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Abstract

This thesis consists of four chapters.

In Chapter 1, | expounded on the dsRNA-targeting probe scene that serves as the backdrop for both
Chapters 2 and 3. New analytical methods for double-stranded RNA (dsRNA) need to be developed to
overcome problems such as poor selectivity or perturbation / destruction of the native dsRNA structure. To
that end, I designed two fluorogenic peptide probes —the small molecule — PNA oligomer conjugate (SPOC)
probe and the light-up peptide indicator (LUPI). These two probes both have a thiazole orange (TO)
fluorophore that is internally-incorporated into the probe. Both probes were designed to be used as
fluorescent indicators in a fluorescent indicator displacement (FID) assay to screen for new small molecules
that could potentially act as drugs that target dsSRNA. The mechanism for the FID assay as well as
characteristics of good FID indicators were also discussed.

Chapter 2. The first dsSRNA target we chose was the bacterial ribosomal RNA acceptor site (bac rRNA A-
site). The bac rRNA A-site is the proofreading centre of the bacterial ribosome, and thus has been an
attractive drug target for many decades. It contains an internal loop flanked by dsRNA regions. In this
chapter, we designed the small molecule — PNA oligomer conjugate (SPOC) probe to simultaneously bind
to the internal loop and the dsRNA region by a simple conjugation strategy between ATMND-C»-NH;
(internal loop binder) and a tFIT probe. The SPOC probe was expected to form a triplex with the bacteria
rRNA A-site through Hoogsteen base-pairing, with the ATMND moiety binding to the internal loop.

This conjugation strategy, although simple, worked impressively. Notably, the SPOC probe was able to
bind to the dsSRNA target even at a neutral pH, which is an unfavourable condition for Hoogsteen base-
pairing. This was because the conjugated ATMND moiety was able to act as an anchor, facilitating binding
even at pH 7.0. The probe was measured to have a dissociation constant (Kq) of 190 + 72 nM and bound
specifically to the bac rRNA A-site over the corresponding human rRNA A-sites. Lastly, we showed how
the SPOC probe had potential as an FID indicator by conducting a mock FID assay, where the degree of

displacement was in good correlation with the reported Kq values of the test compounds.

However, the SPOC probe design has its drawbacks. The lack of information about small molecules that
can specifically bind to RNA structural features as well as the need for a homopurine stretch of RNA for
Hoogsteen-base pairing limits the dsSRNA targets that SPOC can be applied to.

Thus, in Chapter 3, we turned to a new probe design — LUPI. This time, instead of targeting a dsSRNA, we
targeted a ribonucleoprotein (RNP) complex (RNA + RNA-binding protein, RBP). As such, LUPI was
designed to be a peptide indicator based on a well-known RNP complex— the HIV-1 Tat protein — HIV-1
TAR RNA model. The Tat protein binds to the TAR RNA to greatly enhance viral transcription. Without

the Tat-TAR interaction, gene expression and replication are adversely affected. Hence, finding Tat-TAR



inhibitors is an attractive therapeutic strategy. Unlike SPOC, LUPI is made up of amino acids, with its
internally-incorporated TO acting as a surrogate amino acid, something that has never been reported before.
Its amino acid sequence is based on the arginine rich motif (ARM) of the Tat protein, the part that is
responsible for binding to TAR RNA.

By comparing LUPI with three other probes, one of which was the original Tat peptide fluorescent indicator,
we showed that LUPI has superior light-up response, binding affinity (Kq = 1.0 £ 0.6 nM) and selectivity
towards the TAR RNA over two other unrelated RNAs. Moreover, in a mock FID assay with five test
compounds, only the test compound with a Kg comparable to LUPI’s was able to displace it, highlighting

LUPI’s ability to sieve out super-strong binders.

Finally, in Chapter 4, | summarized my findings for the SPOC and LUPI probes as well as provide some
thoughts about how these two probes can be tailored for other specific dSRNA targets, as well as other

possible ways to develop the probe designs even further.
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1. Introduction to Double-stranded RNA (dsRNA) and dsRNA Analytical Methods

In September 1957, Francis Crick, of Watson-Crick base-pairing fame, gave a lecture at the University
College London where he shared bold claims that would eventually go down in history to become what is
known as the “Central Dogma”. The present common understanding of the central dogma is that
information from DNA is transferred to RNA which is then transferred to proteins. (An easier explanation,
although not entirely faithful to Crick’s ideology, would be that ‘DNA makes RNA which makes proteins’).
(Cobb, 2017) RNA was relegated to merely being a go-between for DNA and proteins.

65 years on, much research has been done to prove that RNA has functions other than just to be translated
into proteins. 98.5% of the human genome is non-protein coding (Mattick, 2004). Yet ~85% of the genome
is still translated into RNA (Hangauer, Vaughn & McManus, 2013). This sparked much interest in
elucidating this pervasive transcription and discovering the functions of these non-coding RNAs. Since
then, many sub-types of non-coding RNA have been discovered, such as small interfering RNA (siRNA),
small nucleolar RNA (snoRNA), and Piwi-interacting RNA (piRNA), to name a few.

Adding to the complexity of how RNA functions is the presence of multiple types of secondary and tertiary
structures that RNA can fold into. Unlike DNA which mostly stays in its stable double-helical structure,
RNA can form hairpin loops, internal bulges and internal loops in its secondary structure, with a plethora
of other tertiary structures. The structural aspects of RNA are important because often RNA derives its
function from its structure. In other words, a region of highly-structured RNA is very likely to be a region

with some function.

In the case of bacterial and viral RNA, regions of therapeutic significance often are double-stranded RNA
(dsRNA) regions. It is important to make the distinction between single-stranded RNA (ssSRNA) and dsRNA
because the strategies to analyse each one are vastly different.

In the case of ssSRNA, the unhybridized single-strand of nucleobases is free to pair with another strand of
nucleotides through Watson-Crick base pairing. And hence sequence-selective analysis of sSSRNA is easily
achieved through oligonucleotide-based probes (eg. molecular beacons, fluorescence in situ hybridization
(FISH), etc.).

Unfortunately, the same strategy cannot be used to analyse dsRNA as dsRNA does not contain nucleotides
that are available for Watson-Crick base pairing. This has resulted in a much smaller number of methods
for dsRNA analysis, with many scientists choosing instead to focus on ssRNA regions. However, as already
mentioned, many RNAs of interest contain dsSRNA, and not sSRNA, structures. Hence, it is essential, if not

inevitable, that tools for dSRNA analysis must be further developed.

Existing methods to analyse dsRNA, as summarised in Fig. 2, include small molecules that bind to internal
bulges or loops in dsRNA. (Sato et al., 2019; Watkins, Jiang, Nahar, Maiti & Arya, 2015; Jiang et al., 2015)
The drawback of this method is that it only works for RNA that contains internal bulges/loops and that

small molecules often bind non-specifically to other parts of the RNA. Immunological methods such as
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using dsRNA-binding proteins or antibodies also have been developed (Kobayashi, Tomita & Sakamoto,
2009; Ku et al., 2020; Aramburu, Navas-Castillo, Moreno & Cambra, 1991) but these methods tend to be
for the universal detection of all dsSRNAs, and thus cannot discriminate between dsRNA of different
sequences. The creative use of oligonucleotide helper probes to unwind the helical structure of dsSRNA
before hybridising the resultant single-stranded RNA with a fluorescent probe leads to sequence-specific
detection (Qu et al., 2020), but inevitably destroys the native structure of the target RNA in doing so.

As such, there is a need for better dSRNA analytical methods that are not plagued by problems of non-

specificity, while still maintaining the structure of the dsRNA.
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Figure 1. Example of secondary structures in dSRNA

(”p Helper
F{_) Probe
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X Only applicable for RNA X Not sequence-specific X Native structure is
with internal loops destroyed
X Small molecules not
selective

Figure 2. Summary of existing dsRNA analytical methods and the disadvantages associated with each

type of method.

17



2. Basic Introduction to SPOC (Chapter 2) and LUPI (Chapter 3) Probes

In this thesis, | propose two novel dsRNA fluorescent probe designs to overcome the problems mentioned
before. In Chapter 2, | designed the Small Molecule — PNA Oligomer Conjugate (SPOC) probe, while in
Chapter 3, | developed the Light-Up Peptide Indicator (LUPI).

The SPOC probe employed a simple conjugation strategy between a small molecule (ATMND-C>-NHy)
and a peptide nucleic acid (PNA) oligomer. Thiazole Orange (TO) was used as a surrogate base as well as

a fluorophore.

LUPI is made up of amino acids based on a wild-type protein sequence, again using TO as its fluorophore

and as a surrogate amino acid, which to the best of our knowledge, has never been done before.

Both SPOC and LUPI share two common features — the use of TO as well as the internal-incorporation of

a cyanine dye.
2.1 Thiazole Orange (TO)

Thiazole orange is part of the family of cyanine dyes. Cyanine dyes typically have two nitrogen heterocyclic
rings joined by a conjugated carbon system. Upon protonation, each of its resonance structures contains
exactly one iminium group (Shindy, 2017).

TO consists of a benzothiazole group connected to a quinoline group via a monomethine bond. (Fig. 4A)
When unbound, TO molecule can freely rotate around this monomethine bond, thus resulting in negligible
fluorescence. However, upon intercalating into nucleic acids, TO’s rotation is restricted and thus the loss
of energy from its excited state is released as fluorescence. This gain of fluorescence is known as a light-
up response, where the molecule lights up upon binding with the target. This light-up response is
advantageous because it provides an excellent signal-to-noise ratio, allowing for more sensitive
measurements to be made. This is also what sets TO apart from other nucleic acid intercalating dyes, such

as pyrene (fluorescence quenched upon intercalation) (Jstergaard & Hrdlicka, 2011).

Moreover, TO was shown by the Seitz group to be able to function as a surrogate nucleobase when paired
against all four DNA nucleobases opposite it (Kéhler, Jarikote & Seitz, 2004). We have also noticed that
TO shows selectivity towards RNA over DNA, making it an ideal fluorophore to be used in dsSRNA probes
(Fig. 4C).
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2.2 Internal Incorporation of Cyanine Dye

Both the SPOC probe and LUPI contain an internally-incorporated cyanine dye, which is in contrast with
most conventional fluorescent probes which have their fluorophores connected at the terminus of the probe.
The decision to connect the fluorophore in the middle of the chain of bases / amino acids was made because
we predicted that this would lead to better intercalation of TO into the dsRNA, which would in turn result
in a larger change in fluorescence. Furthermore, since TO was intended to be used as a surrogate, either as
a surrogate nucleobase or surrogate amino acid, that meant that TO’s position was not just limited to the

ends of the probe but could be incorportated into the middle of the probe.
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3. Overview of Drug Screening Assays

The main application for both SPOC and LUPI was to be used in drug screening assays.

In recent years, dSRNA has become more popular as a drug target as traditional protein targets offer no new
leads for effective antimicrobials. As such, more and more attention is being given to finding small
molecule drug candidates that can bind well to a target RNA and thus trigger a therapeutic effect (Connelly,
Moon & Schneekloth, 2016). To search for possible binders, large-scale screening of chemical libraries is

an often-employed strategy.

Drug screening assays scan be split into three main categories —affinity assays, in silico assays and
mechanistic assays. (Martin, Grandi & Marcia, 2021) Affinity assays focus on the identification of direct
ligand-target binding and includes techniques such as mass spectrometry and NMR spectroscopy. Surface
plasmon resonance (SPR) has also been used in a high-throughput screen to identify binders (Lo et al.,
2018). However, the binding of the test compound to the RNA might not necessarily result in a therapeutic

effect, especially if the test compound binds non-specifically.

In silico assays are done using computer simulations and thus greatly increases the speed at which possible
drugs can be found. In silico assays have been heavily used in searching for new drugs to target viral
proteins. (Balmith, Faya & Soliman, 2016; Mehyar et al., 2021) They are gaining popularity for dsSRNA
targets whose secondary structures are well-resolved. One example is by Stelzer and his team, who
calculated a dynamic ensemble of the HIV-1 TAR element RNA, an essential RNA for HIV replication,
and virtually screened 51,000 small molecules against the model (Stelzer et al., 2011). However, as proteins
have historically been the pharmaceutical targets, there lack of ligand-RNA binding data to form accurate

predictions is a serious limitation.

Mechanistic, or phenotypic, assays focus on monitoring a mechanistic effect of the test compounds. A
common mechanistic assay would thus be a cell-based assay, where the expression of a chemiluminescent
or fluorescent protein (the mechanistic effect) would be used to determine if the test compound produced
the desired effect or not. In cell-free contexts, mechanistic assays include fluorescence-based assays that
can use a fluorescence resonance energy transfer (FRET) system (Bood et al., 2021), or an Alphascreen
method (Mills, Shelat & Guy, 2007). The main disadvantage of mechanistic assays is that a test compound

could possibly cause the mechanistic effect through other undesired mechanisms.

All these screening assays have their advantages and disadvantages. Hence, a robust drug identification
process would include a primary screen, secondary screen(s) and compound optimisation. This research

focuses on a primary screening technique known as the fluorescent indicator displacement assay.
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4. Fluorescent Indicator Displacement Assay

The fluorescent indicator displacement (FID) assay involves the displacement of a fluorescent indicator to

sieve out hit compounds.

In the case of dsSRNA targets, a fluorescent indicator is first hybridised with the dSRNA and at the right
excitation wavelength, the indicator will fluoresce. If a test compound (drug candidate) that binds very
strongly to the dsRNA target is added, the test compound will displace the fluorescent indicator, resulting

in an observable change in fluorescence intensity (Fig. 6).

The advantages of using an FID assay are that it incredibly easy to perform and the use of fluorescence
allows for a sensitive assay, as compared to other detection techniques such as anisotropy. There is no need
to label the RNA and thus risk possible perturbations in the native structure of the RNA (Zhang, Umemoto
& Nakatani, 2010). The FID assay is also readily adaptable to high-throughput applications by using a 96-

well plate.

However, the major drawback of an FID assay is that the discriminatory ability of the assay relies solely
on the indicator. A bad indicator would not be able to discriminate between strong-binding test compounds

and weak-binding test compounds. For an FID assay to operate well, a good indicator is needed.
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Figure 6. Schematic of a Fluorescent Indicator Displacement (FID) assay.
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4.1 Characteristics of a Good Indicator
We have determined three qualities that a good FID indicator should have.

Firstly, a good indicator should have a large fluorescence response upon binding with the target RNA.
The larger the change in fluorescence, the larger the range of displacement, the more sensitive the assay
can be. For example, if the indicator has a very high background signal and the fluorescence intensity only
increases twofold upon binding with the dsRNA, there is only a narrow range of onefold of the fluorescence
intensity by which displacement can be observed. Thus, more subtle differences in the binding abilities of
the various test compounds would not be able to be detected. The larger the change in fluorescence response,
the more sensitive the FID assay.

Secondly, a good indicator should have good binding affinity with the target RNA so that only test
compounds that have similar or better binding affinities will be able to displace it. An indicator that can be
displaced by even weak-binding test compounds would be unfit for screening. Thus, it is important that the
binding affinity of the indicator be tuned to match the desired binding affinity of hit compounds. For
example, if objective is to screen for test compounds with super-strong binding, then it follows that the
indicator itself must possess super-strong binding affinity. However, if the objective of the screen is to find
test compounds with modest binding affinity, then the indicator’s binding affinity should match that too. In
most cases, it is assumed that good drug candidates would have strong binding affinities with the drug
target, as such, we have decided that a good indicator should have good binding affinity with the target
RNA.

Lastly, a good indicator should be selective to the drug target. For example, if the dSRNA contains an
internal loop and if it has been reported that the internal loop is important for dSRNA’s function, then the
indicator should selectively bind to the internal loop and not other parts of the dSRNA, or to other dsSRNAs.
This is because if the indicator binds to some other part of the dSRNA and is eventually displaced by a test
compound, it would result in a false positive as the decrease in fluorescence intensity is due to off-binding
and not actual binding with the region of significance. As such, we strongly believe that a good indicator
should be selective to the drug target, and more importantly, the region of significance (eg. the internal loop
within the dsRNA).

