissman “for their discoveries concerning nucleoside base
modifications that enabled the development of effective mRNA vaccines against COVID-
19”23 Their work is a major contribution to the progress on the mRNA side, demonstrating
how chemical modifications can reduce the immune response triggered by RNA and enhance
protein production.?*?6 Research on chemical modifications to find new nucleobase analogues

to further improve the therapeutic effect of mRNA is very much an active research field.

In addition to the long mRNAs (thousands of nucleotides) used in vaccines and for protein
replacement therapy, RNA therapeutics also include single- or double-stranded
oligonucleotides in the range of 10—100 nucleotides. These oligonucleotide-based therapeutics
display a large diversity in terms of which biochemical process they target, with examples
including aptamers, small interfering RNAs (siRNAs), micro RNAs (miRNAs), or antisense
oligonucleotides (ASOs).?”?® Gapmers are one particular example of an ASO design that
consist of a DNA segment (“gap”) flanked by modified nucleotides, and are usually in the range
of 15-20 nucleotides.” Modifications are, for example, phosphorothioate linkages or 2’-4’-

ethylenoxy-bridged ribose (cEt) on the flanking sides to improve nuclease stability, RNA
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affinity, and bioavailability (example in Fig. 13).>° Gapmers are taken up via the endosomal
pathway®!, base-pair with target mRNAs inside cells and the resulting double strand recruits
RNase H which degrades the RNA part of the hybrid duplex in a catalytic manner, i.e. the
gapmer remains intact and can form hybrids in many cycles. This exemplifies how an efficient
natural mechanism to regulate gene expression®” at the RNA level can be exploited for drug
development, evidenced by the fact that several gapmer drugs have received regulatory

approval®>.

Synthetic compounds based on monomers of ribonucleic acids, also play a major role in human
medicine, for example as antiviral or anticancer drugs. Chemical modifications can be made to
the phosphate group(s), the sugar moiety, or the nucleobase (compare Fig. 1) with almost
infinite possibilities. For therapeutic purposes, a common approach is to create a molecule that
interferes with the natural pathways of nucleic acid polymerization to downregulate or modify
DNA or RNA synthesis.* One example is Remdesivir, a pre-existing drug candidate that was
evaluated as an antiviral drug during the 2014 Ebola outbreak.?® It was later also explored as
an inhibitor of the replication of the SARS-CoV-2 and was eventually approved by the
European Medicines Agency for treatment of severe COVID-19 during the pandemic.*® Such
nucleoside analogues usually mimic the natural building blocks, i.e. nucleoside triphosphates.
However, the polar or charged nature of nucleotides prevents them from diffusing across the
hydrophobic lipid bilayer of cell membranes. Instead, transporters that allow natural and
modified nucleosides (i.e. without the phosphate groups) to pass play a major role and are in
focus of research.?” Another approach to deliver nucleoside analogues is to administer them as
prodrugs, which are therapeutically inactive compounds that are metabolized to active drugs
inside the body. This means that, in addition to chemical modifications for the action as a drug
inside cells, further modifications are introduced to mask the charge and allow diffusion over
the cell membrane. Hence, the prodrugs for nucleotide-based drugs are often designed to have
increased lipophilicity.”® A commonly used motif is the ProTide technology that allows the
delivery of nucleoside analogues as monophosphates.’* With these modifications, the
bioavailability of the drug increases*’, but the required processing inside the cells adds many
steps to the mechanism of action of the drug, which in turn lowers its efficiency.*' The most
crucial step inside the cell in the process of becoming the active drug is the addition of the
phosphate groups by intracellular or viral kinases*?, where the first re-phosphorylation step has
been reported to be rate-limiting*. With the phosphate groups attached, the drug can then

interact with the cellular transcription machinery. To develop, design, and predict the efficiency



of nucleic acids-based drug candidates, it is important to have techniques and methods to
investigate the natural nucleic acids and their building blocks inside the cells, and to study the

drug candidates regarding their cellular uptake and intracellular processing.

2.1.3 Metabolic RNA labelling

The understanding of RNA turnover, i.e. the relative rates of transcription and degradation, as
well as their regulation, is a key area of basic research in various fields plays an important role
in advancing the understanding of diseases. The study of all ribonucleic acids inside cells is
known as transcriptomics and today the standard application to analyse this transcriptome is
RNA-sequencing.* This allows quantification of transcripts, but since RNA has to be extracted
from cells it gives no information about RNA dynamics inside cells. Spatial transcriptomics
localizes transcriptional activity and monitors RNA dynamics within intact tissue and is
typically done by in situ sequencing or in situ hybridization (ISH).*> However, this approach is
limited by a fixation step, meaning that it cannot capture real-time changes inside living cells.
Approaches focusing more specifically on individual transcripts inside cells are among others
fluorescent RNA-aptamers or RNA fluorescent in situ hybridization (RNA-FISH). Aptamer-
readout, on one hand, is live-cell compatible but requires genetic perturbation (sequence

insertion).*

FISH, on the other hand, does not interfere with the genomic material but relies
on cell fixation, which, again, limits its temporal resolution.*” A more straightforward method
is to incorporate artificial functionalities into RN A by metabolic processes which allow to study
biological processes in a native environment not necessarily focusing on individual transcripts.
The combination of introduced modifications with e.g. RNA-sequencing, proteomics, or
techniques like flow cytometry and cellular imaging is a powerful strategy to study nucleic
acids and their building blocks on several levels. Furthermore, the study of nucleosides and
nucleotides in metabolism, e.g. the quantification of influx and efflux via membrane
transporters*®, the specificity for certain polymerases, and mechanistic insights of the

catalysis®, is a fundamental part of RNA turnover research. Hence, labelling the monomers of

RNA offers great opportunities.

To label RNA metabolically, ribonucleoside triphosphate derivatives are needed as substrates
for RNA polymerases. However, as described previously (Ch. 2.1.2), these negatively charged
molecules are not easily internalized by cells. Hence, delivery methods like transfection,
microinjection, or chemical masking are used, but come with problems like toxicity, low

efficiency, and the requirement of intracellular conversion, respectively. The active uptake of



nucleoside triphosphates by nucleotide transporters has only been reported in bacteria.>® In
eukaryotic cells, only nucleosides can be internalized via nucleoside transporters®’ which
requires subsequent re-phosphorylation of the compounds (native or modified) inside the cells
— a bottleneck for labelling of RNA.*34? Therefore, approaches to enhance the uptake and
facilitate the delivery of modified nucleotides are highly sought after. One way of achieving
this is to modify cells genomically, for example to overexpress enzymes to enhance the uptake
of modified nucleosides. Wang et al. showed that by engineering cells to overexpress uridine-
cytidine kinase 2 to enhance phosphorylation, the labelling of RNA with different fluorescent
pyrimidine analogues is possible.’>*> Another approach is to design the nucleosides or
nucleotides in a way so that they can be internalized by wildtype cells. Chemical designs like
the previously described prodrugs (Ch. 2.1.2) are investigated for metabolic labelling
applications. These two approaches, i.e. engineering of cells and chemical design of the labels,
can be combined to develop cell (enzyme)-nucleoside pairs that make metabolic RNA labelling
possible for specific purposes. For example, in 2022 Singha et al. published a vinyluracil—

uracil phosphoribosyltransferase pair that allowed cell-specific RNA labeling.>*

Besides the chemical design for (enhanced) uptake, the label for the readout must be considered
carefully. Different nucleoside/nucleotide labels can be used, depending on the desired redout
method, availability of compounds, and experimental setup. Metabolic labelling of RNA has
been performed using radioactive or isotope labels*®, but for e.g. microscopy applications
fluorescence readout is the better choice. The introduction of the fluorescent attribute is often
achieved by metabolic incorporation of functionalized nucleosides into RNA and subsequent
fluorophore attachment. One approach is the detection and affinity purification using an
antibody against the modified nucleoside 5-Bromouridine (BrU).* This method is possible to
combine with various readout methods, but the dependency on antibody detection limits the
applicability.** An often-used method for functionalization (including labelling) of nucleic
acids as well as their building blocks is bioorthogonal chemistry.>® For such click-reactions,
alkyne- or azide-containing nucleosides are used where the fluorophore of choice can be
clicked on post-synthetically by Cu-catalyzed azide—alkyne cycloaddition (CuACC), or Cu-
free strain-promoted azide-alkyne cycyloaddition (SPAAC).” The latter approach is
particularly important for labelling of long RNA as it is compatible with biological systems,
e.g. labelling inside living cells.** Different analogues are available and allow great flexibility
in the experimental setup, e.g. 4-thiouridine (4sU)® or 5-ethynyluridine (EU)’. Recently, using
SPAAC chemistry, Wang et al. presented cell- and polymerase-specific labelling of RNA by



feeding azidocytidine to cells that are overexpressing deoxycytidine kinase.®® However, all of
these methods always require a second step where the actual label, i.e. the fluorophore, is
attached. Furthermore, the cells usually need to be fixated, or the reactions proceed with slow
kinetics, limiting the applicability in living systems. To overcome these limitations the use of
building blocks that are intrinsically fluorescent and label RNA directly upon incorporation is

emerging.
2.1.4 Fluorescent Dyes for Nucleic Acids

Fluorescence-based techniques are very popular and widely applied due to their ability to study
biomolecules in native conditions and even inside living cells. Since natural nucleic acids are
virtually non-emissive, fluorophore labelling is necessary to allow their study using
fluorescence-based methods. The fluorophore can be attached non-covalently (e.g. the
intercalating dye ethidium bromide®!) or, for more specific and controllable labelling,
covalently. The covalent modifications can be divided into external and internal modifications.
External modifications are fluorophores attached by linkers to the nucleic acid, without being
involved in the actual base stack.®? These fluorophores can be incorporated synthetically by
solid-phase polymerization, or they can be attached to nucleic acids after introducing a building
block that contains a reactive “handle,” onto which the fluorophore is subsequently coupled
(Ch. 2.1.3). Almost any commercially available dye can be used, for example fluorescein,
cyanine-, or Atto-dyes. The photophysical characteristics, i.e. the brightness, of these dyes
often allows for single-molecule detection, but their size and hydrophobic linkers can perturb
the structure and interaction of nucleic acids with other (bio-)molecules.®® Furthermore, the
dye is positioned outside the base stack which limits the analysis of local structural information.
In this thesis the focus lies on internal modifications, where a fluorophore replaces a natural
nucleobase and therefore gives an “on-site” readout from a small modification. Several planar
aromatic fluorophores have been developed and incorporated into nucleic acids, e.g. pyrene or
phenanthrene.®* However, their inability to form hydrogen bonds with the pairing base on the
opposite strand reduces the utility to study native structure and behaviour of nucleic acids.®
Therefore, the research field of fluorescent base analogues (FBA) has emerged. The approach
is to create molecules that are bright, photostable, absorb light outside the nucleobase
absorption band (> 300 nm), and have a large Stokes’ shift (difference in energy between
absorption and emission maxima). Together with the demands of resembling the natural bases,
i.e. form Watson-Crick base pairs, and to not perturb the natural structure and interaction of the

nucleic acids, the design, characterization, and eventual application is a complex process.®*%

9



Many FBAs have been developed and applied to study, for example, nucleic acid interactions
and structures to address questions in biology, biochemistry, and biophysics of nucleic acids.®*~
87 The adenine analogue 2-aminopurine (2-AP) was one of the first FBAs, published in 1969,
and is today widely used for labelling of nucleic acids (Fig. 2).°® The fluorescence properties
of many FBAs, including 2-AP, are sensitive to their microenvironment. This can be used to
monitor changes in the local environment of the fluorophore, which in turn can be applied as a
tool to, for example, study DNA-protein interactions.® However, for other applications, e.g. in
Forster resonance energy transfer (FRET) or fluorescence anisotropy measurements,
environment insensitive probes are preferred to more easily obtain quantitative results. A
representative FBA of this group is the tricyclic cytosine analogue tC (Fig. 2). This molecule
was developed in 1995 and in 2001 Wilhelmsson et al. also found that it is highly fluorescent
inside nucleic acids while being virtually micro-environment insensitive.’® "> From this starting
point, new FBAs have been developed and characterized and the herein presented work is based
on previously designed, characterized, and applied FBAs from the Wilhelmsson laboratory.
The tricyclic cytosine analogue tC° (1,3-diaza-2-oxophenoxazine, Fig. 2)) is the oxo-
homologue of the mentioned tC, that was developed in 1995, and characterized as an FBA by
Sandin ef al. in 2008.7%7 It has been and still is applied in structural studies of nucleic acids’*
76 (paper not included in thesis), to investigate interactions e.g. between DNA and proteins’’ or
small molecule binding to nucleic acids’®, DNA dynamics’®, and to label DNA enzymatically®’.
Furthermore, two analogues from the adenine family play a major role in this thesis: the cyano-
modified quadracyclic adenine 2CNgA and the pentacyclic adenine pA (Fig. 2). 2CNqA is,
compared to its mother compound qA®!, significantly less sensitive to its microenvironment.*?
It is so far the brightest qA derivative and has been characterized also in an oligonucleotide
context where it was found to be one of the brightest reported FBAs in duplex DNA.%3
Furthermore, it was successfully used as a donor for FRET between FBAs to study the structure
of both DNA and RNA, thereby constituting a promising tool for analysing conformations of
nucleic acids®® (paper not included in thesis). pA is an extension of the gA scaffold, afforded
by incorporating an additional benzene ring.?>#* It has been thoroughly characterized as an
FBA and its versatility was demonstrated by its use as a donor for interbase FRET in
oligonucleotides, as a successful two-photon fluorophore, and as a label in microscopy.®*% All
three FBAs — 2CNgA, pA, and tC°® — have been shown to be useful fluorescent labels for
gapmers for live-cell imaging and flow cytometry readout.®® A key development for this thesis
was published in 2021, where tC© was synthesized as its nucleoside triphosphate derivative for

the first time and used to enzymatically label mRNA.%” With that, the synthesis strategy for
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FBA-triphosphates and investigations of FBAs for enzymatic and metabolic labelling built the

foundation for future biochemical applications.

