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Abstract

Small-Molecule Tools to Probe and Modulate RNA Function

By Diane B. Karloff

Once considered a mere messenger, RNA is now known to perform diverse regulatory
roles in the cell, from maintaining genome stability and modulating gene expression to scaffolding
protein:protein interactions and enabling cell polarization. Aberrant RNA processing is linked to a
wide array of neurodegenerative diseases and cancers, and RNA also serves as the genetic
material for dozens of devastating human viruses. As small molecules are well-established tools
to interrogate and disrupt biological systems, the elucidation of principles that drive RNA:small
molecule binding interactions facilitates basic science discovery and therapeutic drug
development. This dissertation highlights opportunities that small molecules present toward
exploring and perturbing cellular RNA function. In Chapter 1, we discuss four key themes relating
to the clinical importance of the transcriptome and its amenability to small molecule-based
probing. In Chapter 2, we describe a photoaffinity labeling method to improve the robustness of
cellular RNA imaging. Visualization of RNA dynamics is critical to unraveling effects on cell
signaling. Further, reducing the molecular weight of the cargo required for RNA imaging reduces
impacts on native behavior. Chapter 3 explores photoaffinity labeling as a means to evaluate
RNA:drug target engagement. We find that 10 chemical probes from diverse structural classes
display unique binding profiles with breast cancer-associated messenger RNAs. Chapter 4
investigates the small molecule glyoxal as a thermoreversible regulator of nucleoside antiviral
bioactivity. This strategy has the potential to improve patient adherence during antiretroviral
therapy and enhance the poor pharmacokinetic profile associated with this compound class.
Beyond the scope of RNA:small molecule interactions, Chapter 5 elaborates on the vital role that
researchers play in shaping scientific literacy and accessibility in society. This role can be realized
within departments, via social media, or through engagement in global organizations. In Chapter
6, we summarize the implications of the work described herein and present exciting future
opportunities at the interface of RNA:ligand binding.
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Chapter 1: Introduction

1.1 RNA Function in Cells

RNA is canonically known as a cellular messenger, but in recent decades it has emerged
as a structurally and functionally diverse biomolecule that plays a critical regulatory role in the
body. Moreover, under aberrant conditions, RNA drives disease. Indeed, RNA is implicated in
neurodegenerative disorders such as Alzheimer’s, Huntington’s disease, and amyotrophic lateral
sclerosis,! as well as numerous cancers.?® RNA also serves as the genetic material for various
viruses, including HIV-1, hepatitis C, and SARS-CoV-2.4° A flurry of research activity revolves not
only around characterizing native RNA function, but leveraging RNA as a therapeutic target.
However, there remains a pressing need to develop guiding principles for the design of RNA-
targeted small molecules. Substantially more is known about the structure and druggability of the
proteins that are encoded by these cellular transcripts, and targeting RNA is truly a paradigm shift
in therapeutic development.®®

Messenger RNA (mRNA) is among the earliest and best-studied RNA classes to be
identified. Human mRNA, typically 3-5 kb long but potentially much larger,®'° is generated via
DNA-templated synthesis by RNA polymerase |l before translocation of the transcript from the
cellular nucleus to the cytoplasm for ribosome-mediated translation into protein.'-'? Importantly,
mRNA can undergo alternative splicing to generate diverse protein isoforms, and dysregulation
of this process can lead to the accumulation of pathogenic protein products.”™ For example,
alternative splicing of the survival of motor neuron 2 (SMN2) gene is an important therapeutic
gateway to treat spinal muscular atrophy (SMA)." As less than 20% of the proteins comprising
the human proteome are thought to contain “druggable pockets” that are amenable to binding by
small-molecule therapeutics, the mRNAs upstream of the proteome represent a critical secondary

opportunity to alter cellular function (Figure 1.1).7:1°
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Figure 1.1: RNAs expand the scope of druggable cellular targets. mRNAs upstream of undruggable
proteins present a second opportunity for therapeutic treatment. Non-coding RNAs are critical cellular
regulators that can drive disease.

Fascinating work in the last few decades has revealed a plethora of non-coding RNA
classes (Figure 1.1). MicroRNAs (miRNAs), small interfering RNAs (siRNAs), and piwi-interacting
RNAs are among the shortest species at <50 nt in length and contain minimal structural
complexity.'® Mid-size non-coding RNAs including small nuclear RNAs (snRNAs), transfer RNAs,
vault RNAs, Y RNAs, and more are 50—200 nt long. These transcripts play critical regulatory roles
in the cell and are involved in processes ranging from translation to catalysis.? '° For example,
snRNAs direct intron removal from pre-mRNAs in nuclear Cajal bodies.'-'® Meanwhile, long
noncoding RNAs (IncRNAs) can range from 200 to >100,000 nucleotides in length and serve
more diverse roles on a transcript-by-transcript basis.® '* Whereas the I\cRNA MALAT1 facilitates
RNA processing and is upregulated in metastatic tumors,?® HOTAIR scaffolds protein:protein
interactions to support ubiquitination and senescence.?'

A final class of biomedically relevant RNAs is found in RNA viruses and retroviruses.
These pathogens contain RNA-based genomes that are translated by the infected host cell to
produce viral proteins for viral replication or, in the latter case, first converted into cDNA by viral
reverse-transcriptase (RT) enzymes and incorporated into the host genome for hijacking of host

transcriptional and translational machinery.* 22-23



RNA possesses exquisite capacity for molecular recognition. The above RNA classes
adopt an astonishing array of secondary structures, such as stems, hairpins, bulges, internal
loops, and G-quadruplexes.?*? These structures are mediated through hydrogen bonding
between the nucleobases of two antiparallel regions of RNA (Watson-Crick-Franklin base-
pairing), Hoogsteen base-pairing, and/or interactions with the phosphoribose backbone.® 26 The
potential for base stacking can also promote the assembly of RNA into larger tertiary structural
motifs such as triple helices, kissing loops, and pseudoknots.?-2® miRNAs and siRNAs function
primarily through complementarity with their mRNA targets.'® 2° Meanwhile, RNA structure also
strongly regulates RNA:protein interactions. The negatively-charged RNA backbone is a key
feature for specific recognition by the thousands of known RNA-binding proteins.*® As mentioned
above, the striking flexibility of this biomolecule enables it to adopt complex structures for
simultaneous binding of two or more proteins and scaffolding of key protein:protein interactions.?!

Asymmetric RNA localization is responsible for protein accumulation that either forms a
gradient across the cell or is highly locally concentrated.?' For example, asymmetric distribution
of B-actin is critical for neuron polarity and function in the brain.®'-3®* The various RNA classes
described above are differentially dispersed throughout the nucleus and the cytoplasm, and some
transcripts are even anchored to the cell membrane.®* A newly emerging field seeks to
characterize the behavior of RNA in membraneless, liquid-liquid phase-separated (LLPS)
biomolecular condensates such as stress granules, Cajal bodies, and P-bodies. RNA is thought
to be sequestered in these condensates in response to environmental cues or the need for
regulation of protein expression.3>-3¢ Another active area of research focuses on how to effectively
visualize RNA distribution and dynamics, as probing the unique localization patterns of the
thousands of different transcripts can help elucidate their function.? Early efforts to visualize RNA
localization ingeniously leveraged native RNA:protein interactions that rely upon the molecular

recognition properties described above.®’



1.2 RNA:Small Molecule Interactions

Specific RNA molecular recognition also extends to small molecules. Bacteria possess a
remarkable means of regulating intracellular metabolite levels through components known as
riboswitches. These typically short (50-250 nt), highly conserved RNA sequences are often found
in the 5" UTR of mRNAs that encode enzymes involved in metabolite production.®#3° Often, when
a high concentration of the metabolite is present, the riboswitch binds the molecule and
undergoes a conformational change that inhibits transcription, splicing, or downstream
translation, thereby maintaining metabolic homeostasis. Breaker and others have identified and
characterized >55 distinct riboswitches classes, including binders of diverse structures such as
the amino acid lysine, the cofactor S-adenosylmethionine, and the ion Mn2*.4°

Of potentially greater therapeutic interest is the opportunity to target pathogenic RNAs
with exogenous small molecules. In this way, the function of an RNA that is overexpressed or
goes awry to drive disease can be disrupted. Indeed, ligand binding could induce destabilization
of toxic RNA or stabilization of beneficial RNA.#' The first notable achievement in this area was
the development of linezolid, an oxazolidinone-based antimicrobial that binds the bacterial
ribosome, a ribonucleoprotein.” 2 Compounds that specifically target disease-associated human
RNAs are perhaps even more highly coveted. Risdiplam, for example, is a drug that was approved
by the FDA in 2017 to promote the inclusion of exon 7 for the production of full-length SMN2 in
SMN1-deficient SMA patients.' 4> Meanwhile, nucleoside reverse transcriptase inhibitors are a
leading class of viral RT inhibitors that indirectly target pathogenic RNA by disrupting retroviral
cDNA synthesis.** However, the number of FDA-approved drugs that bind proteins dwarfs those
that bind RNA.”-43

Some groups postulate that because ribonucleotide properties diverge so widely from
amino acid properties, rational drug design for each type of biomolecule should adapt accordingly.
For example, one analysis was conducted by Morgan et al. compared the physicochemical,

structural, and spatial properties of bioactive RNA- versus protein-targeted ligands. Interestingly,



the RNA ligands were found to contain statistically significantly more nitrogen atoms and aromatic
rings and fewer oxygen atoms (Figure 1.2a).® This knowledge could be used to identify an “RNA-
privileged chemical space” that contains molecular structures which are more likely to bind RNA
with high affinity and/or selectivity.® 45 Likewise, small-molecule screening libraries can be
designed around “RNA-privileged” chemical scaffolds such as bis-benzimidazole, diphenylfuran,
oxazolidinone, and others to increase hit rates against an RNA of interest.*": 464" Finally, Weeks
and coworkers posit that ligand identification is more likely to succeed with information-rich and
structurally complex RNAs with protein-like small-molecule binding pockets (Figure 1.2b).” The
existence of such pockets was confirmed through an analysis of RNA crystal structures in the
Protein Data Bank.*®

Various small-molecule tools for probing RNA structure and function have been reported
to date. One such class of compounds is the electrophilic reagents that enable selective 2'-
hydroxyl acylation analyzed by primer extension (SHAPE). SHAPE reagents like 1-methyl-7-
nitroisatoic anhydride and 2-methylnicotinic acid imidazolide preferentially react with the 2’-
hydroxy group of the sugars in the RNA backbone that are more sterically accessible. Chemical
probing thens enables classification of RNA regions as significantly or minimally involved in base-
pairing.*®-%° Disney and coworkers also described a ribonuclease-targeting chimera (RIBOTAC)

that recruits RNase L to an RNA of interest for in cellulo degradation and targeted analysis of
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Figure 1.2: Developing guiding principles to drug RNAs. a RNA-targeted probes (R-BIND] differ
structurally from protein-targeted probes (FDA). The boxes represent the middle 50% of the data, the
whiskers represent the 10" and 90t percentiles, and the lines and crosses represent the medians and
means, respectively. *p < 0.001, Mann-Whitney U test. b RNA features that enhance ligandability are
underexplored.



RNA function.’" Thus, the amenability of RNAs to small-molecule binding fortuitously enables

chemical biology studies on RNA behavior in a cellular context.

1.3 Photoaffinity Labeling

In the development of new small-molecule therapeutics, it is critical to validate that the
drug engages the intended RNA target within a cellular context. To this end, compounds that react
with an RNA of interest covalently would provide a more robust linkage than those that bind via a
canonical, non-covalent mechanism.%? This opens the door for more efficient target labeling in
RNA imaging and RNA pulldown applications. While methods to address these goals in the
context of protein:small molecule interactions are widely available and well-characterized,>
comparable technology to assess RNA:small molecule target engagement and increase labeling
efficiency remains in its infancy.

When seeking to identify the cellular targets of protein-binding small molecules, the
incorporation of photoactivable crosslinker (PC) moieties into small-molecule probes has proven
to be an invaluable strategy (Figure 1.3a).5 The four major classes of PCs — benzophenones,
psoralens, aryl azides, and diazirines (Figure 1.3c) — form high-energy intermediates upon
irradiation with UV light, and in the process of relaxing back to the ground state, these
intermediates covalently modify neighboring molecules.®® Advantageously, PCs exhibit reactivity
only during UV treatment, and their labeling results in an irreversible covalent bond that enables
robust capture of transient interactions that could otherwise elude detection during pulldown and
analysis. PCs have been used extensively in the proteomics field, where significant effort has
been focused on genetically encoding noncanonical photocrosslinking amino acids,® as well as
decorating protein-targeted small molecule probes with PC functionality for activity-based protein
profiling.®3

Covalent labeling strategies have also been employed to study carbohydrate®-" and lipid

biology,*® and early endeavors are underway to develop covalent, RNA-targeted chemical probes
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Figure 1.3: Photoaffinity labeling enables in cellulo capture of small-molecule interactions. a Scheme
for protein:small molecule labeling. b Scheme for RNA:small molecule labeling. ¢ Structures of four
photoactivable crosslinker groups.
(Figure 1.3b). Disney and coworkers first reported Chem-CLIP, which utilizes a primary alkyl
chloride electrophile and a biotin affinity handle to decorate a small molecule scaffold for target
enrichment and analysis.®® This covalent approach offers the advantage of irreversibly labeling
cellular RNAs of interest for pulldown and identification.®® However, the high background reactivity
of the alkyl chloride with both nucleic acids and other cellular nucleophiles poses a significant
challenge for this approach, and unlike PC probes, the reactivity of the alkyl chloride cannot be
temporally controlled. Averting these limitations, Schultz and coworkers utilized a diazirine PC
probe to successfully identify RNA binding site of Risdiplam and elucidate the mechanism of
action.®” While this demonstrates the promise of this approach, it explored only a single probe
structure and PC class. Most recently, Disney and coworkers also explored diazirine-modified
RNA ligands and chemical fragments for target engagement and discovery studies.%%%3

It is important to note that the four PC classes (and the variants within these classes)

possess distinct properties—including size, activation energy, transition state lifetime, and



labeling range.?® Given these differences in reactivity profiles, it is likely that the four PC classes
react differentially with RNA versus proteins. Further, parameters such as the length and
composition of the linker between an RNA probe and a PC group likely affect RNA labeling
efficiency. In sum, deployment of RNA-targeted PC probes is an underutilized strategy for
achieving robust RNA labeling and assessing RNA target engagement in cellulo. This approach
can be explored more deeply to leverage the advantages of PC probes, namely that: (1) covalent
trapping enables capture of transient or low-affinity interactions, and (2) light activation provides
temporal control to allow capture under specific cellular conditions or in specific subcellular

compartments.

1.4 RNA SELEX

The RNA:small molecule interactions described thus far include several that occur
naturally, several that were identified through high-throughput screening of a synthetic compound
library against an endogenous transcript of interest, and several that leverage electrophilic and/or
photoreactive moieties to enhance ligand reactivity toward RNA. Another important tool in the
RNA chemical biology arsenal is a method called systematic evolution of ligands by exponential
enrichment (SELEX). This method enables the researcher to isolate a non-naturally occurring
RNA sequence that ideally binds with high affinity and selectivity to nearly any small molecule of
choice.®* Typically, the in vitro evolution begins by incubating the ligand of interest with a library
of 10"-"° unique RNA strands that share constant primer sequences. The RNAs that bind the
target, otherwise known as aptamers, are enriched through a ligand pulldown step, converted
back into DNA, amplified, and re-transcribed to generate a new RNA library with a higher
abundance of the ligand-binding sequences (Figure 1.4).%4%° The cycle is repeated until RNAs
with the desired affinity and selectivity toward the target molecule are isolated. While many
variations of this general protocol exist, all are geared toward engineering non-native RNA binding

interactions for any number of applications.



This powerful method has \/:/\
. . \/:/\ Incubate with
been harnessed to sense a wide Transcrlby Yrgetmetabome
g

variety of species. Once the RNA

TTTTTTTTTT 11 \/\
T (& w\/‘

sequence has been identified, it can

TITTTTTT ~ RNA w
be used ex vivo to analyze levels of === SELEX
; Enrich bound

therapeutics such as theophylline in Amp"fy\ aptamers
samples extracted from patients.®® T
Alternately, the aptamer can be L e Y

Reverse

transcribe

expressed in bacterial or mammalian
Figure 1.4: Isolation of small molecule-binding RNA
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of metabolites such as fructose-6-bisphosphate, with readout coupled to fluorescence or other
signal types.’* SELEX has also enabled great strides in the field of RNA imaging. Unlike
approaches that append protein-binding aptamers to an RNA of interest, small molecule-binding
aptamers have the potential to reduce the attached molecular weight cargo. Further, if the small
molecule has fluorogenic properties, it will emit minimal signal only when bound to the aptamer-
tagged RNA, unlike constitutively fluorescent GFP.
A plethora of fluorogenic aptamers for RNA imaging have been reported over the years.®”
The first innovation in the field was the isolation of an RNA aptamer called Spinach that binds
DMHBI, a small-molecule mimic of the GFP fluorophore.®® In the last decade, researchers have
developed aptamers that emit light across the visible spectrum.®® Through continuous iteration,

the most recent innovations using highly optimized dyes and carefully selected RNA binders are

opening the door for single-molecule and super-resolution RNA imaging.”%""

1.5 Summary and Conclusions of this Dissertation

This dissertation aims to broadcast the utility of small molecules as powerful tools to
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explore native RNA properties, characterize drug target engagement, and disrupt transcript
activity in living cells. The four key themes expounded upon above—RNA function in cells,
RNA:small molecule interactions, photoaffinity labeling, and RNA SELEX—recur throughout the
following chapters. Excitingly, the collective conclusions we are able to draw from each body of
work not only expand our understanding of how to rationally design and deploy RNA:small
molecule interactions, but simultaneously reinforce similar lessons and highlight the ample
remaining opportunities to leverage these interactions toward endless chemical biology
applications.