1.5 Overall Research Objective

Considering all that has been written, the research objective of my thesis is as such:

To design new fluorogenic peptide probes for dsSRNA analysis that contain an internally-incorporated

cyanine dye for the use as indicators in FID assays.

To this end, | have designed the small molecule — PNA oligomer conjugate (SPOC) probe in Chapter 2 as
well as the light-up peptide indicator (LUPI) in Chapter 3 and have evaluated their use as FID indicators
(Fig. 7).
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1. Introduction to Bacterial rRNA A-site

1.1 The Bacterial rRNA A-site

The ribosome is the protein-making factory of a cell and is made up of ribosomal proteins and ribosomal
RNA (rRNA). The ribosome is a universally conserved enzyme that exists in both prokaryotic and
eukaryotic cells (Melnikov et al., 2012). As such, the prokaryotic bacterial ribosome has long been a target
for antibiotics. This is especially true of the 16S rRNA A-site (acceptor / aminoacyl site) inside the
bacteria’s ribosome. Located in the 30S small subunit of the ribosome, the A-site serves as the proof-reading
centre for the synthesis of polypeptides. Transfer RNAs (tRNAs) enter the ribosome through the A-site and
if the anti-codon of the tRNA matches the messenger RNA (mMRNA) that is being decoded, the tRNA is
accepted and its amino acid is added to the polypeptide chain (Ramakrishnan, 2002). Upon binding with a
cognate (ie. correct) tRNA, two adenosine residues in the A-site, A1492 and A1493 (following E. coli’s
numbering), will flip out of the internal loop. However, this conformational change does not happen for
non-cognate (ie. incorrect) tRNAs, thus forming the proof-reading mechanism that allows the ribosome to

discriminate between cognate and non-cognate tRNAs (Ogle et al., 2001).

Structural features of the A-site rRNA include an internal loop (containing the three adenines that make up
the A-site) as well as two flanking double-stranded RNA (dsRNA) regions (Fig. 1). Since the
conformational change of the internal loop region governs the proofreading ability of the A-site, most drug
strategies targeting the bacterial ribosome focus would focus on the A-site being the drug binding site
(Barbieri, Kaul & Pilch, 2007).
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Figure 1. RNA sequence of the E. coli A-site rRNA. The structural features of the RNA have also been

annotated.
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1.2 Aminoglycosides

Aminoglycosides are a class of broad-spectrum antibiotics that are known to, amongst other things, bind to
the bacterial A-site rRNA (Jana & Deb, 2006). The very first aminoglycoside was discovered in 1944 and
was isolated from bacteria called Streptomyces griseus. This antibiotic was named streptomycin, and it
became one of the most effective drugs against a broad spectrum of gram-negative bacterial infections,
such as tuberculosis (Mingeot-Leclercq, Glupczynski & Tulkens, 1999). Since then, more aminoglycosides
have been discovered and/or synthesised, including paromomycin, neomycin, kanamycin and tobramycin.
These compounds share a similar structure, having several, usually three, cyclitol rings with amino or
hydroxyl functional groups which are linked together via glycosidic bonds (eg. Fig. 2) (Forge & Schacht,
2000).

Although aminoglycosides have been used clinically since 1944, their mechanism of action was not
precisely known. Scientists knew that aminoglycosides could bind to the rRNA A-site and stabilise the
near-cognate codon recognition complex (Pape, Wintermeyer & Rodnina, 2000), but they were not sure
how exactly this happened. It was only in the year 2000, when Carter and his team published a paper
showing the crystal structure of the 30S ribosomal subunit bound to paromomycin that the mechanism was
elucidated (Carter et al., 2000). His research showed that aminoglycosides, such as paromomycin, bind to
the A-site and induce the same flip-out conformational change as in the case of a cognate tRNA. This tricks
the ribosome into accepting non-cognate tRNAs, which increases the misincorporation of amino acids into
the peptide chain (Fig. 2), resulting in dysfunctional proteins, which eventually leads to the death of the
bacteria (Krause, Serio, Kane & Connolly, 2016; Lin, Zhou, Steitz, Polikanov & Gagnon, 2018).

Aminoglycosides, however, are not without their drawbacks. They are known to also bind non-specifically
to other parts of the RNA, leading to toxic side effects (Hong et al., 2015). Furthermore, in the recent years,
there has been a growing bacterial resistance to aminoglycosides (Chittapragada, Roberts & Ham, 2009;
Macmaster, Zelinskaya, Savic, Rankin & Conn, 2010). One of the main mechanisms of resistance is the
use of aminoglycoside-modifying enzymes that inactivate aminoglycosides so that they can no longer bind
to the rRNA A-site (Garneau-Tsodikova & Labby, 2016). While aminoglycosides are still being used today,
they are being used much more sparingly in a bid to slow down the increase of antimicrobial resistance.
This has accelerated the hunt for new antibiotic candidates, especially since the bacterial A-site still proves

to be a promising antibacterial target.
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2. Previous Research in Laboratory

2.1 ATMND-C2-NH:2

Our laboratory has previously discovered that a small molecule, ATMND-C,-NH; (Fig. 4), exhibits the
strongest binding to the A-site RNA out of all non-aminoglycosidic ligands (Kq = 0.44 uM, 5°C) (Sato et
al., 2018). It does this by binding to the internal loop within the A-site, and its two-ring system allows for
favourable m-stacking interactions. Moreover, upon binding to the A-site, ATMND-C,-NH; does not
drastically alter the structure of the A-site. However, ATMND-C,-NHj itself suffers from the same lack of

specificity as the aminoglycosides and is unable to distinguish between bacterial and human A-site rRNAs.

(A)

\

/

Fig. 4 (A) Chemical structure of ATMND-C,-NH>. (B) Side view of the possible binding mode to
bacterial A-site rRNA. ATMND-C,-NHj is pictured in green. Reproduced with permission from Sato, Y.;
Rokugawa, M.; Ito, S.; Yajima, S.; Sugawara, H.; Teramae, N.; Nishizawa, S. Fluorescent Trimethylated
Naphthyridine Derivative With An Aminoalkyl Side Chain As The Tightest Non-Aminoglycoside Ligand
For The Bacterial A-Site RNA. Chemistry - A European Journal, 2018, 24 (52), 13862-13870. Copyright

2018, John Wiley and Sons.
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2.2 Triplex-forming Forced Intercalation Probe

Our laboratory has also developed the triplex-forming forced intercalation (tFIT) probe (Sato, Sato &
Nishizawa, 2016). This probe is made up of peptide nucleic acid (PNA) with thiazole orange as its
fluorophore and a surrogate nucleobase (Koéhler, Jarikote & Seitz, 2004). This fluorogenic PNA probe binds
to dsRNA targets through Hoogsteen base-pairing to form a complex of three strands (ie. a triplex) (Fig.
5,6). Furthermore, it was shown that tFIT probes show a preference for RNA with a high binding affinity
(K¢ =23 nM, as compared to 870 nM for DNA), making them very suitable as dSRNA-targeting probes.
tFIT probes are designed to bind tightly to RNA strands not only through complementary Hoogsteen base-
pairing, but also through suitable electrostatic factors. Using neutrally-charged PNA in tFIT probes instead
of negatively-charged DNA / RNA allows for less repulsion with the RNA target and thus a higher binding
affinity. TO itself is singly protonated under neutral conditions (Fig. 5), which would increase electrostatic

attraction between the probe and the target.

However, for Hoogsteen base-pairing to occur, the cytosine involved in Hoogsteen base-pairing must be
protonated. Since cytosine has a pK, of ~ 4.4 (Pack, Wong & Lamm, 1998), this means that an acidic

environment is required for Hoogsteen base-pairing to take place.

TO fluorescence |

PNA

triplex formation
with dsRNA

0
o
™~ /\/N\)J\

N
H

TO fluorophore

-

Figure 5. Schematic of a tFIT probe and how it hybridises with dSRNA to form a triplex. TO’s chemical

structure is included in the boxed region. Reprinted (adapted) with permission from J. Am. Chem.
Soc. 2016, 138, 30, 9397-9400. Copyright 2016 American Chemical Society.
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3. Probe Design and Research Objectives

3.1 Small molecule — PNA Oligomer Conjugate Probe Design

Since ATMND-C,-NH can target the internal loop region, and the tFIT probe can target the dSRNA region,
we hypothesised that a simple conjugation between ATMND-C,-NH, and a tFIT probe would result in an
triplex-forming indicator that shows even tighter binding to the A-site RNA as well as a specificity toward
the bacterial rRNA A-site through the sequence-selectivity conferred by the PNA component (Fig. 7). In
doing so, the conjugated probe would be able to bind simultaneously to both the internal loop (with the
ATMND-C;-NH2 moiety) and the complimentary RNA strand (with the tFIT moiety). We called this probe
the small molecule — PNA oligomer conjugate (SPOC) prabe.

3.2 Varying the Linker Length of ATMND-Cn-NH2

To optimise the binding affinity of the SPOC probe, we decided to vary the linker length of the ATMND
moiety when it was coupled to the tFIT moiety. As such, we synthesised three versions of the SPOC probe,
where the ATMND-C,-NH>, where n = 2, 3 and 4. The resultant probes were named SPOC (n=2,3 or 4,

according to the linker length).

-\I
/

o N N I
eeq Al LS  {

N )
\_ Thiazole Orange _ /” + . y&y
tFIT Probe ATMND-C,-NH, SPOC Probe

Figure 7. Simple conjugation strategy of a small molecule (ATMND-C,-NH,) with a tFIT probe to form
a SPOC probe.

37



3.3 Research Objectives
The objective for SPOC was that the conjugation strategy would lead to a probe that:

1. Has a higher binding affinity toward the bacterial rRNA A-site compared to its individual
components (the tFIT probe or the ATMND moiety)

2. Exhibits better selectivity toward the bacterial rRNA A-site over the human rRNA equivalents
3. Can be used as an FID indicator

As such, the experiments conducted were done with these objectives in mind.

3.4 Probe Sequence

The tFIT moiety sequence was designed to be complementary to a 6-base pair region of the bacterial rRNA
A-site right below the internal loop. This was decided based on two reasons: firstly, that Hoogsteen base-
pairing required a homopurine stretch of nucleobases for the probe to hybridise to, and secondly, that the
internal loop had to be close to the targeted dsRNA sequence such that the tethered ATMND-C,-NH- could
still bind to the internal loop. In the chosen dsRNA sequence, there is a pyrimidine present (uracil), which
cannot undergo Hoogsteen base-pairing. To overcome this problem, we chose to position TO opposite the
uracil as TO can act as a universal surrogate base, thus mitigating the problem of a mismatched base-pair.
A Lys residue was also added to the C’ terminal of all the probes to increase solubility and stability of the
probe-RNA complex (Ray & Nordén, 2000). A control probe that did not contain the ATMND moiety, and
thus acted as normal tFIT probe, was also synthesised for comparison. For the control probe, to match the
overall length of the probe with the SPOC probes, the Glu residue was substituted with a Gly residue.

Table 1. Table of all the probe sequences

Probe ‘ Probe Sequence (C’ — N?)
SPOC (n=2) Lys Glu (ATMND-C>-NHz) C (TO)CCCC
SPOC (n=3) Lys Glu (ATMND-Cs-NHz) C(TO)CCCC
SPOC (n=4) Lys Glu (ATMND-C4-NHz) C(TO)CCCC
Control Probe LysGlyC(TO)CCCC
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4. Probe Synthesis

4.1 Synthesis of ATMND-Cn-NH:

ATMND-C,-NH; was synthesised according to previous literature (Wang, Sato, Kudo, Nishizawa &

Teramae, 2012). The other ATMND versions were similarly synthesised as per the scheme below.

The general synthesis scheme is as follows:

NaNO
X o (e} 2
| + H,PO, XX H,S0, o X
= —> —_—
HoN N NH = = = =
z 2 N N NH, N N OH
2,6-diaminopyridine ATMND
MW =109.13 gmol’l (5,6,7-trimethyl-1,8-naphthyridine-2-amine)
_ -1
MW = 187.25 gmol POCI,
\ \ HZNMH\NHZ
\ \
A,
N N N n"NH, = =
H N N Cl
ATMND-C ,-NH, CTMND

Scheme 1. Overall synthesis scheme of ATMND-Cy-NHa.

4.2 Synthesis of SPOC Probes

The SPOC probes were synthesised using solid-phase peptide synthesis using Fmoc chemistry.
The detailed protocol is written under the Experimental Procedures.

Thiazole orange was coupled to a PNA backbone monomer.

To couple ATMND-C,-NH, to the PNA oligomer, we tried both Glu and Asp amino acids. However, the
probe with Asp amino acid failed because aspartic acid had the tendency to form aspartimide (Neumann,
Farnung, Baldauf & Bode, 2020). Hence, Glu was chosen as the linker for ATMND-C,-NH..

The synthesised probes were purified using HPLC and confirmed using MALDI-TOR mass spectrometry.
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5. Fluorescence Light-Up Experiments

5.1 Preliminary Fluorescence Experiments at pH 5.5

We started the experiments with preliminary fluorescence experiments to see if the SPOC probe would
bind to the bac rRNA A-site and if TO would intercalate into the dsSRNA. pH 5.5 was chosen as it was
reported that the tFIT probe required an acidic condition to form a triplex (Sato, Sato & Nishizawa, 2016).

20

With Bac
rRNA

15

10

Fluorescence Intensity / a.u.

Probe Only

550 600 650 700
Wavelength / nm

Figure 10. Fluorescence spectrum of the preliminary fluorescence experiments with SPOC (n=2) and Bac
rRNA A-site. [SPOC] = [RNA] =50 nM, pH 5.5, 25°C.

As seen in Fig. 10, the probe itself has negligible fluorescence. This is because when TO is unbound, it can
lose energy through rotation around its monomethine bond, leading to non-emissive energy loss. However,
upon the addition of Bac rRNA, there is a significant light-up response due to SPOC hybridising to the
RNA and TO intercalating inside the dsSRNA. TO’s rotation is thus restricted and TO loses energy through
emissive radiation in the form of fluorescence (Fig. 11). The SPOC probe is thus a fluorogenic probe (non-

fluorescent when unbound, but fluorescent when bound) that exhibits a light-up response upon binding.
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Figure 11. lllustration of why a light-up response is observed upon the addition of Bac rRNA to the
SPOC probe.
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5.2 Fluorescence Experiments at pH 7.0

It would be advantageous to use non-acidic pHs for the experiments because the human physiological pH
is ~7.4. In order to carry out FID assays that are close to the physiological conditions, we repeated the
experiment at pH 7.0 and surprisingly, we still observed a light-up response, albeit at a much lower

fluorescence intensity.
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Figure 12. Fluorescence spectrum of the preliminary fluorescence experiments with SPOC (n=2) and Bac
rRNA A-site. [SPOC] = [RNA] =50 nM, pH 5.5 and pH 7.0, 25°C.

The weaker light-up response at pH 7.0 indicates that TO is intercalating into the dSRNA, implying that
hybridisation of SPOC with Bac rRNA is still taking place, although to a much lesser degree compared to
pH 5.5 This was unexpected because as explained previously, for Hoogsteen base-pairing to occur (triplex
formation), cytosine has to be protonated. Since cytosine as a pK, of ~ 4.4, it requires an acidic environment
for protonation, and thus a neutral pH would be extremely unfavourable. Furthermore, the SPOC probe
sequence is almost entirely made up on cytosines, thus we assumed that SPOC binding would be very pH

dependent.
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5.3 Melting Point (Tm) experiments to determine Binding Mode

We wondered if SPOC was binding to Bac rRNA through duplex invasion that uses Watson-Crick base-
pairing, thus circumventing the need for an acidic environment. Fluorescence experiments alone would not
be able to discriminate between the two binding modes. One might argue that if the main binding mode
was duplex invasion, then the fluorescence response at pH 5.5 and pH 7.0 should not differ significantly.
However, at an acidic pH, one would still expect Hoogsteen base-pairing to take place and thus the
combination of both triplex formation and duplex invasion could result in the higher fluorescence intensity
observed at pH 5.5.