Besides research on already established FBAs from our group, the herein presented work also
includes the characterization of a new base analogue inside RNA oligomers. The synthesis and
photophysical characterization of the quadracyclic uridine monomer (qU, Fig. 2), i.e. as a
nucleobase and a ribonucleoside, was published 2024.%% As a monomer, qU has high brightness
and absorbs in the visible region, which makes it an interesting candidate for biological
applications and readouts. Furthermore, it shows an equilibrium between two spectrally
separated tautomeric forms and is pH sensitive, making it an interesting probe for live-cell

imaging in various environments inside cells.
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Figure 2. Structures of FBAs that are described in the text. The natural scaffold is
drawn in black, while the FBAs important for this thesis are highlighted in bright
colours. R = attachment site for the sugar moiety of the corresponding nucleoside.

The overall aim of FBA development is to enlarge the toolbox for nucleic acid labelling for
various, but specific, needs and, thus, complementing the variety of techniques already

available to study nucleic acids.

2.2 Methods

This thesis explores chromophores/fluorophores in biological environments and
reactions and therefore, a solid understanding of the methods used is required. In this
chapter, the fundamental principles of the main techniques are introduced and further

explained in the light of the research presented.
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2.2.1 Light Absorption by Nucleic Acids

When atoms form molecules, their atomic orbitals combine to create molecular orbitals. Each
molecular orbital can hold up to two electrons with opposite spins. In the ground state of a
molecule, these orbitals are filled with electrons, starting from the orbital with the lowest
energy. If all occupied molecular orbitals contain paired electrons, the molecule is said to be in
a singlet state. However, if there is one unpaired electron, the molecule is in a doublet state, as
seen in radicals. The electronic and vibrational states of a molecule can be illustrated in a
Jabtonski diagram where the transitions between them become easily understandable (Fig. 4).
Overall, the total energy of a molecule consists of translational, rotational, vibrational, and
electronic energy, where each electronic state has several vibrational levels, which in turn have
rotational levels. In the Jabtonski diagram, electronic states with a few of their vibrational
levels are depicted. Light can be absorbed by a molecule, causing it to transition from a low-
energy to a high-energy state, provided that the energy of the light matches the energy gap
between the molecule’s electronic levels and that the molecule is oriented correctly. This
molecule is thereafter in an excited state. The molar absorptivity (¢ in M~! X cm™1) describes
how much light a molecule can absorb at a specific wavelength by expressing the probability
of excitation from the ground state to an excited state (or more general from a lower to a higher
energy state).®’ Light with energy in the UV and visible region (vis) is generally needed for
transitions between electronic states. In nucleic acids, the chromophores that absorb in the UV
region are the nucleobases, while the backbone, consisting of sugar and phosphate groups,
absorbs at even higher energy (< 200 nm®°). Each base has an extensive conjugated n electron
system which gives rise to intense n-n* transitions with absorption peaks in the range of 150
to 300 nm.”! The absorption spectra of DNA or RNA polymers present an average spectrum
with respect to the base composition and degenerate interactions, with the most characteristic

peak maximum appearing at around 260 nm.

Non-degenerate interactions, like hybridization or separation of nucleic acid strands, can
change the intensity of the band at 260 nm. As two strands dissociate and lose interactions the
bases become less stacked and the intensity at 260 nm increases, known as hyperchromicity
(with the reverse phenomena known as hypochromicity). This is useful for example in
determining the melting temperature, i.e. the separation of double strands or other secondary
structures that are stemming from base-pairing. The melting temperature 7, is defined as the
temperature where half of the double strands are denatured, i.e. dissociated into two single

strands. This is dependent on the type of nucleic acid, its sequence (e.g. the GC-content), the
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solvent, the salt concentration, the pH, and possible interactions with other molecules.”” In the
presented work, the melting temperature is an important parameter for investigating the effect
of fluorescent base analogues on base-pairing and -stacking, compared to the corresponding

natural base (Ch. 3.1.1 vide infira).

2.2.1.1 Circular Dichroism

Another technique that is important for this thesis work, and that is based on the absorption of
light by molecules, is circular dichroism (CD). In dichroism, the absorption of light by
molecules differs depending on the polarization direction of the incoming light beam. In
circularly polarized light the magnitude of the electric field vector is constant, and the direction
is modulated, leading to a helix shape along the direction of propagation. This means that two
orientations are possible: a right-handed and a left-handed helix. In measuring CD, the
difference in absorption between these two polarizations is investigated and allows conclusions
about the 2D- and 3D-conformation of (bio-)molecules.’! To generate a CD signal, the solution
must contain optically active molecules, that are either inherently chiral or rendered
asymmetric by their surrounding environment. Like most biomolecules, nucleic acids are
asymmetric due to the chiral sugar in the backbone, leading to a weak CD signal in the nt- m*
region of the nucleobases. Nucleic acids form helical structures, which furthermore have a
super asymmetry. This leads to electronic interactions between the chromophores (i.e.
nucleobases) resulting in a strong CD signal that is characteristic for each conformation. Hence,
the recording of CD spectra allows to draw conclusions about the secondary structures of
nucleic acids.” In the presented work, this was particularly important for the investigation of
the effect on the helical structure when FBAs are incorporated into oligomers (Ch. 3.1.1 vide
infra). Since both right- and left-handed circularly polarized light follow Beer-Lambert Law,
CD is defined as the difference in their extinction coefficients Ae (Eq. 1 with 4 absorption, /

light pathlength, ¢ concentration of the solution).

AA(A) = A(/l),Left — A(}t),Right = [E(A),Left — g(l),Right] XIXc=AsXlXc [Equation 1]

The light leaving the sample is hence elliptically polarized, due to the superimposition of right-
and left-handed circularly polarized light that was absorbed differently. In this work, CD is
expressed as ellipticity € (unit: mdeg), which describes the angle between the maximum and
minimum of the magnitude of the electric field vector (E) of the elliptically polarized light that

leaves the sample (optical rotatory dispersion, Fig. 3)).%*
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Figure 3. Constitution of the ellipticity of the superimposed light in CD. Circles show
the electric field vectors of the left (ved) and right (blue) circularly polarized light when
looking along the axis of propagation. The resulting superimposed light (purple), that
leaves the sample is elliptically polarized and is described by the angle 0 as shown.

2.2.1.2 Multiphoton Absorption

An additional light-matter interaction is multiphoton absorption, which is based on the
simultaneous absorption of multiple photons by a molecule without an intermediate excited
state. This can also be depicted in a Jabtonski diagram (Fig. 4). Neither photon is at resonance
with the energy states of the system, but the combined frequency matches the resonance of an
electronic energy state of the system. Since it requires spatial and temporal overlap of two or
more photons, the occurrence of this process is highly unlikely in nature, but it can be achieved
in a research environment. For two-photon absorption (2PA, TPA) the probability of photons
absorbed per time unit depends on the square of the intensity of the incoming light, making the
process non-linear. Therefore, the cross section is not intuitively understandable (as in one-

photon absorption by cm?) and was first described by Maria Goppert-Mayer®>, in whose honour

the unit of the two-photon cross section (GM) was named, with 1 GM = 10750 cm?s /p hoton:

To facilitate the simultaneous absorption of two photons, a pulsed laser system delivering a
high photon flux is needed to provide the required laser power in short “packages” with high
peak power, while the average laser power is comparably low. The 2PA in this thesis is
important for microscopy purposes, where the focal point (determined by the objective lens) is
the point where the photons are “crowded” enough (Ch. 2.2.3.2 vide infra).”® We characterized
one FBA as two-photon probe in solution (Ch. 3.1.3 vide infra) and subsequently applied it in

two-photon fluorescence imaging of living cells (Ch. 3.2.3 vide infira).
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2.2.2 Fluorescence

After a molecule has absorbed light and has been excited, it will eventually return to its ground
state. Most often this happens by transferring the energy as heat to the surroundings — referred
to as non-radiative decay. In some cases, other processes where photons are emitted, can take
place, namely fluorescence and phosphorescence. Since this work is based on fluorescent base
analogues the first process is of interest, but both processes are displayed in Fig. 4. In short,
phosphorescence includes a step of intersystem crossing (ISC) to an excited triplet state (two
orbitals with unpaired electrons, T1) from where the molecule can relax by emitting a photon.
In fluorescence, the emission generally comes from relaxation from the lowest vibrational level
of the first excited singlet state (S1). Notably, irrespective of whether the excitation has taken

place with one or several photons, the de-excitation pathways are the same processes.
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Figure 4. Jablonski diagram showing the photophysical processes described in this
thesis. Non-radiative processes are indicated in black arrows including vibrational
relaxation (VR), internal conversion (IC), and intersystem crossing (ISC). One-photon
absorption is indicated in purple, 2PA in green, fluorescence emission in dark red, and
phosphorescence emission in cyan. S indicates singlet state and T triplet state. Dotted
arrows indicate the possibility of processes going to different vibrational levels.

2.2.2.1 Steady-state Fluorescence

To describe fluorescence, it is helpful to look at the rates of the different processes involved,
i.e. the radiative decay k. (emission of a photon) and the non-radiative processes k.- which
involve internal conversion (IC) and the following vibrational relaxation (VR) as well as ISC
(Fig. 4). Other processes that decrease the fluorescence intensity are static and dynamic
quenching (k4), which depend on the concentration of a quenching species [Q]. Altogether, the

efficiency of the fluorescence process is measured as the fluorescence quantum yield (¢y),
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which is the radiative rate constant divided by the sum of all rates, i.e. describing the number

of absorbed photons in relation to the number of emitted photons (Eq. 2).

b = photons emitted __ Ky
f

= = Equation 2
photons absorbed  ky+knr+kq[Q] [ q ]

In this work the quantum yields are determined in relation to a reference compound with known
quantum yield”” by Eq. 3, which takes into account the measured integrated emission /, the
absorption A4 at the excitation wavelength, and the refractive indices 1 of the solutions. S and
R refer to sample and reference, respectively.

IS/ AS’L%

brs = 17— Prr [Equation 3]
/ARUR

The quantum yield multiplied by the molar absorptivity results in a value on the brightness
(with the unit M~ X cm™1) of a compound, which is an important parameter for detectability,
and hence of interest for e.g. microscopy or flow cytometry applications. To measure steady-
state fluorescence, meaning collecting the average emission of randomly oriented molecules in
solution, a fluorimeter is used. An excitation monochromator selects the wavelength of the
excitation light that hits the sample. Emission is typically detected at a right angle (to avoid
detecting excitation light) after passing the emission monochromator, which selects the
detection wavelength. To record an emission spectrum the excitation monochromator is fixed,
and the emission monochromator scans the emission wavelength range. This gives information
on the relative intensity of the emission at the scanned wavelength. In contrast, if the emission
monochromator is fixed and the excitation monochromator is scanning, an excitation spectrum
is recorded. This provides information regarding the absorption of the emitting species in the
solution. All three spectra — absorption, excitation, and emission — give useful information

in the characterization of fluorophores.®

2.2.2.2 Time-resolved Fluorescence

The average time a molecule spends in the excited state is defined as the inverse sum
of rates of the processes that depopulate the excited state (Eq. 4) and is called

fluorescence lifetime (7).

1

T=—
kr+knr+kq[Q]

[Equation 4]
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The intrinsic lifetime of a molecule is the time the molecule would spend in the excited state
in the absence of non-radiative processes. Emission is a random process where each excited
fluorophore has the same probability to emit a photon at a given timepoint t, meaning that some
molecules emit at t = t, while others send out a photon at ¢ > 7 or t < 7. This leads to an

exponential decay of the emitting population (Eq. 5), with Iy being the intensity at t = 0.
I(t) = Ioe_t/f [Equation 5]

Time-correlated single photon counting (TCSPC) is a commonly used technique for
determining fluorescence lifetimes. A pulsed laser source excites the sample, which emits
photons that are detected at a right angle in a time-dependent manner. The heart of a TCSPC
instrument is the time-to-amplitude converter (TAC), recording the time between the excitation
pulse and one emitted photon arriving on the detector. After many signal periods (excitation
pulses and corresponding arriving photons on the detector) a large number of photons are
collected in time bins (channels) displaying a distribution over the detected time resulting in a

histogram representing the decay of the sample (Fig. 5).%

Since the detector registers only the first photon arriving, the decay is biased toward shorter
lifetimes. To avoid this effect, no more than 1 photon per 100 laser pulses (i.e. detection rate of
1%) is measured.®” Because the excitation pulse is not indefinitely sharp and no detector is
perfect, the instrument pulse (or instrument response function, IRF), must be monitored and
accounted for during analysis. This is because the measured decay presents the convolution of

the IRF and the actual fluorescence decay of the sample.

For analysis, a mathematical model which is convolved with the IRF and compared to the
actual decay is used. By iterating this re-convolution process, the parameters that describe the
measured decay best are found. As described above, for fluorescence lifetime an exponential
decay model is applied. Multiexponential decays are described by the sum of several single
exponential decays (Eq. 6), where [ is the intensity at time ¢, a is the pre-exponential factor
describing the amplitude of the different components at t = 0 (sum normalized to unity), T is

the lifetime, and # is the number of components.
_ v 7t .
I(t) = Yi,a; ' [Equation 6]

Since almost any decay can be fitted to this model by using a sufficient number of exponentials,
the aim when analysing TCSPC data is to use as few exponentials as possible to describe the

decay best, in accordance with the proposed mechanism or research hypothesis.®’ In this thesis,
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the amplitude-weighted average lifetime (< t >) for fluorophores with multiexponential decay

(Eq. 7 as an example of a bi-exponential decay) is in the foreground, since it is proportional to
the steady-state intensity.

<T>= fooo I(t)dt = ay71 + @7, [Equation 7]
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Figure 5. The recording principle of TCSPC. The first photon (red) is stored in a channel
assigned to the arrival time at the detector. In the second signal period the process is repeated

(blue photon). After collecting many photons (black), the histogram representing the decay is
created. Figure modified after Becker 2017.%8



2.2.3 Light Microscopy

The motivation to enlarge the small world in order to understand processes that are invisible to
the naked human eye is very old and dates back at least to the 13™ century.” Microscopy in
biology gave us the insight to learn about bacteria, eukaryotic cells, cellular structures and is
still making breakthrough at all scales of biology. With more techniques and methods at hand,
microscopy is an important tool to watch biochemistry in action and is expanding into the world

of nanoscopy.