In Chapter 2, we describe the first photoaffinity-based method to enhance the robustness
of fluorogenic RNA imaging. The method takes advantage of the malachite green aptamer (MGA),
an RNA sequence identified via SELEX which binds the far-red dye malachite green (MG).
Specifically, we append MGA to the U6 snRNA and visualize this construct in live cells using
diazirine-functionalized MG. We demonstrate enhanced colocalization between the tagged RNA
of interest and a nuclear Cajal body marker in a UV-dependent manner, showcasing the utility of
photoaffinity labeling to achieve covalent capture of the RNA:dye interaction. Similarly, in Chapter
3 we decorate a panel of structurally diverse chemical fragments and biologically relevant
compounds with a diazirine handle to explore in cellulo mRNA target engagement. In combination
with RNA sequencing, this approach reveals distinct RNA binding patterns that are specific to
each chemical entity. Such studies are useful for the elaboration of RNA as a therapeutic target
and the discovery of guiding principles to design RNA-targeted drugs.

Expanding on prior work in our lab to modulate nucleic acid function, Chapter 4 takes
advantage of the thermoreversible reaction between RNA nucleobases and the small molecule
glyoxal to tune the bioactivity of nucleoside antivirals. Namely, we find that glyoxal caging impacts
the potency of the pharmaceutical acyclovir toward HIV-1 in vitro and HSV-1 in cellulo. This
innovation provides access to an extended-release mechanism that could improve patient

adherence to antiviral treatment while addressing preexisting pharmacokinetic challenges with
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this class of compounds. Glyoxal thus presents a unique opportunity to target biomedically
viruses, particularly retroviruses. Outside of the direct scope of RNA:small molecule interactions,
Chapter 5 discusses steps that individual researchers and scientific advocacy groups can take to
bolster scientific literacy in the general public. Indeed, the COVID-19 pandemic unveiled the
widely varying levels of familiarity that members of our society have surrounding the principles
that chemical biologists rely on on a day-to-day basis, from statistics and the Central Dogma to
the Scientific Method. We as researchers arguably have a responsibility to promote understanding
of these key themes among non-scientists. Finally, Chapter 6 synthesizes the work presented

herein and proposes enticing future directions.
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Chapter 2: Imaging and Tracking RNA in Live Mammalian Cells

via Fluorogenic Photoaffinity Labeling

2.1 Abstract

Cellular RNA labeling using light-up aptamers that bind to and activate fluorogenic
molecules has gained interest in recent years as an alternative to protein-based RNA labeling
approaches. Aptamer-based systems are genetically encodable and cover the entire visible
spectrum. However, the inherently temporary nature of the non-covalent aptamer-fluorogen
interaction limits the utility of these systems in that multiple copies of the aptamer are often
required, and imaging does not withstand dye washout. We propose that these limitations can be
averted through covalent RNA labeling. Here we describe a photoaffinity approach in which the
aptamer ligand is functionalized with a photoactivatable diazirine reactive group such that
irradiation with UV light results in covalent attachment to the RNA of interest. In addition to the
robustness of the covalent linkage, this approach benefits from the ability to achieve
spatiotemporal control over RNA labeling. To demonstrate this approach, we incorporated a
photoaffinity linker into malachite green and fused a single copy of the malachite green aptamer
to a Cajal body-associated small nuclear RNA of interest. We observed improved sensitivity for
live cell imaging of the target RNA upon UV irradiation and demonstrate visualization of RNA

dynamics over a timescale of minutes.
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2.2 Introduction

Trafficking of RNA to subcellular compartments plays an essential role in RNA
homeostasis and cellular function. This spatiotemporal control of RNA localization is a common
characteristic for a significant fraction of transcripts,’?’* and in recent years, fluorescence
microscopy has dramatically increased our understanding of the heterogeneity of transcript
regulation and the complex subcellular interactions of RNAs and proteins. However, accurately
mapping RNA localization relies on the ability to fluorescently label cellular RNAs without
significantly perturbing their structure or localization. The earliest approaches to fluorescently
tagging cellular RNAs utilized probes capable of binding to the RNA of interest (ROI) through
Watson-Crick-Franklin base pairing, including fluorescence in situ hybridization (FISH) probes
and molecular beacons. While these methods yielded much of the current day knowledge on RNA
localization, they can require cell fixation or other approaches to disrupt native RNA folding and
thus are limited for studying the trafficking and dynamics of cellular RNAs.”>’” Currently, the most
widely used approach for visualizing RNA uses GFP-fused RNA-binding proteins such as MS2,
A, PCP, or Cas proteins.”®®" These fluorescently-tagged proteins recognize a specific RNA
sequence that is incorporated multiple times into an ROI. Optimizing signal to noise in the
fluorescent protein system usually requires adding a nuclear localization signal in order to reduce
non-specific signal in the cytoplasm. As a trade-off, imaging nuclear RNAs is difficult due to high
levels of nuclear-localized fluorescent protein, unless further optimizations are introduced.®?
Another approach to improving protein-based RNA imaging methods is to incorporate multiple
copies of the binding site into the target RNA sequence. The additional binding sites, as well as
the heavy load of the associated proteins (>1.3 MDa), can alter the native localization and
functional properties of the RNA 8384

Building off of Grate and Wilson’s development of the malachite green aptamer (MGA) for
chromophore-assisted laser inactivation in 1999,%° Tsien and coworkers proposed that the small

molecule recognition capabilities of RNA could potentially be used for RNA labeling, and they
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reported in vitro fluorescence enhancement of MG and sulforhodamine B in the presence of their
respective aptamers.® Over the past decade, a number of RNA aptamers binding to fluorogenic
dyes beyond malachite green (MG) have been reported, including the Spinach,®”-%¢ Broccoli,
and Mango® aptamers. These aptamers have been fused to RNAs and expressed in cells to
enable RNA visualization. However, these approaches typically require fusion of multiple copies
of the aptamer to enable fluorescence imaging, sometimes within a folding scaffold that can alter
target RNA localization or stability, and even then struggle to detect low-abundance RNAs.8% 9192
Recently, multiple groups have reported significant advances in aptamer labeling. Cawte et al.
developed an updated Mango aptamer-based system, improving signal to noise, and Yang and
coworkers reported the Peppers aptamer system, which has a high signal-to-background ratio
and was used to image nuclear foci in mammalian cells.®®7° Notably, rhodamine dyes have
especially progressed the RNA labeling field by allowing single molecule imaging, single-molecule
localization microscopy (SMLM), and stimulated emission depletion (STED) microscopy.’": 93-9
While the stability and cellular brightness of these systems offered a notable improvement
compared to the previously reported aptamer-based systems, this overall approach still suffers
from inherent limitations as a result of its non-covalent nature. For example, the reversibility of
the fluorescent probe interaction with the ROl makes Peppers and other non-covalent systems
unsuitable for applications that require media exchange, as labeling does not withstand washout
steps. Additionally, these systems are not suitable for time-resolved investigations such as pulse-
chase and tracking experiments, as the dye molecules are likely transferred between different
RNA molecules over the course of the experiment, compromising the reliability of the data.

We hypothesized that these limitations could be overcome through covalent attachment
of the fluorescent molecule to the target RNA. Specifically, covalent attachment would be
expected to provide increased robustness of RNA labeling to maximize signal-to-background ratio
with fewer aptamer copies and would allow the labeling event to withstand media exchange or

washing steps. The ability to wash out unbound dyes offers a significant advantage, as many of
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these dyes have off-target effects and exhibit cellular toxicity, and thus minimizing cellular
exposure decreases the risk of unwanted side effects that could perturb cellular function.
Additionally, we envisioned that using a photoaffinity labeling group would provide spatiotemporal
control over the labeling process, which is not possible using existing methods. Jaschke and
coworkers recently achieved covalent RNA labeling based on the proximity-induced interaction
between a dienophile-modified RNA aptamer and the corresponding tetrazine-modified ligand,®”
although this method is not genetically encodable due to the requirement for chemical
modification of the aptamer. To achieve our goal, we utilized the malachite green aptamer, as
binding to the malachite green dye results in significant red-shifted fluorescence enhancement.?>
% The excitation and emission maxima for the MG fluorogen are also located in the far-red region
of the UV spectrum, averting the inherent challenges associated with cellular autofluorescence
and making this aptamer-ligand pair well-suited for live cell imaging. One the first aptamers
selected for a fluorogenic dye, MGA has been used for a wide range of applications outside of
RNA imaging.®®-12 Despite having among the highest reported in vitro fluorescence enhancement
of the fluorogenic dyes in the presence of its cognate aptamer, the potential of MG has not been
fully realized as an RNA imaging tool due to reported cytotoxicity,'®® and MG studies were instead
mostly performed in bacterial cells.'®'%° However, we were encouraged by reports that MG
derivatization could mitigate cytotoxicity without significantly compromising fluorescence
enhancement,'%1% and that with our covalent labeling approach that enables fluorophore
washout, cell exposure to the dye could be minimized.

To covalently label the RNA of interest, we envisioned that the aptamer could be fused to
the ROI, expressed in cells, and the cells incubated with a derivative of the MG ligand having a
photoaffinity handle. UV irradiation would convert the non-covalent RNA:small molecule binding
interaction into a covalent linkage, resulting in robust and spatiotemporally controlled labeling of

the ROI (Figure 2.1a). To create the photoreactive fluorogen, we appended a diazirine linker to
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Figure 2.1: In vitro characterization of the MGA/MGD2 interaction. a Schematic
representation of fluorogenic photoaffinity labeling with MGA-functionalized RNA. The RNA binds
to the fluorogenic dye and induces fluorescence enhancement. UV irradiation results in covalent
attachment of the dye to the ROI. b Structures of MG and MGD2. The canonical MG molecule
was functionalized with a diazirine linker to enable photoaffinity labeling of MGA. ¢
Representative normalized excitation (solid) and emission (dashed) spectra of MG (cyan) or
MGD2 (magenta) bound to MGA. d Fluorescence enhancement of MG and MGD2 in the
presence of MGA or an off-target aptamer in 1X PBS. Bars and error bars represent the mean
and standard deviation from n = 3 independent samples. e Normalized, time-dependent
fluorescence enhancement of MGD2 with MGA upon irradiation at 365 nm in 1X PBS. Points and
error bars represent the mean and standard deviation from n = 3 independent samples. f
Denaturing PAGE analysis of UV-dependent covalent labeling of MGA or an off-target aptamer
(20 nM) with increasing concentrations of MGD2.

the dye (Figure 2.1b, Schemes A1-A2) and termed this new, minimal MG derivative malachite
green-diazirine 2 (MGD2). We previously used a similar approach to design a derivative of MG
termed MGD for photoaffinity labeling of fluorogen-activating proteins in live cells.'® However,

this strategy had yet to be applied to cellular RNA imaging. Upon UV-A irradiation at 365 nm, the
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diazirine linker is activated and produces a carbene moiety that readily reacts with nearby C-H
and heteroatom-H bonds.® UV-C (254 nm) irradiation has been used for crosslinking RNA-protein
interactions by taking advantage of the photoresponsiveness of natural amino acids such as Cys,
Lys, Phe, Trp, and Tyr.'%"% Here, the longer wavelength of 365 nm used to activate MGD2
ensures that our design does not result in unwanted crosslinking of RNA with cellular proteins.
Moreover, diazirine and other photocrosslinking moieties are routinely used for in cellulo
characterization of biomolecular interactions,®! ""-1"% and the UV irradiation required for
crosslinking is known to be compatible with live cells.

Using our photoaffinity approach, we demonstrate that an RNA of interest can be labeled
and imaged in live cells using a single 38 nt MGA fusion, thereby minimizing perturbation of RNA
structure and localization. We show that covalent labeling enables RNA visualization under
conditions where the non-covalent system performs far worse, and we utilize our approach to
monitor the dynamics of RNAs in Cajal bodies. Our findings reveal that covalent attachment
greatly improves RNA tracking by increasing the number of detectable foci that can be tracked
for longer durations. Together, this research provides the first covalent method for cellular RNA
labeling and introduces an easy-to-use strategy for the RNA community. The added robustness
and temporal control achieved using a photoaffinity-based approach is anticipated to advance
RNA imaging capabilities, providing important new insights into the role of RNA trafficking in

biological processes such as development and disease.

2.3 Results and Discussion
2.3.1 In vitro characterization

To establish the feasibility of our photoaffinity labeling approach, we carried out in vitro
experiments to investigate the reactivity and selectivity of the aptamer with the MGD2 derivative.
Both MG and MGD2 displayed well-defined absorbance and fluorescence profiles with excitation

maxima at 625 nm and emission maxima at 660 and 666 nm, respectively, in the presence of
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MGA (Figure 2.1c). Prior to UV irradiation, fluorescence measurements revealed a 440-fold
fluorescence enhancement for MG bound to MGA and a 350-fold fluorescence enhancement for
MGD2 bound to MGA (Figure 2.1d). Neither probe showed measurable fluorescence
enhancement in the presence of an off-target aptamer, indicating that the fluorophore recognition
and fluorescence increase are specific to the MG aptamer sequence. We next investigated the
effect of UV irradiation on fluorescence enhancement. For this experiment, we measured the
fluorescence signal of a solution of MGD2 and MGA that was exposed to no light or up to 15
minutes of UV irradiation (Figure 2.1e). Fortuitously, no UV-dependent reduction in fluorescence
was observed, indicating that crosslinking does not impede MG binding and that irradiation at 365
nm does not result in appreciable photobleaching of the fluorophore.

We also investigated the specificity of labeling using denaturing PAGE analysis. MGA and
an off-target aptamer (20 nM) were incubated with increasing concentrations of MGD2 (40 nM—
25 uM) and irradiated for 15 minutes. We observed concentration-dependent labeling of MGA but
not the negative control aptamer (Figure 2.1f, Figure A1a), and MGA labeling increased with UV
irradiation time (Figure A1b). We were further encouraged upon testing the selective reaction of
MGD2 (2.5 or 25 uM) with MGA in the presence of total cellular RNA (Figure A2). After 15 minutes
of UV irradiation, we observed bands in the MG channel corresponding to the target RNA with
excellent specificity over other cellular RNAs. Analysis of MGD2-labeled MGA by HPLC indicated
an approximate RNA labeling efficiency of 1.7% (Figure A3). While this is not an atypical yield for
photocrosslinking, it also suggests that future optimization efforts focused on increasing RNA
labeling yield could further improve our method.®: '3 The collective observations from these
experiments served as encouragement that our photoaffinity approach could provide selective
labeling of the ROI in cells and offered guidelines for irradiation time and dye concentrations to
be used in subsequent experiments.

To assess the compatibility of our approach with live cells, mouse neuroblastoma Neuro-

2a (N2a) cells were treated with 200 nM MGD2 and/or irradiated with UV light under the same
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conditions used in later imaging experiments, then monitored for viability over 8 hours using the
CellTox (Promega) assay per the manufacturer’'s kinetic protocol. There was no observable
increase in MGD2- or UV-dependent cell death compared to the “no treatment” negative control,
nor did treatment with both UV and MGD2 induce cell death up to 8 hours post-treatment (Figure
A4). These results offered evidence that neither MGD2 nor UV exposure would lead to observable

cytotoxicity at the levels used for live-cell imaging in this study.

2.3.2 Live-cell imaging of RNA

Having demonstrated our photoaffinity labeling approach in vitro, we next turned to live
cell experiments to validate labeling of a target RNA. As a biological context for testing our labeling
method, we chose the Cajal body. The Cajal body is a nuclear organelle found in many
proliferative and/or metabolically active eukaryotic cells. Characteristically defined by the
presence of coilin protein, the Cajal body accumulates proteins and RNAs involved in several
aspects of RNA metabolism.' Small nuclear ribonucleoprotein (sSnRNP) metabolism, telomere
maintenance, and histone mRNA processing are all associated with Cajal bodies.'® Most
importantly for our experiments, uridine-rich small nuclear RNAs (U snRNAs) preassemble within
Cajal bodies before associating with the spliceosome to direct precursor messenger RNA splicing
and intron removal.’'® snRNAs are challenging to visualize in cells using canonical RNA imaging
methods because of their small size and nuclear localization. Specifically, the signal of snRNA-
targeted FISH probes is limited due to the short length across which to tile fluorescent,
complementary oligonucleotides, and the requirement for cell fixation means that FISH cannot
capture the dynamic nature of snRNA localization. Meanwhile, the MS2-MCP system adds
molecular weight far outweighing that of the snRNA itself, which could perturb snRNA function
and localization, and the system must be further optimized to achieve suitable signal-to-noise

ratio for imaging RNA in the nucleus.®2® We do note that several groups have successfully
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leveraged RNA:small molecule interactions to visualize U snRNAs,*® 1718 and here we aim to
demonstrate the added benefits that can be achieved by covalent dye attachment.