Table 2. Table comparing triplex formation and duplex invasion. The orange oval represents TO.

Binding Mode Triplex Formation Duplex Invasion

TTWF
T

Type of Base-pairing Hoogsteen Watson-Crick
dsRNA : PNA 1:1 1:1
pH dependent Yes No

We therefore carried out melting point (Tm) experiments to see if triplex formation was still happening at
pH 7.0. We measured the absorbance of the complexes at both 260 nm (wavelength at which nucleic acids
absorb, data not shown) and 300 nm (wavelength that has the largest absorption difference between

protonated and non-protonated cytosines) (Mergny, Lacroix, Han, Leroy & Helene, 1995).

45



3; ——pH5.5rRNA Only

—pH 5.5 rRNA + SPOC Probe

—pH 7.0 rRNA Only

2| ——pH7.0rRNA + SPOC Probe jl

Normalised Absorbance at 300 nm / a.u.
o

20 40 60 80 100
Temperature / °C

Figure 13. Melting curves of bacterial rRNA (3 uM) in the presence and absence of the SPOC probe (3
MUM) (carrying ATMND-C,-NH,) at pH 5.5 or pH 7.0. Absorbance was measured at 300 nm.

Table 3. Table of the melting temperatures of the various samples at pH 5.5 or pH 7.0.
pH 5.5 pH 7.0

Sample rRNA Only rRNA + SPOC rRNA Only rRNA + SPOC
Tm/°C 74 93 74 49, 74

The melting temperature curve measured at 300 nm was chosen for the simplicity of explanation. From the
Fig. 13, for both “rRNA Only” samples, a T of 74°C was observed. This corresponds to the dissociation
of the dsRNA structure of the Bac rRNA hairpin into a single-stranded RNA. The identical Tr of the “rRNA
only” samples show that the rRNA forms a dsSRNA structure through pH independent Watson-Crick base-
pairing.

For the “rRNA + SPOC” samples, at pH 5.5, a T, 0f 93°C is observed, suggesting a single dissociation of
the triplex into its individual strands. Comparatively, the sample at pH 7.0 was two Tn values, one 49°C
and one at 74°C. The first Ty, value corresponds to dissociation of the SPOC probe from the duplex RNA,
and the second Tn, value corresponds to the dissociation of the dSRNA hairpin into a single-stranded RNA,
as per the “rRNA Only” samples. Thus, the Ty, experiment shows that triplex formation is indeed happening

even at pH 7.0.
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Figure 14. lllustration of the different melting points of the samples in the T experiment. The SPOC
probe is represented by the blue figure, with TO in orange and ATMND-C,-NH in green.
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5.4 Comparing the Fluorescence Response between the SPOC Probes

To understand how the different linker lengths of ATMND-C>-NH>, we compared the fluorescence
response of the three different SPOC probes.

6 SPOC carrying ATMND-Cn-NH2

Fluorescence Intensity / a.u.

540 580 620 660 700
Wavelength / nm

Figure 15. Fluorescence spectra of the three different SPOC probes (n = 2 — 4) with Bac rRNA at pH 7.0.
[SPOC probe] = [Bac rRNA] = 50 nM, 25°C.

The SPOC probe carrying ATMND-C»-NH, results in the highest fluorescence response, followed by n=3
and n=4. This suggests that a longer and more flexible linker length does not facilitate TO intercalation
into the dsSRNA, thus resulting a weaker fluorescence response, however, the reason for that is still

unknown.

As it is advantageous for an FID indicator to have as large a change in fluorescence as possible, we
decided to do the rest of our experiments with the SPOC carrying ATMND-C>-NHo.
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5.5 Reasons for Fluorescence Response at pH 7.0

As we sought to explain why SPOC can still form a triplex at pH 7.0, we uncovered two reasons — firstly,
that ATMND-C,-NH: acts as an anchor facilitating binding at pH 7.0; and secondly, that the flexible
structure of the Bac rRNA itself facilitates binding at a neutral pH.

5.5.1 ATMND-C,-NH> acts as an Anchor

In order to evaluate the contribution of ATMND-C,-NH., we compared the SPOC probe with the control
probe that has no ATMND moiety.

AN

4 ;‘ \<SPOC Probe

3 \

Control Probe

Fluorescence Intensity / a.u.

540 580 620 660 700
Wavelength / nm

Figure 16. Fluorescence spectrum comparing the fluorescence response of the SPOC (n=2) probe and the
control probe with Bac rRNA at pH 7.0. [Probe] = [Bac rRNA] =50 nM.

As seen from Fig. 16, the fluorescence response of the control probe is much lower compared to the SPOC
probe, showing how the conjugation of the ATMND moiety increases binding between the SPOC probe
and the Bac rRNA.

To get a better idea of the degree that the ATMND moiety enhances binding affinity, the dissociation
constant (Kq) value of SPOC-RNA complex can be measured and compared. The dissociation constant is a
measure of the amount of dissociation that is happening. It follows that a lower Ky value means that less

dissociation is happening, or in other words, that there is stronger binding between the two components.
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Table 4. Table comparing Kq values of the SPOC probe (n=2) with the Control Probe at pH 5.5 and pH

7.0.
Kda/nM SPOC Probe Control Probe
pH 7.0 190 £ 72 3300 + 240
pH 5.5 6.5+3.4 33+14

From Table 4, the SPOC probe has a lower Ky value compared to the control probe at both pHs, thus
showing that the conjugation of the ATMND moiety increases the binding affinity between the SPOC probe
and the dsRNA. The binding affinities at pH 5.5 are much higher compared to pH 7.0 for both probes,
which is to be expected because Hoogsteen base-pairing is favoured at an acidic pH. However, as the pH
increases from pH 5.5 to pH 7.0, the SPOC probe’s Kg value increases by ~30 times, while the control
probe’s Kg value increases by 100-fold. We can conclude that the SPOC probe is therefore more pH
independent compared to the control probe, and that the pH independence is due to the presence of the
ATMND moiety.

As such, as the conjugation of the ATMND moiety not only increases the fluorescence intensity of the
SPOC probe, but also strengthens the binding affinity and ascribes pH independence to the probe, we have

chosen to describe ATMND’s contribution as it acting as an anchor.

5.4.2 Flexible Bac rRNA Structure facilitates Binding

The previous report of the tFIT probe described how the tFIT probe could not bind at pH 7.0 (Sato, Sato &
Nishizawa, 2016). However, the control probe, which is essentially a tFIT probe, still shows a small
response to the Bac rRNA even at pH 7.0 (Fig. 16). The RNA used in the previous report was a fully-
matched hairpin RNA. In contrast, the Bac rRNA A-site contains an internal loop as well as several
mismatched base-pairs. We wondered if the flexible structure of the Bac rRNA A-site itself was

contributing to the binding at neutral pH.

To test this hypothesis, we used a mutant Bac rRNA that had fully-matched base-pairs except for the

internal loop region.
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Figure 17. RNA sequence of the wild-type Bac rRNA A-site and the mutant full-match rRNA A-site. The
secondary structures have been predicted by mfold (Accessed through:

http://mww.unafold.org/mfold/applications/rna-folding-form.php).

The predicted secondary structures show that the full-match rRNA has a much more rigid structure

compared to the wild-type rRNA.

Fluorescence experiments of SPOC and the two different rRNAs reveal that SPOC binds to the wild-type
rRNA with a much stronger fluorescence intensity (~7-fold higher, 537 nm) (Fig. 18). Moreover, SPOC
binds to the full-match rRNA with a Kq value that is one order of magnitude higher compared to the wild-
type rRNA. This shows that the flexible structure of the wild-type Bac rRNA itself contributes to the ability
of SPOC to bind even at a neutral pH. While serendipitous, many wild-type RNAs of significance contain
mismatched base-pairs (eg. Influenza A virus promoter region (Fig. 22), Japanese encephalitis virus 3’
untranslated region (Chen et al., 2018); Moloney Murine Leukemia Virus P-site (D'Souza et al., 2004),
etc.) As such, we can expect that the SPOC probe design would also work at neutral pHs for other dSRNA

targets.
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Figure 18. Fluorescence spectra of SPOC with the wild-type rRNA and full-match rRNA. [SPOC] =
[FRNA] = 100 nM, pH 7.0, 25°C.
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Figure 19. Concentration dependence curves (annotated with measured Ky values) of SPOC with wild-
type and full-match rRNAs. [SPOC] = 250 nM, [rRNA] =0 — 1250 nM, pH 7.0, 25°C. Error bars were

plotted from three independent experiments.
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6. Binding Affinity Experiments

The binding affinities of the various probes were examined by measuring their K4 values when binding with
Bac rRNA A-site.

The Kg value of the SPOC probe was calculated to be 190 = 72 nM, which was much lower compared to
its two components — the tFIT probe (control probe) (3300 £ 240 nM) and ATMND-C,-NH; (7800 + 610
nM). This shows that conjugation is a good strategy to increase the binding affinity of a probe to a dsSRNA.
Furthermore, ATMND-C,-NH- was previously reported to be the tightest binding non-aminoglyocosidic
ligand to the Bac rRNA A-site. Using the conjugation strategy, SPOC is now the tightest non-
aminoglycosidic binder to the Bac rRNA A-site.

Moreover, Rozner and his group developed a 9-mer probe for the Bac rRNA A-site, where they sought to
overcome the pH dependence by using an artificial nucleobase, E (Gupta, Zengeya & Rozners, 2011). The
Kg value of that probe was 190 nM (pH 6.25) as well. This shows that a simple conjugation strategy can

produce probe that rivals even more sophisticated probe designs.

SPOC Control Probe ATMND-C,-NH, Rozner 9-merProbe
(tFIT)
Synthetic || EH
Base =
% [ HN.
3-0x0-2,3-

(E)
Ky=190 %+ 72 nM 3300 £ 240 nM 7800 £ 610 nM 190 nM (pH 6.25)

Figure 20. lllustrative summary of the Kq values of SPOC, its individual components, and Rozner’s 9-

mer probe.

dihydropyridazine
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The binding affinities of SPOC with varying linker lengths of ATMND-C,-NH, were also measured.
Surprisingly, the binding affinities of all three probes were not significantly different from each other,
although the fluorescence intensity of the SPOC (n=2) probe was much larger compared to the other two
probes (Fig. 21).

What this seems to suggest is that although the varying linker lengths of the ATMND moiety affects how
well TO intercalates into the dsRNA (thereby affecting the fluorescence intensity), the three versions of the
ATMND moiety increase the binding of the SPOC probe to similar extents. However, as previously stated,
in order to maximise the change in fluorescence as an FID indicator, SPOC (n=2) was chosen to for use in

subsequent experiments.

—e—SPOC Probe (n = 2)
250 || —e—sPOC Probe (n = 3) Kd =190+ 72 nM
) —8—SPOC Probe (n = 4)
3 200
©
£
S 150
B K, =180+ 79 nM
T
_ 100 K, =250 + 130 nM
LL
50
0

0 400 800 1200
[Bac rRNA] / nM

Figure 21. Combined concentration dependence curve of SPOC (n=2 — 4) with Bac rRNA A-site at pH 7.0.
[SPOC] = 250 nM, [Bac rRNA] = 0 -1250 nM, 25°C.
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7. Selectivity Experiments

Selectivity experiments were carried out by comparing SPOC’s response to four different RNAS —bac rRNA
A-site (target), human cytoplasmic rRNA A-site (1-mismatch), human mitochondrial rRNA A-site (1
mismatch) and an unrelated RNA, influenza A viral RNA (VRNA) promoter region.

As seen from Fig. 23, SPOC exhibits the highest fluorescence response with the target RNA (Bac rRNA)
by having a fluorescence intensity at least a three-fold higher compared to the other RNAs. Moreover, the
Kg values of SPOC to the non-target human rRNA A-sites are one order of magnitude higher compared of
that to Bac rRNA A-site (Fig. 24). This shows that the SPOC probe is very selective to the target RNA over
the non-targets, and that RNA sequences that contain just one mismatch with the SPOC probe result in a
significant decrease in binding affinity and fluorescence intensity. This sequence specificity is the result of
the conjugation with a tFIT probe that sequence-specifically binds to the dsSRNA. This selectivity towards
the target RNA would prove useful for FID indicators as this would prevent the indicator from binding to

undesired regions of the target dSRNA, decreasing the probability for false positives / negatives.

5 3 5 3 5 3 5 3
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Figure 22. RNA sequences of the four RNAs used in the selectivity experiments. Boxed regions represent
the native sequence of the RNAs. SPOC’s expected binding region has been indicated by dots. TO is

represented by a green dot, while a mismatch is represented by an X.
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Figure 23. Fluorescence spectrum of SPOC with four different RNAs. [SPOC] = [RNA] = 50 nM, pH

7.0, 25°C.
250 Bac K;=190+£72 nM

5 Cyto
S 200 K4=1400 £ 550 nM
£
= 150
3 Mito K4=1500 £ 160 nM
® 100
W

50

0
0 400 800 1200

[FRNA] / nM

Figure 24. Combined concentration dependence curves of SPOC with three different rRNA A-sites. The
corresponding Kq values have been added. [SPOC] = 250 nM, [FRNA] = 0 — 1250 nM, pH 7.0, 25°C. The

error bars were plotted from three independent experiments.
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8. Mock FID Assay

Finally, a mock FID assay was carried out to assess SPOC’s potential as an FID indicator. We used test
compounds whose binding affinity with Bac rRNA A-site had previously been evaluated, hence, they are
not true test compounds, in the sense that they are not new test compounds. Therefore, the FID assay

conducted was a mock FID assay.

The test compounds chosen for this mock FID assay were neomycin, amikacin and tetracycline. Neomycin
and amikacin are aminoglycosides, and their Ky values with Bac rRNA A-site have been reported.
Tetracycline is not known to bind to the bac A-site, and serves as a negative control. Neomycin has the
lowest Ky value (0.21 nM) (Kaul & Pilch, 2002), followed by amikacin (Kg = 8.1 uM) (Dudek,
Romanowska, Wituta & Trylska, 2014). Hence, we would expect neomycin to result in the most amount of

displacement, and for amikacin to result in some displacement.

Table 5. Table of the test compounds for the mock FID assay.

Test Compound Chemical Structure Kd
NH,
HO,,
o)
Neomycin HOT Y 0.21 nM
NH,
H2N”"“
Amikacin 8.1 uM
HoN
OH O OH O 0]
OH
NH,
Tetracycline N.A.
OH
N

From Fig. 25, without any test compound, SPOC has a fluorescent intensity of around 72 a.u. The addition

of tetracycline causes negligible change. However, the addition of amikacin results in a decrease of F.I. to
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43 a.u. and the addition of neomycin causes a decrease of F.I. to 8 a.u. The degree of displacement is in

good correlation with the reported Kq values. Therefore, SPOC shows potential for use as an FID indicator.
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Figure 25. Fluorescence spectrum of the mock FID assay with SPOC and three test compounds. [SPOC]
=1 uM, [Test Compound] = 5 uM, pH 7.0, 25°C.

8.1 Investigating the effects of a Lower Concentration

It is desirable to minimise the amount of test compounds needed in an FID assay, as some test compounds
could be extremely valuable and expensive. Being able to use smaller amounts of test compounds thus
decreases the overall cost of the assay, making the assay more accessible to laboratories with smaller
budgets as well.

To investigate if SPOC could still work at a lower concentration, we decreased the concentration of SPOC
from 1 uM to 100 nM. Under these more stringent conditions, SPOC was still able to be displaced by
neomycin, but not by amikacin anymore. This shows that just by varying the experimental conditions,
SPOC could be used to as an indicator that can sieve out moderate to strong binders (1 uM), or to only

sieve out strong binders (100 nM), broadening the scope of SPOC’s usefulness.

In contrast, at 100 nM, ATMND-C,-NH,, which had previously been used as an FID indicator (Sato et al.,
2018), cannot discriminate between test compounds at all. This clearly shows how SPOC’s discriminatory
ability is a superior FID indicator compared to ATMND-C>-NHo.
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Figure 26. Fluorescence response of the SPOC probe (100 nM) and ATMND-C,-NH: (100 nM) with Bac
rRNA A-site (100 nM) in the presence and absence of test compounds (500 nM) at 25°C, pH 7.0. Ex

wavelength: 515 nm (SPOC probe), 358 nm (ATMND-C,-NH).
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8.2 Measuring the Limit of Detection of Neomycin

As neomycin (500 nM) was still able to displace SPOC (100 nM), we determined the limit of detection
(LOD) of neomycin when [SPOC] = 100 nM.