Apart from magnifying glasses, the simplest light microscopes are compound
microscopes. These use a primary lens (objective) to produce an enlarged real image
of the object, which is then further magnified by a second lens (ocular) to create a
virtual image that can be observed on the retina of the eye. These microscopes are
called bright-field microscopes, since visible light is passing through the sample giving
contrast by attenuation of transmitted light due to differences in the density in the
sample. The resulting image is seen as a dark sample on a white background, hence
the name. To enhance detectability or visibility, staining samples or parts of the
samples is a common method. However, depending on the research question, this
might not be sufficient, for example when examining behaviour of specific molecules
inside cells. In such cases, introducing fluorescent labels to the sample or to particular
molecules, and using fluorescence microscopy, can be a more suitable approach.
Fluorescence microscopy provides high contrast, high specificity, and the possibility of
quantification of even live-cell images. The use of fluorophores requires an excitation
light source and a detection system for the emitted light. In fluorescence microscopes
this is often provided by filters to select the desired wavelengths. The simplest
fluorescence microscopes are therefore imaging in epi-fluorescence mode, where the
excitation light is illuminating the sample through the objective and the emitted light is
focused through the same objective onto the detector. Main limitations are out-of-focus
light that is detected from all planes of the sample, and damage to the whole sample
by the excitation light (i.e. bleaching), which is especially important to consider in a

live-cell context (i.e. phototoxicity).

2.2.3.1 Confocal Microscopy

A more advanced technique circumventing the limitations of imaging in epi-fluorescence mode

is confocal laser scanning microscopy (CLSM).!? The key components in these microscopes
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are the insertion of a pinhole at the focal point of the objective lens, which leads to efficient
blocking of out-of-focus light, and the use of lasers as illumination source, i.e. creating point
illumination. Only light emitted from fluorophores close to the focal plane is detected,
enhancing the optical resolution. The use of lasers requires a scanning mode, where the laser
is moved across the sample by scanning mirrors. Because the emitted light from the sample
travels an identical path “back” through the scanning system, the beam focussed on the detector
aperture is inherently descanned by the mirrors. This descanned signal is detected by
photomultipliers (instead of cameras) and the actual image is reconstructed in the connected
software. This approach comes with high flexibility in the setup of the image, for example the
choice of the pixel size or zoom, which can be of importance for downstream image analysis.
Because only a thin plane is imaged, optical sectioning of thick samples and computational
reconstruction of 3D images is possible.'’! Drawbacks of CLSM are low light efficiency, since
much is blocked by the pinhole, and slow imaging, due to the scanning mode. More advanced
technical developments and methods like spinning disk confocal microscopy solve parts of

these drawbacks.'??

2.2.3.2 Two-photon Microscopy

The use of fluorophores in microscopy comes with more advantages, based merely on
molecular photophysics. In the context of this thesis, two previously discussed parameters are
of importance: multiphoton excitation and fluorescence lifetime. Two-photon imaging uses
fluorophores with an appropriate two-photon cross section to excite them by two
simultaneously absorbed photons (Ch. 2.2.1.2). In the context of imaging, this excitation mode
comes with several advantages: biological samples, like tissues, scatter light with a higher
scattering coefficient in the shorter wavelength range. Since two-photon excitation uses
wavelengths in the near-IR region, the penetration depth is greater. Furthermore, major
intracellular absorbers (e.g. water, melanin) absorb very little light in the near-infrared range.'%
Due to pulsed excitation, the photons are “crowded” enough in only a very small focal volume
(femtoliter-range), leading to emission from a very small part of the sample, efficiently
reducing out-of-focus light. A pinhole is therefore unnecessary and can even be detrimental,
since the emitted light is of shorter wavelength than the excitation beam and emitted photons
are more prone to scattering and should not be lost due to a pinhole. Instead, non-descanned
detection is preferred.'® Since only a very small volume is exposed to the excitation light of
long wavelengths, the risk of photobleaching and phototoxic effects is greatly reduced, making

multiphoton imaging very useful for biological applications.'®
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2.2.3.3 Fluorescence Lifetime Imaging

So far, only steady-state emission has been described for imaging purposes. However, the
information regarding the lifetime of fluorophores in samples can be monitored in a spatial
manner using fluorescence lifetime imaging microscopy (FLIM). FLIM is based on TCSPC
measurements, as previously described (Ch. 2.2.2.2), whereby the TCSPC module in a FLIM
microscope also receives information from the scan controller. This means that every detected
photon comes with the time information in the decay, but also information on pixel, line, and
frame.”® This efficiently results in an image containing a fluorescence decay curve in each
pixel. Now not only can the steady-state intensity be displayed with spatial resolution, but also
the lifetime, which can be very useful to study different fractions of the same fluorophore in
different microenvironments. Since the fluorescence lifetime depends on the molecular state of
interaction, but not on the fluorophore concentration, molecular effects can be studied in
samples with varying fluorophore concentrations.!® The analysis of lifetime images may be
done by two approaches. Since each pixel contains a fluorescence decay an exponential fit can
be applied (Ch. 2.2.2.2) and the images can be displayed in colour code so that the average
lifetime of each pixel is visualized. Another way of analysis is the phasor approach which
operates in the frequency domain. Instead of fitting the decay, a Fourier transformation is
applied to the decay data in each pixel.!’” In the phasor plot, for each pixel a pointer (“phasor”)
is defined, where the transformation expresses the decay as two parameters: the phase shift (¢)
and the modulation (m), which represent the phase and amplitude of the Fourier components,

respectively (Fig. 6).”
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Figure 6. Phasor plot. The phasor coordinates are the real (g) and imaginary (s) parts of the
Fourier transformation. Mono-exponential decays fall on the universal circle (A, B), while
multiexponential decays (C) are located inside. Phasors of combinations of several components
are linear combinations of the phasors of these components (e.g. C as combination of A and
B). Figure modified after Becker 2017.%
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Each fluorescence decay corresponds to a unique position in the phasor plot, which
depends on its average lifetime or lifetime distribution. One key feature of the phasor
plot is its reciprocity, meaning that it is possible to map back from a position in the
phasor plot to the corresponding pixel in the original image. Instead of determining
fluorescence lifetimes and fitting decay components, the phasor approach aims to
separate and identify fluorophores (or fluorophore fractions) based on their distinct

lifetime signatures.

The herein described microscopy techniques are just scratching the surface of the
microscopy world. A wide variety of optical imaging methods are available, many of
which can be combined, e.g. multiphoton FLIM. This diversity of techniques makes

imaging a vital part of scientific research.

2.2.4 Flow Cytometry

Flow cytometry is a laser-based technique that is used to analyse cells or particles in
suspension. Multiple parameters can be measured at once, as single cells pass through a laser
array in a fluidics system. The main readout parameters are relative cell size, internal cellular
complexity and fluorescence intensity. This allows for the evaluation of cell distributions,
cellular subtypes, and populations. With that, flow cytometry finds wide applications, ranging

from cell biology research to diagnostics in clinics.'%

The cell suspension is injected into a microcapillary flow system by a needle and is then
hydrodynamically focused, allowing every cell to pass by a laser array one at a time. The
system detects the forward scattered light (at minimum of 2° angle to avoid direct laser light
detection'””, FSC), the sideward scattered light (at 90° angle'®, SSC) and light emitted from
excited fluorescent species. The FSC signal provides information about the cell size, while the
SSC signal gives information about the internal complexity or granularity of the cells allowing
assessment of cellular structural features.'' When a cell passes by the laser it results in a signal
(SSC or FSC) over the time passing, which is detected and defined by its peak height, width,
and area. These parameters can be plotted in dot plots, where every detected cell is represented,
and then used for gating of cell populations. In Fig. 7 a typical analysis is shown with the aim
to analyse fluorescence signals of single living cells (hepatocytes Huh-7, Ch. 2.2.6 vide infra),
meaning excluding dead cells, cell debris, or cell clusters. Hence, the population of single living
cells (Fig. 7, blue) can be selected and analysed for fluorescence signals using different laser

lines, for example from a fluorescence protein or a fluorescence nucleobase analogue.
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Figure 7. Example of a typical workflow in Flowing Software for flow cytometry data
analysis. A) Dot plot of the peak area (-A on axis) of the detected side scatter signal
(SSC) and forward scatter signal (FSC) allowing for gating of living cells population
(aspect ratio 1, rved and blue population). B) Dot plot of height and area (-H and -A on
axis, respectively) of the SSC signal allowing for subsequent gating of single and living
cells (aspect ratio 1, blue population) for further analysis. C) Histograms of the
fluorescence signal from two laser lines (405 nm excitation and 355 nm excitation) of
the gated cell population (blue population). D) Statistical analysis of the histograms,
including for example total event counts, mean fluorescence intensity, and median
fluorescence intensity. Note that these are random data and therefore the numbers do
not have scientific significance.

Flow cytometers provide a wide combination of excitation wavelengths and emission
filters, fitting most common dyes. However, detecting novel fluorophores can require
adjustment of the instrument setup and consideration of customized features. In
general, the selection of fluorophores is based on the biological question, e.g. which
biomolecule to label, what fluorophores are available for a specific biomolecule and
how the labelling is done, as well as considerations of spectral features of the

fluorophores, especially when used in combination.

23



The development of flow cytometry instrumentation and the proof of utility of the fluidics
system has allowed for the analysis of small particles in the range of 100—-1000 nm, like

extracellular vesicles, or virus particles (flow virometry).!!!

2.2.5 Long RNA
2.2.5.1 Synthesis and Purification

Solid-phase synthesis of nucleic acids is a widely used method to produce DNA and RNA.
However, this synthetic cycle, where nucleoside phosphoramidites (natural as well as
modified) are added stepwise according to the desired sequence, is limited to around 100
nucleotides.''? For long RNA molecules, enzymatic in vitro transcription (IVT) is the method
of choice. A DNA-dependent RNA polymerase is the enzyme that assembles the nucleotides
following a DNA template sequence. RNA polymerases used in the laboratory often stem from
bacteriophages, with the most common one, and used in this thesis work, being the T7-
polymerase, which consists of a single subunit of about 100 kDa.!!* The DNA template contains
several important elements: a promoter sequence, which serves as the transcription initiation
signal recognized by the polymerase; a sequence of interest, such as one encoding a reporter
protein; and additional regulatory elements, including the Kozak or Shine-Dalgarno sequences
that facilitate translation initiation, as well as untranslated regions (UTRs). The resulting RNA
transcripts are used in analytical techniques, structural studies, biochemical and genetic studies,
or as functional molecules''*, e.g. as messenger RNA (mRNA). For RNA to become mRNA
two more enzymatic reactions are needed: 5’-capping and 3’-tailing. In the capping reaction,
an enzyme adds a 7-methylguanosine to the 5’-end of the transcribed RNA via a 5°-5’
triphosphate linkage (known as Cap-0 structure).!'> In eukaryotic systems this cap plays a
major role in translation initiation, prevents the degradation of the RNA by exonucleases, and
has other regulatory functions. Other capping groups are found in nature and artificially
synthesized groups are explored to enhance downstream protein synthesis, increase stability,
and reduce immune responses.''® The tailing step of RNA is the addition of a polyadenine
(poly(A)) tail to the 3’-end. This tail, together with the cap-structure, is a crucial part for
translation initiation in eukaryotes (ribosome assembly)'!” and regulation of mRNA decay''®.
Since non-template dependent addition of poly(A) results in heterogenous length of RNA, a
poly(T)-tail is often encoded in the DNA template for research and medical use.!'® After the
production of (m)RNA, thorough purification is needed to ensure clean RNA of the desired

length. When choosing RNA purification methods, several parameters need to be considered
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— such as the type of RNA to be purified, the amount of RNA, its origin (e.g. produced in an
in vitro reaction or extracted from cells), the degree of protocol control or modification, and
intended downstream applications. On a research scale, purification using standard extraction
(phenol:chloroform:isoamyl alcohol) and precipitation (ethanol or LiCl) methods,
polyacrylamide gel extraction, or silica-based spin columns are most common. When working
with larger scale, purification using solid-phase extraction or liquid chromatography are widely

used.!"?

2.2.5.2 Analysis and Quality Control

To analyse the final RNA product, two main methods were used in the herein presented work.
One is spectral analysis, based on the absorption of light by the nucleobases, with the
characteristic peak centred around 260 nm (Ch. 2.2.1). A clean peak allows to draw conclusions

about the purity of the sample and guideline values for purity based on absorption ratios where

contaminants absorb are available (A26°/ Ay, ~ 2 for protein contamination and AZGO/ Ayze ~

2 — 2.4 for organic compound contamination''®). By knowing the molar absorptivity of the
RNA strand at 260 nm (or for mixed sequences an average value), the concentration of a nucleic
acid solution can be determined by just measuring the absorption at 260 nm and applying Beer-
Lambert Law (Eq. 8, with [ light intensity, /s the intensity of the incident light, i.e. of the

reference beam, ¢ molar extinction coefficient, / light pathlength, 4 absorption).
logqo (10/1) = A = & X ¢ X | [Equation 8]

However, absorption does not provide conclusions on the integrity of the RNA polymer, since
it is based on the per-base-absorption. Electrophoretic analysis can be employed to assess the
size distribution and homogeneity of RNA samples and was herein used as second method of
analysis. Gel electrophoresis is a chromatography technique were charged molecules (like
nucleic acids due to their negative phosphate backbone) are separated through a cross-linked
polymer gel matrix when placed in an electric field. By comparing to a standard (“ladder”), the
molecular weight or length of the RNA molecules in a sample can be estimated.'?° In this work

agarose gels were used, but polyacrylamide gels are also very common in the field.

To achieve high-quality and pure RNA for downstream applications, many parameters
must be considered and tested. This includes all steps — from the design of the DNA
template to the optimization of the in vifro transcription reaction, the post-

transcriptional modifications, and purification.
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2.2.6 Cell Culture

Cell culture refers to cells that are grown under controlled conditions outside their natural
environment and hence provides an important tool as model system to study biochemistry and
biology. Effects of toxic compounds or drugs can be investigated, as well as mutagenesis or
carcinogenesis. Drug screening and development are based on cell cultures, since they provide
consistency and reproducibility in combination with easy accessibility, low costs, relatively
easy handling and fast turnaround compared to in vivo experiments.'?! The importance and
ethics of cell lines are highlighted in the story of Henrietta Lacks'??, from whom the first cells
were cultured and which still play a major role in research. In this thesis, immortal human cell

lines, i.e. tumorous cells that do not stop dividing, are used.