To test our photoaffinity labeling method in live cells, we inserted a single copy of MGA
into the 5" UTR of U6 snRNA and also generated a control plasmid having U6 snRNA with no
aptamer fusion. We hypothesized that colocalization of MGD2-labeled U6 snRNA with the Cajal
body marker coilin-GFP would increase in an MGA- and UV-dependent manner (Figure 2.2a). To
probe this question, N2a cells were exposed to one of four treatment conditions in which the cells
were mock transfected or co-transfected with coilin-GFP plasmid and either 0X MGA- or 1X MGA-
U6 snRNA plasmid. After 72 h, all wells were incubated with 100 nM MGD?2 in fresh media for 15
min. Cell plates were then stored in the dark or irradiated using 365 nm UV light for 10 minutes to
allow for covalent labeling of the aptamer (Figure 2.2a). After exchanging the media to wash away
unbound dye, the cells were imaged using confocal microscopy (representative Figure 2.2b,
Figures A5—-AB6).

Successful transfection with coilin-GFP was clearly observed by the appearance of green
fluorescent puncta in conditions 2—4 as compared to condition 1 (untransfected). Relative to
condition 1, MGD2 signal likewise appeared higher in conditions 2, 3, and 4, in which dye
treatment was combined with UV irradiation, transfection with 1X MGA-U6 snRNA plasmid, or
both, respectively. Given the relatively low signal-to-background ratios of traditional aptamer-
based RNA imaging strategies, it was unsurprising that differences in red signal between images
of conditions 2—4 were not easily discernible by eye.*® Therefore, line scans were drawn in Fiji
across images of nuclei from the four treatment conditions, revealing that MGD2 and coilin-GFP
signals colocalized with the highest incidence in condition 4, in which the aptamer is present and
UV light is used to stimulate covalent labeling (representative Figure 2.2c, Figure A7). To further
quantify colocalization between MGD2 signal and coilin-GFP signal, we drew 15-30 nuclear line
scans for each experimental condition. We then analyzed the red and green curves and the areas

underneath them, using coilin-GFP peaks as “ground truth” to define Cajal body localization.



27

2 400
4

l

QMM.‘
0 4 8

200

14
o

1 2 3 4
Condition Condition

a Condition 1 2 3
MGD2 + + + d e
OX MGAUS softhA - : * Green area
! snl —_— -_—
1X MGA-U6 snRNA — - + R Red area
; ok kKK
* Kk
ok ok
4 kok ok Aok ok
ns
= *%%x%x NS — ,—l
= )
v 5 & 1.5 ns ns | xx
g - b
b R E
1.0
3 o
23 4
3 o
w 2 =
3 § 0.5
51 5
o ©
o
go Zo0
1 2 3 4 1. 2 3 4
Condition Condition
GFP
f 9 Correlation
Overlap/green area *okok K
4 ok ok ok *k
Kok Kk *
Hoechst . fﬁ
* E ns ns * %
1.0 € 20
B
0.8
o ns ns *% : 15
[+ Condition 1 Condition 2 Condition 3 E 0.6 K]
800 Coilin-GFP © g 1.0
——MGD2
600 g 0.4 E
c 05
o
2
9‘
°
@
3

0
Distance (uM) Distance (uM) Distance (uM) Distance (uM)

Figure 2.2: Colocalization of MGA-tagged U6 snRNA and coilin-GFP in live mammalian
cells. a Schematic representation of U6 snRNA labeling with MGD2 in an MGA- and UV-
dependent manner. MGD2 dye is expected to localize to the target RNA only when tagged with
MGA, and UV irradiation covalently traps the dye-aptamer interaction to enhance RNA signal-to-
noise ratio. Successful U6 snRNA labeling is visualized by co-expression with coilin-GFP to mark
Cajal bodies, in which U6 snRNAs are processed. b Representative images of untransfected
mouse Neuro-2a cells or N2a cells co-transfected with coilin-GFP and either 0X MGA- or 1X
MGA-U6 snRNA. Cells were treated with 100 nM MGD2 and, in conditions 2 and 4, exposed to
10 min UV irradiation at 365 nm. MG fluorescence is monitored using the Cy5 channel. ¢
Representative line scans drawn through cell nuclei using Fiji show that colocalization between
MGD2 signal (red) and coilin-GFP signal (green) increases in an MGA- and UV-dependent
manner (condition 4). d—g Global analysis of normalized MGD2 and coilin-GFP signals measured
from 15-30 line scans in cell treatment conditions 1-4 over two biological replicates. For each
condition, bar graphs compare d the mean area under the green curves, e the mean area under
the red curves, f the mean area in which the red curves overlap the green curves, and g the
correlation between the data points along the red and green curves. One-way ANOVA (95%
confidence limit); post hoc test (Games-Howell), *p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Error bars indicate mean and standard deviation. Created with BioRender.com.

Across two biological replicates, the line scans for conditions 2—4 had a statistically higher area

under the green curve than condition 1, confirming successful transfection of coilin-GFP (Figure
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2.2d). Promisingly, the mean area under the red curves was significantly higher in condition 4
compared to conditions 1-3 lacking aptamer or photocrosslinking (Figure 2.2e). This suggests
that the presence of the MGA sequence and subsequent irradiation with UV light covalently trap
MGD2 on the target RNA, resulting in increased labeling efficiency. Most encouragingly, overlap
between the MG and GFP signals was highest in condition 4 and showed a statistically significant
difference from condition 3 that lacked UV photocrosslinking (Figure 2.2f). An analysis of
correlation between the points on the two curves also revealed the highest association for
photoaffinity labeling in condition 4, whereas non-covalent aptamer labeling (condition 3) was
statistically indistinguishable from the no-aptamer control (condition 2) (Figure 2.2g). Together,
these data demonstrate that we are able to label and image RNA in living cells using a single
copy of the 38 nt aptamer and support the hypothesis that our photoaffinity labeling strategy
provides superior robustness and capabilities in RNA imaging relative to a comparable non-

covalent approach.

2.3.3 Real-time RNA tracking

Having established the applicability and robustness of our approach for live cell RNA
imaging to study localization, we next investigated the RNA tracking capabilities of the
MGA/MGD2 system to observe RNA dynamics. We hypothesized that by covalently linking MGD2
to MGA, we could improve both the continuity of RNA tracking throughout the acquisition time
and the quality of the resulting traces. Distinct advantages relative to traditional non-covalent
aptamer methods include a higher degree of confidence in tracking the same RNA throughout the
entire image acquisition, as covalent labeling prevents migration of the dye between RNA
molecules, as well as longer tracking periods before dissociation of the dye from the RNA. To
assess the capabilities of our approach, N2a cells were co-transfected with expression plasmids

for 1X MGA-U6 snRNA and coilin-GFP, treated with MGD2, and photocrosslinked via UV
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Figure 2.3: Live cell tracking of U6 snRNA foci. a Real-time widefield microscopy imaging of
live Neuro-2a cells expressing 1X MGA-U6 snRNA and treated with MGD2 (100 nM) for both
covalent (+ UV) and non-covalent systems (— UV) at time points 10 s and 240 s. Traces of nuclear
foci were generated by tracking U6 snRNA. b,c Distribution plots generated from the analysis of
the 1X MGA-U6 snRNA foci in 120 cells from a (N = 219 tracks, + UV and N = 134 tracks, — UV)
with respect to their b total distance traveled and ¢ track duration. Gray dashed lines represent
the median of each data set. Data are representative of two independent experiments.

irradiation (covalent) or left in the dark (non-covalent) as previously described. Live-cell widefield
imaging of both the covalent and non-covalent systems was completed over the course of four
minutes to capture the spatiotemporal features of the U6 snRNA in nuclear Cajal bodies. Foci
were readily detected and tracked using the TrackMate Imaged plugin to ultimately create traces
of the foci over the course of the time lapse acquisition.'® Traces of foci are represented in varying
colors shown at time points 10 seconds and 240 seconds (Figure 2.3a). Analysis of 120 cells

across two replicate experiments from both conditions revealed that covalent attachment
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improved the total number of traces generated by 1.6-fold in comparison to the non-covalent
approach. We then quantified and graphed the total distance traveled and the duration of each
trace for both treatments. While the distance traveled by the 1X MGA-U6 snRNA in both covalent
and non-covalent conditions was comparable, photocrosslinking yielded more traces for nearly
every distance (Figure 2.3b). This trend was also observed when evaluating the track duration,
such that covalent attachment enabled tracking of 2.5 times more foci throughout the entire four-
minute image acquisition in comparison to the non-covalent system (Figure 2.3c). Further, the
median track duration improved by 20 seconds with photocrosslinking, representing a significant

increase in the amount of data that could be gathered regarding cellular RNA dynamics.

2.4 Conclusion

Fluorescent labeling and imaging of RNA is key to understanding its roles in cellular
function and disease processes. While a number of methods have been reported for labeling
RNA, these suffer from limitations related to either the requirement for cell fixation, the need for a
large fusion added to the RNA, or the lack of robustness due to the transient nature of non-
covalent interactions. We hypothesized that these challenges could be overcome through
development of a covalent RNA labeling approach, akin to the SNAP-tag and Halo-tag systems
that have proven to be powerful for protein labeling. Specifically, we envisioned a photoaffinity
approach in which molecular recognition guides a fluorogenic small molecule to a target RNA and
then brief irradiation with UV light promotes reaction between a photoreactive diazirine group and
the RNA to result in covalent attachment of the fluorophore to the target RNA. We envisioned that
the added robustness of the covalent linkage would provide increased signal-to-background ratio
to enable imaging with a smaller RNA fusion and that the permanent attachment of the fluorophore

to the RNA would generate novel capabilities for time-resolved RNA imaging applications.
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To this end, we modified the malachite green fluorogen to incorporate a photoreactive
diazirine linker, which allowed for covalent labeling of the cognate RNA aptamer upon irradiation
with UV light. In vitro studies revealed that the MG derivative (MGD2) exhibited similar
fluorescence enhancement properties to MG when incubated with MGA RNA. Covalent
attachment proceeded selectively with MGA over an off-target aptamer and in the presence of
total cellular RNA. As expected, labeling efficiency increased with probe concentration and UV
irradiation time. This proof-of-principle covalent RNA aptamer tagging system achieved ~2%
labeling efficiency by HPLC using the diazirine photocrosslinker. While this yield is lower than
would be considered ideal, it is in line with that observed for other photoaffinity labeling methods.
Moreover, as greater understanding of the relationships between photoreactive group identity,
linker structure, and biomolecular targets emerges, we are optimistic that further tuning of
photocrosslinker identity and spacing can increase labeling yield.

After establishing the feasibility of our approach in vitro, we moved to live cell studies.
While cytotoxity deriving from MG and/or UV treatment represented potential concerns with this
approach, we found that neither had an appreciable effect on N2a cell viability over the
concentrations and treatment times used in this study. The amenability of the covalent approach
to dye washout after labeling also serves to reduce undesirable off-target effects by limiting the
concentration and amount of time that cells are exposed to the fluorophore. Using a fusion having
a single copy of the aptamer inserted into the 5’ UTR of the U6 snRNA, we demonstrated target-
specific labeling and imaging of the ROI. Cells that were transfected with 1X MGA-U6 snRNA,
treated with MGD2, and then UV irradiated showed the strongest overlap and correlation between
MGD2 and signals for the Cajal body marker coilin-GFP, as compared to unirradiated cells or
cells transfected with untagged U6 snRNA. Excitingly, we observed notable increases in overlap
and correlation between U6 snRNA and coilin signals for our photoaffinity labeling approach
compared to the analogous non-covalent aptamer approach, demonstrating the benefits of

covalent dye attachment. Future efforts exploring installation of the aptamer in the 3° UTR of the
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target transcript could yield RNA species that are even less vulnerable to exonuclease
degradation or labeled RNA populations that do not include potentially truncated transcripts.

Furthermore, we investigated application of our photocrosslinking approach to study
cellular RNA dynamics, aiming to enhance the continuity and duration of RNA tracking throughout
image acquisition. Live cell imaging of U6 snRNA in nuclear Cajal bodies revealed that covalent
attachment of MGD2 to MGA improved the number of foci that could be tracked by 2.5-fold and
prolonged the tracking duration over the entire acquisition compared to the traditional non-
covalent system. Notably, our approach enhanced the performance of MGA in live mammalian
cells, an application for this fluorescent aptamer that has otherwise remained limited due to
cytotoxicity concerns at higher MG concentrations than those used here. Given its current
photophysical properties, the potential of the malachite green fluorescent aptamer for single-
molecule RNA imaging is limited. However, with improved affinity and fluorescence enhancement
comparable to other fluorescent aptamers that have already demonstrated single-molecule RNA
imaging, the malachite green fluorescent aptamer could emerge as a promising contender.%: 120
Further, applying our covalent labeling approach to systems that have successfully imaged single
RNA molecules (Broccoli, Mango I, Riboglow, RhoBAST, BiRhoBAST, and biSiRA) holds
potential for further enhancing their robust imaging capabilities by providing more reliable and
comprehensive tracking.”® 9495 118, 121-122

The novel strategy presented herein provides several advantages for RNA imaging
applications. First, the far red-shifted fluorescence emission wavelength and the fluorogenic
nature of the MGD2 dye minimize background signal generated from cellular autofluorescence
and unbound small molecules, respectively. Second, the temporally controlled covalent
attachment of the fluorogen to its cognate aptamer enables the labeling to withstand washout
steps and allows tracking of RNAs labeled during a specific time window, a feature which is
necessary for time-resolved studies such as pulse-chase experiments yet inaccessible using non-

covalent aptamer labeling approaches. Third, imaging of the target RNA was achieved using a
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single aptamer fusion of 38 nt, an improvement over comparable methods that require multiple
copies of the respective tag and/or fluorescent binding protein, producing a fusion that can add
thousands of kDa to the transcript of interest. This limitation is particularly problematic for
visualizing the many classes of RNA with transcripts <100-200 nt in length, including the U
snRNAs. Finally, the covalent labeling strategy described here is anticipated to be highly
generalizable, enabling the development of additional RNA aptamer-photoaffinity probe
combinations for multiplexed and multicolor imaging. Likewise, incorporation of alternate
photoreactive groups having distinct photophysical features from alkyl diazirine could serve to
reduce UV irradiation time or harness alternate regions of the light spectrum for orthogonal
labeling with multiple dyes. Covalent attachment additionally may allow for techniques to enrich
specific transcripts from total cellular RNA as a method for studying RNA:protein interactions.
Together, the research reported here advances RNA labeling technology by introducing a novel
strategy that increases robustness and opens the door to new time-resolved applications. We
expect that this will advance the study of basic mechanisms that underlie localization and
dynamics of diverse types of RNAs and how these mechanisms go awry in disease and other

important biological contexts.

2.5 Materials and Methods
2.5.1 Reagents

Chemicals and materials were purchased from Thermo Fisher Scientific unless otherwise
stated. Malachite green (MG) was purchased from Chem-Impex International and used without
further purification. Malachite green-diazirine 2 (MGD2) was synthesized as described in the
Supplementary Information. Malachite green aptamer (MGA) RNA was generated via in vitro
transcription of the dsDNA sequence 5°-TAA TAC GAC TCA CTA TAG GGA CAC AAT GGA CGG

GAT CCC GAC TGG CGA GAG CCA GGT AAC GAATGG ATC CTAACG GCC GAC ATG AGA

G-3’ ordered from Integrated DNA Technologies (IDT), with the T7 RNA Polymerase promoter
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sequence italicized and the MGA sequence underlined.® Briefly, ~1 ug of MGA dsDNA was
combined with 10 pyL of NTP buffer mix and 2 yL of T7 RNA polymerase (New England Biolabs,
NEB) and filled to 30 pL final volume with nuclease-free water. The reaction was incubated at 37
°C for 8 h and then incubated for an additional 15 min at 37 °C with 10 uL of 10X DNase | reaction
buffer, 2 uL of DNase | (NEB), and 60 uL of nuclease-free water. The RNA was purified using the
Monarch RNA Cleanup Kit (50 ug, NEB) following the manufacturer protocol and eluting in 30 pL
of nuclease-free water. The “off-target aptamer,” PreQ1 riboswitch (5'-AGA GGU UCU AGC UAC
ACC CUC UAU AAA AAA CUA A-3), was purchased from IDT and used without further

purification.'?