We calculated the LOD of neomycin using the following equation:

Sblank
Slope

LOD = 3( )

where Spiank is the standard deviation of the blank, and the slope refers to the slope of the calibration curve.

The absolute value of the calculated slope was 23.1, and the standard deviation of the blank was 0.327.

As such, the calculated LOD of neomycin is 42 nM.

These results tell us that an even lower amount of neomycin (< 500 nM) could still displace SPOC. Thus,
the required amount of test compounds could be reduced even more for strong binders to the A-site, further

decreasing the cost of the FID assay.
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Figure 27. Calibration curve for SPOC (0.1 uM) and Bac rRNA A-site (0.1 uM) upon the addition of
neomycin (0 — 0.6 uM), pH 7.0, 25°C. Error bars were plotted from three independent experiments.
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9. Conclusion and New Generations of SPOC

In conclusion, the simple conjugation strategy of a small molecule with a PNA oligomer (tFIT probe)
resulted in a probe that has higher binding affinity to the Bac rRNA A-site, that is selective to the target
RNA and that shows potential for use in an FID assay. We have shown that ATMND-C»-NH acts as an
anchor for SPOC, allowing SPOC to bind even at a neutral pH, something that other dSRNA-targeting PNA
probes have yet to be able to achieve (Gupta, Zengeya & Rozners, 2011; Sato, Sato & Nishizawa, 2016).
Moreover, the SPOC probe is now the tightest-binding non-aminoglycosidic ligand to the Bac A-site rRNA,
with a Kq of 190 nM.

The rational design of SPOC allows for it to be tailor-made to fit other dsSRNA targets. In fact, in our
laboratory, a similar small molecule — PNA oligomer conjugate probe has been designed and evaluated for
the influenza A virus (IAV) promoter region RNA (Sato et al., 2022). The small molecule chosen was DPQ,
which has been reported to bind to the influenza promoter region internal loop (Kq = 50.5 uM) (Lee et al.,
2014).

e

R N T
/&O A, O LI A/C[\

vvvvkaoM

N >N Qk ~ %N/\/N% /\/"‘Qk,\,/\/"‘Qk N N/\/NQk N QJ\ rHJ\/NJ

07 "NH,

Figure 28. Chemical structure of the SPOC probe for the influenza A virus promoter region. Probe sequence:
NH2-TC(TO)TCTTT-Lys-Dap-DPQ. TO has been highlighted in teal, while DPQ has been highlighted in red.

When DPQ was conjugated to a tFIT probe, the resultant conjugate probe was similarly able to bind to the
IAV RNA at pH 7.0, with a low Kq value of 107 nM. It was also used as an FID indicator in a mock FID
assay with neomycin, paramomycin and DPQ itself, as well as a viral inhibitor itself (results yet to be
published).
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Furthermore, we are looking into small molecule alternatives by investigating if additional nucleobases
could be a substitute as an internal loop binder instead of a small molecule (Han, 2022). This 9-mer probe
showed optimistic results that additional nucleobases can also work as an internal loop binder, and also

showed fluorescence response at a neutral pH.
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Figure 29. Chemical structure of 9-mer probe for the Bac rRNA A-site, where an additional three
nucleobases (highlighted in red) have been used instead of ATMND-C,-NH; to bind to the internal loop.

However, as simple and effective as the conjugation strategy is, it faces its fair share of limitations. For
example, for Hoogsteen base-pairing to work, the dsRNA target must contain a stretch of purine
nucleobases for the tFIT oligomer to base-pair with. Moreover, SPOC requires a suitable small molecule
that can bind to the target dSRNA. The target dSRNA would also preferably contain an internal loop / bulge.

If these requirements are not met, the SPOC strategy cannot be effectively applied.

As such, other new and creative dsSRNA-targeting probe designs are still necessary, and we explore another

probe design in Chapter 3.

NH,
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10. Experimental Methods

10.1 General Information

Rink Amide Resin was purchased from Merck Millipore (Billerica, MA). Fmoc-protected amino acids were
purchased from Sigma-Aldrich (Darmstadt, Germany) and Watanabe Chemical Industries (Hiroshima,
Japan). Fmoc/Bhoc protected PNA monomers were purchased from Panagene (Daejeon, South Korea).
Other reagents were commercially available and of analytical grade and were used without further
purification. Model hairpin rRNAs were custom synthesized and HPLC purified (99%) by GeneDesign,
Inc. (Osaka, Japan). The concentration of the RNAs was determined from the OD2g at 25°C and calculated
using the OD2go = 1 = 40 ug/mL. Ultrapure water (18.2 MQ-cm specific resistance) was used from an Elix
5 UV water purification system and a MilliQ Synthesis A10 system (Millipore Co., Bedford, MA), followed

by filtration through a BioPak filter (Millipore Co.) in order to remove RNase.

Unless otherwise mentioned, all measurements were performed in 10 mM sodium acetate buffer solutions
(pH 5.5) or sodium phosphate buffer solutions (pH 7.0) containing 100 mM NaCl and 1.0 mM EDTA.
Before measurements, annealing of the RNA-containing samples was carried out as follows: heating at
95°C for 10 min, before cooling by 1°C for 1 min all the way down to 25°C, where it is held until the next
step.

10.2 Synthesis of ATMND-C,-NH,

ATMND-C3-NH; and ATMND-C4s-NH; were available in the laboratory and did not have to be
resynthesiesd. Only ATMND-C>-NH, had to be synthesised and was characterised by *H NMR and ESI-
mass spectrometry.

H NMR (500 MHz, CDCls): § (ppm) = 7.98 (d, 1H, J = 8.5 Hz), 6.64 (d, 1H, J = 9 Hz), 3.72 (g, 2H, J =
5.5 Hz), 3.03 (t, 2H, J = 5.5 Hz), 2.69 (s, 3H), 2.51 (s, 3H), 2.34 (s, 3H).

10.3 Synthesis of Probe and Control Probe

Preparation: An appropriate amount of Rink Amide Resin was measured out (usually 10 pmole) and left
to swell in dehydrated dichloromethane (DCM) overnight. DCM, dimethylformamide (DMF) and N-
methylpyrrolidinone (NMP) were dehydrated with molecular sieves (4 A) for at least one night. DCM,

DMF and NMP were purchased from FUJIFILM Wako Pure Chemical Corporation, peptide synthesis grade.

As far as possible, PNA synthesis was done with help from the Biotage® Initiator+ (Biotage, Uppsala,

Sweden) inside a corresponding microwave peptide vial.
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Fmoc Deprotection: In order to remove the fmoc-protecting groups on the resin, the resin was stirred with
20% piperidine (in DMF) (FUJIFILM Wako Pure Chemical Corporation, peptide synthesis grade) for one
minute, before adding an additional 100 pL of 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) and stirring for
another minute. The liquids were drained, and this deprotection step was repeated for another two rounds.
After draining, the resin was washed with two rounds of DMF (1 mL, 1 min per round), then two rounds
of DCM (1 mL, 1 min per round), then four rounds of DMF (1 mL, 1 min per round). A Kaiser test would
be done at this point to check if the deprotection had taken place. If the Kaiser test was unsuccessful, another

round of deprotection would be done. If successful, the coupling step would commence.

Coupling of monomers: The PNA monomer / amino acid (4 eq. wrt resin) and a coupling agent, COMU
(3.9 eq.) (Wako Chemicals, Organic synthesis grade), were dissolved in 800 uL. of DMF before 12 eq. of
diisopropyl-ethylamine (DIEA) (Tokyo Chemical Industry Co. Ltd.) was added. This solution was
transferred to the microwave vial and topped up to 2 mL before inserting into the Biotage® Initiator+. The
following conditions were used: Temperature: 75°C, Time: 10 min, Pre-stirring: 15 sec, Pressure: Off,
Absorbance: High/ Very High, Vial type: 2.0-5.0 mL, Fixed Hold Time: On. The coupling step was done
twice, after which the resin would be washed twice with DMF, twice with DCM and four times with DMF.
Another Kaiser test would be done to see if all the active groups had been coupled. If unsuccessful, another

round of coupling would be done. If successful, the capping step would commence.

Capping: A capping solution of Acetic Anhydride: 2,6 Lutidine: DMF (5: 6: 89) was made the resin would
be stirred with 1 mL of the capping solution for 2 min. Acetic Anhydride and 2,6-Lutidine were both

purchased from FUJIFILM Wako Pure Chemical Corporation. This step was repeated twice.

Alloc deprotection: 8 eq. of borane dimethyl amine complex (DMAB) (Sigma-Aldrich, 97%) and 1 eq. of
tetrakis-triphenylphosphine palladium (Pd(PPhs)s) (Tokyo Chemical Industry Co. Ltd.) were dissolved in
1 mL of DCM each. The DMAB solution would be added to the resin and vortexed for one minute before
adding the Pd(PPhs)a4 solution. The combined mixture would be shaken for 45 min. The liquids are drained
and the resin is washed until the filtrate turns colourless. Another round of the deprotection step would be
carried out. A choloranil test (Kanto Chemical Co. Inc.) would be done to check if the alloc deprotection
had succeeded.

Coupling of fluorophore: 4 eq. of the fluorophore, 3.9 eq. of COMU and 4 eq. of pyridium p-sulfonate
(PPTS) (Sigma-Aldrich, 96%) were dissolved in 1 mL of DMF. 12 eq. of DIEA was added and the resultant
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solution was added to the resin and vortexed overnight. Subsequently, the liquids would be drained and the
resin would be wash with DMF, DCM and DMSO until the filtrate turns colourless. Generally, the

fluorophore coupling step would be repeated two more times.

Bhoc / Boc deprotection and cleaving from the resin: A TFA: m-cresol (85:15) solution was prepared.
M-cresol was purchased from Tokyo Chemical Industry Co. Ltd. The solution would be added to the
resin until it just covers the top of the resin and the resultant mixture would be shaken for a total of 3
hours, with 2 min of vortexing ever half an hour. The filtrate would be collected in PE centrifuge tubes
(GE Healthcare UK Limited, Buckinhamshire, UK) and topped up to 10 mL with cold diethyl ether to
precipitate the probes. The tubes would be left in the freezer overnight and the probes would be collected

by centrifugation the following day.

Purification: The crude probes were purified via HPLC with an Inertsil ODS - 3 5 pm (20 x 250 mm)
column (GL Sciences, Torrance, CA), with JASCO UV 2070-Plus spectrometer (Japan Spectroscopic Co.
Ltd., Tokyo, Japan). The wavelengths were set to 510 nm (for TO) and 260 nm (for PNA). The oven
temperature was set to 55°C. The solvents used were 0.1% TFA H,O0 and 0.1% TFA acetonitrile (Sigma-
Aldrich, HPLC grade). Typically, the solvent gradient would be H-O : Acetonitrile 90:10 - 50: 50. The
separated fractions would be checked using MALDI-TOF mass spectrometry (matrix: CHCA) (Bruker
Daltonics autoflex Speed-S1, Bruker, Billerica, MA) to confirm the presence of the purified probe. The
concentration of the control probe was calculated in water via UV-vis spectroscopy at 25°C using the
following molar extinction coefficients at 260 nm: 8800 M-*cm™ for thymine, 7300 M-*cm* for cytosine,
and 9400 M-t ¢cm- for TO. For the SPOC probes, the following molar coefficients of the ATMND moieties

were used.

Table 6. Table of molar extinction coefficients used to calculate the SPOC probes’ concentrations.

ATMND moiety e/emt M1

ATMND-C2-NH; 15187
ATMND-C3-NH; 14 587
ATMND-C4-NH; 14 625

The mass spectra, HPLC chromatograms and UV-Vis spectra of the all the probes are available in the

supporting information (Fig. S1 — S4).

65



10.4 Spectroscopic Experiments
10.4.1 UV-Vis Spectroscopic Experiments

UV-Vis experiments were done with a JASCO model V-570 UV-Vis spectrophotometer (Japan
Spectroscopic Co. Ltd., Tokyo, Japan) at 25°C. Two 2 x 10 mm quartz cells (optical path length: 10 mm)
were used — one for the sample, and the other for the reference (ultrapure water). A baseline correction was

first done using only the buffer before UV measurement of the samples.

10.4.2 General Fluorescence Experiments

All fluorescence experiments were carried out using a JASCO FP-6500 spectrofluorophotometer (Japan
Spectroscopic Co. Ltd., Tokyo, Japan), with a 3 x 3 mm quartz cell at 25°C. Excitation and emission band
widths were set to 5 nm, and the sensitivity was set to medium, or low in the case of the mock FID assay.
An excitation wavelength of 513 nm was used for TO and 358.5 nm for ATMND-C,-NHs.

10.4.3 Fluorescence Titration Experiments

Fluorescence titration experiments were carried out in order to calculate the dissociation constants. The
concentration of the probe was held constant while the concentration of the rRNA was varied (up to 5 eq.
of the probe concentration). Excitation and emission band widths were set to 5 nm, and the sensitivity was
set to medium. An excitation wavelength of 515 nm (n=2), 513 nm (n=3) and 518 nm (n=4) was used for
SPOC probes and 358.5 nm for ATMND-C,-NH.. The fluorescence peak values for each concentration of
rRNA was used to plot a graph and a 1:1 binding isotherm was fitted to it in order to evaluate the association

constant (K,). The dissociation constant is the reciprocal of K.
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10.5 Determining the Curve-Fitting Equations

The curve-fitting equations used were:

For TO,
K,
RNA + Probe = RNA-Probe (Complex)

The association constant can be represented using the equilibrium concentrations of the RNA, Probe and

RNA-Probe complex as such:

_ [Complex]
@ [RNA][Probe]

The mass balance equations for the RNA and the Probe would be:

[RNA], = [RNA] + [Complex]

[Probe], = [Probe] + [Complex]

Using the above equations, we can express [Complex] using only the initial concentrations of the

experiment:

[Complex]? — [Complex] <[RNA]0 + [Probe], + Ki) — [RNA]y[Probel, =0

a

1 1
[Complex] = 5 [Complex] ([RNA]0 + [Probe], + K_>

a

a

- J ([RNA]O + [Probe], + Ki) + 4[RNA],[Probe],

which is Equation 1.
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The change in concentration of the RNA-Probe complex can be monitored from the change in a physical
property (F), which in this case is its fluorescence intensity. F, the raw fluorescence, is normally a sum of
the fluorescence of all the various components, and thus can be expressed in the following way:

F = Fprope[Probe] + FryalRNA] + Frya-prove[RNA — Probe]
By assuming that free RNA does not fluoresce, we can simplify the equation to be:
[Complex]
F = Fprope + <m (FComplexFProbe)

[Complex]
AF = FAComplex <—

[Probe],

By substituting in Equation 1, ultimately, the following equation was used to fit the obtained curves:

_ Fang 1 1.,
= 2], [G]0+[H]0+K_a_ (Go+Ho+K_a) + 4[H]o[G]o

AF

where H represents the probe, G presents the RNA and HG represents the complex.

As mentioned previously, the dissociation constant is the reciprocal of K,



For ATMND-C>-NHz,

Normally, the curve-fitting equation used for ATMND-C>-NH; would be:

k
1 4 —compleX g rpNA
i _ kRNA a[ ]

Fy 1+ K,[RNA]

Where Keomplex and Krna are the proportionality constants of the complex and the RNA respectively.

Unfortunately for ATMND-C,-NHz, the curves obtained did not appear to have reached saturation, and

thus it was unclear if the Keompiex/ Krna term was needed or not. Eventually, a much simpler equation was
used instead:

F [Complex]

Fy B [Probe],

This equation assumes that the fluorescence of ATMND-C,-NH is quenched as more and more complex
is formed. It also assumes that the complex does not fluoresce.
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10.6 Fluorescent Indicator Displacement Assay Experiment

All the conditions used were the same as those of the fluorescence spectroscopic experiments. The test
compounds were added in after the RNA had been reannealed and resulting samples were incubated for

30 min. The probe was added in just 5 min before each sample measurement was taken.