In vertebrates the liver is the central organ of metabolism, as it acts in the breakdown and
excretion of metabolites and exogenous substances, including therapeutic and toxins.
Therefore, the major cell line used in this thesis work is a well differentiated hepatic carcinoma
cell line with an epithelial-like morphology, named Huh-7, that partially retained the hepatic

functions.'?® These cells were taken from the liver tumour of a Japanese male in 1982.'%

Besides the molecular study of the fluorescent base analogues in a cellular context, cell culture
allows to easily investigate the toxicity of these compounds by standardized assays probing for
example for metabolic activity (herein used AlamarBlue assay'>’) or membrane integrity

(lactate dehydrogenase leakage (LDH) assay!'%%).
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3. MAIN WORK

This chapter portrays the work of the scientific articles that this thesis is based on.
Paper I presents the thorough characterization of our adenine analogue 2CNgA as a
single- and multiphoton probe and the subsequent use of this molecule when
incorporated into antisense oligonucleotides (ASOs) in two-photon live cell imaging.
2CNgA also played a major role in Paper II, where we observed the uptake of
nucleoside phosphates by human cells in culture. In this work, we furthermore
investigated the uptake mechanisms and explored the possibility of metabolic labelling
of RNA by natural pathways. In Paper V we applied these observations in fluorescence
lifetime imaging to investigate 2CNqA processing inside living cells. We also
successfully used 2CNgA in in vitro reactions to intrinsically label mRNA which we
subsequently delivered to cultured human cells to investigate its translatability. These
results are presented in Paper III. Paper IV focusses on the characterization of the
new analogue qU when incorporated into oligomers. This is an important stage in the
evaluation of novel fluorescent base analogues for their possible applicability in

biological assays and highlights an early step of FBA development.

Since these projects developed and grew together, they are herein described in
intertwined chapters and not in chronological order. The first chapter covers the
photophysical characterization of FBAs that was performed in different projects. The
second part focusses on the imaging of FBAs by different fluorescence microscopy
techniques. The last section covers the applicability of FBAs as tools to study cellular

processes by different fluorescence readout methods.

In addition to the published results, this chapter also presents other, yet related, interesting
findings and observations — well in line with Schétzing’s quote that opens this thesis, which
states that science is the art of approaching!'?’, i.e. it is a process with strong potential to reveal

insights beyond the original scope.
3.1 Photophysical Characterization of FBAs
3.1.1 A new Uridine Analogue Incorporated into RNA

Once a design for a base analogue is completed and the compound is synthesized, the next step
is to thoroughly characterize its photophysical properties in solution, usually first in a

monomeric form, i.e. as a nucleobase or a nucleoside. In case of our new quadracyclic uridine
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analogue qU (Fig. 2) this initial characterization was done and published prior to the herein
presented work.®® The qU ribonucleoside shows quite complex photophysics, but generally it
absorbs light in the visible region (300-500 nm), a range that is well suitable for excitation
using a 405 nm laser, which is common in confocal microscopes. Furthermore, the qU
monomer exhibits a high quantum yield of 27% and lifetime of 2.44 ns at pH 7.3 It displays
dual-band emission characteristics, with lifetimes that depend on both pH and excitation
wavelength, due to the presence of different ground- and excited-state species.®® At
physiological pH, qU is present in two forms that are in equilibrium, with one form being the
iminol, i.e. protonated on the oxygen at position 2 of the pyrimidine scaffold (compare Fig. 1),
and the other one being the amide i.e. protonated on the nitrogen at position 3 (as shown in Fig.
2). It was concluded from the absorption spectra and quantum chemical calculations that the
iminol, which is the tautomer that would not form Watson-Crick hydrogen bonds, is dominant

in the monomeric form in solution.®®

With this knowledge, we took the next step to characterize qU inside a base stack and
focussed on RNA oligomers. These oligonucleotides were synthesized by solid-phase
synthesis with defined sequences that allow investigations on the effect of
neighbouring bases and base-pairing (Tab. 1). By designing sequences where qU is
flanked by different neighbouring bases, we were able to study how its electronic
microenvironment influences its fluorescent properties in single- and double-stranded
RNA oligonucleotides (ssRNA and dsRNA). Sequences where one qU-modified
sequence was hybridized with strands with varying opposite bases to qU allowed
further investigations on mismatch/base-pairing of the fluorescent nucleobase.
Besides recording absorption and emission spectra and determining the fluorescence
quantum yield and lifetime of qU in ssRNA and dsRNA, we also investigated the
thermal stability and secondary structures of the modified dsRNAs by comparing to
the corresponding unmodified sequences. This comprehensive characterization is

presented in Paper IV.

A first and important observation was that the fluorescence quantum yield and lifetime inside
RNA are both considerably increased compared to the monomer in a pH 7 solution (¢monomer =
27%, Tavg,monomer= 2.44 ns). An increase upon incorporation is less common than a decrease and
it is advantageous for possible applications of base analogues. On average, the fluorescence
lifetime of qU in ssRNA is 7.1 ns and just slightly lower in dsSRNA (6.5 ns). As expected, the

same trend was found for the fluorescence quantum yield which is 52% in ssRNA and 43% in
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dsRNA. However, comparing the quantum yield and lifetime values of the different sequences,
our results show that the local environment of qU matters significantly, i.e. the direct

neighbours affect the fluorescence quantum yield and lifetime (Tab. 1).

Table 1. Denotation of the samples and the corresponding sequences in the qU RNA-oligomer
study and the results for quantum yield (¢), fluorescence lifetime (t), and melting experiments
(ATwm, the difference between melting temperature of modified and unmodified samples). Top:
sequences for the qU-modified samples, where the name indicates the direct neighbours of qU
(X). Bottom: mismatch (-mis) sequences with the base opposite to qU indicated in the name
and bold in the sequence. Mismatches are complementary to the UXC sequence, except for the
opposite base of qU. Not written out are the sequences that are unmodified (U instead of qU)
and that are fully complementary to the modified sequences (i.e. A-match). Values presented as
mean =+ standard deviation.

D (%) 7 (ns)
Name Sequence 5'—3' sSRNA | dsRNA | ssRNA | dsRNA ATw (°C)
AXA | CGCAAqUAUCG 662 | 51«1 [93+£02 |98+0.0|-10.8+1.4
AXC |CGCAAqUCUCG 601 | 45+2 [ 83+0.2 |6.0+0.0 | -140=+1.6
AXU | CGCAAqUUUCG 34+1 | 40+0 | 48+0.1 |94+0.0| -11.8+1.9
CXA | CGCACqU AUCG 68+1 | 47+£3 | 95+03 [35+04 | —6.0£22
CXC | CGCACqUcCUCG 54+1 | 4242 | 7.7+£0.1 | 64+£00 | —6.8+4.9
GXG | CGCAGqU GUCG 511 | 51+5 | 70+0.1 | 7.8+£0.1 | -9.3+2.0
GXU | CGCAGqU UUC G 43+1 | 49+0 | 57+0.0 | 73+0.1 | —13.8+1.8
UXA | CGCAUqUAUCG 62+3 | 49+3 | 9.1+£0.1 |54+02| -5.8+24
UXG | CGCAUqU GUCG 42+1 | 30+£2 | 55+0.1 |56+0.0| -5.8+1.7
UXU | CGCAUqU UUCG 33£1 | 32+0 | 45+0.1 |43+£0.1| -7.0+1.6
UXC | CGCAUqU CUCG 55+2 | 37+1 | 7.1+0.1 | 6.0£00 | -93+2.0

G-mis | CGA GGAUGC G - 57+0 - 6.5+0.1 | -153=+1.6
U-mis | CGA GUAUGC G - 72 +£3 - 81+0.1 | +6.3+1.8
C-mis | CGA GCAUGCG - 69 +2 - 7.7£0.0| +6.3+1.2

We observed that not only the identity of the surrounding bases matters, but also their
position, i.e. whether they are on the 5" or 3’ side relative to qU. For single strands
where qU has an adenine as 3’ neighbour the fluorescence quantum yield and lifetime
are the highest, whereas a uridine at this position gives overall the lowest values.
Cytidine as the 3’ neighbour gives the three next highest quantum yields and longest
average lifetimes following the top adenine 3’-neighbour sequences. Conversely, this
sequence dependency is much less pronounced when comparing different 5'-
neighbours. After hybridization, i.e. for the dsRNA sequences, such trends are less

clear, but it can be noted that double purine surroundings (AXA, GXG) result in the
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highest quantum yields. This change from the single-stranded case indicates that
there are additional and more complex effects on quantum yield and lifetime when qU
is in an environment that forces it into a more stacked and helical geometry with the

surrounding bases.

We also examined the absorption and emission spectra of these sequences (Fig. 8) in detail and
compared them to the monomeric form (from data published by Le et al.®®). For the ssSRNA
sequences (Fig. 8A), the local environment (i.e. the direct neighbours) appears to have minimal
influence on the spectra, meaning the overall spectral shape is preserved. However, compared
to the qU monomer, the absorption spectra of the ssSRNAs exhibit a slight red shift, with the
peak centred at 385 nm (versus 380 nm for the monomer) and a changed ratio of the two main
peaks (at 330 nm and 385 nm). For the dsSRNA (Fig. 8B), the spectral features are preserved
throughout the sequences as well, and in this case, the ratio between the two main peaks is
similar to that of the monomer. Some sequences also display a distinct shoulder around 435

nm, a wavelength range where the monomer absorbs as well.
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Figure 8. Normalized absorption (blue) and emission (red) spectra of qU inside oligomers.
Per-spectrum sequence details (as in Tab. 1) are omitted for clarity. Black spectra show
absorption and emission of qU monomer at pH 7 for comparison (taken from Le et al.*®). Left
axis absorption, right axis emission. A) single stranded RNA oligomers. Absorption spectra are
smoothed using 5 pt FFT filter. B) double stranded RNA oligomers.

Overall, the spectral shape of the absorption spectra, with a significant reduction of the long-
band absorption peak (450 nm), suggests that the iminol form of qU is even more dominant
inside the base stack and that no shift towards an increased amount of the Watson-Crick-pairing

amide form is observed. The emission spectra (Fig. 8 red) reveal that the fluorescence peak

centred at 440 nm is preserved across all sequences, which is consistent with the monomer
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data. However, the second emission peak around 530 nm, as observed for the monomer, is
essentially absent in the oligomers. At neutral pH, this emission band was ascribed to the amide
form of the monomer.®® This again suggests that the equilibrium between the tautomers of qU
is shifted even more towards the iminol form inside oligomers. Notably, fluorescence in this
longer wavelength region (> 500 nm) shows a slight sensitivity to sequence variation,
indicating that subtle electronical differences do influence the excited-state behaviour, yet not
considerably.

We further investigated the impact of qU incorporation on the base-pairing and overall RNA
structure. To this end, we recorded UV melting curves to calculate the melting temperature of
the dsRNAs, and recorded CD spectra (Ch. 2.2.1.1), respectively. First, we recorded CD spectra
of qU modified dsRNA oligomers and compared them to their unmodified counterparts. The
CD spectra of both modified and unmodified sequences display the reported CD fingerprint of
the canonical A-form double helix of RNA!?8, indicating that qU incorporation does not affect
the overall A-form RNA structure. However, deviations between the CD spectra of unmodified

and modified duplexes are observed (Fig. 9).
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Figure 9. CD spectra of two example RNA duplexes (AXC and CXA), highlighting the
sequence dependency of the nearest neighbours of qU (X). Compare Tab. 1 for
sequence details. Y-axis has the same scale in both graphs. Black lines: qU-modified
sequences, red lines: unmodified sequences, i.e. U instead of qU.

Since the absorption features, i.e. position of peaks and molar absorptivity, of qU are different
to U, CD-signal changes are expected upon their exchange, but these effects cannot explain all
changes. For example, comparing the sequences AXC and CXA we observed differences
compared to their unmodified counterpart (Fig. 9, comparing black with red lines), but also

when comparing these two modified duplexes (Fig. 9, comparing black lines), with a shift of
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the 260 nm peak. In these strands qU has the same direct neighbours (A and C), but the order
is inversed, meaning that the sequence of the base stack affects the overall A-form helix

structure.

The intensity differences in the CD spectra between modified and unmodified strands show
that almost all qU modified strands give less CD signal than the unmodified ones, even though
qU has the higher molar absorptivity®. This may suggest that the overall concentration of A-
form helices, especially looking at the extent of perfect A-form for the whole 10-mer duplex,
is less in samples where qU is incorporated. This supports our hypothesis that qU is the iminol

tautomer inside oligomers, i.e. the non-base pairing and, hence, helix disturbing form.

To further investigate the base-pairing characteristics of qU with the canonical adenine in the
complementary strand, we recorded absorption melting curves, i.e. monitoring the
hypochromicity at 260 nm over a certain temperature range (Ch. 2.2.1), of the sequences
containing different neighbours of qU. As all melting curves show a sigmoidal shape (Fig. 10),
this data suggest that also qU-modified sequences form A-form RNA duplexes with its

complementary sequence.
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Figure 10. Four melting ramps (top) of one representative nearest neighbour sample (AXA)
and one mismatch (G-mis) sequence and their I*' derivative (bottom). Unmodified sequences
(U instead of qU) are shown in red, while the qU-modified sequences are displayed in black.
Curves are smoothened using a 5 pt FFT-filter. Compare Tab. 1 for sequence details.

However, the melting ranges are very different between the modified and unmodified
sequences (Fig. 10, compare black and red lines). It is also worth noting that the
hypochromicity is smaller for the qU-modified duplexes indicating that the duplex in this case

is less perfect. Calculating the melting temperatures (7)) and the differences between the
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unmodified and modified sequences (AT,,), we observed that qU destabilizes the duplexes by
9.1 + 3.1°C with a AT,, range from —5.8°C to —14.0°C (Tab. 1). This, again, supports the
hypothesis that qU inside oligomers is in its iminol form and does not base-pair properly with
adenine. Furthermore, as for the CD measurements, we observed a sequence dependency of
the destabilization effect. For example, with a purine base on the 5’ side of qU the duplexes are

more destabilized (AT,,, < —9°C) than with 5’ pyrimidine (AT,,, = —7°C).