2.5.2 Synthesis of MGD2

N-(4-(bis(4-(dimethylamino)phenyl)methyl)phenyl)-3-(3-methyl-3H-diazirin-3-yl)propen-

amide (2). The synthesis of p-amino-leucomalachite green (2) was performed using the protocol
described by Deng and coworkers.'?* In an oven dried 5 mL flask, p-amino-leucomalachite green
(25.0 mg, 72.7 ymol) was dissolved in 1 mL of dry pyridine under inert gas. To this solution, 1.2
eq. of NHS-diazirine (19.6 mg, 86.83 umol) was added and the solution was stirred at room
temperature overnight. The reaction was then concentrated under reduced pressure to obtain
dark green oil. The crude oil was dissolved in minimal amount of methanol and loaded on a
preparative TLC with 30% EtOAc/MeOH as a mobile phase. The product band was scraped off
from the preparative TLC and the product was filtered from the silica using MeOH and dried under
reduced pressure. Yield = 11.6 mg, 35%. 'H NMR (500 MHz, DMSOQ) & 0.99 (s, 3H), 1.64 (t, 2H,
J=7.57 Hz), 2.20 (t, 2H, J = 7.3 Hz), 3.04 (s, 12H), 5.63 (s, 1H), 7.03 (d, 2H, J = 8.3 Hz), 7.24
(d, 4H, J = 7.3), 7.52-7.69 (m, 6H), 10.15 (s, 1H). *C NMR (500 MHz, DMSO) & 19.36, 25.76,
29.53, 30.69, 44.52, 53.93, 119.21, 129.06, 130.14, 137.68, 169.75. LRMS (ESI-TOP) m/z Calcd

for C2sH33NsO [M + H]* 456.2758; Found 456.2746
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N-(4-((4-(dimethylamino)phenyl)(4-(3-(3-methyl-3H-diazirin-3-yl)propanamido)phenyl)

methylene)cyclohexa-2,5-dien-1-ylidene)-N-methylmethanaminium (3, “MGD2”). 11.64
grams (25.55 pmol) of 2 was dissolved in 350 pL of 20% MeOH/EtOAc. To this solution, 1.2 eq.
of chloranil (7.54 mg, 30.66 umol) was added and the solution was stirred at room temperature
for 3 h. The dark green solution was concentrated under reduced pressure and flash column
purified using EtOAc to remove excess chloranil. Then mobile phase was then switched to 50%
MeOH/DCM to isolate the crude product. The collected crude product was concentrated under
reduced pressure and further purified by preparative TLC using 20% MeOH/DCM as mobile
phase. Yield = 10.3 mg, 89%. 'H NMR (500 MHz, DMSO) & 1.03 (s, 3H), 1.69 (t, 2H, J = 7.1 Hz),
2.37 (t, 2H, J = 7.3 Hz), 3.14 (s, 6H), 3.27 (s, 6H), 7.07 (d, 4H, J = 8.8 Hz), 7.31 (t, 6H, J=9.3
Hz), 7.94 (d, 2H, J = 8.3 Hz). *C NMR (500 MHz, DMSO) & 19.35, 25.70, 28.93, 29.37, 40.39,
48.50, 113.63, 118.52, 126.24, 133.20, 136.25, 140.06, 156.23. LRMS (ESI-TOP) m/z Calcd. for

C2sH32NsO" [M]* 454.2601; Found 454.2595

2.5.3 Absorbance/emission spectra

In triplicate, 20 yL of MGA RNA (50 uM) was combined with 20 yL of MG (300 uM in 8%
DMF), MGD2 (300 uM in 8% DMF), or 8% DMF in water and brought up to 200 pL final volume
with 20 pL of 10X PBS (1.37 M NaCl, 27 mM KCI, 80 mM Na;HPO4, 20 mM KH2PO4, pH 7.4) and
140 uL of nuclease-free water (0.8% DMF final). Reactions were incubated in the dark at rt for 20
min in an untreated 96-well, Clear, Flat-Bottom Polystyrene Microplate (Corning). Absorbance
spectra were scanned from 300-700 nm with 2 nm step increments on a Cytation 5 Cell Imaging
Multi-Mode Reader (BioTek) with the following instrument settings: Detection Method =
Absorbance; Read Type = Spectral Scanning; Optics Type = Monochromators. Reactions were
transferred to an untreated 96-well, Black, Flat-Bottom Polystyrene Assay Plate (Corning), and
fluorescence spectra were scanned from 640 + 10 nm to 700 nm with 2 nm step increments using

Detection Method = Fluorescence Intensity and the same instrument settings otherwise.
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Readings were normalized to the maximum absorbance or fluorescence intensity for each

condition.

2.5.4 In vitro fluorescence enhancement and UV dependence

As above, MGA RNA or PreQ1 RNA (50 yM) was combined with MG or MGD2 (300 pM
in 8% DMF) in 1X PBS to 20 pL final volume in triplicate. Dye-only negative control solutions were
also prepared. After incubation, duplicate 2 uL fluorescence measurements were recorded and
averaged for each sample on a Take3 Micro-Volume Plate (BioTek) using Aex = 624 £ 10 nm and
Aem = 662 = 10 nm. Fluorescence enhancement for each replicate was calculated as the ratio of
(RNA + dye) fluorescence over fluorescence of dye alone. For UV-dependent fluorescence
studies, 120 pL solutions of MGA (5 uM) and MGD2 (30 uM) were incubated in 1X PBS for 20
min at rt in triplicate and divided in half. For 12 min, samples were incubated in the dark or UV
irradiated at 365 nm from 12 cm in a 96-well, clear microplate under an ultraviolet, high intensity
UVP lamp (Model B-100A, Analytik Jena). Aliquots were removed from each condition at 3 min
intervals and the fluorescence measured as above. Values were normalized to the maximum

fluorescence reading for the corresponding (£ UV) 0 min timepoint.

2.5.5 Gel analysis of covalently labeled RNA

A 100 uL solution of MGA (100 nM) or PreQ1 aptamer (100 nM) was incubated with 50
uL of 10X PBS and 125 pL of 2.7% DMF or 160 nM—100 pM MGD2 in 2.7% DMF and brought up
to 500 pL final volume with RNase-free water (0.7% DMF final). Reactions were incubated and
UV irradiated for 15 min as above, and the RNA was ethanol precipitated via addition of 3 pL
RNA-grade Glycogen, 0.1 volumes of 3 M sodium acetate (pH 5), and 2.5 volumes of ice-cold
100% ethanol. Pellets were washed with cold 70% ethanol and resuspended in 20 uL of 48%
formamide/0.01% sodium dodecyl sulfate gel loading solution. RNA samples (~4 pmol) were run

on 20% denaturing PAGE and imaged on an Amersham Typhoon™ (Cytiva Life Sciences) in the
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SYBR Gold and Cy5 channels. To probe the UV dependence of MGA labeling, MGA (20 nM) was
incubated with MGD2 (25 pM) in 1X PBS, and the resulting solution was UV irradiated at 3 min
intervals for up to 15 min. The RNA was purified by ethanol precipitation and analyzed by 20%

denaturing PAGE. Relative band intensities were quantified by Fiji.

2.5.6 HPLC quantification of MGA labeling efficiency

Unpurified MGA (21 nmol, 4 uM final) was incubated with MG or MGD2 (100 pM final) in
1X PBS, followed by 15 min UV irradiation. The reactions were ethanol precipitated and further
purified using the Monarch® RNA Cleanup Kit (New England BioLabs), eluting in 60 yL RNase-
free water. MG- or MGD2-labeled RNA samples (9.75 nmol in 60 uL HPLC-grade water) were
injected onto a 3.5 um, 4.6 x 150 mm Eclipse Plus C18 Column (Agilent) and analyzed on a 1260
Infinity LC System (Agilent) using the following instrument settings: MWD1 (RNA) = 260 + 4 nm
(reference = 360 £ 20 nm); MWD2 (MGD2) = 615 + 20 nm (no reference); flow rate = 1 mL/min.
The samples were eluted over 5 minutes with isocratic 97:3 50 mM triethylammonium acetate
buffer (pH 7.5):acetonitrile, followed by a 15-minute gradient mobile phase to 50:50
buffer:acetonitrile. Labeling efficiency was calculated according to Equation 1,'%° where £260(MGA)
= 374,900 M'cm™ (calculated using IDT OligoAnalyzer Tool) and g620(MGD2) = 32,400 M-'cm™"
(data not shown).
st (1

% labeling =

260°€615

2.5.7 Determination of MGDZ2 selectivity in total cellular RNA

To determine the selectivity of MGD2 labeling, we spiked MGA (1, 5, or 25 pmol) into 5 ug
of total cellular RNA that was extracted from 90% confluent N2a cells using the Monarch Total
RNA Miniprep Kit (New England BioLabs). To this solution in 1X binding buffer (50 mM Tris-HCI,

100 mM KCI, 2 mM MgCl,, pH 7.5), MGD2 (2.5 or 25 pM final concentration) was added and the
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solution was incubated for 20 min in the dark at room temperature. After 15 min of UV irradiation,
the RNA samples were ethanol precipitated and 1 ug total RNA was analyzed by 12% denaturing
PAGE as per the Materials and Methods section, “Gel analysis of covalently labeled RNA.” To
visualize transcripts of higher molecular weight, the 2.5 yM MGD2-treated RNA samples were
further purified using the Monarch® RNA Cleanup Kit (New England BioLabs), eluting in 30 uL
RNase-free water. Total RNA (~400 ng) from each sample was analyzed on a 1% agarose-
formaldehyde gel'?® containing 1X SYBR™ Safe DNA Gel Stain, along with 2 uL of ssRNA Ladder
(“L1,” New England BioLabs), 2 uL of Low Range ssRNA Ladder (“L2,” New England BioLabs),

and 0.5 or 5 nmol of free MGD2.

2.5.8 Cell culture and transfection

Neuro-2a cells (N2a, ATCC) were used for all cellular experiments. The cells were cultured
in DMEM (high glucose, pyruvate, Gibco) supplemented with 10% FBS (Gibco) and 1% Penicillin-
Streptomycin (Gibco) at 37 °C in a humidified atmosphere of 5% CO2 and 95% air. The cells were
passaged once they reached 70% confluency. All cellular imaging was done on Cellview cell
culture slides (Greiner Bio-One, cat. no. 543079). Transfections were performed using FUGENE
HD Transfection Reagent (Promega) following the manufacturer recommended protocol and
preparing transfection mixtures in Opti-MEM | (Gibco). The media from the cell culture wells was
removed and replaced with 190 mL of fresh media, and 10 pL of the transfection mixture
containing 100 ng of the corresponding plasmid(s) was added directly to each chamber containing
60-80% confluent cells. Transfection was allowed to proceed for 72 h with daily media exchange

before conducting further experimentation.

2.5.9 Cytotoxicity
N2a cells were grown to 90% confluence in Poly-D-Lysine-Coated 96-Well Black/Clear

Bottom Plates (Corning) and exposed to MGD2 (200 nM) or no dye in fresh media at 37 °C for 15
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min. Cells were either not irradiated or irradiated at 365 nm for 10 min. from 12 cm with an
ultraviolet, high intensity UVP lamp (Model B-100A, Analytik Jena). The cells were then washed
3X with 100 uL media and incubated at 37°C for up to 8 h with fresh media containing CellTox™
Green Dye (diluted 1:500). Samples were prepared in quadruplicate, and duplicate positive
control wells also contained Lysis Solution (diluted 1:25). Fluorescence measurements were
recorded on a Cytation 5 Imaging Reader (BioTek) at Acx = 495 nm and Aem = 525 nm. Error bars

represent mean and standard deviation.

2.5.10 Confocal microscopy

Live images were taken using a Nikon A1R HD25 point scanning confocal microscope
equipped with an Apo/DIC 60X/1.4 oil objective and two GaAsP PMT detectors. The cells were
imaged at 37 °C in a humidified atmosphere of 5% CO. and 95% air. Laser excitation at 405 nm
was used to image Hoechst 33342; excitation at 488 nm was used to image coilin-GFP; and
excitation at 640 nm was used to image MGD2. Cellular images were obtained by taking Z-stack
images with instrument-optimized framerate as well as instrument-optimized step size, with
enough steps to cover the depth of each cell. Gain for each channel was optimized to minimize
oversaturation while obtaining clear, fluorescent foci signal above background. An 8 kHz resonant

scanner was employed to reduce photobleaching and phototoxicity.

2.5.11 Live cell imaging

Cells were mock transfected or co-transfected with 100 ng of coilin-GFP and 100 ng of
either 0X MGA- or 1X MGA-U6 snRNA plasmid. After 72 h transfection, the cell media was
replaced with 200 pL of media containing 100 nM MGD2 and 2 yM Hoechst 33342, and the cells
were incubated in the dark for 15 min at 37 °C. Cell plates were then wrapped in tin foil and kept
at rt for 10 min or irradiated with 365 nm light for 10 min at a distance of ~20 cm with the cell plate

lid removed using an ultraviolet, high intensity UVP lamp (Model B-100A, Analytik Jena). All wells
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were then washed 3X with 200 yL of DMEM + 10% FBS + 1% Pen-Strep with 5 min incubations
at 37 °C. Phenol-free DMEM + 10% FBS + 1% Pen-Strep replaced the final wash prior to imaging.

Two or three images were collected per well.

2.5.12 Live cell image analysis

A Z-stack maximum intensity projection of the Hoechst channel was generated in ImageJ
image processing software and a line drawn through a representative nucleus. The line was
transferred to the GFP and MGD2 channels, and background subtraction was performed by
adjusting rolling ball radius to reduce the baseline fluorescence signals to zero. Next, ~50 lines
were drawn through random regions of cell nuclei in the Hoechst channel and transferred to the
GFP channel. A plot profile was generated for each line across the entire GFP Z-stack to quantify
fluorescence signal. If a Z slice showed one or more clearly defined GFP peaks, indicating the
presence of a Cajal body, the line was saved and transferred to the MGD2 channel to generate a
plot profile for the MGD2 signal as well. Co-peaks indicated colocalization between coilin-GFP
and 1XMGA-U6 snRNA. This process was repeated until 15-30 line scans showing coilin-GFP

signal had been collected for each treatment condition (Figure A7).

2.5.13 Statistical analysis of GFP/MGD2 plots
For each treatment condition, the line scan data containing GFP and MGD2 signal versus
distance was imported as a series of text files into a custom pipeline that is available for reference

on GitHub at https://github.com/gchenfc/RNA Ilabeling fluorogenic

photoaffinity/tree/main. First, to remove background noise in the data, a minimum threshold of

100 RFU was imposed for both curves. Next, to account for the differing brightness of the GFP
and MGD2 fluorophores, data points on each curve were normalized to their respective maxima.
The area under each curve was then calculated using the composite trapezoidal rule. A third

curve representing the overlapping region between the GFP and MGD2 curves was defined by


https://github.com/gchenfc/RNA_labeling_fluorogenic_photoaffinity/tree/main
https://github.com/gchenfc/RNA_labeling_fluorogenic_photoaffinity/tree/main
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the minimum value between either curve at each point along the line scan. For each line scan,
the area of the overlap curve was divided by the area of the GFP curve as a metric for the
proportion of GFP signal in which MGD2 colocalization occurred, with values approaching unity
representing 1:1 mapping. Finally, the similarity or correlation between the two curves was defined
as the dot product between the normalized GFP and MGD2 fluorescence intensity values. Graphs
represent combined means and standard deviations from 15-30 line scans for each of the four
cell treatment conditions across two biological replicates. One-way ANOVA using the Brown-
Forsythe and Welch ANOVA tests was performed in GraphPad Prism 9 to compare the means of
GFP area, MGD2 area, overlap/GFP area ratio, and correlation across the treatment conditions.
The Games-Howell test was used to correct for multiple comparisons, and P values were also
adjusted accordingly. The family-wise alpha threshold and confidence level were set at 0.05 (95%

confidence interval).

2.5.14 Live cell RNA tracking

Cells were seeded, transfected, and treated as previously described for live cell imaging.
Time-lapse videos were taken using a Crest Optics X-Light V3 Spinning Disk Confocal System
on a Nikon Ti2-E inverted microscope equipped with an Apo/DIC Lambda D 60X/1.4 oil immersion
objective (1.5 zoom enabled, resulting in a magnification of 90X) and an ORCA-FUSION GEN-III
SCMOS CAMERA C-MT. Cells were maintained at 37 °C and 5% CO using a Tokai Hit STXG
Stage Top Incubator during image acquisition for widefield microscopy. Laser excitation at 405
nm was used to image Hoechst 33342; excitation at 488 nm was used to image coilin-GFP; and
excitation at 640 nm was used to image MGD2. Gain and exposure for each channel were
optimized accordingly to mitigate oversaturation while achieving sufficient fluorescence. Time-
lapse acquisition was completed by imaging for a duration of four minutes, acquiring images every
ten seconds to mitigate photobleaching, yielding a frame rate of 0.1 fps. Three time-lapse

acquisitions were obtained per well.
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2.5.15 Live cell RNA tracking analysis

Live-cell single particle tracking was performed using the TrackMate plugin in ImageJ.'®
The Difference of Gaussians (DoG) detector, known for its effectiveness in detecting small spot
sizes, was utilized and a quality threshold was applied to capture the maximum number of
particles while eliminating those originating from background. Additionally, a filter was set to
include only spots with a minimum fluorescence intensity, and this threshold was determined
using previously obtained data. For trace construction, the LAP tracker algorithm was employed.
To construct traces, a max distance of 1.0 micron was used for frame-to-frame linking and 1.0
micron was used for gap-closing with a maximum frame gap of 2 frames. The number, total
distance traveled, and duration of the resulting traces from both treatments (+/— UV) were

analyzed and graphed using Prism.