The percentage of fluorescence decrease was calculated using the following formula:

(FProbe only — FTest Compound)

X 100%

% Fluorescence Decrease = F
Probe Only

Where F = fluorescence intensity.

10.6 Melting Temperature Experiment

The bacterial rRNA (3 uM) was first annealed in a pH 7.0 buffer before the SPOC probe (3 uM) was added.
The experiment was carried out in a 8-microcell quartz cuvette with an optical path of 10 mm and a UV-
2450 UV-Visible spectrophotometer from Shimadzu (Kyoto, Japan). The total sample volume was 120 pL
and paraffin was added at the top to prevent solvent loss. Absorbance was monitored at 260 nm (data not
shown) and 300 nm with a temperature ramp of 0.5°C / min to give the resultant absorption spectra. The

melting points were determined using the peaks in the first derivative curves of the absorption spectra.
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11. Supporting Information
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Figure S1. (A) HPLC chromatogram and (B) the corresponding MALDI-TOF-MS spectrum of purified
SPOC probe with ATMND-C,-NHo.
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Figure S2. (A) HPLC chromatogram and (B) the corresponding MALDI-TOF-MS spectrum of purified
SPOC probe with ATMND-C3-NHo.
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Figure S3. (A) HPLC chromatogram and (B) the corresponding MALDI-TOF-MS spectrum of purified
SPOC probe with ATMND-C4-NH..
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Figure S4. (A) HPLC chromatogram and (B) the corresponding MALDI-TOF-MS spectrum of the

purified control probe.

Table S1 MALDI-TOF-MS data for the various probes.

Probe Chemical Formula Calculated MW [M]* Observed m/z

SPOC probe CogH126N37020S 2174.38 2174.45 [M]+
(ATMND-C2-NHy)

SPOC probe CooH128N37020S 2188.41 2188.34 [M]*
(ATMND-Cs-NHy)

SPOC probe C100H130N37020S 2202.44 2203.95 [M+H]*
(ATMND-C4-NHy)

Control Probe CgoH105N33019S 1890.02 1890.37 [M]+
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Figure S5. UV-Vis absorbance spectra of (A) SPOC (n=2), (B) SPOC (n=3), (C) SPOC (n=4) and (D)
the control probe in MilliQ. Note that all the SPOC probes (A — C) contain the peak belonging to the
ATMND moiety in the 330 — 400 nm range, while all the probes contain the TO peak (420 — 550 nm).
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Figure S6. Concentration dependence curves of the SPOC probe, the control probe and ATMND-C>-NH;

with Bac rRNA at pH 7.0. The error bars were plotted from three independent experiments. [SPOC probe]
= 250 nM, [Bac rRNA] = 0 — 1250 nM, Ex wavelength: 515 nm. [Control Probe] = 1.66 uM, [Bac rRNA]
= 0 — 10 pM, Ex wavelength: 519 nm. [ATMND-C,-NH;] = 5 uM, [Bac rRNA] = 0 — 25 uM, Ex

wavelength: 358 nm, F.1. values at 407 nm were used to plot the curve. Error bars were plotted from three

independent measurements.
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1. Introduction to RNPs

When an RNA-binding protein (RBP) hybridizes with a RNA, it forms a ribonucleoprotein (RNP) complex.
As simple as this interaction may seem, RNPs have been gaining attention as scientists discover more and
more about how RNPs regulate gene expression and localisation in the cell. In fact, a census taken in 2014
counted 1,542 RBPs in the human genome that bind with all known classes of RNA (Gerstberger, Hafner
& Tuschl, 2014). Recent developments of large-scale quantitative methods to discover new RNPs such as
the use of systematic evolution of ligands by exponential enrichment (SELEX) to predict the RNA
recognition elements (RRE) of RBPs (Galarneau & Richard, 2005) and deep sequencing techniques such
as CLIP-seq (crosslinking and immunoprecipitation followed by sequencing) or complexomic approaches
(Grad-seq) (Smirnov et al., 2016) have facilitated the discovery of many new RNPs.

The increase in the number of known RNPs has resulted in the discovery of more RNP bacterial and viral
RNPs with therapeutic significance. For example, using the Grad-seq approach, Smirnov and his team were
able to deduce that in Salmonella, the RNA chaperone ProQ post-transcriptionally regulates ~16% of its
genome, making ProQ-small regulatory RNAs (SRNAs) a plausible drug target (Smirnov, Schneider, Hor
& Vogel, 2017). In 2016, the crystal structure of the core domain structure of the nucleocapsid protein
(NP) of the hantavirus encoded by Sin Nombre virus (SNV) and Andes virus (ANDV) was resolved, where
a hydrophobic RNA binding crevice was discovered. Ligands that can bind to that crevice and thus inhibit
RNP formation could potentially limit viral proliferation (Guo et al., 2016). AU-rich element-binding
proteins (AUBPs) that bind to AU-rich elements (AREs) in the 3’-UTR of mRNAs have shown to be
involved in cancer progression and the AUBP-ARE interaction could also be of therapeutic significance
(Dolicka, Sobolewski, Correia de Sousa, Gjorgjieva & Foti, 2020). Human antigen R (HuR), an AUBP,
was shown to have its interaction with AREs inhibited by small molecules CMLD-1 and CMLD-2 from
high throughput screening of 6000 compounds, (Wu et al., 2015). Thus, RNPs started to be viewed as

possible drug targets.

The potential of RNPs as druggable targets represents a significant expansion to the current druggable space
as the search begins for small molecules that can interfere with dynamic protein-RNA surface (D’ Agostino
etal., 2019). To aid in the large-scale screening required, FID assays serve as an attractive high-throughput
method. Furthermore, one could take advantage of the fact that the RBP in the RNP of interest is already a
strong dsRNA binder, and thus design a truncated fluorescent peptide using the amino acid sequence of the

wild-type RBP itself. This truncated peptide indicator idea is what we focused in on when designing LUPI.
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2. Previous Peptide Indicators

This is by no means a new idea. In fact, in 2000, Matsumoto and team designed a fluorescent peptide
indicator for the HIV-1 Transactivation response region (TAR) RNA by using the amino acid sequence of
the arginine-rich motif (ARM) of the HIV-1 Tat peptide (Matsumoto, Hamasaki, Mihara & Ueno, 2000).
The Tat protein binds to the TAR RNA to form an RNP that is essential in facilitating viral replication.
Without the Tat-TAR interaction that stabilises the downstream replication, RNA polymerases stall near
the viral promoter and the virus is unable to replicate (Aboul-ela, Karn & Varani, 1995). Therefore, a
molecule that can inhibit the Tat-TAR interaction would likely work as an antiviral agent. Matsumoto
utilised a fluorescence resonance electron transfer (FRET) system between terminally-linked fluorescein
and rhodamine dyes in his Tat peptide probe, which he aptly named, FtatRhd. However, upon binding with
TAR RNA, the fluorescence intensity of the probe only increased ~3 times. Furthermore, the poor
photostability of the probe owing to the rhodamine made it challenging to work with. Despite its drawbacks,
laboratories around the world have still been using this FtatRhd probe as recently as 2019 (Patwardhan, Cai,
Newson & Hargrove, 2019). We thought that it was time that this proverbial dinosaur received a significant

improvement.

Another existing peptide indicator was based on the boxB RNA-AN protein complex that Jeong and his

team designed (Jeong et al., 2013). In bacteriophage 2, interactions between the N-protein and the boxB

stem—loop RNA element are essential in transcription anti-termination (Zhang, Lee, Zhao, Xia & Qin, 2010).

The peptide indicator sequence used the first 22 amino acids of the AN protein, which is also an arginine-
rich motif (ARM). They aimed to create a peptide that had a lower binding affinity to the RNA as compared
to the wild-type protein by substituting one amino acid with a pyrene fluorophore. The lower binding
affinity would thus allow the indicator to be displaced by the wild-type protein. Upon hybridisation with
the boxB RNA, the pyrene would respond fluorescently though photon-induced electron transfer (PET), as

the distance between the pyrene moiety and the tryptophan residue increased.
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3. Probe Design and Research Objectives

3.1 Light-Up Peptide Indicator (LUPI) Design

To put our own creative spin on things, we took inspiration from the previously mentioned tFIT probe
design that our lab had developed (Sato, Sato & Nishizawa, 2016). In the tFIT probe design, thiazole orange
(TO) was used as a surrogate nucleobase, capable of base-pairing with any opposing RNA nucleobase in
the dsRNA. We wondered if we could similarly use TO as a surrogate amino acid in our peptide indicator.
To the best of our knowledge, TO has never been reported to be used in this way before. In this probe
design, TO would have to intercalate into the dSRNA target while keeping the peptide’s function unchanged,
thus serving both as a fluorophore and a surrogate. We decided to call this probe design the light-up peptide
indicator (LUPI).

In order to prove if this concept worked, we decided to use the HIV-1 Tat protein — TAR RNA model as
it is an incredibly well-known and well-used model. We followed Matsumoto’s lead and used the arginine-
rich motif in the Tat protein as the base amino acid sequence for our Tat peptide as this 9-amino-acid

sequence was shown to be responsible RNA binding (Roy, Delling, Chen, Rosen & Sonenberg, 1990).

3.2 Research Objectives

With the LUPI probe design, we aimed to develop a probe that had a large fluorescence response, that had
good hinding affinity with TAR RNA, and that could be used as an FID indicator to search for Tat-TAR
inhibitors.

3.3 Choosing which Amino Acid to Substitute with TO

There were two requirements that had to be met when choosing which amino acid to substitute with TO —
the amino acid chosen could not be essential for TAR binding, and the amino acid chosen had to be close
in proximity to TAR RNA upon binding such that TO would be able to intercalate into the RNA.

According to previous reports, Tat protein binding with TAR RNA is mediated by a single arginine, either
at position 52 or 53 (Calnan, Tidor, Biancalana, Hudson & Frankel, 1991). As such, neither Arg52 or Arg
53 should be substituted with TO. Moreover, using EPR spectroscopy, Edwards and team found that C-
terminal arginines (53, 55, 56 and 57) are needed for rigid Tat-TAR complex formation and should also not
be replaced with TO (Edwards, Robinson & Sigurdsson, 2005).
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GIn54 was shown to be uninvolved in TAR RNA binding and could be deleted without adverse effects
(Delling et al., 1991). NMR-resolved structures of HIVV-1 Tat protein — TAR RNA complex is difficult due
to a cysteine rich region in the Tat activation domain. Instead, scientists have looked at other analogous Tat
proteins from related viruses to gain insights to HIV Tat-TAR (Greenbaum, 1996). By looking at a complex
of TAR RNA and a related Tat protein from the EIAV (equine infectious anemia virus), the “country cousin”
of the HIV-1 variant which is related to HIV by its structure (Leroux, Cadoré & Montelaro, 2004) but lacks
the cysteine-rich domain, it seemed that GIn54 was located in close proximity to the RNA (Anand, Schulte,
Vogel-Bachmayr, Scheffzek & Geyer, 2008).

As such, we decided to substitute GIn54 with TO. We were concerned about whether substituting a
neutrally-charged GIn with a positively-charged TO moiety would negatively affect the TAR binding,
however, previous reports mention that a 9-mer homo-arginine peptide, where each arginine carried one
positive charge, was still able to bind specifically to TAR RNA (Calnan, Tidor, Biancalana, Hudson &
Frankel, 1991), which meant that adding an additional positive charge to the Tat peptide would have no

adverse effects on the selectivity of the peptide.

3.4 LUPI Amino Acid Sequence

The final amino acid sequence for LUPI was N°’—= R K KR R Dap(TO) R R R — C’ (9-mer).

A Dap amino residue was chosen as the linker for TO-C;-COOH because an amino acid with a -NH;
functional group was needed for TO coupling. Amongst the various amino acids with -NH: functionality
(Dap, Dab and Lys), Dap was chosen as it is the shortest. We reasoned that for TO to act as a surrogate
amino acid, the final length of the Dap-TO residue should be similar to that of twenty essential amino acids,
of which arginine is one of the longest. In order to mimic the length of arginine, any amino acid other than

Dap would be too long.

3.5 Other Probes for Comparison

To better understand some of the structural aspects of LUPI, three other probes were synthesised for

comparison — the conventional probe, the Lys-linker probe and the original FtatRhd probe.

The conventional probe had TO coupled to the N-terminal of the Tat peptide, similar to how conventionally,

the fluorophore would be terminally-linked. Comparison with the conventional probe would help us to
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understand the importance of the position of the fluorophore. TO was coupled to the probe via a Lys linker

as this would also have been the conventional choice of linker.

The Lys-linker probe contains TO coupled in the same position as the LUPI probe, but with a Lys linker
instead of a Dap linker. Comparison with the Lys-linker probe would help us to understand the importance
of the linker length of the fluorophore.

The FtatRhd probe was ordered from HiPep Laboratories, Kyoto, so that we could directly compare LUPI
with the original Tat peptide indicator (Matsumoto, Hamasaki, Mihara & Ueno, 2000). Three alanine
residues were added to each terminal in order to maximise the FRET distance between the two fluorophores
upon hybridising with the dsRNA.

Table 1. Table of the amino acid sequences of all the probes used in this research.

Probe ‘ Probe Sequence
LUPI RK K R R Dap(TO) R R R

Conventional Probe | Lys(TO)RKKRRQRRR

Lys-Linker Probe RKKRRLys(TO)RRR

FtatRhd o-FAM-AAARKKRRQRRRA A AK(TAMRA)-NH2




3.6 Comparing two types of Thiazole Orange

Thiazole orange is made up of a quinoline moiety attached to a benzothiazole through a monomethine link.
As such the carboxyl group of TO-C1-COOH can be attached either to the quinoline (TOg) or to the
benzothiazole (TOy).

As we did not know which version of TO would allow for better intercalation into the dsRNA, we decided

to synthesise two LUPI probes, one with TOq and one with TOz, to compare the fluorescence intensity.

TOq is the usual TO used for our tFIT probes and was available in-house. TOz was synthesised as

previously reported (Carreon, Mahon, & Kelley, 2004). The overall synthesis scheme is shown in Fig. 2.

\ OH
A\ A\
N N
1 )
0~ “OH
TOq-C4-COOH TO,-C4-COOH

Figure 1. Chemical structures of TOq-C1-COOH and TOz-C;-COOH.
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Figure 2. Overall scheme for the synthesis of TOz-C;-COOH
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4. Significance of the HIV-1 Tat protein —- TAR RNA RNP Complex

The human immunodeficiency virus type 1 (HIVV-1) is a virus that was first recognised to cause the Acquired
Immune Deficiency Syndrome (AIDS) 39 years ago (Barré-Sinoussi et al., 1983). Since then, it has taken
the life of more than 20 million people (Nathans et al., 2008). Unsurprisingly, a lot of research has gone

into elucidating the mechanisms of pathogenesis and viral replication.

The Tat (Trans Activating Factor) protein is a regulatory protein of HIV that is essential for viral
transcription and replication. Even though the HIV virus is known for its high levels of mutation, which is
one of the main challenges of developing a HIV vaccine, the Tat protein is relatively well-conserved
(Debaisieux, Rayne, Yezid & Beaumelle, 2011). The Tat protein consists of five different domains: the N-
terminal domain, the cysteine-rich domain, the core, the basic domain (that consists of the arginine rich-
motif, ARM) and the C-terminal domain, and it is the basic region is responsible for the binding with TAR-
RNA (Pugliese, Vidotto, Beltramo, Petrini & Torre, 2005).