Taken together, qU is destabilizing the A-form RNA structure by highly compromised base-
pairing interactions compared to natural U. Clear patterns of how the photophysics of qU are
affected by the structure and binding of the different sequences, i.e. comparing the fluorescence
quantum yield and lifetime with trends in the melting temperatures and CD data, were difficult
to identify. However, we hypothesised that qU exists mainly as the iminol tautomer inside the
base stack, which leads to destabilized duplexes. The destabilization by qU is in contrast to
other fluorescent base analogues that we have designed and investigated previously. The
adenine analogue qA®! with its derivatives 2CNgA33, gAN1'?°, qAN4"3% and pA® on average
increase duplex stability of DNA or RNA. The cytosine analogue tC 3! shows similar duplex
stability as natural DNA double strands, whereas its homologue tC° 7 displays slightly
increased stability of double stranded DNA and RNA.

To investigate the base-pairing capabilities of qU with the other canonical bases, we also
studied non-Watson-Crick base interactions of qU by hybridizing one sequence with varying
bases opposite to qU in the complementary strands. As qU is designed to be a uridine analogue,
the complementary base we used for the sequence-dependency study described above was
adenine. When adenine (A-match) is replaced by cytosine (C-mismatch), guanine (G-
mismatch), or uridine (U-mismatch) (Tab. 1), we observed small differences between the qU-
modified mismatch strands compared to the unmodified mismatch strands in the CD spectra,
indicating that the overall A-form RNA helix is again preserved, but altered, as for the A-match
sequences. Recording melting curves and calculating the resulting melting temperatures (Tab.
1) we observed that duplexes where qU has a pyrimidine as complementary base are stabilized
by 6.3°C, while the G-mismatch gives the most destabilized duplex (AT, = —15.3°C).
Therefore, we hypothesized that, because qU is an enlarged nucleobase with enhanced
hydrophobicity, it localizes more easily in the hydrophobic environment inside the base stack
where the opposite base is smaller, i.e. a pyrimidine. An interesting continuation of this
investigation would be to look at the effects of different nearest neighbours of qU in the

mismatch samples, i.e. a combination of the two parts of the herein presented characterization.
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Future investigations could also focus on the observed tautomer equilibrium and include
experiments on the pH dependency of qU when incorporated into oligomers. Le et al.®®
observed that qU is highly sensitive to pH where the deprotonation of the hydroxy group of the
iminol tautomer results in interesting shifts towards longer wavelengths. Since the iminol form
is stabilized in oligomers, this would make qU a promising tool for spectroscopy and
microscopy applications, particularly in RNA and antisense oligonucleotide (ASO)
therapeutics. Our characterization of qU in an RNA context is therefore the next step after the

previous characterization as monomer, towards applications of a new base analogue in RNA,

that extends the FBA-RNA alphabet with a fluorescent uracil.

3.1.2 Characterization of FBA-Nucleotides

In addition to qU discussed above (Ch. 3.1.1), several other fluorescent base analogues (FBAs)
developed in the Wilhelmsson group had already been thoroughly characterized — both as free
nucleobases and when incorporated into DNA or RNA strands — and applied in various studies
(Ch. 2.1.4). During the curse of this thesis, the focus shifted toward the use of FBAs for
fluorescence microscopy of live cells. Following the publication of the synthesis and
applicability of tC© as triphosphate®’, the synthesis of other FBA-triphosphates (FBA-TPs) was
established and opened the door for a broad range of investigations.!'*> However, before
applying the triphosphates of these analogues in in vitro or in cellulo experiments, it is essential
to establish a comprehensive understanding of their photophysical properties in aqueous
solution, in order to avoid misinterpretation of experimental results. Three of our FBAs, namely
tC%, 2CNgA, and pA (Ch. 2.1.4, Fig. 2), have been shown to be suitable base analogues with

73,74,83,84,86,129,133 and,

useful photophysical properties as nucleobases and inside oligomers
hence, were chosen for investigations as ribonucleotides for cell studies. Therefore, in Paper I
and Paper II we continued the single-photon characterization of the nucleotide triphosphates
of tC° and 2CNgA and presented the synthesis and characterization of the nucleoside
triphosphate of pA, and the monophosphate version of 2CNgA. We recorded absorption,
emission, and excitation spectra, calculated the fluorescence quantum yields, and recorded the
fluorescence lifetimes (Fig. 11, Tab. 2). The absorption in the near-UV region is a common
feature of FBAs, and the tail of the lowest energy band allows excitation at 405 nm, which is a

common wavelength in conventional microscopes and flow cytometers.
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Figure 11. UV—vis absorption (molar absorptivity ¢, solid line) and normalized emission
(dotted line) spectra of the FBA-TPs reported in Paper I and Paper II. Chemical
structures in Fig. 2 display same colour code. 2CNqAMP spectra are omitted for clarity,
they overlap with the spectra of 2CNqATP.

Table 2. Photophysical characteristics of the FBA-TPs (chemical structures Fig. 2). €260: molar
absorptivity at 260 nm, reported in given references; ¢: fluorescence quantum yield; Aabsmax:
wavelength of absorption maximum; Aemmax: wavelength of emission maximum, € max, FB4X @
brightness at the absorption maximum; € 405, Fpa X @ brightness at 405 nm.

€260 ¢ labs, max lem, max & max, FBA X ¢ € 405, FBA X ¢ T
FBA-TP
M1em?) | (%) | (nm) | (nm) (M em™) M1 ecm™) (ns)
tCOTP 110007 27 360 453 2700 417 34
2CNqATP 1460083 48 352 471 4900 504 9.9
pATP 223008 49 386 420 6000 909 6.0

The brightness values range from 2700 to 6000 M-'cm™, which are exceptionally high for
FBAs®28283.130 (compare 2-aminopurine with a brightness of 5300 M'cm™!, and drops ~100-
fold upon incorporation into nucleic acids®®, Ch. 2.1.4). Together with the first studies
successfully using these analogues for imaging®*3%47  this characterization motivates further
imaging applications. For 2CNgATP we observed a lifetime of 9.9 ns with a mono-exponential
decay, which is in contrast to incorporated 2CNqA, where we have observed bi-exponential
decays resulting in an average lifetime of around 6 ns®. This difference opens the door for

imaging applications using the fluorescence lifetime, instead of intensity-based techniques.
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We also investigated the pH-dependency of the fluorescence quantum yield and
lifetime of 2CNqATP and pATP (data unpublished). The fluorescence quantum yield of
both compounds decreases with decreasing pH, where pATP is more affected (Fig.
12).
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Figure 12. Absorption spectra normalized to 260 nm (solid lines, left axis) and emission
spectra normalized to unity at the peak maximum (dotted lines, right axis) of 2CNgATP
(green) and pATP (blue) at pH 4.5 (lightest colour), pH 5.5, pH 6.5, and pH 7.5 (darkest
colour).

However, the fluorescence lifetime is stable with values of 9.9 ns for 2CNqATP and 6 ns for
pATP. Interestingly, in an earlier study in the group, we observed that the lifetime of 2CNqA
decreases with increasing H' concentration when it is in an ASO environment (data by Dr. J.R.
Nilsson, unpublished). This highlights that 2CNqA is slightly sensitive to its
microenvironment, which is important to know when studying 2CNgA in complex systems like
cells. This observation might even be useful to monitor 2CNqA-labelled ASOs during cellular
uptake via endocytosis, a cellular ingestion where the ASO-containing vesicles become more
acidic during the uptake process. Future investigations of pH effects on 2CNgA inside long
RNAs might reveal possible applications in LNP-based delivery studies.

3.1.3 Multiphoton Characterization

FBA imaging requires excitation using near-UV light, e.g. the common 405 nm laser line in a
confocal microscope (Fig. 11, Tab. 2). However, when imaging in living systems excitation
using short wavelengths can lead to phototoxic effects.!®® Furthermore, penetration into thicker
biological samples, like tissues, becomes less at shorter wavelengths, meaning that deep tissue
detection of fluorophores excited in or near the UV region is a problem.!®> Multiphoton

excitation of fluorophores mitigates these shortcomings (Ch. 2.2.1.2). To explore the use of
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fluorescent base analogues as imaging probes for two-photon imaging, we thoroughly
characterized the adenine analogue 2CNgA as a multiphoton probe (Paper I). Two-photon
absorption properties and detectability inside living cells was investigated for 2CNgA as
ribonucleoside triphosphate and incorporated at one or two positions inside a 16-mer ASO in

aqueous solution (Fig. 13).

NC

OH

Figure 13. Molecular structure of the ASO sequence used in Paper I. The overall
sequence is 5 —GCATTCTAATAGCAGC-3 with the underlined As being replaced by
2CNgA at position 11 for single labelling, or positions 8 and 11 for double labelling
(modification in green in the figure). The sugar moieties of the three bases at the ends
of the ASO are cEts, and all nucleosides are linked via phosphorothioates (Ch. 2.1.2).
Grey rings highlight examples of these modifications in the structure. The sequence is
shown in three blocks only to fit the page, this has no scientific meaning.

We determined the two-photon cross section and emission spectra and found that the
two-photon excitation maximum is at 700 nm in all three cases (Fig. 14A). 2CNqA
inside ASOs shows a pronounced shoulder at around 780 nm, again highlighting that
the spectral characteristics of 2CNqA change slightly depending on its
microenvironment (Ch. 3.1.2). To confirm that the absorption is indeed a two-photon
process we created a multiplicity plot. The excitation intensity at 700 nm was
modulated and the corresponding emission intensities were recorded and integrated.
By graphing the logarithm of the laser power (i.e. excitation intensity) to the logarithm
of the integrated emission intensity, a linear plot was achieved (Fig. 14B). Linear

regression resulted in a slope of ~2, indicating a two-photon process.
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Figure 14. Two-photon characterization of 2CNgA inside an ASO environment (red
and blue) and as 2CNgATP (black). A) Two-photon emission spectra (dotted lines) and
two-photon cross section spectra (boxed, solid lines). Normalized to unity at peak
maximum. B) Absorption multiplicity plot. Integrated emission intensities were
determined at various excitation intensities at 700 nm. Linear regression of the log-log
plot resulted in a slope of 1.9 for all three samples. Slope of two (grey) shown for
comparison.

The cross section of the triphosphate (5.8 GM) is close to the single-labelled ASO (2CNgA-1:
6.9 GM), and the double-labelled ASO shows a doubled cross section (2CNqA-2: 13 GM)
which is well in agreement with the number of incorporated 2CNqgAs. These cross sections at
700 nm are exceptionally high for FBAs, which was confirmed by high brightness values (as
count rate per molecule) from fluorescence correlation spectroscopy (FCS) measurements. Our
adenine analogue pA was previously characterized as two-photon probe, but shows only about
half of the brightness of 2CNgA.% Therefore 2CNgA is a great FBA candidate, also for two-

photon imaging.

3.2. Live-cell Imaging using FBAs
3.2.1 Confocal Microscopy

In 2021 Baladi et al. published that tC° incorporated into long RNA can be used to track
translatable RNA inside cells.?” Together with the knowledge of the photophysical properties
of our FBA-TPs and their compatibility with a standard 405 nm laser line (Ch. 3.1.2), this
finding lead to further investigations for imaging in cellular environment. Having tC°, pA and
2CNgA (Fig. 2) as ribonucleoside triphosphates (-TP) at hand, we added these monomers to
the cell medium of living cells without formulation or transfection and followed the emission
signal using a laser scanning confocal microscope. This procedure was against rational

experimental design and curiosity driven, and because charged molecules (triphosphates have
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a net charge at physiological pH of —3.3'**) do not easily cross hydrophobic bilayers like cell
membranes (Ch. 2.1.2 and Ch. 2.1.3), we did not expect much intercellular signal. Surprisingly,
cells exposed to 2CNgATP and pATP showed strong fluorescence, while tC°TP-exposed cells

displayed signal only on the autofluorescence level (Fig. 15).
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Figure 15. Spontaneous uptake of fluorescent nucleoside phosphates. A) Confocal
fluorescence images of Huh-7 cells exposed to 2.5 uM of the indicated compound for
24 h. B) Representative fluorescence intensity line profile analysis of a cell exposed
to 2CNqATP.

Because the photophysical properties of these compounds were well characterized (Ch. 3.1.2),
we could exclude quenching effects on tC® and instead stated that the adenine analogues enter
the cells, while the cytosine analogue does not. This serendipitous finding led to the main
project of this thesis work, Paper II. We observed that the cellular localization differed strongly
between 2CNgA and pA: pA localizes in cytosolic structures, whereas 2CNgA is more evenly
distributed and reaches the nuclei and accumulates inside the nucleoli (Fig. 15A). Simple line
profile analysis showed that the intensity in these nuclear sub-structures is 2.3 (£ 0.1) times
higher than in the nuclei and cytoplasm (Fig. 15B). Because of this nuclear localization, i.e.
inside the cellular compartments where RNA synthesis happens, 2CNgA was in focus for our
further studies. Therefore, we also studied the uptake of its monophosphate (-MP) version and
observed the same localization as for the triphosphate (Fig. 15A). Interestingly, when recording

the uptake as timelapse we observed that the internalization of the monophosphate derivative
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occurs much faster (Ch. 3.3.1, vide infra). To the date this thesis was written, the uptake of
2CNQgATP or -MP was tested in adherent cultures of at least five different cell lines where the

same uptake and localization pattern was observed.

Imaging cells exposed to 2CNqATP or 2CNqAMP was hereafter the basis for other
investigations on imaging and applicability studies. Because the uptake of this
compound was unexpected, and the pathways it takes unknown, we observed
interesting effects, based on confocal imaging. For example, co-exposure with the
nuclear dye DRAQS lead to an effect on the localization of 2CNgA, where the nucleolar
signal changed to a more punctuated pattern inside the nuclei (Fig. 16, data
unpublished). To the date this thesis was written we cannot explain this observation.
However, further investigations can lead to better understanding of 2CNgA as adenine
analogue inside cells and could provide insights into cellular processes during nuclei

staining.