2.5.16 Plasmid construction

pCMV-5U-Venus-PSD-95-3U (Addgene plasmid # 102949 ; http://n2t.net/addgene: 102949 ;
RRID:Addgene_102949) was PCR-amplified using 5-
ATATGAATTCGGTTTAGTGAACCGTCAGATCC-3 and 5-
ATATGATATCGGTGGATCTTCCGGATGG-3'. The PCR product was digested with EcoR/I and
EcoRV and ligated into similarly digested pcDNA3.1(+) (Invitrogen) to create pcDNA3.1-5U-
Venus-PSD-95-3U. This plasmid was digested with Nhel and Ncol and religated to create
pcDNAS3.1-5U-PSD-95-3U. pcDNA3.1-5U-PSD95-3U was then digested with Agel and Xbal. U6
snRNA'?" was PCR-amplified from pUC-U6snRNA (custom ordered from Genewiz) using 5'-
ATATATACCGGTGTGCTCGCTTCGGC-3 and 5'-
ATATATTCTAGACAAAATATGGAACGCTTCACG-3'. The PCR product was digested with Agel
and Xbal and ligated into the digested pcDNA3.1-5U-PSD95-3U plasmid to create the original
pcDNA3.1-V0_U6snRNA plasmid. pcDNA3.1-V0_U6snRNA was digested with Nhel and Agel to

create the vector backbone. The malachite green aptamer®® was inserted via the annealed oligo
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pair 5-CTAGCGGATCCCGACTGGCGAGAGCCAGGTAACGAATGGATCCA-3 and 5'-
CCGGTGGATCCATTCGTTACCTGG CTCTCGCCAGTCGGGATCCG-3' with compatible
overhangs to create pcDNA3.1-1XMGA-U6snRNA. The final negative control plasmid omitting
the aptamer was cloned by first completing a double digest on the pcDNA3.1-1XMGA-U6snRNA
with Nhel-HF and Agel-HF to remove the 1X MGA sequence, followed by a blunting reaction with
mung bean endonuclease, and finally ligation to yield pcDNA3.1-0XMGA-U6snRNA. pEGFP-
Coilin was a gift from Greg Matera (Addgene plasmid # 36906 ; http://n2t.net/addgene:36906 ;

RRID:Addgene_36906).
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Chapter 3: Profiling the Ligandability of the Human mRNAome

with Small-Molecule PAL Probes

3.1 Abstract

Detailed annotation of the human genome within the last decade has revealed the
previously overlooked potential of RNA as a therapeutic target. Notwithstanding messenger RNAs
(mRNAs) upstream of proteins categorized as undruggable, many additional mRNAs, long
noncoding RNAs, microRNAs, and newly emerging RNA classes are now implicated in human
disease. Small molecules represent convenient tools to modulate RNA function and activity, given
their great success in treating protein-based pathologies. However, the dearth of RNA-targeted
small molecule probes that have passed clinical trials highlights the need to develop guiding
principles for rationally designing novel, bioactive compounds. Here, we develop a photoaffinity
labeling (PAL) method to probe RNA:small molecule target engagement in vitro and in living cells.
This covalent strategy is necessary to explore interactions that may otherwise remain undetected
due to their transient and/or low-affinity nature. We validate the method using the PreQ1
riboswitch and its cognate ligand as a model system. Subsequent efforts focus on analyzing the
differential labeling of mMRNAs from MCF-7 breast cancer cells by a panel of 10 structurally diverse
PAL ligands that include RNA- and protein-privileged scaffolds, metabolites, and FDA-approved
drugs. Finally, we extensively characterize the RNA hits of the probe derived from anticancer drug
palbociclib, as well as the reproducibility of these hits across in vitro and in cellulo experiments.
This work provides a more robust approach toward the characterization of RNA target

engagement and lends insight into the development of RNA-targeted drugs.
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3.2 Introduction

RNA canonically serves the role of cellular messenger, transferring information encoded
within genetic material into proteins that carry out molecular tasks. However, more recent
exploration of the human genome through the Encyclopedia of DNA Elements (ENCODE) Project
revealed that while over 60% of DNA is transcribed into RNA, less than 5% of that DNA codes for
protein.’?® The RNA Revolution has witnessed the identification of thousands of non-coding RNAs
such as microRNAs (miRNAs), small nuclear RNAs (snRNAs), and long noncoding RNAs
(IncRNAs) that execute critical cellular functions.? '° Meanwhile, an estimated 85-90% of proteins
are deemed “undruggable” due to the absence of discrete binding pockets,'® and the upstream
messenger RNAs (mRNAs) therefore offer a second opportunity for therapeutic intervention.”
These transcripts collectively represent valuable drug targets, as aberrant RNA activity is
implicated in many disease pathologies.'?®

Substantial efforts have focused on modulating RNA function with chemical biology tools
such as small molecule probes, antisense oligonucleotides (ASOs), and CRISPR-based editing
technologies.’® Small molecules are attractive candidates due to their desirable pharmacokinetic
properties and widespread use as exogenous regulators of protein function.** Meanwhile, ASOs
have met with some success in clinical trials—for example, in the treatment of GGGGCC
hexanucleotide repeat-containing mRNAs in amyotrophic lateral sclerosis (ALS) and
frontotemporal dementia (FTD)'*'—but are significantly limited in their oral bioavailability and
blood-brain barrier (BBB) permeability. Likewise, due to inherent issues with immunogenicity,
delivery, and off-target activity,'®? strategies to target pathogenic RNAs through CRISPR in a
widespread fashion are likely years out from practical realization.

Several online resources such as the Nucleic Acid Ligand Database (NALDB),'® the Small
Molecule Modulators of RNA (SMMRNA) database,** the Inforna RNA database,'® and the RNA-
targeted Bioactive LigaNd Database (R-BIND)* highlight successful examples of bioactive, RNA-

binding small molecules. In particular, the curation of R-BIND was prompted through a wider effort
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to explore the physicochemical and spatial properties of small molecules that promote interaction
with RNAs. Cheminformatic analysis determined that, compared to protein-targeted probes,
bioactive RNA-targeted probes are enriched in nitrogen and aromatic rings with reduced oxygen
content.® Such studies facilitate efforts in small molecule-based RNA targeting by establishing
guiding principles that may be exploited in the design and development of “RNA-privileged”
screening libraries and hit compounds.

Despite these advances in the scientific community’s understanding of RNA:small
molecule targeting, as well as the identification of numerous bioactive chemical probes, few drugs
are FDA-approved for targeting RNA. Namely, the linezolid antibiotics were developed to target
the bacterial ribosome and, recently, Risdiplam was identified as a modulator of human SMN2
mRNA splicing.” % 42 Complementary to the above question of whether certain small-molecule
features promote interaction with RNA, it is possible that certain RNA features promote interaction
with small molecules. Weeks and coworkers argue that researchers should not only identify
disease-related RNAs and screen appropriate small molecule libraries for activity against them,
but also place greater emphasis on ensuring that the structures of the selected RNA targets
themselves are likely to yield hits.” In particular, information-rich and structurally complex RNAs
with deep binding pockets reminiscent of those found in proteins may be more ligandable than
simple RNA structures. Indeed, a computational analysis of liganded RNA and protein pockets
revealed substantial overlap in properties such as buriedness, hydrophobicity, and pocket
volume, suggesting that RNA pockets may be as amenable to the binding of synthetic probes as
protein targets.*® Further exploration of the sequence and structural dependence of RNA on
ligandability will expedite efforts in the development of RNA-targeted therapeutics.

One attractive strategy to probe RNA target engagement is inspired by a report from
Parker et al. which applied photoaffinity labeling (PAL) with a panel of diazirine-containing small-
molecule fragments to profile low-affinity interactions with the human proteome.'® In general,

photocrosslinking functional groups installed within chemical probes are a powerful means to
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irreversibly and temporally label proximal biomolecules. Upon UV irradiation, photoreactive
crosslinking groups such as diazirine are excited to a high-energy state, and during relaxation,
covalently insert themselves into neighboring C—H and heteroatom—H bonds as can be found
within RNA."¥” The diazirine moiety in particular has the advantage of small size and thus lower
likelihood to perturb native RNA:small molecule interactions that exist in cells. Through additional
decoration with a minimal alkyne handle, fragments derivatives can be used for enrichment,
sequencing, and bioinformatic analysis of target RNAs.

It is well established that photoactivatable diazirines can form stable crosslinks not only
with protein but with RNA bases.'"" By appending this reactive group to a small-molecule RNA
binder, Disney and coworkers were able to profile individual RNA:small molecule interactions in
cells.'? Additionally, work from Mukherjee et al. showed that PAL can be applied to profile
transcriptome-wide.'® In a related approach, Tong et al. applied chemical cross-linking and
isolation by pull-down to map small molecule:RNA binding sites (Chem-CLIP-Map-Seq) using a
panel of small-molecule fragments, one of which was shown to have functional consequences in
cells based on RNA target engagement.53 139

Here we build on this foundation by applying a modified strategy to profile mRNA:small
molecule interactions in vitro and in live cells. We focus on mRNA as a target toward ultimately
controlling/disrupting downstream protein translation.” To assess the generalizability of this
approach, we synthesized a diverse panel of 10 PAL compounds that includes reported RNA-
and protein-binding fragments, cellular metabolites, and FDA-approved drugs. Chem-CLIP-Map-
Seq was performed in vitro by treating mRNA derived from MCF-7 breast cancer cells with the
compounds, applying UV irradiation to induce photocrosslinking, pulling down labeled transcripts,
and sequencing to assess differential probe engagement (Fig 1A)."® More focused application of
competitive Chem-CLIP-Map-Seq (Comp-Chem-CLIP-Map-Seq) with compound 9, a derivative
of an FDA-approved drug for breast cancer called palbociclib, revealed that many of these small-

molecule interactions are specific and reproducible.’®'!" To assess whether the in vitro
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interactions between compound 9 and the observed RNA targets are preserved in a cellular
context and have biological relevance, we also repeated the Chem-CLIP-Map-Seq experiments
for compound 9 in live cells. We found hits consistent across both experiments, revealing potential
RNA targets of the drug. Validation of these hits will establish this photocrosslinking method as a
powerful strategy for researchers to develop therapeutically active, RNA-targeted small

molecules.

3.3 Results and Discussion
3.3.1 Non-covalent PreQ1 RNA capture

The initial approach we designed to assess the binding preferences of cellular RNAs for
drug fragments was to immobilize the fragments on beads, incubate with total cellular RNA, and
characterize enrichment of the non-covalently bound RNAs (Figure 3.1a). To validate this
strategy, we first performed proof-of-principle experiments using a known RNA:ligand pair, the
bacterial prequeuosine 1 (PreQ1) riboswitch, whose interaction with PreQ1 is well-characterized
(Figure 3.1b).123 142

Unlike mammals, bacteria employ special functional RNA elements known as
riboswitches to sense the intracellular concentrations of critical metabolites.®® 4° For example,
PreQ1 is a precursor of the hypermodified guanine nucleotide queuosine (Q), which is inserted
into the wobble position of several bacterial and eukaryotic tRNAs to regulate translational
fidelity.*> Whereas eukaryotes cannot synthesize PreQ1 and must obtain it from their diets,
bacteria regulate the expression of PreQ1 biosynthesis genes at the transcriptional level with the
installation of the Class | PreQ1 aptamer at the 5 untranslated region (UTR) of associated
mRNAs. Specifically, PreQ1 binding induces a conformational change in the riboswitch that
inhibits downstream transcription (Figure 3.1b). This interaction is well studied with crystal
structures reported.'? To leverage this interaction for RNA pulldown applications, we prepared a

PreQ1 derivative, (polyethylene glycol)>-PreQ1 (PEG2-PreQ1, Figure 3.1c). Fluorescence
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Figure 3.1: Proof-of-principle PreQ1-mediated RNA enrichment. a Scheme to isolate fragment-binding
RNA transcripts. b PreQ1 riboswitch-mediated translational downregulation of PreQ1 biosynthesis. ¢ PEG2-
PreQ1 derivative for bead coupling. d Fluorescence titration of PreQ1 and derivative binding to the WT
aptamer. Mut = mutant; RBS = ribosomal binding site; WT = wild-type.

titration studies indicated that PEG.-PreQ1 bound to the 5’-Cy5-wild-type (WT) riboswitch with
comparable affinity to the native ligand, whereas PEG.-PreQ1 binding to a riboswitch double
mutant rationally designed on the basis of the crystal structure was not observed (Figure 3.1d)."#3

Incorporation of this primary amine linker onto PreQ1 enabled conjugation of the ligand to
NHS ester-functionalized beads. However, negligible WT riboswitch RNA in a 4 yM solution was
recovered from the beads compared to unfunctionalized control beads (Figure B1a). These
results indicated either that the probe had not successfully attached to the beads or that, despite
attachment, the RNA could not interact favorably with the probe, potentially due to steric
interference. To investigate these alternatives, we optimized a test coupling reaction with PEG»-
PreQ1 and a biotin NHS ester (Figure B1b). The reaction proceeded in >95% yield by high-
performance liquid chromatography-mass spectrometry (HPLC-MS, Figure B1c), thereby
establishing the reactivity of PEG2-PreQ1. We therefore hypothesized that the longer linker on
the biotin-PEGs-PreQ1 (BPsP) probe would further increase the accessibility of the PreQ1 moiety
for interaction with the aptamer in vitro. Biotin also enabled pulldown experiments to be performed

on streptavidin beads, as opposed to NHS ester beads, as an orthogonal testing system.
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Concerningly, significant enrichment of the WT versus the mutant RNA was not observed on the
streptavidin beads whether the probe was preincubated with the RNA or with the beads before
RNA pulldown (Figure B1d,e). Nor was nonspecific mutant RNA binding reduced in the presence
of Tween or excess sodium chloride.

We further characterized the interaction of the WT aptamer with both PreQ1 derivatives
by microscale thermophoresis (MST) to better understand the basis for the lack of enrichment.
RNA (1 nM) was incubated with two-fold serially diluted probe from 0.002-55 yM concentration
in pH 7 buffer containing 50 mM Tris, 100 mM KCI, and 1 mM MgCl,. Substantially ablated RNA
binding was observed for BP¢P compared to PEG2-PreQ1, demonstrating the intolerance of the
riboswitch for significant ligand modification (Figure B2). Given the exquisite molecular
discrimination that riboswitches must exhibit to differentiate structurally similar cellular analogs,
these results were not unsurprising, but they led us to conclude that non-covalent RNA:ligand
binding interactions may be too weak to enrich target RNAs on fragment-immobilized beads.
Therefore, we sought a more robust approach to isolate cellular RNAs interacting with a small

molecule probe.

3.3.2 Validation of PreQ1 RNA photoaffinity labeling

Inspired by recently published work from Schultz and coworkers which utilized a diazirine-
modified small molecule to identify cellular RNA targets of the probe,®! as well as recent success
in our own lab with diazirine-based cellular RNA imaging,’** we synthesized several diazirine-
modified PreQ1 derivatives which could be used for selective labeling of the cognate aptamer
(Figure 3.2a). Although these modifications could potentially perturb RNA:ligand binding in a
similar manner to BP¢P, specific interactions occurring even transiently could be captured
irreversibly via covalent probe attachment into the RNA. Preliminary data showed the in vitro
formation of RNA:probe photocrosslinking adducts by MALDI-TOF (Figure 3.2b) and denaturing

polyacrylamide gel electrophoresis (PAGE, Figure 3.2c), with up to an estimated 50% labeling
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Figure 3.2: Preliminary studies on PreQ1 aptamer photocrosslinking. a Structures of two
photocrosslinking PreQ1 probes. b,c Formation of covalent RNA:probe adducts upon UV irradiation by b
matrix-assisted laser desorption/ ionization—time-of-flight mass spectrometry (MALDI-TOF) and c
denaturing PAGE. d Ablated RNA crosslinking in the presence of unlabeled PreQ1 competitor.

efficiency by densitometry analysis. Further, covalent labeling was diminished in the presence of
PreQ1 competitor (Figure 3.2d), indicating a specific interaction. Notably, several of the bands on
the PAGE gels appeared oversaturated, which could lead to an artificially high estimate of labeling
efficiency.

To validate these results, we evaluated the photocrosslinking and RNA pulldown efficiency
of the biotinylated probe, which could be isolated and analyzed directly on streptavidin beads.
Briefly, 5’-Cy5-labeled WT or mutant PreQ1 riboswitch (10 yM) was annealed and then incubated
with 50-fold excess probe for 30 minutes in the dark before 20 minutes of UV irradiation under
360 nm light. Finally, labeled RNAs were enriched on streptavidin beads (Figure B3a). We
observed moderate recovery of the WT RNA compared to a no-probe control, but the mutant RNA
was also recovered to a comparable extent, indicating nonspecific crosslinking (Figure B3b). We
attributed these results to two possible factors: i) unfavorable RNA:probe interaction due to the
relatively large size of the biotin probe and ii) background PreQ1 binding by the mutant aptamer.

We addressed these concerns by exploring the reactivity of the more minimal yne-dz-

PreQ1 probe (Figure 3.2a) and by replacing our mutant aptamer negative control with the S-
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adenosyl-methionine (SAM)-1I aptamer.'® We then designed a novel, fluorescence-based assay
to quantify the presence of alkynyl-modified RNAs after UV labeling with the probe. After
performing photocrosslinking as described above, RNAs are ethanol precipitated to remove
unreacted probe and then further functionalized with an azide-conjugated dye through copper-
assisted azide-alkyne cycloaddition (CuUAAC). The appearance of the dye signal, as well as a shift
in oligonucleotide size, can be visualized by PAGE to identify labeled RNAs (Figure 3.3a).
Validation of this experimental setup was achieved using an alkyne-modified, FAM-labeled DNA
control strand (Figure 3.3b).

Using the protocol described above and an Alexa Fluor 488 (AF488)-azide, we observed
less than 5% crosslinking efficiency between the Cy5-WT PreQ1 aptamer and the minimal yne-
dz-PreQ1 probe (Figure 3.3c). This value was much lower than the prior results (Figure 3.2c).