During the start of viral transcription, RNA Polymerase Il (Pol I1) stalls after transcribing ~50 nucleotides
which contains the TAR region. The Tat protein recruits the host super elongation complex (SEC), which
consists of positive elongation factor b (P-TEFb), composed of CDK9 and Cyclin T1 (CycT1), the
transcriptional elongation factors ELL2 and ENL/AF9, and the ~1,200-amino acid scaffold proteins AFF1
and/or AFF4. This Tat-SEC complex binds to TAR RNA to release the stalled Pol Il which restarts the
transcription. Hence, the Tat-TAR interaction is essential to produce full-length viral transcripts that are
needed for proper viral gene expression and replication (Peterlin & Price, 2006; He et al., 2010; Schulze-
Gahmen et al., 2016)

4.1 Binding of Tat protein to TAR RNA

Tat binds to TAR RNA through the UCU bulge. This was deduced as deletions of the uridines in the bulge
led to a drop in binding affinity with Tat (Dingwall et al., 1990), and disruption of nearby base-pairing to
affect the bulge structure abolished Tat binding (Karn, 1999). NMR studies of TAR RNA bound to a Tat
peptide revealed how both TAR RNA and the Tat protein / peptide undergo conformational changes to bind
together specifically. Free, unbound TAR RNA has a flexible structure. Upon binding, one arginine residue
from the Tat ARM displaces U23 out of the helix, resulting in a binding pocket for that arginine side chain
in the major groove, together with the G26°C39 base-pair, widening the major groove that facilitates more
hydrogen bonds between G26 and the arginine (Aboul-ela, Karn & Varani, 1995; Brodsky & Williamson,
1997; Karn, 1999).
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It has been proposed that there is base-triple formed between U23+A27<U38 (Puglisi, Tan, Calnan, Frankel

& Williamson, 1992) to facilitate opening up the major groove even more, however, the available data does

not seem to unanimously agree on that (Aboul-ela et al,, 1995).

“Free” Structure “Bound” Structure

Figure 3. Major groove view of free TAR RNA (left) and TAR RNA in its Tat-bound configuration (right)
(Karn, 1999). Residues A22, U23 and G26 are bolded. Upon binding, TAR RNA changes its conformation
to resemble an A-form helix, and U23 is displaced out of the helix. Reprinted from Journal of Molecular
Biology, 293, Jonathan Karn, Tackling tat, 235 - 254., Copyright (1999), with permission from Elsevier.
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5. Probe Synthesis

LUPI, the conventional probe and the Lys-linker probe were made using the Biotage® Initiator+ Alstra™
automatic microwave peptide synthesiser (Biotage, Uppsala, Sweden) using solid phase peptide synthesis
with Fmoc chemistry. Peptide residues were purchased from Watanabe Chemical Industries Ltd.

(Hiroshima, Japan).

The arginine residue chosen was protected by a 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl group
(Pbf) as it would offer more efficient peptide synthesis (Carpino et al., 1993). However, the Pbf protecting
group is quite bulky, and thus might sterically hinder the peptide coupling of arginine. As such, for all the
arginine residues, doubling coupling was done to ensure that arginine would be successfully coupled.

After the peptide was synthesised, thiazole orange (both TOo-C;-COOH and TOz-C;-COOH) would be
manually coupled as per the protocol stated in Chapter 2.

The synthesised probe was then confirmed by MALDI-TOF mass spectrometry and purified using reverse-

phase HPLC. (Mass spectrum and HPLC chromatograms are available in the supporting information)
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6. Fluorescence Light-Up Experiments

6.1 Comparing the two TOs

The first thing to be optimised was which version of TO should be used. For LUPI to serve as a good FID
indicator, the change in fluorescence intensity upon hybridisation with the dSRNA should be maximised.
As seen from Fig. 5, the LUPI carrying TOq had a fluorescence intensity ~3-4 times higher than the probe
carrying TOz.

However, more interestingly, the different versions of TO resulted in different degree of selectivity between
the probes. As seen in Fig. 6, LUPI carrying TOq was much more selective to TAR RNA compared to
Bacteria A-site rRNA (Bac rRNA) and Influenza Promoter region viral RNA (Influenza vRNA). This is
mostly due to the fact that LUPI carrying TOq resulted in much higher fluorescence intensity with TAR
RNA as compared to TOgz, as the response of both probes with Bac rRNA and Influenza VRNA was
approximately the same, indicating that TOq and TOz both intercalate to the same degree in the non-target
dsRNAs.

In the case of nucleic acids, TOq is preferred over TOz as TOq can bury deeper into the dsSRNA, resulting
in a higher change in fluorescence intensity (Carreon, Mahon, & Kelley, 2004). However, TOq intercalated
into all three RNAs in the same way, then we should see TOq having higher F.l. with all three dSRNAs
compared to TOz. The fact that the response of both TOq and TOz to the non-target dsSRNAs are equivalent
indicates that peptide-coupled TOq generally intercalating deeper into dSRNA does not seem to hold true
in this case. Rather, the similarity in fluorescence response seems to imply that the binding of LUPI to the
non-targets is non-specific and is driven by electrostatic interaction that results in TOq and TOz
intercalating to the same degree.

Unlike non-specific hybridisation with the non-targets, it is well known that the binding of the Tat peptide
with TAR RNA is very specific, inducing a conformational change in TAR RNA in the UCU bulge region
(Aboul-ela, 1996). It can thus be inferred that this conformational change is causing the huge difference in
fluorescence intensities between the two TO versions, and that it favours TOq intercalation over TOz

intercalation.

Since TOq resulted in the higher fluorescence response, TOq was chosen as the version for which the

conventional and Lys-linker probes were coupled with.
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6.2 Comparing the Fluorescence Intensity amongst All the Probes

For all the TO-carrying probes (LUPI, conventional and Lys-linker probes), in the absence of RNA, there
was negligible fluorescence response. This is expected as un-intercalated TO is non-emissive and gives
virtually zero background signal. In contrast, FtatRhd shows some fluorescence response even in the
absence of RNA because of its FAM-TAMRA fluorophore system. FAM (fluorescein) is always emissive,
and thus although it is slightly quenched by TAMRA when the two fluorophores are in close proximity,
there will still be some background fluorescence signal, which is one of the drawbacks of a two-fluorophore

system.

Upon the addition of TAR RNA, all the probes show an increase in fluorescence intensity, but LUPI shows
the largest change in fluorescence, ~3-4 times higher than the other TO-carrying probes, and ~100-fold
higher than FtatRhd.

This large change in fluorescence is impressive and tells us that not only is the version of TO important in

maximising the fluorescence intensity, the position and linker length of TO all factor in as well.
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Figure 7. Fluorescence spectra of all the probes with TAR RNA. [Probe] = [TAR RNA] = 100 nM.
Excitation wavelength = 497 nm (FtatRhd), 519 nm (Conventional and Lys-Linker Probe), 524 nm
(LUPI), PBS Buffer, 25 °C.
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6.3 Fluorescence Quantum Yield of LUPI

Next, we wanted to determine the fluorescence quantum yield of LUPI. The fluorescence quantum yield
is a measure of the ratio of number of photos emitted by the substance to the number of photos absorbed
by the substance. A value of 1 means that all the photons absorbed are emitted, while a value closer to 0

indicates that not all the photons absorbed are emitted.

Number of photos emitted

Fl tum Yield, F =
uorescence Quantum Yie Number of photos absorbed

There are two methods to determine the fluorescence quantum yield of a substance — a relative method,
where the quantum yield is calculated relative to a standard substance, or an absolute method, where the
actual number of photons are measured. | started out by wanting to determine the relative fluorescence
quantum yield of LUPI, using fluorescein as the standard material, however, those measurements gave a
value of 0.99, which was impossibly high, even higher than that of fluorescein (0.95) (Brannon & Magde,
1978).

Thus, we decided to measure the absolute fluorescence quantum yield with a quantum yield spectrometer
and the determined values are in the table below.

Table 2. Table of values of the absolute fluorescence quantum yield of LUPI.

Absolute Fluorescence Quantum Yield (@F)

LUPI alone 0.00567
LUPI + TAR RNA 0.614

Upon the addition of TAR RNA, the fluorescence quantum yield increases by 108-fold, which accounts for
the incredibly light-up response that LUPI exhibits. In the many probes that our laboratory has designed
that has used TO as a fluorophore, LUPI showcases the highest @F yet. Even the tFIT probe only has a
@F of 0.48, 20% lower compared to LUPI (Sato, Sato & Nishizawa, 2017), highlighting just how a good a
light-up response LUPI has.
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7. Circular Dichroism Experiments

To prove that LUPI’s light-up response was indeed coming from the binding between LUPI and TAR

RNA, circular dichroism experiments were conducted.
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Figure 8. (A) CD spectra of TAR RNA (2 uM) with LUPI (0 — 2 uM), PBS Buffer, 25°C. (B) Plot of

LUPI concentration against the CD response at 264 nm.

As seen in Fig. 8, without addition of LUPI, TAR RNA’s CD spectrum matches that of a typical alpha-
helical structure, and even with the addition of LUPI, the shape does not significantly change, implying that
the LUPI-RNA complex is still in the A-form (Metzger et al., 1996). As more and more LUPI is added, the
peaks at 264 nm and 210 nm decrease in intensity. According to previous reports, the peak around 260 nm
comes from the RNA as the peptide does not absorb in that region (Tan & Frankel, 1992), while the peak
at 210 nm most likely consists of contributions from both the RNA and the peptide. At 264 nm, the
concentration-dependent conformational change (Fig. 8B) as more and more LUPI is added serves as solid
evidence that LUPI is indeed binding to TAR RNA.

Moreover, as the CD spectra obtained matches that of a HIV-1 Tat peptide fragment that comprises the
amino acids 32-72 of the Tat protein (Metzger et al., 1996), we can conclude that LUPI binds in a similar

manner to previously reported Tat peptides.
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8. Binding Affinity Experiments

The binding affinity of the various probes was also investigated by titration the probes against increasing
concentrations of TAR RNA. The Ky value of LUPI with TAR RNA was determined to be 1.0 + 0.6 nM,
which can rival that of even the wild-type Tat protein (2 — 8 nM) (Chaloin et al., 2005). Although there are
reports of cyclic Tat peptides that bind at even lower Ky values (Shortridge et al., 2018), this makes LUPI
one of the strongest TAR RNA binders.

In contrast, FtatRhd was determined to have a Kq value of 360 £ 78 nM, which is two orders of magnitude
higher than that of LUPI. The experimentally determined value of 360 nM is in good agreement with the
reported value of 286 nM (Matsumoto, Hamasaki, Mihara & Ueno, 2000). We were unable to fit a curve
through the data of the conventional probe and the Lys-linker probe, which indicates that these two probes

have Kqg values much higher than LUPI’s. (Spectra shown in supporting information)

Binding affinity experiments were also done with the non-target Bac rRNA. However, in the case of Bac
rRNA, at lower concentrations (< 1 eq. of LUPI’s concentration), there was no perceivable pattern in the
measured fluorescence intensity. It took concentrations twice as high as TAR RNA in order to see a
concentration-dependent increase in fluorescence. This indicates that at lower concentrations, LUPI is
binding non-specifically to Bac rRNA, which explains why there was no pattern to the binding. However,
with excess Bac rRNA added (up to 10 eq.), concentration dependency could eventually be established,
with the Ky value calculated to be 50 £ 15 nM. This supports the lack of selectivity of LUPI to Bac rRNA.

Table 3. Table of Kq values of probes with TAR RNA

Probe Kda/nM

LUPI 10+06
FtatRhd 360+ 78
Conventional Probe N.D.
Lys-Linker Probe N.D.
Tat protein (Chaloin et al., 2005) ~2-8
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Figure 9. Concentration dependence curves of LUPI and FtatRhd with TAR RNA and the corresponding
Kq values. Error bars were plotted from three separate experiments. (A) [LUPI] = 25 nM, [TAR RNA] =0
— 125 nM, Excitation wavelength = 524 nm, PBS Buffer, 25°C. (B) [FtatRhd] = 500 nM, [TAR RNA] =0
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Figure 10. Concentration dependence curve of LUPI with TAR RNA and Bac rRNA. [LUPI] = 25 nM,
[TAR RNA] =0 - 125 nM, [Bac rRNA] = 0 — 250 nM. Excitation wavelength = 524 nm, PBS Buffer,
25°C.
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The inability to fit a curve for the conventional and Lys-linker probe suggests that the K4 value of those two
probes are at least two orders of magnitude higher than LUPI and shows that both the position of TO and
the linker length of TO play important parts in modifying the Kq of LUPI.

It could be that these two probes are binding equally well to TAR RNA, but that TO is just not intercalating
into the RNA. This is one of the drawbacks of LUPI, where the binding is monitored solely by TO’s
fluorescence. Either way, the position and linker length of TO are important parameters to optimise in order
to develop a LUPI probe that works well in this system. As both probes carry TO in more flexible
conformations (the terminal is more flexible than the middle of the peptide chain, and a longer linker length
results in TO having more flexibility), it seems likely that a more rigid TO moiety allows for better

intercalation.

8.1 Limit of Detection of LUPI and TAR RNA

As LUPI binds to TAR RNA at a low Kq value of 1 nM, we decided to measure the limit of detection
(LOD) of LUPI and TAR RNA.
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Figure 11. Calibration Curve of LUPI and TAR RNA. [LUPI] =25 nM, [TAR RNA] =0 -6 nM, pH 7.4,

25°C. Error bars were plotted from three independent experiments.
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LOD = 3(Splank / Slope),
where Spiank i the standard deviation of the blank, and the slope refers to the slope of the calibration curve.

Using the above equation, the LOD of LUPI (25 nM) for TAR RNA was calculated to be 18 pM, which is

incredibly low. This highlights LUPI’s potential to be used in other applications, and not just as an FID
indicator.
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9. Selectivity Experiments

As previously explained, when the Tat protein binds to TAR RNA, the basic ARM induces a conformational
change in TAR RNA which places the functional groups of the RNA that is recognised by the protein
(especially in G26 and U23) in a specific spatial arrangement (Aboul-ela, 1996; Brodsky & Williamson,
1997). This is the basis, but not the only factor, for the surprising but undeniable selectivity of the Tat
peptide with TAR RNA.

As seen in Fig. 12A, when plotted against the fluorescence intensity of each probe, LUPI shows the highest
fluorescence intensity towards TAR RNA. When the fluorescence responses are normalised against Frar
rna (Fig. 12B), LUPI shows the best selectivity to TAR RNA over bacterial ribosomal RNA A-site (Bac

rRNA) and the Influenza viral RNA promoter region (Influenza vVRNA) out of all four probes.

It can be observed that although the Lys-linker probe shows selectivity to TAR RNA, its response to both
Bac rRNA and Influenza vVRNA is not significantly different. This contrasts with the rest of the probes,
where there their response to Bac rRNA is higher compared to Influenza vVRNA. This lack of specificity of
the Lys-linker probe is because of the longer linker length of TO, which leads to a greater degree of
flexibility of the fluorophore. Although the position of TO in the probe is the same as that of LUPI, just

changing the linker length dulls its ability to discriminate between two non-targets.

We were worried that the substitution of a neutrally-charged Q54 with a positively-charged thiazole orange
could have adversely affected the selectivity of the Tat peptide. These results clearly show that the
substitution did not abolish the Tat peptide’s selectivity toward TAR RNA and that TO can successfully be
used as a surrogate amino acid. These results are unsurprising, it has been reported that Tat-TAR
recognition is mediated by a single arginine residue. Tao showed that a single arginine residue (in the
context of a longer chain of Lys residues, 9-mer) was able to bind to TAR RNA with the same binding
affinity and specificity as the wild-type Tat peptide (9-mer, ARM) (Tao & Frankel, 1992), indicating that
as long as the single arginine was present, the other amino acids were substitutable. However, to the best

of our knowledge, ours is the first report where TO has been used as an amino acid surrogate.
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four probes against three different RNAs. [Probe] = [RNA] = 50 nM.
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9.1 Salt Effect Experiments
9.1.1 Salt Effect Experiments of LUPI with TAR RNA

While it is common knowledge in the science community for Tat to bind specifically to TAR RNA, to the
average person, the selectivity of the Tat peptide is surprising because at a physiological pH (7.4), all the
residues of the peptide would be positively charged. Hence, one would expect that such a positively-charged
peptide would bind indiscriminately to any RNA sequence, as the RNA phosphate backbones are
negatively-charged.