DRAQ5 2CNgATP Merge

Figure 16. Confocal fluorescence images of Huh-7 cells co-exposed to DRAQS (Jex = 640 nm,
displayed in blue) and 2CNGATP (Aex = 405 nm, displayed in green). Scale bar = 20 um.
Compare intracellular localization of 2CNgA to Fig 15.

3.2.2 Fluorescence Lifetime Imaging

Not only did we investigate intensity-based imaging, but we also tested the applicability
of 2CNgA in fluorescence lifetime imaging (FLIM), which resulted in a submitted
communication (Paper V). From our thorough photophysical characterization (Ch.
3.1.2), we knew that the 2CNgA triphosphate displays a mono-exponential decay, with
a resulting lifetime of 9.9 ns (Paper I), while the decays of metabolically incorporated
2CNgA need to be fitted to a biexponential decay function with one resulting lifetime
being 9.2 ns and the second one 1.4 ns (Paper V). While the longer lifetime of the

incorporated derivative is very close to the one of the monomer (i.e. triphosphate, Tab.
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2) — both being around 9 ns — the shorter lifetime will be distinguishable from the
longer-lived species by FLIM. Thus, changes in the amplitude contribution of these
lifetime species indicate a change in the microenvironment of the 2CNqA-base, which
hence could be due to metabolic RNA incorporation. Therefore, we repeated the
exposure of cultured cells to 2CNqATP and monitored the cellular uptake using FLIM.
As the setup did not allow a timelapse recording, we studied two exposure timepoints,
4 h and 24 h, that were based on the observations in Paper II, to get an insight in the
cellular processing of 2CNgA over time. The FLIM images were analysed in the time

domain by fitting the fluorescent decays and in the frequency domain by phasor plots.

By fitting the image decays to a bi-exponential decay model we observed one lifetime
of 10 ns and a second one of 3 ns. We then compared the two exposure times (4 h

and 24 h) by looking at the amplitudes of these two lifetime species (Tab. 3).

Table 3. Fitted amplitudes (o) of the exponential decay components normalized to unity. The
amplitudes were fitted with t; fixed to 10 ns, and 1> to 3 ns. Samples are numbered, with the
time cells were exposed to 2CNgATP indicated.

Sample oW 02

#1;4 h 0.52 0.48
#2;4 h 0.47 0.53
#3;24 h 0.40 0.60
#4; 24 h 0.40 0.60

After four hours exposure both fluorescent species contribute to a similar extent.
However, the contribution of the shorter-lived species increases over time (24 h),
which results in a shorter average lifetime. As the shorter lifetime species only stems
from non-monomeric 2CNqA, this result shows a change in microenvironment that
indicates that 2CNgA 1is processed by the cells. In Paper II we presented the metabolic
incorporation of 2CNgA into RNA (Ch. 3.3.2, vide infra), which supports our

interpretation that we observe RNA-incorporation in the FLIM images.

Because measurements in aqueous solution do not straightforwardly represent the
complex cellular environment that 2CNgA experiences and that we detect in the FLIM
images, we also analysed the FLIM data in a model-independent manner by
separating fluorophore populations based on their overall decay features by the
phasor approach (Ch. 2.2.3.3). We observed non-mono-exponential decays, as most

phasors did not locate on the semi-circle of the plot. The photon-weighted centre of
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mass distribution of the images corresponds well to the average lifetimes of the decay
fits, with shorter exposure time (4 h) resulting in longer average lifetimes. For
comparison, we drew an intensity fraction line through the phasor centres to display
the images with relative lifetimes along this line. We observed clearly that cells
exposed for four hours display a larger contribution of the longer lifetime species

compared to cells exposed for 24 h.

Looking at all resulting images (from the decay fitting and phasor analysis), we
observed that the longer lifetimes are present in the cytosol, while the nuclei display

shorter lifetimes (Fig. 17).
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Figure 17. FLIM images of HEK293T cells exposed to 2CNqATP for 4 h or for 24 h
(samples #1 and #3 in Tab. 3). Left: Resulting images from the analysis of the
fluorescence decays with colourized lifetime scale from 0 ns (blue) to 11 ns (red) and
intensity scale, i.e. photon counting events from zero (dark) to indicated count number
(bright). Right: Images from the phasor analysis where a fraction line was drawn
through the phasor centres of the recorded images. Colouring is based on this fraction
line to display the lifetime distribution. Scale bars = 30 um. Arrow highlights one
nucleolus as example.

The nuclei are the cellular compartments where RNA synthesis takes place, hence,
having an increased contribution of the short-lived species in these cellular structures
supports the hypothesis that this is an effect of RNA incorporation (Ch. 3.3.2, vide

infra). Most strikingly, the nucleoli (nuclear sub-structures, Fig 17 arrow) display a
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higher fraction of the long-lived species. We knew from Paper II that 2CNgA
accumulates inside the nucleoli, since they appear as bright spots in the intensity-
based images (Fig. 15). Using FLIM, we obtained additional information on the
fluorescent species of 2CNgA in the nucleoli, i.e. the long-lived species of 2CNgA is

predominant in these nuclear structures.

Taken together, Paper V presents the first study to use FLIM measurements to monitor
FBAs in live cells. We were able to detect different fluorescent species of 2CNgA inside
living cells, which is a powerful approach for further investigations on its
metabolization, as well as a basis for studies using RNA labelling and nucleoside

metabolism.

3.2.3 Two-photon Imaging

Because we found 2CNgA suitable as a two-photon probe in Paper I, we also
investigated our FBAs in two-photon imaging. In Paper I, we show the applicability of
2CNgA inside ASOs for two-photon live-cell imaging. Since we used a microscope
setup capable of confocal (i.e. one-photon excitation) and two-photon imaging we
were able to acquire images of the same region of interest of our live-cell samples in

both modes.

The labelled ASOs appear as bright spots within the cells, consistent with their localization in
vesicles formed during endosomal uptake, which is the reported internalization pathway for
ASOs?!. These spots overlap very well in the images of both excitation modes, highlighting
that it is possible to image 2CNgA inside ASOs using both single- and multiphoton excitation
(Fig. 18). Additionally, the emission from control cells is low and the overlap between one-
and two-photon signals is poor, which confirms the detection of 2CNgA in the ASO exposed

cells.
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OPE (405 nm) TPE (750 nm) Composite

Figure 18. Examples of fluorescence microscopy images of Huh-7 cells exposed to
ASO with a single incorporation of 2CNgA. 2CNgA was monitored using one- (OPE)
and two-photon (TPE) excitation through an emission filter (410—680 nm) using
identical detector gain. Scale bars = 30 um.

In the following work, we monitored the cellular uptake of nucleosides of 2CNgA and pA into
cells using two-photon imaging. Both FBAs were promising probes based on our findings in
Paper I and Paper II, as well as previous work in the group®®. Building on the results from
Paper II we included experiments where we exposed live cells to 2CNqATP, 2CNqAMP, and
pATP and imaged in one- and two-photon mode (Fig. 19, data unpublished).

2CNgAMP 2CNQgATP pATP Unexposed

Figure 19. Two-photon images of living cells exposed to 2CNgAMP, 2CNqATP, or
pATP. For autofluorescence level images of unexposed cells were recorded as well.
Excitation wavelength was set to 750 nm and emission was recorded between 410 nm
and 680 nm. Scale bars = 50 um.

The uptake of these FBAs was readily detectable in both imaging modes, and their
intracellular localization appeared consistent with observations reported in Paper IIL
Imaging in two-photon mode is beneficial for FBAs, for two reasons: I) the most
common UV laser line for confocal imaging is 405 nm, not 360 nm, but FBA excitation
using the 405 nm laser line is not optimal, because it does not match the absorption

maximum of the FBAs. Using 750 nm, the FBAs are excited more efficiently; II) as
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described previously (Ch. 2.2.3.2), using longer wavelength penetration depth is better
and allows deeper imaging in biological samples. Hence, showing that imaging 2CNgA
and pA in two-photon mode is feasible we open the door for applications like organoid

or tissue imaging.

Having demonstrated the applicability of 2CNgA in two-photon imaging and FLIM we have
presented a strong imaging probe. In two-photon FLIM the advantages of both imaging
techniques — looking at fluorescence lifetime at high spatial resolution with increased
penetration depth and minimum photobleaching — are combined, which makes it a valuable
technique in biomedical research!®. Hence, 2CNgA could be a probe applicable for nucleotide

and RNA studies in this field.

3.3 FBAs as Research Tools

3.3.1 Investigation of Cellular Processes

Following the observation that 2CNgA and pA are internalized by eukaryotic cells, and
that this can be visualized by live-cell imaging (Ch. 3.2), we aimed for a more detailed
analysis of the cellular uptake processes (Paper II). First, we tested for cytotoxicity of
our compounds where we did not observe any effects on cell morphology, cell
membrane integrity (tested using LDH leakage assay), nor metabolic activity (tested
using AlamarBlue assay) in a range of concentrations at 24 h exposure time. We then
repeated the uptake experiment at 4°C where no intracellular signal was observed
(Fig. 20A). Because active processes are disfavoured at lower temperatures, we
concluded that the internalization of 2CNqA and pA happens via energy-dependent
cellular processes, i.e. active uptake via enzymes, such as transporters. When
performing experiments where washing of cells and media exchange after exposure
was needed, we observed that pA is washed out, while 2CNgA-exposed cells show
stable fluorescence intensity (Fig. 20B). Hence, an equilibrium between cellular import
and export determined pA concentration, whereas 2CNqA stably accumulates inside
cells. This is interesting, because it shows that the two A-analogues are sensed
differently by the cells after internalization. Investigating the uptake and excretion of
pA, its localization inside cells, and its intracellular processing might be a future
research project that can shine light on the structure-activity relationship of base
modifications and their uptake, as well as intracellular localization and reactions —

especially when comparing pA to the structurally similar 2CNgA (Fig. 2). To understand
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the structure-activity relationship of modified nucleosides will enable the rational

design of new and more efficient analogues for a variety of applications.

A 2CNqATP 2CNgAMP pATP Ctrl

4°C

37°C

Time after media change

B FBA-CCM 1 min 5 min 10 min 15 min

o - . . . .

Figure 20. A) Confocal microscopy images of the uptake of 2CNgATP and pATP after
1.5 h at 4°C compared to the uptake at 37°C. Control (Ctrl) are cells exposed to buffer
in cell culture medium. B) Confocal microscopy images of pATP and 2CNgATP uptake
before and after removal of the treatment solution (FBA-CCM) and adding fresh cell
culture medium (CCM). Scale bars = 20 um

pATP

For the continuation of the herein presented project (i.e. Paper II) the clearance of pA
meant that it could not be included for flow cytometry readout and other experiments
where detaching and washing was required. Furthermore, since 2CNqA shows stable
accumulation and nuclear localization, i.e. where RNA synthesis takes place, the focus
was put on 2CNgA in the continued work of this thesis. To investigate its uptake closer,

we also included the monophosphate version of the nucleoside. As for 2CNgATP
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exposure, we observed uptake via energy-dependent processes and the same

intracellular localization for 2CNqAMP.

For investigations on dose-dependent effects of the uptake we added different
concentrations of 2CNqAMP and 2CNgATP to cells and observed a saturation effect
above 2.5 uM FBA in the cell media for both compounds (Fig. 21A).
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Figure 21. A) Uptake of 2CNqATP (yellow) and 2CNgAMP (ved) at 37°C after 24 h as
function of extracellular FBA concentration. Readout is based on the fluorescence
signal from cells recorded using a plate reader or a flow cytometer. B) Confocal images
show the uptake of 2CNgqAMP (top) and 2CNqATP (bottom) at the indicated time points
after exposure at 37°C. C) Uptake of 2CNqATP (yellow) and 2CNgAMP (red) after 3 h
at 37°C in the presence (+AXP) and absence (-AXP) of a 250-fold excess of canonical
ATP (for 2CNgATP) or canonical AMP (for 2CNgqAMP) measured using flow cytometry.
Right: representative confocal microscopy images of the 2CNgAMP uptake. Same
observation was made for 2CNgATP in competition with ATP. Scale bars = 20 um.

However, performing experiments to study the uptake kinetics (based on microscopy

and flow cytometry), we observed that the monophosphate is internalized twice as
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fast, indicating that the phosphate groups play a role in the uptake process (Fig. 21B).
Hence, to test if our analogues enter via natural ATP pathways and adenine
transporters, we competed the uptake with an excess of ATP or AMP, correspondingly
(Fig. 21C). This resulted in a 2-fold decrease of the intracellular 2CNgqA signal,
suggesting that competition with the natural counterpart occurs. Furthermore, the
localization pattern of 2CNqA was altered upon the presence of ATP or AMP, indicating
that competition also occurs inside the cells, i.e. after internalization. We also tested
pATP uptake in competition with ATP under the microscope and made the same
observation. This means that both analogues likely use the same pathway as the
natural adenosine derivates to enter cells. In summary, we observed an active uptake
of the A-analogues that is in competition with the natural counterparts, with the
phosphate groups playing a role in the internalization process. By studying literature
on ATP pathways, we hypothesized that our analogues enter the natural adenine
salvage mechanism, which is part of the purinergic signalling pathway (Fig. 22). In this
process, the phosphate groups of extracellular ATP are cleaved off consecutively, and
each cleavage step leads to a signal inside the cells. In the last step, adenine gets

internalized by nucleoside transporters to be re-phosphorylated inside the cells.

Figure 22. Illustration of the purinergic signalling pathway. ATP is released from the

cells (or added to the cell medium) and the phosphate groups are cleaved
consecutively where ATP, ADP, and adenosine activate receptors that trigger
intracellular signalling (vellow flashes). Adenosine is then internalized via nucleoside
transporters. In red are indicated the inhibitors that were tested during this thesis work.
Molecular structure of adenine analogues is shown to highlight that they probably enter
this pathway.