Furthermore, we observed comparable labeling between the Cy5-PreQ1 RNA and the Cy5-SAM-
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Figure 3.3: PreQ1 RNA labeling with a minimal alkyne PAL. a CUAAC-mediated PreQ1 aptamer labeling
scheme. b Labeling validation with Cy5-azide and an alkynyl DNA control strand. ¢ Minimal Cy5-PreQ1 and
Cy5-SAM-II riboswitch labeling (arrows) by the probe in Tris buffer. d Increased Cy5-PreQ1 riboswitch
labeling in reduced salt content buffers. e Off-target probe labeling of the malachite green aptamer (MGA),
visualized by Cy5-N3s CuAAC. f PreQ1 RNA binding to the native ligand and two PAL derivatives.
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Il aptamer negative control RNA (Figure 3.3c). Neither specificity nor labeling efficiency were
improved with reduced DMSO content. Further, crosslinking increased in buffers with reduced
salt content, reflecting nonspecific reactivity with unfolded RNA (Figure 3.3d). The probe also
showed significant background reactivity with an additional off-target RNA, the malachite green
aptamer (Figure 3.3e).2° It is likely that the presence of the diazirine motif on the PreQ1 molecule
inhibits RNA:ligand binding more severely than does the PEG chain on PEG.-PreQ1 (Figure
3.1d). This conclusion is supported by MST binding studies, in which the WT aptamer binds much
more tightly to its native ligand than to either diazirinyl derivative (Figure 3.3f).

These results raised serious concerns that the PreQ1 RNA:ligand pair does not bind
robustly when perturbed from its native state. More generally, the experiments indicate that
fragments modified with the diazirine-alkyne handle may not interact with the same cellular
substrates as would the fragments alone. However, we also explored the crosslinking efficiency
of the yne-dz-PreQ1 probe with a larger 70 nt PreQ1 aptamer construct that contained within it
the 34 nt sequence used in the above studies. These experiments were performed in the presence
of total RNA to examine the specificity of the probe for its target RNA. Promisingly, the studies
demonstrated more convincing evidence of specific aptamer labeling, with roughly 40% labeling
efficiency for 1 uM aptamer doped into 5 uyg MCF-7 total RNA in the presence of 250 uM probe

(Figure 3.4). Further, 1234567 1234567
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Figure 3.4: Selective, UV-dependent PreQ1 RNA labeling in total RNA.
UV irradiation (lane 7). The 70 nt aptamer (1 uM) was labeled with yne-dz-PreQ1 (250 uM) in the

presence of 5 yg MCF-7 total cellular RNA. Labeling was visualized by
The findings suggest CUAAC with TAMRA-N.
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that the larger PreQ1 aptamer construct binds PreQ1 and the alkyne-dz-PreQ1 derivative more
robustly for specific labeling in the presence of cellular RNA. With proof-of-principle labeling
successfully achieved for a known RNA:small molecule pair, subsequent efforts could focus on

expanding this approach to a library of diazirine-functionalized fragments.

3.3.3 Preparation of a 10-compound PAL panel

The above experiments exploring proof-of-principle PreQ1 RNA photocrosslinking with a
diazirine-modified cognate ligand highlight the sensitivity of aptamer binding to ligand
derivatization. These findings raise the concern that attempts to derivatize fragments of interest
with a diazirine moiety could disrupt contacts that the fragment would otherwise make with cellular
RNAs. Nevertheless, the demonstration that a PreQ1 aptamer construct is selectively labeled in
the presence of off-target RNAs encourages additional investigation of this fragment-based
approach to study RNA:small molecule recognition. We were also optimistic that the incorporation
of UV-dependent crosslinking functionality would impart novel advantages over non-covalent or
electrophilic probes in the quest to elucidate critical principles governing the design of RNA-
targeted probes.

Based on recent work that explored fragment-based screening of cellular protein binding
events, we designed an analogous shotgun approach for cellular RNA labeling. A panel of 10
small-molecule PAL probes was prepared by appending each compound to a linker that contained
both a diazirine photoreactive group for covalent labeling of interacting RNAs and an alkyne
handle for downstream RNA pulldown and sequencing (Figure 3.5a). Compound 1 was prepared
to serve as a binding control, as it contains minimal structure for selective and high-affinity RNA
interaction. Compounds 2 and 3 are from the R-BIND database of RNA-interacting small
molecules and occupy “RNA-privileged chemical space” on the basis of 20 cheminformatic
parameters.® Compound 4 was chosen due to its benzodiazepine core, as benzodiazepine is a

known protein-interacting scaffold. 14" Compound 5 was selected due to the arrangement of the
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Figure 3.5: Analysis of in vitro RNA target engagement using PAL. a Structures of 10 photocrosslinking
probes representing negative control (1), RNA-privileged (2—3), protein-privileged (4-5), metabolite-like (6—
8), and FDA-approved (9—10) compounds. b General scheme to assess probe labeling of poly-A-enriched
mRNA from MCF-7 breast cancer cells. ¢ Heatmap showing compound-specific interactions with the
enriched and sequenced mRNA pools. The heatmap includes select mMRNAs that were statistically
significantly enriched versus the DMSO control sample (FC > 2, FDR < 0.01) for at least one of the test
compounds. The scale on the top right shows the fold-change values for the mRNA levels in each sample,
with 0 representing the average TPM-normalized sequencing counts across the pooled data.

hydrogen-bonding groups in the 7-aza-indole scaffold, which is another motif that is commonly
featured in protein-binding small molecules.'® These RNA- and protein-binding fragments were
selected to investigate whether this technology would be useful in fragment-based screens or
scaffold hopping applications. Notably, while simple chemical fragments are less likely to bind
targets with high affinity, lead compounds can be derivatized into potent bioactives.'®

Three compounds were selected to investigate potential metabolite interactions in the cell.
Compound 6 is recycled from the PreQ1 validation experiments above (Fig. 8a). Compound 7 is
also based on a riboswitch binding ligand, 5-aminoimidazole-4-carboxamide (AICA). AICA binds
to the aptamer of the ZTP riboswitch, albeit with lower affinity than the cognate ligand, ZTP.49-1%0

Compound 8 is based on adenosine. Functional adenine riboswitches have also been annotated
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in bacteria.’® We envisioned that by investigating the RNA targets of these metabolite-like
aptamer-binding ligands, we could potentially discover aptamers-like RNAs in the human
mRNAome. In addition, this set of compounds enabled us to investigate the role of the nucleobase
sugar in these binding events. It is also worth highlighting the structural similarity of compounds
7 and 8, which enabled us to assess how highly similar compounds perform.

Compounds 9 and 10 are derived from two FDA-approved drugs, palbociclib and
valnemulin. Palbociclib is a CDK4/6 inhibitor that is clinically approved for HR-positive and HER2-
negative breast cancers.'® Valnemulin is a pleuromutilin antibiotic used to treat bacterial
infections in pigs.’®? These compounds were both selected for this study due to previous findings
suggesting that they may bind to structured RNAs with high affinity. In particular, palbociclib, the
core structure of which is a Parke-Davis RNA-binding motif,'®® has recently been shown to bind
to RNA targets, including the HIV-1 TAR hairpin."®*'%® |nterestingly, both palbociclib and
valnemulin were identified as potential inhibitors of —1 programmed ribosomal frameshifting from
a dual luciferase-based screen of FDA-approved small molecules in SARS-CoV-2 and related
coronaviruses.'® In addition, inclusion of these compounds allowed us to evaluate whether this
strategy could be used to validate off-target mMRNA:drug interactions, which may shed light on
differential patient outcomes or reveal other pharmacological insights. For example, Kool and
coworkers recently demonstrated that a related approach termed reactivity-based RNA profiling,
which relies upon the ability of acylimidazole linkers to react with the 2’-OH of RNA, can be used

to identify off-target RNA interactions of FDA-approved drugs.'®’

3.3.4 In vitro Chem-CLIP-Map-Seq profiling of compounds 1-10

By including all 10 of these diverse ligands in the same large-scale sequencing
experiment, we were able to dive more deeply into specific comparisons between compound
pairs, which should shed light on the chemical determinants that drive RNA binding. We chose

MCEF-7 breast cancer cells as a model system to explore RNAs that are required for normal
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functioning and RNAs overexpressed in cancer.'® Cellular RNA from MCF-7 cells was extracted
and mRNA-enriched using poly-A selection. The enriched pool of mMRNA was incubated with 200
MM of each compound briefly at room temperature before UV crosslinking with 365 nm light
(Figure 3.5b). Inclusion of the alkyne tag enabled us to install a biotin handle via CuAAC for
isolation of the crosslinked mRNAs from the bulk solution. The DMSO control sample was not
subjected to the streptavidin pull-down and therefore represents the RNA background that is
present in the original population. After elution of the RNA from the beads, sequencing libraries
were prepared and the samples submitted for NGS. It is important to note that while poly-A
selection was performed, this is not expected to completely eliminate non-coding RNAs such as
rRNAs or tRNAs from the starting RNA pool. Therefore, sequencing datasets were pre-filtered to
remove noncoding RNAs from future analysis in an effort to focus on the mRNAome.

Despite recent reports indicating that chemical crosslinks on RNA cause reverse
transcription (RT) stops or mutations, it remains unclear whether all such modifications elicit this
effect and, if so, to what extent.’® To circumvent this issue, we chose not to perform RNA
fragmentation before pull-down with streptavidin. In this way, the workflow isolates the intact
mRNA, and even if a crosslinking event causes RT stops or mutations, high sequence coverage
should be retained in other regions of the transcript, resulting in a net enrichment of counts for
the gene after alignment. With this analysis strategy, RNA targets were identified by comparing
transcripts-per-million (TPM)-normalized count values across sample replicates to the DMSO
sample and searching for statistically significant enrichments. Alternative count normalization
strategies, including fragments per kilobase million and counts per million, were also explored
using the raw counts files. The identity of hits for individual compounds did not change significantly
with the normalization method employed. The inclusion of compound 1, the negative control
diazirine, allowed us to remove any false positive RNA hits that could be interacting with the
diazirine-alkyne linker or undergoing enrichment due to an experimental artifact.

As anticipated, the various ligands employed in this experiment showed notable
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differences in both the number and identity of enriched RNA targets (Figure 3.5c). The gene set
for this heatmap was created by filtering the TPM-normalized counts matrix to include only genes
that were statistically significant hits for each individual compound when compared to the DMSO
control [fold-change (FC) > 2, false discovery rate (FDR) < 0.01, n = 429]. The average TPM
counts values for each of these hit genes was then used to generate the heatmap. Thus, the
heatmap highlights the selectivity of the observed interactions, with each compound associating
with distinct RNAs that were not pulled down by the other compounds in the same experiment.
Interestingly, hits for compounds 7 and 8 clustered together in the heatmap, suggesting that the
binding events are indeed being driven primarily by chemical structure, as these two probes share
the ribose sugar ring and other molecular determinants. Compounds 9 and 10, both of which are
based on FDA-approved drugs, had many diverse hits with FC > 2 (87 and 92, respectively). In
contrast, compounds 4 and 5, both of which feature previously annotated protein-binding
scaffolds, had the fewest interactions (18 and 0, respectively).

This analysis also allowed us to identify cellular mRNAs in MCF-7 cells that may be highly
structured. For example, POLR2J2 mRNA encodes the protein RNA polymerase Il subunit J2
required for MRNA synthesis.®® This transcript was a hit for 6/10 compounds in our panel (Figure
3.5¢c), suggesting that it may have a highly stable structure or a population of structures that
renders it particularly ligandable with small molecules. Alternatively, many mRNAs were not
enriched by any compound, suggesting that these may be more difficult to target with small
molecules, at least in the absence of proteins and other cellular machinery. Importantly, no
correlation was observed between the abundance of an RNA in the sequencing pool and the
likelihood of enrichment in this experiment.

A more in-depth analysis of individual hits for compound 9 revealed excellent agreement
between individual sample replicates. A volcano plot between compound 9 and the DMSO-treated
samples showed the anticipated net enrichment of most transcripts by the PAL ligand (Figure

3.6a). This net enrichment was also observed with all other ligands assayed and is likely a
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consequence of non-specific interactions that occur due to the high concentration of PAL ligand.
However, with the exception of compound 5 which generated no significant hits, individual hits
such as CDK5RAP3 mRNA for compound 9 separate from the bulk and are shifted into the
significantly enriched quadrant of the volcano plot (Figure 3.6a). Indeed, closer inspection of the
average normalized count values for CDK5RAP3 across the DMSO-, compound 1- and
compound 9-treated samples confirms specific enrichment of this RNA target (Figure 3.6b). CDK5
regulatory subunit-associated protein 3 (CDK5RAP3) is involved in transcriptional regulation, cell
cycle progression, and potentially tumorigenesis.'®

As indicated earlier, compounds 7 and 8 were employed here to probe metabolite:RNA
interactions and also investigate how two structurally related compounds perform in this workflow.
To assess this question, the Tanimoto similarity scores were calculated for compounds 7, 8, and
9.'%" As expected, compounds 7 and 8 are more structurally similar (Tanimoto score = 0.68) than
either compound is to compound 9 (Tanimoto scores = 0.48 in both cases). Thus, if compound
structure is the primary factor in determining hit identity, then we expected to observe a higher
degree of correlation in hits between these structurally similar compounds. Indeed, a positive
correlation was observed between the fold-change of enrichment for compounds 7 and 8 (R? =
0.74). Importantly, when the same Pearson correlation analysis was performed with compound 9

and either 7 or 8, the correlation is significantly weaker (R? = 0.24 and 0.19, respectively). Despite
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Figure 3.6: CDK5RAP3 mRNA is selectively enriched by compound 9. a Volcano plot depicting mRNAs
enriched by compound 9 by in vitro Chem-CLIP-Map-Seq. b CDK5RAP3 mRNA sequencing counts are
compared across the 11 RNA treatment conditions. ¢ CDK5RAP3 mRNA is enriched from a pool of MCF-
7 total RNA upon treatment with compound 9 by RT-qPCR. This enrichment is reversed in the presence of
50 or 150 uM palbociclib competitor.
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the high correlation and structural similarity, only 10 hits were shared between compounds 7 and
8 in this experiment. Most of the hits for both 7 and 8 were unique to each compound (74% and
88%, respectively). Together, this analysis suggests that while similar compounds interact with

similar RNA targets, unique interactions can still be discovered with this platform.

3.3.5 In vitro RT-qPCR validation of compound 9

Compound 9 was selected for further in vitro validation studies for several reasons. Firstly,
the RNA pool was derived from MCF-7 breast cancer cells, and compound 9 is based on
palbociclib, a clinically prescribed CDK4/6 inhibitor that is approved for the treatment of breast
cancer. Secondly, previous small-molecule microarray (SMM) screening efforts and recently
published literature have indicated that this compound binds to various RNA structures.'541%%
Finally, in the initial 10-compound screen, this probe yielded a large pool of mRNA hits with
diverse functions. In vitro RT-qPCR experiments with compound 9 in extracted in poly-A-enriched
RNA confirmed the enrichment of several mRNA targets, including CDK5RAP3, METTLS,
SULT1A3, SULT1A4, and MLPH, over both the DMSO- and negative control-treated samples
(Figure B4). Additionally, these interactions appeared to be competable, as co-incubation of 9
with 50 or 150 uM palbociclib competitor reduced enrichment of the target RNAs in a
concentration-dependent manner (Figure B4). This RT-gPCR experiment was also performed in
non-poly-A-selected, MCF7 total RNA to analyze CDK5RAP3 mRNA enrichment upon treatment
with compound 1, compound 9, or compound 9 + free palbociclib competitor (Figure 3.6c¢).
Excitingly, the results were reproducible in the more complex RNA mixture. The additional
proteins encoded by the additional mMRNA hits explored above, methyltransferase 3 (METTL3),
sulfotransferase family 1A members 3 and 4 (SULT1A3/4), and melanophilin (MLPH), are
involved in N6-adenosine mRNA methylation,'®? phenol sulfotransfer to signaling and drug
molecules, %1% and pigmentation,’®® respectively.

The mRNA hits highlighted thus far underscore several striking features. First, the four
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encoded proteins listed above have been linked to cancer.'®®'%® Thus, our photocrosslinking
strategy enriched pharmacologically relevant RNA targets, and the strategic selection of MCF-7
breast cancer cells as a model system may have been conducive to this end. Second, POLR2J2,
CDK5RAP3, and METTL3 are involved in transcriptional regulation. It is possible that an RNA-
focused enrichment method such as ours preferentially yields transcripts that are both involved in
RNA processing and relevant for therapeutic modulation of RNA pathways. Finally, this method
detected two homologous genes, SULT1A3 and SULT1A4, lending confidence to the

reproducibility and specificity of the identified RNA:small molecule interactions.

3.3.6 In vitro competitive Chem-CLIP-Map-Seq validation of compound 9

CDK5RAP3 was most significantly enriched by compound 9 in the 10-compound
sequencing experiment (Figure 3.6b). While compounds 3 and 10 also displayed a moderate
increase in TPM counts for CDK5RAP3 when compared to the DMSO control, only compound 9-
treated samples were significantly higher than the negative control (1)-treated samples,
highlighting the potential selectivity of the interaction between 9 and CDK5RAP3 (Figure 3.6b).
To assess the robustness of this photoaffinity-based RNA enrichment strategy, the Chem-CLIP-
Map-Seq experimental workflow was repeated, focusing only on compound 9. This time, samples
were also prepared in which compound 9 was co-incubated with 55, 167, or 500 uM palbociclib
competitor (Figure 3.7a). If the identified RNA:small molecule interactions are specific, then free
palbociclib should decrease TPM counts in the sequencing data. The same analysis pipeline was
used to process the data and identify hits.