To better understand the electrostatic contribution of Tat-TAR binding, a salt-effect experiment was carried
out. The concentration of salt, in this case NaCl, was varied and the association constant (K,) was measured
at each concentration, yielding the following plot.
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Figure 13. Logarithmic plot of K, against the concentration of Na cations in the solution. [Probe] = 25 nM,
[RNA] =0-125nM, pH 7.4, 25°C.

The slope of the curve (SK) can be substituted into the following equations to obtain the total observable
change in free energy (4Gobs), the polyelectrolytic contribution (4Gype) and the non-polyelectrolytic
contribution (4Gy). 4Gpe comes from the release of counterions into the solution upon complex formation.
AGyincludes at least the following terms: AGcont + AGt+ 1 + AGhyd + AGmol, Where AGeont is the free energy

contribution from the conformational changes upon complex formation, AG; +  is the free energy cost
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resulting translational and rotational degrees of freedom upon complex formation, AGnyq refers to the
free energy relating to the hydrophobic interactions upon complex formation and 4Gmo accounts for the

formation of non-covalent molecular interactions (Chaires, 1997).

AGp, = (—SK)RTIn[Na*]

AGops = —RTInKy; = AG,, + AG,

We compared our obtained free energy values with that of a previously reported wild-type Tat peptide (15-
mer) (Suryawanshi, Sabharwal & Maiti, 2010). Although the salt concentrations are not the same, and thus
cannot be directly compared, it is worth noting that LUPI binds to TAR RNA with a lower 4Gops (-12.0
kcal / mol), indicating that LUPI-TAR RNA is a more energetically favourable reaction compared to wild-
type Tat peptide-TAR RNA. This is despite the salt concentration of the Tat-TAR reaction being lower than
that of LUPI-TAR, as a higher salt concentration interferes with electrostatically-driven binding, and thus
we would expect that the 4Gpe 0of LUPI at [NaCl] = 80 mM would be even lower than what it is, contributing

to an even lower 4Gops.

Nevertheless, for both reactions, most of the change in free energy clearly results from the non-
polyelectrolytic contribution, 4Gy, and that the binding is mostly driven by non-electrostatic interactions

between the peptides and the RNA, which explains the specificity between the Tat-TAR interaction.

Table 4. Comparing free energy values between TAR RNA and either LUPI or a wild-type Tat peptide
(15-mer).

[NaCl] / mM AGpe (kcal/mol) AGt (kcal/mol) AGops (kcal/mol)

LUPI 110 -1.84 -10.2 -12.0

Tat Peptide (15-mer) 80 -1.92 -7.94 -9.86
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9.1.2 Salt Effect Experiments of LUPI with TAR RNA and Bac rRNA

We were also interested in seeing how the free energy values would change for a non-target RNA, and thus
we chose to investigate the salt effect on LUPI-Bac rRNA binding and to compare its free energy values
with that of LUPI-TAR.

The LUPI-Bac rRNA K, values are all lower than that of LUPI-TAR, showing that the LUPI-Bac rRNA
binding is not as strong. Moreover, the slope of LUPI-Bac rRNA is slightly steeper than that of LUPI-TAR
RNA, indicating that LUPI-Bac rRNA is more affected by the varying salt concentration, which implies
that the binding is more electrostatically-driven, which is further confirmed by its lower 4Gy value
compared to LUPI-TAR.

This shows that although LUPI can bind to other non-target RNASs, that binding is less strong and more

non-specific (more electrostatically-driven).
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Figure 14. Logarithmic plot of K, of LUPI-TAR and LUPI-Bac rRNA against the concentration of Na
cations in the solution. [Probe] = 25 nM, [RNA] = 0 — 125 nM, pH 7.4, 25°C.

Table 5. Comparing free energy values between LUPI —-TAR RNA and LUPI — Bac rRNA.

[NaCl] / mM AGpe (kcal/mol) AGt (kcal/mol)  4Gobs (kcal/mol)

TAR RNA 110 -1.84 -10.2 -12.0

Bac rRNA 110 -2.89 -8.02 -10.9
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10. Mock FID Assay

Finally, LUPI was used in a mock FID assay with five test compounds — mitoxantrone, DPQ, neomycin,

acridine mutagen ICR 191 and a recombinant Tat protein.

10.1 Introduction to the Test Compounds

The five test compounds chosen had all previously been reported to bind to TAR RNA with varying binding

affinities.

Neomycin, an aminoglycoside, has been widely tested as an inhibitor between the Tat-TAR interaction and
is the standard mock test compound (Mei et al., 1995; Wang, Huber, Cui, Czarnik & Mei, 1998; Bradrick
& Marino, 2004).

Mitoxantrone was first identified through a virtual screen, and then experimentally validated to show that
it binds to TAR RNA and can inhibit a fluorescent Tat peptide (Stelzer et al., 2011). Mitoxantrone was not
previously known to bind to TAR RNA, and thus these results show how computational screening methods

can be useful to finding new drugs.

Acridine Mutagen ICR 191 itself was used as a fluorescent indicator in an FID assay that had TAR RNA
as its dsRNA target (Qi, Zhang, He, Huo & Zhang, 2017). As a fluorescent molecule, it would be interesting

to see if its fluorescence would hinder the FID assay with LUPI.

DPQ has been shown to inhibit the cellular activity of the influenza A virus promoter region (Lee et al.,
2014). However, it was also evaluated for its nonspecific binding to the TAR stem-loop as an example of
how small molecule RNA binders often show promiscuous binding (Kelly et al., 2020). It was included as

a test compound to see if such a non-selective RNA binder would be able to displace LUPI.

We wanted a test compound that could match that of LUPI’s binding affinity (Kq = 1.0 nM). This would
help us to evaluate the effect of binding affinity on LUPI displacement. However, we could not find a small
molecule that had such a low binding affinity and was easily obtainable. Hence, we decided to use the wild-

type Tat protein itself as its Ky value was comparable to that of LUPI.
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Compound Chemical Structure Kd

Neomycin 130 nM

Mitoxantrone “O 55 nM

OH O HN\/\N/\/OH
H

(\NH
0 N N\)
DPQ Ki=43 + 4 uM *
~ _
o
NH,

cl
HNT

HN/H
L
Cl N

(Amino acid sequence)
MEPVDPRLEP WKHPGSQPKT
ACTNCYCKKC CFHCQVCFIT 2-8nM
KALGISYGRK KRRQRRRPPQ

GSQTHQVSLS KQPTSQSRGD PTGPKE

Acridine Mutagen ICR 191 ~100 nM

Tat Protein (HIV-1 TAT
Clade-B Recombinant)

Table 6. A summary of all the test compounds used for the mock FID assay with LUPI.

*K; is the inhibition constant and, similarly to Kq, describes binding affinity.
10.2 Optimising the Conditions for the FID Assay

The three main parameters that had to be optimised were the concentration of LUPI and TAR RNA, the
incubation time after the addition of the test compounds, and the number of equivalents of the test

compounds.
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The aim of the optimised parameters was such that the FID assay would use the least amount of reagents
(LUPI, TAR RNA and test compounds) but yet still give good discrimination between hit compounds and
non-hit compounds. Minimising the amount of reagent used would allow for the FID assay to be cheaper,
and thus more widely usable.

10.2.1 Optimising Incubation Time

The incubation time was the first to be determined, as it would not vary significantly even if the
concentrations were changed. To optimise the incubation time, firstly, LUPI and TAR had been incubated
together for 30 minutes prior to the addition of the Tat protein. Upon the addition of Tat, the sample were
irradiated every five minutes and the fluorescence intensity was recorded. The F.I. was normalised such
that at 0 min, the normalised F.I. would be 1. The Tat protein was chosen as the test compound to be added
because we assumed that it would result in the most displacement of LUPI, which would facilitate the
decision-making for the optimised incubation time. A sample without the Tat protein was similarly

measured to serve as a control to account for the natural photodegradation of LUPI.

From Fig. 15, the optimised incubation time was determined to be 10 minutes.
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Figure 15. Plot of the normalised F.I. against time to optimise the incubation time for future FID assays.
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[LUPI] = [TAR RNA] = [Tat Protein] = 25 nM, PBS Buffer, 25°C.
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10.2.2 Optimising the Number of Equivalents for the Test Compounds

Many preliminary experiments were done with 5 equivalents of test compounds, as that was the condition
used in the FID assay with SPOC (data not shown). However, we quickly realised that we needed to use
higher concentrations of test compounds to see a concentration-dependent response. To that end,

concentration dependence curves of all the test compounds were measured and plotted in the figure below.

—@— Neomycin

——DPQ
20 —&— Mitoxantrone
0 «
O
A\ —e

X -20
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£ -40
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(o))
c
&
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-80

-100

0 20 40 60 80 100

# of eq. of Test Compound

Figure 16. Change in F.I. against the number of equivalents of the test compounds. For the experiment
with Tat protein, [LUPI] = [TAR RNA] =2 nM, [Tat Protein] = 0 — 200 nM. For the rest of the test
compounds, [LUPI] = [TAR RNA] = 10 nM, [Test Compound] = 0 — 1000 nM. PBS Buffer, 25°C.

As the objective of the optimisation was to maximise the degree of displacement, especially regarding the
Tat protein as the strongest binder amongst all the test compounds, while minimising the amount of test
compound used, it was decided that 60 equivalents of test compound was the optimised amount. This was
because 60 eq. resulted in Tat protein causing significantly more displacement compared to the other test
compounds, showing a clear discrimination between its binding affinity (Kq = 2-8 nM) and the others, which

have a Kq value at least one order higher.
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10.2.3 Optimising the Concentrations of LUPI and TAR RNA

The optimised concentration of [LUPI] = [TAR RNA] = 2 nM was determined after considering a few

factors.

Firstly, from a technical standpoint, even though the fluorescence spectrophotometer could detect LUPI at
1 nM (Em band =5 nm, Ex band = 5 nm, Sensitivity = High), the S/N ratio was not favourable (Fig. S9).
To counter that, using a sensitivity of “medium” resulted in much better S/N ratios. The lowest

concentration that would allow for a sensitivity of “medium’ to be used was 2 nM.

Moreover, using lower concentrations for LUPI and TAR RNA would affect the concentration of test
compounds used, and as previously mentioned, the lower the amount of test compounds used, the cheaper
the overall FID assay would be. Additionally, for fluorescent test compounds, such as Acridine Mutagen
ICR 191, a lower concentration would result in less autofluorescence and less interference, allowing for
those test compounds to be part of the assay even though they are fluorescent. At 2 nM, the amount of
Acridine Mutagen ICR 191 would be 120 nM (60 eq.), which results in its fluorescent response being ~10%
of LUPI’s response, which we judged to be low enough to not affect the FID assay (Fig. S10).

Finally, we did an FID assay using FtatRhd at 2 nM and realised that at 2 nM, FtatRhd had a negligible
fluorescence response. This clearly showed how using LUPI’s incredible light-up response is advantageous

in allowing it to be detected even at such low concentrations, something that previous indicators cannot do.

One drawback of using such a low concentration of LUPI is that the photostability of the fluorescent
indicator suffers a little. This is easily circumvented by using fresh LUPI working solutions for each FID

assay.
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Figure 17. Comparing FID assays done with FtatRhd and LUPI. [Indicator] = [TAR RNA] = 2 nM, [Test
Compound] = 120 nM, Excitation wavelength = 497 nm (FtatRhd) or 524 nm (LUPI). Em band =5 nm,

FtatRhd

No Test Compound
Tat Protein
Acridine Mutagen ICR 191

Mitoxantrone

520

560 600 640
Wavelength / nm

680

Fluorescence Intensity / a.u.

35

25

LUPI

No test compound
Tat Protein
Acridine Mutagen ICR 191

— Mitoxantrone

600 650 700

Wavelength / nm

Ex band = 5 nm, Sensitivity = Medium, PBS Buffer, 25°C.
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10.3 Optimised Mock FID Assay

With the optimised conditions, we conducted the mock FID assay and triplicated the experiment to get the
following figure.
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Figure 18. Mock FID assay of LUPI and TAR RNA against five test compounds. [LUPI] = [TAR RNA]
=2 nM, [Test Compound] = 120 nM, Incubation time = 10 min, PBS Buffer, 25°C. Error bars were
plotted from the results of three separate experiments.

As seen in Fig.18, under the optimised conditions, the Tat protein resulted in a ~75% displacement while
the rest of the test compounds caused negligible displacement. These results were surprising because
compounds like neomycin that have been previously used to displace other Tat peptides could not displace
LUPI even at 60 eq. This sets LUPI apart as an indicator that can only be displaced by super-strong binders
(Kq <10 nM).

This surprising stringency of LUPI as an indicator has its advantages and disadvantages. Some might worry
that LUPI is binding too strongly to TAR RNA, and thus might produce false negatives (test compounds
that would work well as drugs but could not displace LUPI). Conversely, | would like to propose that this
stringency is beneficial. As of 2022, even after more than 30 years of effort from the scientific community,
there is still no cure for HIV (Thomas, Ruggiero, Paxton & Pollakis, 2020). Along with new chemical
libraries of small molecules that can bind to RNA, perhaps what is also needed is a much stricter FID assay
where only small molecules that bind super strongly to TAR RNA can be sieved out and validated. This

stringent test would streamline the downstream processes and to facilitate a more efficient screening process.
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However, if LUPI’s extremely strong binding affinity made it unfavourable for use, it can easily be
modified to have weaker binding. For example, LUPI could be shortened from a 9-mer to an 8- or 7-mer,
although that would no doubt have repercussions on its selectivity as well. As shown by our experiments
with the conventional probe with TO coupled to the terminal of the probe, tuning the binding affinity of
LUPI is also possible via changing the position of TO in the probe.

What is clear from this mock FID assay is that LUPI can indeed function as an FID indicator, and especially

noteworthy is its ability to sieve out super-strong binders.

115



11. Conclusion

We have successfully applied the light-up peptide indicator (LUPI) concept to the Tat — TAR model of the
HIV-1 virus by showing how thiazole orange (TO) can act as a surrogate amino acid. By substituting a
glutamine residue with TO, LUPI was able to exhibit a significant light-up response upon binding to TAR
RNA, showing how TO was able to effectively intercalate into the dsRNA. Furthermore, LUPI has an
incredibly strong binding affinity with TAR RNA (Kq = 1.0 £ 0.6 nM), comparable to the wild-type Tat
protein itself. LUPI maintains its specific binding to TAR RNA compared to two other non-target RNAs
and is able to act as an FID indicator under conditions that the previous indicator, FtatRhd, failed to work

at.

Moreover, this research shows the importance of internally-incorporating the fluorophore to increase the
probe’s fluorescence response and binding affinity. Experiments conducted with the terminally-linked
conventional probe showed a significant decrease in fluorescence intensity, binding affinity and selectivity

compared to LUPI.

Varying the linker length also affects the intercalation of TO into the dsSRNA, as our experiments with the
Lys-linker probe have shown. Even at the same position, a longer linker might make TO too flexible to
effectively intercalate, leading to it being unable to discriminate between Bac rRNA and Influenza vRNA,

something that the rest of the probes could do.

LUPI’s incredibly low LOD with TAR RNA (18 pM) also shows its potential for other applications. We
tried using LUPI to image the nucleolus in MCF7 cells (both live and fixed cells) (Fig. S12), however LUPI
was unable to clearly discriminate between the nucleolus and the surrounding nucleic acids. We hope to try

other applications in the future.

Matsumoto and his team developed the FtatRhd probe 22 years ago. We hope that in the future, LUPI would
be able to widely used as its successor and that through its use, new drugs for the HIV-1 virus will be

discovered.
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12. Experimental Procedures

Most of the experimental procedures are the same as that of Chapter 2. Only procedures that were

conducted differently / chemicals that were specific to this chapter will be listed here.
12.1 General Information
Fmoc amino acids were purchased from

TAR RNA was custom synthesized and HPLC purified (99%) by GeneDesign, Inc. (Osaka, Japan). The
concentration of the RNAs was determined from its UV absorbance value at 260 nm and calculated using

the sum of the average molar extinction coefficients of its individual nucleobases at 25°C.