Following this hypothesis, we started experiments to investigate 2CNqA uptake while
inhibiting enzymes involved in the salvage pathway (data unpublished). One compound is the

commercially available ARL-67156, which is an antagonist of the ectoATPase that converts

ATP to adenosine diphosphate (ADP) on the outside of the cell membrane (Fig. 22).!%® Another
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investigation was done by inhibiting a ecto-5’-nucleotidase, an enzyme converting adenosine
monophosphate (AMP) to adenosine using APCP (Adenosine-5-(a,-methylene)diphosphate)
(Fig. 22)."37 The outcome of the inhibition experiments performed during the thesis work was
inconclusive. Challenges were toxicity and the verification that these compounds work in the
tested cell system (Huh-7 cell line). The targets of these inhibitors are enzyme families that are
expressed differently in certain cells or tissues. Furthermore, not all enzymes of one family can
be equally efficiently inhibited.'**140 Also, control experiments are needed to exclude effects
due to co-exposures of the inhibitors and the FBA that might result in misleading interpretation.
Therefore, an elaborate screening of conditions to reduce cytotoxic effects and optimize the
inhibition conditions using natural ATP or AMP is needed prior to further experiments
including 2CNqATP/MP uptake. Likewise, inhibition of the nucleoside transporters might be
a way forward to study the uptake pathway of 2CNgA and pA as well. Overall, these initial
inhibition experiments highlight the complexity of enzymatic pathways and the challenges in

studying them in living systems.

As a first step towards using FBAs as tools, we present experiments to establish 2CNgA for
better understanding of intercellular processes in Paper I1. We were able to monitor the effects
of Actinomycin D (ActD) and NaAsO; on the nucleoli by imaging 2CNgA (Fig. 23). It was
reported previously that both compounds inhibit the ribosome synthesis that takes place in the
nucleoli, but that they activate two different stress regulation pathways.!*! This results in
shrinking of the nucleoli under ActD exposure, but not under NaAsQO:. Using 2CNgA as a
nucleoli dye we were able to monitor these differences by live-cell microscopy where
previously antibody-labelling of nucleolar sub-compartments was used'*!. Analysis of images
of 2CNgA exposed cells has shown that the nucleoli area decreases by a factor of 2—3 under

ActD exposure.
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Figure 23. The effect of Actinomycin D (ActD) and NaAsO: treatment visualized using
2CNgATP. Scale bars = 20 um. To analyse the effect of ActD quantitatively, thirty nucleoli in
three different images were measured, plotted and are presented with the mean and the

standard deviation. The P-value was calculated using a two-tailed heteroscedastic t test; ****
P <0.0001.

As the study of Paper Il was very explorative and based on a serendipitous finding,
we approached the investigations from several angles and with many ideas. The
observed uptake, the start of its characterization, and the processing inside cells is a
whole new field of study and opened the door for many explorations for the use of

FBASs as research tools.

3.3.2 Metabolic RNA-labelling

2CNgA enters the cells and localizes in the cytosol, but also inside the nuclei and
nucleoli, which are the sites of RNA synthesis (Ch. 3.2 and Ch. 3.3.1, Paper II). Hence,
2CNgA was a good candidate to investigate metabolic RNA labelling using FBAs.
Therefore, total cellular RNA from cells that were exposed to 2CNqAMP and 2CNqATP
over various time spans was extracted and afterwards investigated spectroscopically
for 2CNgA signature (Fig. 24). Control experiments where the compounds were added

to cell lysate, i.e. incorporation by living cells is not possible, were included.
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Figure 24. Experimental layout for cell treatment and RNA extraction. Top: cell
exposure to 2CNgATP (green) or 2CNqAMP (red) for a certain time with subsequent
cell lysis, RNA extraction, and spectroscopic readout. Bottom: control experiment
where the compound was added to cell lysate prior to RNA extraction.

By recording emission spectra of the RNA extracts, we observed the FBA emission
band around 460 nm (Fig. 25). This band increased with cell exposure time, i.e. the
RNA became more fluorescent, while the emission from the control was very low. This

was a first indication that 2CNgA gets incorporated into cellular RNA.
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Figure 25. Emission spectra of purified RNA from cells exposed to A) 2CNqATP and
B) to 2CNgAMP for 2, 8, 12, 24, 48 h (light to dark colour, blue arrows). Spectra are
normalized to RNA absorption at 260 nm to account for RNA concentration
differences. Grey spectra are of control experiment.

Upon further analysis, we observed a red shift of ca. 8§ nm in the excitation spectra of
extracted RNA compared to 2CNgATP monomer absorption (Fig. 26). To examine if
this is an effect of incorporation, we were overlaying these spectra with absorption
spectra of single- and double-stranded RNA oligonucleotides containing a single
2CNgA-base from a previous study. We observed an overlap of the 2CNgA-
incorporated samples, and hence, the same shift compared to the triphosphate

version. This highlights that the shift in absorption is a fingerprint of the slight sensitivity
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of 2CNgA to its microenvironment and indicates that 2CNgA is indeed incorporated in

the total cellular RNA extracts.
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Figure 26. Normalized excitation spectra of the extracted RNA from cells exposed to
2CNgATP (vellow) and 2CNgAMP (red) at time point 24 h. For comparison, normalized
absorption spectra of 2CNqATP (dashed black line), 2CNqA-ssRNA (dark grey line),
and 2CNgA-dsRNA (light grey line) are added. Blue lines at peak maxima.

Having established this, we looked closer at the data at hand and found another interesting
observation when comparing the emission spectra of 2CNqATP- and 2CNqAMP-exposed
cells: the emission signal is lower from extracts of 2CNqAMP-exposed cells at all timepoints
(Fig. 25), suggesting a lower degree of incorporation, even though the cellular uptake of this
compound was more efficient, in the sense that it appeared faster. Preliminary experiments
using FLIM to compare the lifetime species (Ch. 3.2.2) in images of 2CNqAMP-treated cells
to compare to 2CNqATP-treatment have shown the same trend (data unpublished). Assuming
that both compounds are converted to the 2CNqA nucleoside in the uptake process, both
derivatives experience the same need for intracellular re-phosphorylation and transport. This
surprising observation of faster apparent uptake kinetics (Ch.3.3.1), but lower efficiency of
RNA incorporation, suggests a more complex cellular process, and at the point this thesis was
written we cannot fully explain this discrepancy. A potential direction for future studies
addressing this could involve investigations on the effects of elevated triphosphate or
monophosphate concentrations in the extracellular environment. During purinergic signalling,
the cleavage of phosphate groups outside the cell membrane can trigger intracellular signalling
pathways (Fig. 22), which may, in turn, stimulate RNA synthesis'** and facilitate the
incorporation of 2CNgA. A more detailed analysis of our co-exposure experiments with ATP

and AMP could provide initial insights into this mechanism.
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In a next step, we used the spectroscopic data from our extracted RNA samples to determine
the incorporation degree of 2CNgA. By constructing a 2CNqATP standard curve we were able
to estimate the efficiency of 2CNQgA incorporation into cellular RNA. We calculated that one
of every 10%-10° bases is an 2CNgA-base after 24 h of exposure to 2CNgATP. This number
only includes 2CNgA nucleotides incorporated into all newly synthesized RNA molecules and
is hence affected by long-lived RNA that was present prior to 2CNgA exposure. Furthermore,
this value is not exact, as accurate quantification poses a challenge: many parameters for the
standard curve need to be considered, and thorough control experiments for exact sample

readout need to be performed.

To investigate if 2CNgA ribonucleotides are converted into DNA building blocks inside cells,
and therefore are no longer available for RNA synthesis, we co-exposed cells to hydroxyurea,
which inhibits the ribonucleotide reductase, i.e. the conversion of ribonucleotide diphosphates

to their corresponding 2’-deoxy derivatives'*

. We did not observe any effects on the cellular
localization of 2CNgA, nor on the emission profile of the RNA extracts, suggesting that 2CNqA
remains as ribonucleotide inside cells. However, as described in several parts of this thesis,
such co-exposures require a detailed screening, and hydroxyurea is known to have other effects
on cells as well'* that might have to be considered for further conclusions. To assess possible
effects of 2CNgA internalization and RNA incorporation on different RNA types that are
synthesized inside cells, we also performed agarose gel electrophoresis. This revealed that the
RNA size distribution is unaltered compared to extracts from unexposed cells. The 2CNgA-
RNA extracts display the typical pattern of total RNA extracts from human cells, showing clear
bands for 28S rRNA, 18S rRNA, and smaller RNAs. Overall, 2CNgA does not seem to alter

intercellular processes and is apparently accepted as RNA building block inside cells.

In summary, the results presented in Paper II highlight the use of 2CNgA as a label
for RNA and to the best of our knowledge, this was the first time metabolic labelling
was successful in wildtype, i.e. non-engineered, cells without assisted uptake of
nucleosides. It is particularly stunning, because 2CNgqA upon cellular uptake must be
processed by several cellular enzymes (e.g. kinases for phosphorylation,
polymerases) to get incorporated into RNA by the cellular machinery. Our readout
methods involved standard techniques and are, hence, available in most biochemistry
laboratories, which is an important advantage for future applications. This also means
that other advanced methods can be applied to investigate our findings further and

use them to monitor RNA metabolism, as for example RNA sequencing methods, or
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— as we have started to do — using FLIM as imaging approach (Paper V, Ch. 3.2.2).
To investigate the distribution of 2CNgA in different kinds of RNA (tRNA, rRNA, mRNA,
etc), more specific RNA analysis, like capillary electrophoresis with fluorescence
detection, liquid chromatography, or hybridization capture technologies, can be

performed in future studies.

3.3.3 Enzymatic in vitro Labelling

Labelling of RNA inside cells by fluorescent building blocks (Ch.3.3.2) results in fluorescent
RNA of all kinds. To label RNA more specifically, RNA synthesis including the labelling is
done ex cellulo. As described earlier (Ch. 2.2.5.1), shorter oligonucleotides can be synthesized
and labelled via solid phase synthesis, which allows the study of e.g. labelled ASOs as
presented by Nilsson et al.®® and as we presented in Paper I, or structural studies of new
analogues inside oligomers as presented in Paper IV. For synthesis of long RNA, enzymatic
in vitro reactions are used where a DNA template dictates the resulting RNA sequence (Ch.
2.2.5.1). In 2021 Baladi et al. presented the use of tC°TP to label RNA by in vitro transcription
(IVT).}” Having 2CNqATP presented as analogue for RNA labelling inside cells (Paper II),
we tested it for in vitro labelling, which resulted in Paper III. We used a well-established IVT
system that is based on the T7-phage RNA polymerase, and that is available as a kit containing
all reagents, except the DNA template. Our in-house designed DNA template codes for the
fluorescent mCherry protein and contains the alpha globulin 3’- and 5 UTRs for increased
translation, which are based on the UTRs of mRNA vaccines'*. We also included the Kozak
sequence for translation initiation in eukaryotic systems, as well as the Shine-Dalgarmno

sequence for expression in prokaryotic systems.

By adding different fractions of 2CNqATP to the ATP pool of the IVT, we observed the
possibility to label RNA fluorescently using our adenine analogue. We analysed the
synthesized long RNA spectroscopically and by gel electrophoresis. The resulting RNA
has the expected length of 884 nucleotides at all tested 2CNqATP:ATP ratios, which
indicates that the T7-polymerase can synthesize full-length RNA in the presence of
2CNgA (Fig. 27A). Spectroscopic analysis of the RNA has shown that 2CNgA gets
incorporated, since we observed an absorption band around 360 nm stemming from
2CNgA absorption (Fig. 27B). This peak displayed a red shift of 10 nm compared to
2CNgATP, as we observed also in Paper II (Ch. 3.3.2, Fig. 26), which is a fingerprint

for 2CNgA incorporation. Using the absorption values at 260 nm (where all canonical
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nucleobases and 2CNgqA absorb) and at 360 nm (2CNgA absorption only), and the
corresponding molar absorptivities, we calculated the fraction of 2CNqgA-bases inside
the long RNA. This fraction rises with increasing 2CNgA content in the IVT reaction,
which we could fit to a linear equation with a slope of 0.39 (Fig. 27C).
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Figure 27. A) Agarose gel electrophoresis of resulting RNA from one representative
IVT reaction set. R: RiboRuler, nt: nucleoitdes B) UV-vis spectra normalised to the
absorption at 260 nm. 25%, 50%, 75%, and 100% 2CNgATP of the ATP pool in the
reactions (light to dark colour). In grey, absorption spectrum of the 2CNqATP monomer
normalised to the 2CNgA peak at 360 nm in the 100% 2CNgA-RNA spectrum for
comparison. C) 2CNgA incorporation degree as mean value of several reactions,
expressed as percentage of adenine positions in the resulting RNA sequence, plotted
against the fraction of 2CNgATP of the ATP pool in the IVT reaction. Red line presents
the linear fit, excluding the reaction where all ATP was replaced by 2CNgATP in the
IVT. The dashed line depicting a 1:1 reactivity is included for comparison. D)
Fluorescence quantum yields (¢, vyellow), and amplitude-weighted fluorescence
lifetimes (1, green) of individual 2CNgA-labelled RNA samples plotted against the
2CNgqA incorporation degree.

This represents an apparent reactivity of 1:2.6 between the modified and natural ATP and
indicates that the T7-polymerase has a slight preference for the natural ATP, which is
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furthermore supported by a lower amount of resulting RNA at higher 2CNqATP:ATP ratios.
Previously in our group, we observed that tC®is equally well incorporated as natural C*’, which
is in contrast to the A-analogue. A comparison to the commercially available Cy5-CTP revealed
that the size of the modified building blocks, as well as pi-stacking and hydrophobicity, play a
role for the incorporation efficiency (Paper III). For all RNA samples where 2CNgA was
present in the IVT, we observed an emission signal with a maximum around 460 nm, which is
in accordance with the reported emission of 2CNqA®*83 (compare previous chapters). Because
quantum yield and lifetime are important parameters for fluorescence-based detection methods,
like fluorescence microscopy, we determined both parameters for all labelling degrees (Fig.
27D). We observed that they depend on the incorporation degree and display a decrease with
increasing 2CNgA incorporation, which we ascribe to dynamic quenching. This leads to a non-
linearity between incorporation degree and brightness, which is important to consider for

applications where overall brightness is crucial.