In the absence of competitor, the most significantly enriched RNA target of compound 9
was again CDK5RAP3. Correlative analysis between the fold-change of individual RNAs in the
two Chem-CLIP-Map-Seq experiments revealed a strong correlation (R? = 0.76) for compound 9-
treated samples. This is especially notable as the starting pools for the two experiments were not

identical, with the first Chem-CLIP-Map-Seq experiment being performed on poly-A-selected
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mRNA and the second being performed on total RNA. In contrast, when the fold-change of all
mRNAs in the competitive Chem-CLIP-Map-Seq experiment with compound 9 was compared to
the fold-change of all MRNAs in the first Chem-CLIP experiment with other compounds such as
compound 8, significantly lower correlation was observed (R? = 0.30). Additionally, the observed
correlation between hits for compound 9-treated samples in the two Chem-CLIP experiments
decreased in the presence of 55 uM free palbociclib competitor (R? = 0.56).

These conclusions are recapitulated in an analysis of unique versus shared hits between
different compound treatment conditions (Figure 3.7b). Namely, a large proportion of hits are
shared between the two Chem-CLIP-Map-Seq experiments for the samples that were treated with
compound 9. This proportion is drastically lower when comparing compound 9 treatment in the
second sequencing experiment with compound 8 treatment in the first. Finally, an intermediate
number of hits are shared between 9 + 55 uM competitor treatment in experiment 2 and 9
treatment in experiment 1 (Figure 3.7b).

This Comp-Chem-CLIP-Map-Seq experiment also enabled us to examine the selectivity
of the profiled interactions. As anticipated, the number of enriched transcripts decreased with
increasing concentrations of competitor, as is clearly depicted in the volcano plots of the data
(Figure 3.7c). At the highest concentration of competitor (500 uM, 2:1 competitor:PAL ligand), the
sample much more closely resembled the DMSO control, with very few genes showing significant
changes. K-means clustering was used to identify clusters of genes that respond similarly to the
treatment. In total, four clusters were identified (Figure 3.7d). The genes in cluster A show the
expected pattern of enrichment over the DMSO control, with competition occurring in a
concentration-dependent manner.

Importantly, CDK5RAP3 is a member of cluster A, and it showed the expected pattern of
enrichment over DMSO, followed by concentration-dependent competition with free palbociclib

(Figure 3.7e). The other validated genes including METTL3, MLPH, NOP2 and SULT1A3/A4 were
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ORI
® >

not members of cluster A. However, inspection of the raw TPM counts for these genes revealed
that METTL3, MLPH and NOP2 all show the expected pattern of enrichment with 9 only in the
absence of the competitor. These genes simply did not show a concentration-dependent
decrease, with maximal competition observed even at the lowest concentration (65 uM). In
contrast, SULT1A3/4 did not seem to be competable, at least at the concentrations of free
palbociclib used here. Like the enriched hits highlighted earlier, nucleolar protein 2 (NOP2) is also
involved in both RNA processing and cancer, catalyzing 5-methylcytosine installation in rRNA
toward ribosome biogenesis and promoting cell proliferation and tumorigenesis. %17

Finally, we note that the enrichment patterns and concentration-dependent competition

described above were not observed for GAPDH or other housekeeping genes such as NRAS or
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MYC, nor were they hits for compound 9 in the first Chem-CLIP-Map-Seq experiment. Altogether,
these analyses suggests that the Chem-CLIP experiment is reproducible and that the compound
structure of the PAL ligand is the determining factor in the resulting hits. The data also support

palbociclib as a potentially specific binder of CDK5RAP3 mRNA.

3.3.7 In cellulo Chem-CLIP-Map-Seq of compound 9

Additional Chem-CLIP-Map-Seq experiments were conducted to profile the interactions of
compound 9 with RNA targets in live MCF-7 cells (Figure 3.8a). We were curious to investigate
how the presence of proteins and other cellular factors affecting localization would impact the
RNA:small molecule interactions observed in vitro. In contrast to the in vitro experiments on
isolated cellular RNA, signaling pathways are intact in cells, and the treatment of MCF-7 cells with
palbociclib has been shown to result in dramatic transcriptome-wide changes in RNA levels that
could impact our results.'”?'73 This could be particularly problematic at the high concentrations of
9 necessary to achieve efficient PAL crosslinking in the in vitro experiments. To avoid these
effects, we replaced the DMSO control with an “RNA input” control sample that is collected after
UV crosslinking but before streptavidin pull-down. By using the input sample as a control, any
transcriptome-wide changes in the RNA population that might result from compound 9 binding to
cellular targets such as CDK4/6 could be removed from our final analysis. This strategy is thus
expected to provide a much clearer picture of direct binding interactions between the tested
compound and RNAs in the complex cellular environment.

Principal component analysis (PCA) revealed a moderate level of clustering between
individual replicates, with 9-treated input and output samples separating along the first principal
component, which accounts for 41% of the observed variation (Figure 3.8b). In the case of the
cell-based experiment, analysis with TPM-normalized counts resulted in an unexpected skew in
the dataset that separated transcripts into coding and noncoding populations. However, with

FPKM or CPM counts this effect was not observed, suggesting that it is a unique result of
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normalizing the counts with TPM. Additionally, this effect was not observed in either in vitro Chem-
CLIP-Map-Seq experiment when the results were analyzed with TPM. Based on these
observations, we speculate that this discrepancy is likely caused by differences in the cellular
localization of these transcripts or a result of utilizing the input control in place of DMSO.
Interestingly, there was significantly less correlation between the results of the in vitro data
set and the Chem-CLIP experiment in live cells. The lack of observed correlation between the in
vitro and in cellulo experiments suggests that the overall targetability of the mRNAs has changed,
likely due to the aforementioned interactions with proteins and/or other cellular machinery.
Despite this lack of correlation, 22 of the validated in vitro targets of compound 9, including
CDK5RAP3, were also hits in the Cell-Chem-CLIP-Map-Seq experiment, with excellent
agreement between individual replicates (Figure 3.8c). Encouragingly, CDK5RAP3 mRNA was

enriched by compound 9 in the cell-based experiments (Figure 3.8d).
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Figure 3.8: In cellulo Chem-CLIP-Map-Seq with compound 9. a General scheme to assess probe
labeling of native mRNA in MCF-7 breast cancer cells. b Density distribution plot and 2D PCA showing
clustering of cell-treated compound 9 replicates and the separation of replicates into two distinct groups.
The x-axis of the PCA plot has 42% of the variance. ¢ The three treatment replicates share 78 enriched
mRNA targets, demonstrating reproducibility. ¢ CDK5RAP3 mRNA is enriched in a cellular environment.
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3.4 Conclusion

The limited druggability of various oncoproteins has provided a significant roadblock to
researchers working to provide treatments for cancer patients. One way to circumvent the lack of
effective compounds targeting these critical pathways at the protein level is to move upstream
and target the mRNA. By targeting mRNA splicing, translation, stability, or various other regulatory
mechanisms, the effective pool of an oncoprotein can be depleted.'”4177

While RNA is an exciting therapeutic target, the rules that govern RNA ligandability have
only sparsely been explored. Gaining a better understanding will accelerate the discovery of novel
therapeutics. Recent developments such as the clinical success and FDA approval of Risdiplam
have precipitated a huge increase in interest in the development of small-molecule probes and
inhibitors of complex RNA structures.' Despite these efforts, the discovery of selective RNA
targeting ligands with cellular activity has proven challenging. There are numerous reasons for
this roadblock, including the cost and instability of in vitro-synthesized RNAs, a lack of high-
resolution RNA structures, and a lack of methods to screen small molecules against RNA targets
either in vitro or in cellulo. Additionally, the few ligands that have been described, such as naturally
occurring aminoglycosides, suffer from poor target selectivity and non-ideal pharmacokinetic
properties that restrict their applications.'”® There is a strong need for novel and orthogonal
methods that enable researchers to assess the broad targetability of the human mRNAome.

Our first approach in this work to profile transcriptome-wide RNA:small molecule
interactions involved immobilization of a test ligand, PreQ1, on beads to validate non-covalent
pulldown of the cognate PreQ1 aptamer. Perhaps unsurprisingly, we found by MST that
perturbation of the native interaction led to reduced binding affinity and unreliable RNA pulldown.
This led us to pivot to covalent RNA labeling strategies via the incorporation of a diazirine-alkyne
pulldown handle into the ligand. We found that yne-dz-PreQ (compound 6) enabled irreversible
PreQ1 RNA upon irradiation with UV light. Further, this interaction was competable with excess

PreQ1 ligand in the presence of MCF-7 total RNA.
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Using a structurally diverse, 10-compound ligand panel, we were then able to show that,
similarly to what is observed with proteins, human cellular RNAs form discrete interactions and
exhibit unique reactivity profiles. Some compounds were more reactive than others, with the more
elaborated FDA-approved drugs and metabolites included in the panel yielding more hits than the
R-BIND or protein-binding fragments selected. This finding could reveal the need for structurally
complex RNA-targeted ligands in order to interact with RNA binding pockets in a specific manner.
The lack of activity for compounds 4 and 5 is particularly notable and perhaps to be expected, as
these are both described in the literature as privileged protein-binding scaffolds.'#548 Meanwhile,
the moderate number of targets pulled down with compounds 2 and 3 could indicate that these
are privileged RNA-interacting scaffolds. Note that an ideal RNA-targeting scaffold would
selectively interact with only one or a few RNA targets. Interestingly, only five targets (out of 80
and 21 hits, respectively) were overlapping between compounds 2 and 3, suggesting that these
two R-RBIND ligands have a non-overlapping set of mMRNA targets.

Compounds 6, 7 and 8, all of which were chosen due to their annotated interactions with
RNA aptamers in bacteria, allowed us to investigate the impact of closely related structures in
RNA:small molecule recognition. The high affinity and selectivity of these bacterial riboswitches
highlight the ability of RNA to assume stable 3D structures that can discriminate between highly
similar chemical matter. Compound 6 had been assayed previously to develop covalent inhibitors
of the PreQ1 riboswitch."™® This compound is structurally similar to guanosine and is therefore
related to compounds 7 and 8, which are respectively related to a purine nucleobase precursor
(AICA) and adenine. As expected, a high level of correlation was observed for compound 6 to
both 7 and 8 (R? = 0.79 and 0.85 respectively). Interestingly, there were more overlapping hits
between 6 and 8 than between any other two compounds included in this study. This was
somewhat unexpected, as we anticipated that the shared ribose moiety in compounds 7 and 8
would play a greater role in dictating RNA targets. Compounds 6, 7, and 8 possessed seven RNA

targets in common. It is possible that one or more of these RNAs is involved in a previously
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unannotated regulatory pathway that relies upon nucleobase/metabolite recognition, although
further work is needed to validate these findings.

Compounds 9 and 10 were included with the aim of profiling potential off-target
interactions of these important FDA-approved small molecules. As indicated previously, both
ligands have been shown to interact with multiple RNA structural motifs in SMM screening
datasets and in the literature.'®* %6 We are interested in exploring in the future how the RNA
targets of palbociclib, the parent of compound 9, vary from those of other FDA-approved CDK4/6
inhibitors such as abemaciclib or ribociclib.'”®'8° Despite having the same primary cellular target,
these compounds show highly different potency and side effects in clinical trials, some of which
may be mitigated by functional RNA off-target interactions. Indeed, Kool and coworkers recently
showed that a related covalent approach could be used to annotate off-target RNA-drug
interactions for levofloxacin and dasatinib.’” Application of the orthogonal approach described
here could be used to validate and better understand the mechanisms of these drugs.

While one goal of this work was to evaluate broad chemical space and investigate which
ligands preferentially recognize RNAs, this method also allows us to evaluate the ligandability of
the human mRNAome. Interestingly, we saw no correlations between the abundance of a
transcript in the RNA pools tested and the fold-change of enrichment. High concentrations of PAL
ligand were used to promote covalent capture of weak or transient interactions, particularly for
the fragment-based compounds. When comparing transcripts with similar abundance levels, clear
preferences emerged across all compounds. For example, POLR2J2 mRNA was a hit for 6/10
compounds assayed, while similarly abundant mRNAs such as MYC and NRAS never emerged
as hits. This finding could indicate that the POLR2J2 RNA folds into a complex, stable structure
that can accommodate many of the ligands tested here. Alternatively, it is possible that these six
ligands share a chemical determinant that promotes the interaction. Interestingly, POLR2J2 was
also a hit in the Cell-Chem-CLIP-Map-Seq experiment that was conducted with compound 9,

suggesting that this mRNA may retain said structure even in the cellular context. This approach
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adds to the arsenal of tools available to the community of researchers working on identifying new
RNA targets with high-throughput screening efforts. Many of the mRNA hits in these studies
encoded proteins affiliated with RNA processing and cancer.

After validating that the photocrosslinking method could be used to distinguish between in
vitro binding events even for highly similar molecules and discover reproducible, competable
interactions, we extended this method to cells. Despite a high level of correlation for compound
9-treated samples in the two in vitro Chem-CLIP-Map-Seq experiments, this correlation was
mostly abolished in the cellular context. This is consistent with what has been reported in the
literature and suggests that many of our in vitro-profiled interactions are unlikely to be preserved
in cells. However, the majority of the significantly enriched in vitro hits were observed in the cells,
and 22 transcripts were compound 9 hits in all three experiments. CDK5RAP3 mRNA is a notable
example among these, although it was not the most significantly enriched target in cellulo. These
experiments highlight the critical importance of context in RNA structure and suggest that future
screens should take place in cells to discover RNA:small molecule interactions with functional
consequences. Additionally, it may be necessary to combine this or a related strategy to traditional
protein-based PAL to truly uncouple the complex regulatory mechanisms underlying the observed
interactions.

Together, these results underscore the challenges associated with exploring and
developing RNA-targeted chemical probes. While non-covalent interactions may be sufficient to
elicit biological responses in cellulo or in vivo, they are not necessarily strong enough to withstand
the harsher conditions necessary for RNA pulldown and bioinformatic analysis. Promisingly,
covalent photocrosslinking reagents can be utilized to irreversibly capture RNA:small molecule
binding events that occur in cells. However, decorating probes of interest with such
photocrosslinking moieties can alter their native RNA contacts. The use of unmodified competitor
molecules is a promising strategy for exploring the specificity and selectivity of fragment binding

to cellular RNAs toward both better understanding the features of ligandable RNAs and identifying
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new lead molecules for therapeutic purposes. Future efforts will focus on validating the RNA hits

identified through these studies.

3.5 Materials and Methods
3.5.1 General information

All reagents were used as purchased from their chemical manufacturer. Reagents were
purchased from MilliporeSigma unless otherwise specified. pH values were measured using a
Mettler Toledo SevenCompact S220 pH Meter. MCF-7 cells were maintained in DMEM (High
Glucose, Pyruvate, Gibco) supplemented with 10% Fetal Bovine Serum (Gibco) at 37 °C in a

humidified atmosphere of 5% CO, and 95% air. Cells were passaged at 80-90% confluence.

3.5.2 Preparation of PAL probe library

The substrate 3-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)propanoic acid (10 mg, 1.0 eq.) was
preactivated by stirring in the presence of O-(1H-6-chlorobenzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (4.0 eq.) and diisopropylethylamine (8.0 eq.) in
anhydrous dimethylformamide (0.5 mL). After 1-2 min, the amine- or alcohol-containing small-
molecule substrate (1.2 eq.) was added to the solution, and the mixture was stirred at rt for 2 h.
Then, the reaction mixture was concentrated under vacuum and purified via column
chromatography on a CombiFlash Rf system (0—40% gradient, MeOH:DCM) or via preparative

HPLC (10-90% gradient of H,O:MeCN) as necessary, to isolate the purified product.

3.5.3 Microscale thermophoresis

RNAs were Cy5-labeled using the Label IT Nucleic Acid Labeling Kit, Cy5 (MirusBio) and
following the manufacturer protocol. In brief, the Label IT Reagent and 10X Labeling Buffer A
were warmed to room temperature before use, and 3.5 yL of each was combined with 3.5 ug

RNA and the reaction filled to 35 pL final volume with RNase-free water, with the Label IT Reagent
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being added to the reaction mixture last. The reaction was incubated at 37°C in the dark for 1 h,
with brief centrifugation after 0.5 h. The reaction volume was brought up to 100 uL with water and
the reaction ethanol-precipitated to isolate the labeled RNA and remove unreacted Cy5 reagent.

The RNA was diluted in riboswitch buffer (60 mM Tris-HCI, 100 mM KCI, 2 mM MgCl;, pH
7.5) to ~200 nM and analyzed on a Monolith 2020 (TNG) (MM-167) MST instrument in Nano -
RED and binary binding modes. All samples were measured in duplicate using standard
capillaries. The RNA was diluted until the signal read ~1000 counts, and that RNA concentration
was used for all subsequent binding experiments. Meanwhile, the small-molecule probe was
prepared as a 20 mM stock solution in DMSO and further diluted to 400 uM in riboswitch buffer.
Then, 16 serial dilutions were prepared with 10 uL of riboswitch buffer and 10 yL of the 400 uM
probe solution to obtain concentrations ranging from ~6 nM-200 uM. To each tube was added 10
ML RNA. The samples were incubated at 60 °C for 10 min and then at rt for 5 min to promote RNA

folding. MST binding curves were collected for each RNA:small molecule pair in triplicate.