FtatRhd was custom-made by HiPep Laboratories (Kyoto, Japan). FtatRhd concentration was measured
using UV-Vis spectrometry in MeOH and calculated using eramra = 95,000 M-tcm (Voss, Fischer, Jung,
Wiesmiller & Brock, 2006).

HIV-1 TAT Clade-B Recombinant protein was purchased from ProSpec (Rehovot, Israel). Its concentration
was determined using the manufacturer-provided mass of the protein and its theoretical molecular weight
(9.79 kDa).

12.2 TOz-C1-COOH Synthesis

— @/
N N

I@ |
Quinoline N-methylquinoline

MW = 144 g/mol (without I")

TO,-C1-COOH (1): Quinoline (2.01 g) and iodomethane (7.06 g) was added to a 100 mL round bottom
flask. After the addition of dry 1,4-dioxane (34 mL), the mixture was refluxed under an N2 environment for
1h. After cooling to room temperature, the yellow solid (N-methylquinoline) was filtered out and
characterised by ESI-MS and *H NMR.

ESI-MS: Peak at m/z = 144, [M]* without I

H NMR (500 MHz, MeOD): & (ppm) = 9.3 (d, 1H, J = 6 Hz ), 9.14 (d, 1H, J = 8 Hz ), 8.44 (d, 1H, J = 9
Hz), 8.36 (d, 1H, J = 9 Hz), 8.23 (dt, 1H, J = 7.5 Hz), 7.98 — 8.02 (m, 2H), 4.63 (s, 3H).
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L2 e — L0

N N
S)
. o Br 0
2-methylbenzothiazole Bromoacetic Acid
OH
Compound 2

Mw = 208.25 g/mol

TO:-C1-COOH (2): Bromoacetic acid (7.20 g) and 2-methylbenzothiazole (7.00 g) were added to a dry
100 mL round bottom flask and refluxed for 1.5 h under N2 gas. The resultant solid was dried in a desiccator
before ~60 mL of MeOH was added to it. Diethyl ether (40 mL) was added dropwise to the mixture and a
very pale pink solid was filtered out, which was Compound 2, which was confirmed with ESI-MS. (Peak

at m/z = 208, [M]* without Br). Compound 2 was used without further purification.

A

S N
A _<\@ — \)J\OH

@/ + @ N —
N / S
© d K‘fo N® Br

N

OH

N-methylquinoline Compound 2 TO,-C4-COOH

MW = 351.44 g/mol

TO:-C1-COOH (3): To a dry round bottom flask was added 1.88 g (7.0 mmaol) of N-methylquinoline and
compound 2 (2.38 g, 1.2 eq.) before dry DCM (30 mL) was added, The resultant yellow-orange mixture
was stirred for 5 min before turning red upon the addition of 2.10 g of EtsN. This mixture was stirred at r.t.
for 24 h in an inert environment to give a deep red residue, which was dissolved in EtOH (40 mL) and
recystallised with diethyl ether (12.5 mL). The precipitate was collected using vacuum filtration and
confirmed with *H NMR.

1H NMR data (500 MHz, DMSO-D6): § (ppm) = 8.59 (dd, 2H), 8.01 — 8.03 (m, 3H), 7.30 — 7.69 (m, 5H),
6.84 (s, 1H), 5.20 (s, 2H), 4.16 (s, 3H).
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12.3 Quantifying LUPI (TOz)

The probe carrying TOz was quantified using the molar extinction coefficient of TOz-C:-COOH, which
was obtained through a calibration curve (Fig. S5). A stock solution of TOz-C;-COOH was made and

dissolved into a series of concentrations before the absorbance of each sample was measured.

From the slope of the curve, etoz-c1-coon = 59,166 M cm™?

12.3 Absolute Fluorescence Quantum Yield Measurement

The Hamamatsu Absolute PH Quantum Yield Spectrometer C11347 Quantaurus — QY machine was used

for the absolute fluorescence quantum yield measurements.
The excitation wavelength was set to 510 nm, which is the absorbance peak of LUPI.

[LUPI] = 300 nM, [TAR RNA] = 2250 nM (7.5 eq.) in order to ensure that all of LUPI is hybridised with
TAR RNA, to maximise the fluorescence intensity.

12.4 FID Assay protocol
The FID assays were carried out using the following protocol.

The TAR RNA was first re-annealed to ensure that it had the correct stem-loop structure, after which LUPI
was added to each sample and allowed to hybridise for at least 30 minutes. After 30 minutes, the test
compounds were added and allowed to incubate for 10 minutes before LUPI’s fluorescent response was

measured immediately after.

12.5 Fluorescence Imaging in Live Cells

MCF7 cells were grown in RPMI 1640 media supplemented with 10% fetal bovine serum and 2%
penicillin/streptomycin at 37°C in a 5% CO2 S3 incubator. For the fluorescence imaging experiments, the
cells were seeded in an 8-chambered glass plate (Iwaki, Tokyo, Japan) at a density of about 5.0x103
cells/well and maintained for 24 h. The cells were incubated in media containing appropriate concentration
of probe for 1 h at 37°C in a 5% CO2 incubator. After washing with HBSS buffer twice, the cells were

imaged in a HBSS buffer using a Deltavision Elite microscopy system (GE Healthcare Japan, Tokyo, Japan).

The following filter set was used: FITC filter set (Ex 475/28; Em 545/48) for LUPI. The obtained images

were processed with the softWoRx software.

12.6 Fluorescence imaging in fixed cells
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MCF-7 cells were grown in RPMI 1640 media supplemented with 10% fetal bovine serum and 2%
penicillin/streptomycin at 37°C in a 5% CO2 incubator. For the fluorescence imaging experiments, MCF-
7 cells were seeded in a 8-chambered glass plate (Iwaki, Tokyo, Japan) at a density of about 5.0x103
cells/well and maintained for 24 h. The cells were fixed in pre-chilled methanol at -20°C for 1 min. The
cell membrane was permeablized with 1% Triton X-100 in PBS for 2 min at room temperature. After rinsing
with PBS twice, The cells were incubated in PBS containing appropriate concentration of probes for 1 h at
37°C in a 5% CO?2 incubator. After washing with PBS buffer twice, the cells were imaged in a PBS using
a Deltavision Elite microscopy system (Cytiva, Tokyo, Japan). The following filter set was used: FITC
filter set (Ex 475/28; Em 545/48) for LUPI. The obtained images were processed with the softWoRx

software.
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13. Supporting Information

HPLC Chromatograms and MALDI-TOF Mass spectra of synthesised probes
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Figure S1. (Top) HPLC chromatogram of LUPI (TOg). The peak corresponding to LUPI (TQg) is
marked with a star. (Bottom) MALDI-TOF spectrum of LUPI (TOq) after HPLC purification. Matrix:

CHCA.
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Figure S2. (Top) HPLC chromatogram of LUPI (TOz). The peak corresponding to LUPI (TOy) is
marked with a star. (Bottom) MALDI-TOF spectrum of LUPI (TOz) after HPLC purification. Matrix:
CHCA.
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Conventional Probe
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Figure S3. (Top) HPLC chromatogram of the conventional probe. The peak corresponding to the
conventional probe is marked with a star. (Bottom) MALDI-TOF spectrum of the conventional probe after

HPLC purification. Matrix: CHCA.
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Lys-Linker Probe
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Figure S4. (Top) HPLC chromatogram of the Lys-linker probe. The peak corresponding to the Lys-linker
probe is marked with a star. (Bottom) MALDI-TOF spectrum of the Lys-linker probe after HPLC

purification. Matrix: CHCA.
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Probe Predicted m/z Actual m/z
LUPI (TOg) 1626.96 1626.818
LUPI (TOz) 1626.96 1629.003
Conventional Probe 1797.07 1797.489
Lys-linker Probe 1669.01 1670.181

Absorbance / a.u.

Table S1. Table of predicted and actual m/z values of the synthesised probes.

UV-Vis Spectra for TOZ-C1-COOH

Calibration Curve
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Figure S5. UV-Vis spectra and calibration curve of TOz-C1-COOH. From the slope of the calibration

curve, etoz-c1.coon Was calculated to be 59,166 M cm™.

125



Absorbance / a.u.

Conventional Probe

0s LUPI(TO,) 06 LUPI (TO,) 05
0.35 0.5 0.5
03
5 04 5 04
0.25 2 A
® @
2 0.3 Q
0.2 5 S 03
2 a
s 5
@
0.15 2 0.2 2 02
0.1
01 01
0.05
0
0
250 300 350 400 450 500 550 200 250 300 350 400 450 500 550 600
Wavelength / nm Wavelength / nm
FtatRhd

Absorbance / a.u

03

02

0.1

Lys-Linker Probe

0
200 250 300 350 400 450 500 550 600

Wavelength / nm

Absocrbance/ a.u.

0.3

0.25

02

0.15

0.1

0.05

250 300 350 400 450 500 550 600

Wavelength / nm

FAM

TAMRA

250 300 350 400 450 500 550 600

Wavelength / nm

Figure S6. UV-Vis absorbance spectra of all five probes in MilliQ.
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Figure S7. Fluorescence spectrum of LUPI and TAR RNA to measure the absolute fluorescence quantum
yield of LUPI with and without TAR RNA. [LUPI] = 300 nM, [TAR RNA] = 2250 nM, Excitation
wavelength = 510 nm, PBS Buffer. Each sample was measured three times and the average value was used

as its absolute fluorescence quantum yield.
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(A)
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Figure S8. Concentration dependence curves for (A) conventional probe with TAR RNA and (B) Lys-
linker probe with TAR RNA. [Probe] =25 nM, [TAR RNA] = 0 - 250 nM, Excitation wavelength = 521
nm, PBS Buffer, 25°C. We were unable to fit a binding isotherm to these plots, indicating that the K4 values

of these two probes were much higher than LUPI’s, and thus the conditions chosen to measure LUPI’s Kgq

value were not appropriate for them.
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Figure S9. FID assay done when [LUPI] = [TAR RNA] = 1 nM. The S/N ratio was unfavourable, even
though displacement could be seen. [Test Compound] = 10 nM, Em band = 5 nm, Ex band = 5 nm,
Sensitivity = High, PBS Buffer, 25°C.
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Figure S10. Fluorescence spectrum comparing Acridine Mutagen ICR 191°s autofluorescence with LUPI’s
light-up response. [LUPI] = [TAR RNA] = 2 nM, [Acridine Mutagen ICR 191] = 120 nM. Em band =5
nm, Ex band = 5 nm, Sensitivity = Medium, Excitation wavelength = 524 nm. PBS Buffer, 25°C.
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Figure S11. Fluorescence spectrum measuring the autofluorescence of (A) all the test compounds alone or
(B) with LUPI. [LUPI] = 2 nM, [Test Compound] = 120 nM. Em band =5 nm, Ex band =5 nm, Sensitivity
= Medium, Excitation wavelength = 524 nm. PBS Buffer, 25°C.

Only Acridine Mutagen ICR 191 emits fluorescence under these conditions. All other test compounds are
non-fluorescent.
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(A) Live cell imaging (B) Fixed cell imaging
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Figure S12. LUPI was used as an imaging probe for the nucleolus in MCF7 (A) live cells and (B) fixed
cells. In the live cell image, the nucleolus can vaguely be made out, however its fluorescence intensity was
low. In the case of the fixed cells, the fluorescence intensity is much higher, but LUPI could not discriminate
between the nucleolus and the surround nucleic acids. Overall, LUPI is unfortunately not suitable as a probe

for the nucleolus.
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Chapter 4

Conclusion and Future Outlook
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1. General Conclusion

All the way back in 1998, the World Health Assembly adopted a resolution that urged its Member States
to take action against the growing global antimicrobial resistance (AMR) (Leung, Weil, Raviglione &
Nakatani, 2011). In 2005, the World Health Organization selected antimicrobial resistance as the theme for
its World Health day, and even now continues to highlight AMR as one of the top 10 global public health
threats facing humanity ("Antimicrobial resistance”, 2021). A study done in the EU in 2015 estimated that
in 2015 alone, there were 671 689 cases of infections with selected antibiotic-resistant bacteria that occurred
in the EU and European Economic Area (EEA), and that the burden of resistant infections was similar to
the combined burden of three major infectious diseases (influenza, tuberculosis, and HIV) (Cassini et al.,
2019).

While tools to help detect growing AMR have been developed (for example, Rowe et al., 2015), what is
sorely needed is new, innovative antimicrobials. With the pipeline for new drugs growing dry, new drug
scaffolds must be developed to slow down the rate of growing resistance. Most of the newer drugs are
modified versions of existing drugs, which make it easier for bacteria and viruses to gain resistance against
(Kmietowicz, 2017). Hence, it would not be a stretch to say that the discovery of new drugs as well as new

drug targets is vital for humanity’s survival.

To that end, RNA is being raised up as a potential target to expand the druggable space (Ursu, Vézina-
Dawod & Disney, 2019; Rizvi et al., 2020). With new chemical libraries of RNA-targeting small molecules
being developed (Rzuczek, Southern & Disney, 2015), RNA-adaptable high-throughput screening methods
will no doubt gain importance. We hope that the fluorescent indicator displacement (FID) assay would gain
popularity as an orthogonal screening method to cellular-based assays due to its ease of use. However, the

main limitation of the FID assay as a screening method is the need for a good indicator (Chapter 1.4).

This research thus hopes to offer more creative ideas to developing dsRNA-targeting probes. By
introducing two new probe designs — SPOC and LUPI, we would like to see future research that expands
on these designs or that take inspiration from them. Furthermore, from these experimental results, we hope

to provide some insights into how the selectivity or binding affinity of these probes can be finetuned.
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2. Future Outlook for SPOC
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Figure 1. Chemical Structure of SPOC.

The first dsSRNA targeting probe design that was proposed utilised a simple conjugation strategy that
combined a small molecule (ATMND-C,-NH;) with a tFIT probe (PNA oligomer). One of the most
noteworthy characteristics of the SPOC probe is its ability to bind to the dsSRNA even at a neutral pH,
something that other research teams have tried to overcome through more sophisticated methods such as

the use of artificial nucleobases (Gupta, Zengeya & Rozners, 2011; Ong et al., 2019).

We have shown that the rational design of SPOC allows it to be tailor-made for other dsRNAs, such as the
influenza A virus promoter region. A possible way forward could be to use SPOC to target pri-miRNAs
that contain Y/CC internal loops (Das, Murata & Nakatani, 2021), to further show the generality of the

probe design.

Moreover, the TO fluorophore can be replaced by other light-up fluorophores that emit longer wavelengths
to overcome the interference of the autofluorescence of the test compounds, perhaps with one of the dyes

that our laboratory has developed as well (Yoshino, Sato & Nishizawa, 2019; Higuchi et al., 2022).
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3. Future Outlook for LUPI

Figure 2. Chemical structure of LUPI.

Our second proposed probe design targeted ribonucleoprotein (RNP) complexes instead of just dSRNA
itself. LUPI was designed using the wild-type RNA-binding protein’s RNA binding domain’s amino acid
sequence, where one amino acid was replaced by a TO amino acid surrogate, the first of its kind to be
reported. We chose the HIV-1 Tat protein — TAR RNA model as our proof-of-concept. One of the most
noteworthy results was the incredibly strong binding affinity that LUPI had with the TAR RNA (Kq= 1.0
+ 0.6 nM), allowing it to sieve out super strong binders in the mock FID assay. While there are other
macrocyclic peptide mimics of Tat that have even lower Kq values (Shortridge et al., 2018), LUPI works

well for our target application of FID assays.

The generality of the LUPI probe design can be shown by applying the LUPI concept to other RNP
complexes. At present, we are thinking of applying it to other well-known RNPs, such as the HIV-1 Rev
protein - Rev-response element region 11B (RRE 11B) RNA model (Kjems, Calnan, Frankel & Sharp, 1992),
or the boxB RNA-AN protein complex (Rees, Weitzel, Yager, Das & von Hippel, 1996).

Furthermore, because LUPI binds so tightly to TAR RNA, it can be used for other applications as well. In
Chapter 3, we attempted to use LUPI to image the nucleolus in MCF7 cells, but LUPI did not perform as
well as other imaging dyes. LUPI’s low LOD with TAR RNA (18 pM) could make it an attractive detection

tool.
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