Next, we were interested in whether the 2CNgA-labelled RNA can be translated into a
functional protein inside cells. Therefore, we capped and tailed the RNA to achieve
translation competent mRNA (Ch. 2.2.5.1) and transfected cultured cells using
lipofectamine. 2CNgA-labelled RNA with an incorporation degree of 1% 2% was
detectable under the confocal microscope after 30 min exposure time using 405 nm excitation
(Fig. 28A). After five hours, diffuse mCherry fluorescence was detectable across the cytosol
and nuclei, demonstrating that our labelled RNA can be translated into a fluorescent protein.
However, we observed weak mCherry signal from the labelled RNA compared to unlabelled
RNA and therefore, quantified the translatability using flow cytometry (Fig. 28B, red). This
revealed that the mCherry intensity drops by a factor of ten for the lowest investigated
incorporation degree (0.8%), compared to mCherry signal from unlabelled RNA. Interestingly,
the number of cells displaying mCherry signal is affected comparably little (Fig. 28B, blue).
We concluded that 2CNgA affects, yet does not completely inhibit, the translation of the
mRNA. To exclude that a non-negligible fraction of unlabelled RNA is present in samples from
2CNgA-IVTs, which could contribute to the mCherry signal, we calculated the probability of
unlabelled strands at different labelling degrees using binomial statistics. At the lowest
incorporation degree of 0.8% this probability is 0.08%, meaning that the observed mCherry

fluorescence most likely originates from the translation of labelled RNA.
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Figure 28. A) Live-cell confocal fluorescence microscopy of Huh-7 cells exposed to
2CNgA-labelled mRNA five hours after exposure to 1.1%-labelled 2CNgA-RNA.
2CNgA displayed in cyan (arrow) and mCherry in red. Scale bar = 20 um. B) Flow
cytometry analysis of Huh-7 cells exposed to mRNA labelled with 2CNgA at different
incorporation degrees. Cells were exposed to lipofectamine-formulated mRNA for 24
h and all events were gated for single living cell population for analysis.

Testing the translation of mRNA labelled with Cy5 at C-positions, we observed that the
translation efficiency is negatively affected to the same extent as it was for 2CNgA.
Fluorophore size leading to steric hindrance, hydrophobicity, or
stabilization/destabilization of RNA structures can be effects that result in perturbed
translation. However, more detailed structural studies are needed to investigate the

molecular basis of these results.

Taken together, we were able to label long RNA using our adenine analogue 2CNgA by a
standard IVT reaction and we could tune the labelling degree by adjusting the 2CNqATP:ATP

ratio in the reaction. With the previously reported tC° as a label for C-positions in the
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sequence®’, we present with this work increased sequence flexibility for RNA labelling. As
shown in other projects of this thesis, 2CNgA is a suitable multiphoton probe (Paper I) and
can be used for FLIM (Paper V). Hence, having 2CNgA-labelled RNA at hand, studies based

on these two imaging techniques can be carried out.

As described above, placing 2CNgA in the coding part of mRNA had a negative effect on the
translatability of the RNA. Therefore, in continuation of the work presented in Paper III, we
test in ongoing work different enzymes to label RNA in non-coding regions. Our hypothesis is
that FBAs incorporated into the UTRs or the poly(A) tail do not disturb translation as much as
we observed when FBAs are present in the open reading frame of the RNA. Therefore, we
started testing different enzymes and various conditions, based on extensive literature research.
tC° was successfully added onto the 3’-ends of short RNA oligonucleotides using the enzyme
terminal deoxynucleotidyl transferase (TdT)®’, which is therefore a good candidate for 2CNgA-
labelling as well. Another enzyme we found promising was the poly(U) polymerase from
Schizosaccharomyces pombe, which was shown to add modified nucleotides to the 3’-end of
RNA.!'¥® Furthermore, as we use an Escherichia coli poly(A) polymerase for adding the 3’-
poly(A) tail to RNA, and have 2CNgA as an adenine analogue at hand, adding 2CNgA to the
tailing reaction is a promising labelling strategy. We also include a poly(A) polymerase form
Saccharomyces cervisiae to test an eukaryotic enzyme. The resulting RNA is analysed by gel
electrophoresis, UV-vis absorption spectroscopy, and steady-state emission readout. At the
point the thesis was written, we observe only low labelling degrees in all cases. By gel
electrophoresis we see that the increase in length is minimal, meaning that only a few
nucleotides are added to the long strands. We are, however, able to detect emission signals, and
a small peak outside the RNA absorption bands corresponding to the low-energy absorption
bands of the FBAs. This suggests that it is possible to add FBAs onto long RNA using the
above-mentioned enzymes. To optimise incorporation, reactions are currently being carried out
in which different cofactors, amounts of triphosphate and FBAs, as well as enzyme units are
varied. Furthermore, it is nowadays standard in many laboratories to encode the poly(A) tail in
the DNA template as poly(T) (Ch. 2.2.5.1). Adding 2CNgA to IVT reactions using such a
template could lead to labelled RNA where a large fraction of fluorescent labels is located in
the tail. This would render the RNA fluorescent while the coding region displays only a low
labelling degree, which should leave the mRNA translation more unperturbed. In summary,
there are ways forward and many experiments are left to perform to overcome the reduced

translatability we observed for 2CNgA incorporated into the coding region.
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4. ADDITIONAL WORK AND OUTLOOK

Many possible future investigations following the original work of this thesis were
described in chapter 3 and in the attached publications. During the time that the
experimental part of this thesis was performed, ideas to explore the applications of
fluorescent base analogues in various biological systems emerged and initial
investigations into some of them were started. This chapter gives an overview of three

side projects that highlight the manifold options for future research.

Following the spontaneous uptake of FBA nucleotides (Paper II), we investigated if it
is possible to detect 2CNqA-labelled bioparticles that originate from cells that have
internalized 2CNqATP. This laboratory work was done as collaborations with groups
from the Department of Life Sciences at Chalmers and the Department of Microbiology
and Immunology at the University of Gothenburg. We infected cells with virus particles
after the cells had internalized 2CNQATP and then harvested the forming virus
particles and tried to detect 2CNgqA fluorescence inside them. We also extracted RNA
from the particles to see if we can detect metabolically labelled RNA. In a similar
approach, cells were exposed to 2CNqATP and after 24 h incubation time extracellular
vesicles (EVs) were harvested. The work with such EVs and virus particles is
challenging for two main reasons: i) these particles are very small (nm range) and in
combination with the relatively low brightness of our FBAs (compared to large
conventional fluorophores, such as GFP, that are often used) the readout becomes
very difficult and ii) in the case of virus particles, biohazard regulations had to be
considered and required many safety considerations. Therefore, the work performed
during this thesis work focused on setting up the detection methods using inactivated
viruses and EVs. We realized early on that it is of outermost importance to include
conclusive negative and positive controls at all stages (e.g. particles labelled with
another dye than the FBAs, or controls for autofluorescence level). Readout methods
we started with included small particle analysis using a flow cytometer, fluorescence
microscopy, nanoparticle tracking analysis, and spectroscopic analyses. The results
of our preliminary experiments are promising, but more work is needed to set up
innovative detection methods to prove that FBA derivatives are present inside such
particles. This could include the immobilization of the particles on surfaces or using a
flow device for advanced microscopy readouts. Once these hurdles are overcome, the

approach of using 2CNqgA-exposed cells for labelling small particles presents a direct
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non-invasive readout, that complement protein engineering approaches and coupled-

reaction assays.

Another idea that emerged from the spontaneous uptake in human (eukaryotic) cells
(Paper II) was to test if the spontaneous internalization also occurs in bacteria
(prokaryotic cells). For this, I collaborated with Dr. Ann-Britt Schéfer at the Department
of Life Sciences at Chalmers. We started using the gram-positive bacterium Bacillus
subtilis, since it is the established model organism in the laboratory. We added
2CNgATP to bacteria in regular growth medium, as well as to bacteria in starvation
medium to enhance possible uptake. Image analysis revealed a significant increase
in fluorescence signal in bacteria exposed to 2CNqATP under starvation conditions
(Fig. 29).
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Figure 29. Bacterial uptake of 2CNqATP. Bacillus subtilis in starvation medium was
exposed to 2.5 uM for 1 h and then imaged under an epifluorescence microscope.
Three images per condition were analysed using MicrobeJ where debris, doublets and
out of focus cells were excluded.

An advanced screening for future investigations should consider different concentrations, time
points, different media, and complementary analysis techniques. Furthermore, because bacteria
are very diverse, testing the uptake in different bacteria or strains would be needed to assess
the potential of our observation. Many research questions of such a project would be similar to
the uptake in human cells (e.g. which uptake pathways are involved, dose response to
treatments and equilibria, possibility of metabolic labelling of RNA) and could put FBAs in
the light of tools for research in the field of, for example, antibiotic resistance'*’. Another

interesting approach would be to test the uptake in plant cells in order to obtain a more
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comprehensive overview on how chemical modifications of base analogues affect the
interaction with various cells. If the spontaneous uptake happens there as well, FBAs could
also be an interesting tool in plant RNA research, for example how plants respond to

environmental changes'*, or to develop RNA vaccines for plants'#’.

Based on our in vitro experiments using enzymes to label RNA (Paper III, Ch. 3.3.3) grew the
idea of using enzymatic reactions to modify the base structure of a nucleobase analogue to
create a new and possibly fluorescent base. In a first try, I used the non-fluorescent analogues

129.150 and the enzyme nitroreductase (from Escherichia coli) to reduce the

tCritro and qAuitro
nitro groups of these molecules to amino groups. Following the reaction spectroscopically, I
observed an absorption band appearing around 560 nm during the reaction, which suggests a
newly formed compound in the reaction mix. The main challenge of the spectroscopy-based
readout is that the enzyme needs NADH+H" for the reaction, which is a dinucleotide that
absorbs and fluoresces in the same wavelength range as most FBAs. However, [ observed
oxidation of NADH+H" to the non-fluorescent NAD" during the reaction, which was a good
indicator that the reaction is working. Further analysis of the resulting molecules (foremost
”tCamino”’) using a suited purification protocol (e.g. column chromatography, HPLC) and
analysis (e.g. NMR) are needed. Other enzymes and analogues can be tested as well, or possibly
a coupled enzymatic reaction, like the nitroreductase with a deaminase to create hydroxy
groups. A computational approach (e.g. density-function calculations®?) can help to predict and
compare the resulting spectra of new molecules from these reactions. This approach, together

with the observed cellular uptake of base analogues, could be a way to develop assays to

monitor specific reactions inside cells.

61



62



5. CONCLUDING REMARKS

In this thesis, I present research on fluorescence base analogues (FBA) for studying
nucleotide and RNA metabolism. This work stretches from fluorophore
characterization to methodological investigations using different microscopy
techniques, and eventually to biological studies inside living cells. In total, this thesis

1s based on five interconnected articles.

Spectroscopic characterizations were performed for Paper I, Paper II, and Paper IV. Paper
IV presents the characterization of the new FBA qU inside RNA oligomers where we show
that it displays complex photophysics inside oligonucleotides as it does as a monomer. Its
iminol tautomer is pronounced inside oligomers which leads to destabilization of duplexes.
However, continued characterization based on this thesis work (e.g. pH dependency
experiments) may make this analogue an interesting candidate for future applications. Paper I
and Paper II present the continued characterization of the triphosphates pATP and tCOTP, but
especially of our analogue 2CNgA as monomer, i.e. as nucleoside triphosphate (2CNgATP)
and monophosphate (2CNqAMP), as well as inside ASOs, including single- and two-photon

spectroscopy.

Paper II was the central focus of my work, where we present, besides the
photophysical characterization, the spontaneous cellular uptake of our two adenine
analogues: pA and 2CNgA. In addition, we demonstrate the versatility of 2CNgqA for
studies that are based on imaging, flow cytometry readout, and spectroscopic
techniques. We explored the potential for metabolic labelling of RNA following the
uptake of 2CNgATP and 2CNgAMP by cells. Beyond the publication, we also filed a
patent application on fluorescent adenosine triphosphates to study biological
mechanisms, where my results contributed. The startup LanteRNA (Stealth Labels

Biotech AB) is currently commercializing these findings.

The project that Paper II is based on encompassed a broad range of experiments and
conceptual approaches that aimed at deepening the understanding of our
observations and exploring potential applications, and not all results are included in
the article. One of the follow-up projects led to a communication article, Paper V,
where we demonstrate the applicability of 2CNqA in fluorescence lifetime imaging of
living cells. This study provided more detailed insights into the fluorescent species of

2CNgA present in different cellular compartments and marks the first use of an FBA

63



for FLIM in living cells. As emphasized in the thesis, there remains significant potential
to combine the findings of Paper I (two-photon imaging), Paper II (observed uptake),
and Paper V (FLIM) to pave the way for applications of 2CNgA in cellular studies.

The work of Paper III presents a different application of 2CNgA, focusing not on cellular
uptake, but on its use in in vitro reactions. We demonstrate the labelling of RNA via in vitro
transcription using 2CNqATP and compare its performance to our previously published tC° %’
and the widely used Cy5 dye. The labelled RNA was delivered to cells, where we were able to
detect it using confocal microscopy. We also monitored subsequent protein synthesis and found
that, similar to Cy5, 2CNgA exerts an inhibitory effect on protein production. In the thesis, I
also present an outlook with ideas on how to overcome this limitation, which is ongoing work

in the Wilhelmsson group and at LanteRNA. Together with the findings in Paper I (two-photon
imaging) and Paper V (FLIM) 2CNgA shows promise as a versatile tool to study long RNAs.

In summary, chapters 3 and 4 of this thesis highlight the opportunities and the remaining
challenges that result from my work. Especially the focus on studies in living cells using FBAs
presents pioneer work that is ongoing in our group and in the FBA field. Many of our
observations were both surprising and intriguing, and while not all can be fully explained at
the current stage, we present promising initial results for future investigations which may
inspire further research across various fields. Besides the FBAs that are presented and applied
in this thesis, my work also contributes to a broader understanding on how base analogues —
and potentially other small molecule derivatives or drugs — can be designed for intended
applications. Therefore, the herein presented results bridge the gap between molecular design,
synthesis, and initial characterization of FBAs (compare doctoral thesis by Dr. Moa S.
Wranne'>!), and their functional evaluation in complex biological systems, such as living cells.
Looking ahead, one promising direction to complement this work is the use of computational
design to predict new molecules based on the insights gained in this thesis. This iterative
refinement, from design to application and back to structural optimization, holds strong
potential for establishing a robust structure—activity relationship framework for future FBA

development.
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