3.5.4 RT-gPCR

Total RNA was purified from MCF-7 cells using the Monarch Total RNA Miniprep Kit (NEB)
with DNase | treatment performed to remove unwanted nucleic acid. The RNA was diluted in
riboswitch buffer + 0.05% Tween-20 to ~530 ng/uL and annealed by heating at 90 °C for 4 mins,
followed by snap cooling on ice for 5 min. To 95 uL aliquots were added 5 yL DMSO or 5 mM
compound 1 or compound 9 * the desired concentration of free palbociclib in DMSO. The reaction
was mixed and incubated at 37 °C for 1 h to allow probe:RNA binding. Then, the 100 pL solutions
were pipetted into 96-well clear plate and UV irradiated at 365 nm under an ultraviolet, high
intensity UVP lamp (Model B-100A, Analytik Jena) for 15 minutes at rt. Each solution was then
transferred an Eppendorf tube.

Next, the alkyne-labeled RNAs were biotinylated by CuAAC. First, 90 uL of THPTA (200

mM) was combined with 180 yL CuSO4 (50 mM), vortexed, and incubated at rt for 15 min to form
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the copper pre-complex. Meanwhile, 10 uL of biotin-N3 (5 mM in DMSQO) was added to the RNA
sample. After addition of 10 uL of freshly prepared ascorbic acid (200 mM) and vortexing, 30 uL
of THPTA:CuSO4 mixture was added and further vortexed. The reaction was incubated at rt for 1
h, vortexing every 15-20 min, followed by EtOH precipitation and resuspension of the RNA pellet
in 50 pL riboswitch buffer + 0.05% Tween.

The RNA was incubated with 50 uL of Streptavidin Magnetic Beads (4 mg/mL, NEB) at rt
for 30 min with constant rotation, as well as vortexing every 10 min. After application of the
magnet, the supernatant containing the unbound RNAs was discarded and the beads washed 3X
with 200 uL riboswitch buffer + 0.01% Tween-20 to remove nonspecifically-bound RNAs. The
supernatant was again removed, and the bound RNA was eluted in 50 pL of 95% formamide +
10 mM EDTA (pH 8.2) for 2 min at 92 °C. The Monarch RNA Cleanup Kit (NEB) was used to
isolate biotin-mRNA, eluting in 25 yL water and quantifying recovery by NanoDrop.

cDNA was prepared using the High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher) following the manufacturer protocol. A 2X RT master mix was prepared by combining the
following: 10X RT Buffer (21 pL), 25X dNTP Mix (100 mM, 8.4 uL), 10X RT Random Primers (21
pL), ddH20 (44.1 yL), and MultiScribe RTase (10.5 pL) to 105 L final volume. Careful pipetting,
10 pL 2X master mix solution was combined with 10 yL RNA samples. The reactions were
incubate in a thermocycler as follows: 25 °C, 10 minutes; 37 °C, 2 h; 85 °C, 5 min. Each sample
was diluted with 20 uL water and stored temporarily at —20 °C.

Finally, iTag Universal SYBR Green Supermix (Bio-Rad) was thawed to rt, vortexed,
centrifuged, and stored on ice in the dark. The following were then combined: iTaq Supermix (2X,
105 pL), gene-specific forward primer (100 uM, 2.1 uL, 1 uM final), gene-specific reverse primer
(100 pM, 2.1 pL, 1 pM final), and ddH20 (48.6 L) to 157.5 uL volume total. Aliquots (15 pL) of
each gene master mix were transferred to a qPCR plate and combined with 5 pL of the appropriate
triplicate cDNA samples. The plate was centrifuged for 20 s to remove air bubbles. Finally, the

reactions were heated in the thermocycler as follows: 94 °C for 3 min; 45 cycles of (94 °C for 15
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s, 60 °C for 30 s, 68 °C for 30 s); 68 °C for 5 min. Data analysis was performed by comparing

enrichment of the RNAs of interest in probe- over control-treated samples, normalizing to GAPDH.

3.5.5 In cellulo Chem-CLIP-Map-Seq

Three plates of ~90% confluent MCF-7 cells grown on 150 mm Nunc EasYDish Dishes
(Thermo Fisher) were grown for each treatment condition. The media was removed, the cells
were rinses with 5 mL warm 1X PBS, and the cells were incubated with 5 mL serum-free media
containing 200 uM probe in the dark for 30 min at 37 °C. An additional 5 mL serum-free media
was added to the cells before irradiation for 10 min from 12 cm distance at 365 nm under the UV
lamp to label cellular RNAs. The media was then discarded and the cells rinsed with 10 mL warm
PBS. Using trypsin, the cells were pelleted at 900 RPM for 4 min and the supernatant discarded.
The pellets were resuspended in 1 mL RNA Lysis Buffer by pipetting gently to avoid foaming. The
total RNA was isolated using the Monarch Total RNA Miniprep Kit (NEB) with DNase | treatment
performed to remove unwanted nucleic acid. The RNA concentration was recorded by NanoDrop
and the RNA ethanol-precipitated to further concentrate it.

Next, the alkyne-labeled RNAs were biotinylated as described above. The maximum
amount of RNA available from the cell treatment and RNA isolation protocol was used. The RNA
pellet was resuspended in 55.5 pL riboswitch buffer. An aliquot of 10% of the RNA sample was
removed and stored at —80 °C to preserve the “input’/non-enriched RNA sequences. The
remaining biotinylated RNA was enriched on streptavidin beads as described above. RNA

concentration was analyzed by NanoDrop and Bioanalyzer.
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Chapter 4: Glyoxal-Caged Nucleoside Antivirals as Extended-Release Prodrugs

4.1 Abstract

Viral infections pose a significant public health threat, manifesting in acute pandemic
events such as the COVID-19 outbreak and long-lasting endemic challenges such as HIV
prevalence in sub-Saharan Africa. Nucleoside antivirals, including viral DNA polymerase
inhibitors and nucleoside reverse transcriptase inhibitors (NRTIs), are a leading class of
compounds often prescribed as a first-line treatment for viral infections. However, inherent
limitations of antiviral nucleoside drugs such as low solubility and circulation lifetime sometimes
necessitate multi-intraday dosing. A promising solution to address this challenge is the elaboration
of currently approved therapeutics into prodrug moieties, as simple modifications of existing
antiviral drugs could simultaneously enhance pharmacokinetic properties and promote an
extended-release mechanism to combat poor patient adherence. Here, we deploy the 1,2-
dialdehyde glyoxal to generate antiviral nucleoside prodrugs that undergo spontaneous self-
activation, providing a mechanism for timed control over viral DNA polymerase and RT activity.
As proof of principle, we show that the near-quantitative reaction of glyoxal with acyclovir (ACV)
drastically improves ACV solubility and enables subsequent release of the drug with a half-life of
2.3 h. Further, glyoxal caging reversibly disrupts ACV activity against HIV-1 in vitro and HSV-1 in
cellulo. Finally, we demonstrate the amenability of a panel of NRTIs to glyoxal caging, showcasing
the potential of this highly versatile method for achieving timed-release activation of a clinically

important class of antiviral drugs.
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4.2 Introduction
The risk of global health threats from viral infections such as SARS-CoV-2 and HIV-1,
combined with the rising prevalence of antiviral drug resistance, poses a significant biomedical
challenge. Among the most effective treatments for viral infections are nucleoside analogues,
which mimic naturally occurring nucleosides and thereby cause selective termination of the
nascent DNA chain during viral DNA replication or reverse transcription.'? Despite their efficacy
in antiviral therapy, many nucleoside analogues have a short mean plasma half-life and poor
solubility, leading to intravenous (IV) dosing regimens up to five times per day.*® As a result,
patient adherence to therapeutic requirements is often inadequate, in turn compromising patient
outcomes and contributing to drug resistance.®® Current approaches to overcome these
challenges have primarily focused on the development of novel pharmaceuticals. However, these
efforts require extensive time and resources, and discoveries are specific to each chemical entity.
Extended-release antiviral therapies offer a promising solution to combat the challenges that
lead to poor drug adherence, as they can obviate the need for multi-intraday dosing.® Indeed, the
identification of prodrug moieties acting upon the base-pairing face may provide a general
approach to creating extended-release versions of a broad range of existing nucleoside-based
pharmaceuticals. Prodrug moieties that are amenable to an extended-release mechanism may
also impart dual functionality by improving pharmacokinetic properties such as solubility and/or
circulation lifetime. This approach is particularly attractive for viral DNA polymerase inhibitors and
nucleoside reverse transcriptase inhibitors (NRTIs), as the therapeutic window for many of these
drugs is limited by solubility and permeability constraints, contributing to undesirable side effects
including nephrotoxicity. '
Herein, we report a novel prodrug strategy that uses the simplest dialdehyde, glyoxal, to
generate nucleoside antivirals that undergo spontaneous activation over several hours. Glyoxal
is highly electron deficient and thus susceptible under mild aqueous conditions to nucleophilic

addition from amines such as those found in cytosine, adenine, and especially guanine
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nucleobases.""* Our lab recently deployed glyoxal caging to thermoreversibly tune the activity of
a wide range of oligonucleotides, including aptamers, gRNAs, and antisense oligonucleotides.®
Here, we extend this principle to nucleoside-based small-molecule therapeutics, characterizing
the reactivity of glyoxal with the guanosine analogue acyclovir (ACV), as well as using glyoxal to
modulate ACV bioactivity in the context of viral DNA polymerase and reverse transcriptase
inhibition. Finally, we show that a wider panel of antiviral nucleoside compounds is also
susceptible to glyoxal caging, underscoring the generalizability of this approach toward enhancing

the pharmacokinetic properties of an important class of antiviral drugs.

4.3 Results and Discussion
4.3.1 Reaction of glyoxal with ACV

ACV is a nucleoside antiviral that serves as a structural mimetic of guanosine, undergoing
intracellular phosphorylation before binding to herpes simplex virus type 1 (HSV-1) DNA
polymerase and other viral DNA polymerases to induce chain termination and inhibit viral
activity.'® However, the poor solubility, permeability, and bioavailability of ACV limit its therapeutic
potential.'-'® Indeed, ACV has a maximum solubility of 2.5 mg/mL at pH 7, suffers from a short
mean plasma half-life (2.5 h), and induces nephropathy in 5-10% of patients receiving IV-
administered treatment due to the precipitation of needle-shaped crystals.3 ' 920 Envisioning
that glyoxal caging could improve these properties, we first explored the reactivity of ACV with 10
equivalents of glyoxal in pH 6 buffer, analyzing reaction progress over 24 h by HPLC (Figure
4.1a). We found that caging proceeded rapidly, leading to the complete consumption of ACV and
the formation of a new major product in <1 h (Figure 4.1b). A similar experiment conducted with
0.8 or 1 equivalents of glyoxal relative to ACV revealed near-quantitative conversion of the starting
material into a product having two new signals, corresponding to hemiaminal protons of the caged

ACYV species, by '"H NMR in DO (Figure C1). These peaks are both singlets, consistent with a
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90° dihedral angle, in accordance with the Karplus plot.?" The '*C NMR spectrum also indicated

formation of the expected glyoxal-ACV species (Figure C2). Finally, the expected product was

confirmed by high-resolution ESI-MS (Figure C3).

We then proceeded to assess the decaging
kinetics of the glyoxal-modified species. Upon
incubation of 10 yM caged ACV in 1X PBS (pH
7.4) at 37 °C for 1-24 h, equilibrium increasingly
favored disassociation of the glyoxal cage and
regeneration of the parent ACV compound (Figure
4.1c). An analogous experiment conducted over
48 h with 10 uyM—1 mM caged ACV revealed that
at lower concentration, the fraction of decaged
product increases with a slower half-life (Figure
4.1d). These data provide encouraging evidence
that in a therapeutic context, low intracellular
concentrations of caged ACV would deliver the
active antiviral compound over a time span of
several hours, consistent with other extended-

release systems.®

4.3.2 Pharmacokinetic effects of ACV caging

We anticipate that glyoxal caging will
provide several benefits to the pharmacokinetic
properties of ACV. While the oral bioavailability of
caged ACV has not yet been measured, we

determined the calculated logP (clogP) values of
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Figure 4.1: Characterization of ACV caging
and decaging with glyoxal. a ACV caging
scheme. b Conversion of ACV (100 mM) into
caged ACV by HPLC after 5 min-24 h
treatment with 10 equivalents of glyoxal in
ammonium acetate buffer (10 mM, pH 6) at 50
°C. ¢ Reconversion of purified, caged ACV (10
pUM) into ACV by HPLC after 1-24 h incubation
in 1X PBS (pH 7.4) at 37 °C. d Effects of caged
ACV concentration on decaging rate and
fraction converted over 48 h (n = 2). Error bars
indicate mean and standard deviation.
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ACV and caged ACV to be —1.6 and —1.1, respectively. Meanwhile, the L-valyl ester of ACV,

valacyclovir, also has a clogP value of —1.1 and was developed for its significantly increased oral

bioavailability compared to that of ACV (Figure 4.2a).2>2® These preliminary calculations support

our hypothesis that glyoxal caging of nucleoside antivirals may increase the bioavailability of these

pharmaceuticals by enhancing membrane permeability. Likewise, glyoxal caging has a striking

impact on compound solubility. ACV has a
maximum solubility of 2.5 mg/mL,"® but 24 h
incubation of 23 mg of ACV with a single equivalent
of glyoxal in 1 mL of 1X PBS enabled complete
solubilization of the precipitate, representing a near
10-fold improvement in solubility (Figure 4.2b). We
further found that 4 h treatment of HEK293T cells
with 0.5 mM ACV, caged ACV, or glyoxal had no
measurable effect on cell viability (Figure 4.2c), nor
was there an impact with up to 20 mM caged ACV
(Figure C4). We envision that with putatively
enhanced membrane permeability relative to ACV,
caged ACV could facilitate delivery of the
pharmaceutical intracellularly before subsequent
phosphorylation by viral and endogenous kinases
and time-controlled release to the active antiviral

(Figure 4.24d).

4.3.3 Thermoreversible ACV bioactivity
To probe the effects of glyoxal caging on

drug bioactivity, our next studies involved ACV-
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Figure 4.2: Effects of glyoxal caging on the
pharmacokinetic properties of ACV. a
Calculated logP values and measured oral
bioavailability of ACV, glyoxal-caged ACV, and
valacyclovir. N.D., no data. b Ten-fold increase
in solubility of ACV (100 mM) upon 5 min—-24 h
incubation with 1 equivalent of glyoxal in 1X
PBS (pH 7.4). ¢ HEK293T cell viability upon 4
h treatment with 0.5 mM ACV, 0.5 mM caged
ACV, 0.5 mM glyoxal, or 10% ethanol control (n
= 2). Error bars indicate mean and standard
deviation. d Proposed scheme for caged ACV
prodrug delivery to cells and intracellular
phosphorylation to active antiviral compound.
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triphosphate (ACV-TP). In the treatment of HSV-1, therapeutically delivered ACV is thought to be
specifically converted to the monophosphate by virally encoded thymidine kinase, followed by
generation of ACV-TP via endogenous cellular kinases.'® ?* ACV-TP then selectively binds the

viral DNA polymerase, inducing termination of the nascent DNA chain (Figure 4.3a). Interestingly,
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Figure 4.3: In vitro and in cellulo antiviral activity of ACV after glyoxal caging and decaging. a
Schematic depicting the mechanism of ACV-TP incorporation into nascent DNA strands by viral
polymerases. b Normalized in vitro activity of HIV-1 RT upon 100 uM treatment with ACV-TP, caged ACV-
TP, or caged ACV-TP after 0.5 h or 12 h decaging at 1 mM in 1X PBS (pH 6.8) at 37 °C (n = 3). One-way
ANOVA (95% confidence limit); post-hoc test (Tukey HSD), *p < 0.05, **p < 0.01. Error bars indicate mean
and standard deviation. ¢ Half-maximal effective concentration (EC50) measured for ACV, caged ACV,
and caged ACV after 1 d decaging at 1 mM concentration in an HSV-1 cytopathic effects (CPE) assay.
Human foreskin fibroblast cells were infected with HSV-1 and treated for 5 d with 0.048—-150 uM ACV or
0.003-10 pM caged and decaged ACV species. Compound EC50 values were interpolated from
experimental data and calculated relative to cells exposed to HSV-1 alone, resulting in 100% CPE.
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ACV-TP that had been pre-heated in 1X PBS for 0.5 or 12 h to promote decaging (Figure 4.3b).
While we observed only modest potency of ACV-TP against HIV-1 RT, caging fully disrupted this
activity. More excitingly, ACV-TP activity was restored upon decaging in a time-dependent
manner. In line with our hypothesis, these results indicate that glyoxal caging can be used to
deactivate and spontaneously reactivate the biological effects of nucleoside antivirals while
improving pharmacokinetic properties such as solubility.

We then conducted preliminary in cellulo and in vivo tests to further characterize these
properties. To directly probe the relative activity of ACV vs. caged and decaged ACV against the
canonical viral target, HSV-1, we performed a cytopathic effects (CPE) assay that measures viral-
mediated reduction in cell growth and corresponding rescue by antiviral agents.*® Human foreskin
fibroblast cells were treated with varying concentrations of ACV, caged ACV, and caged ACV that
first underwent 1 d decaging at 37 °C in 1X PBS. The cells were then infected with HSV-1 and
further incubated for 5 d until 100% CPE was observed in virus-only control wells. The half-
maximal effective concentration (EC50) values at which viral activity was inhibited for the various
compound treatments could then be extrapolated (Figure 4.3c, Table C1).3° As expected, ACV
demonstrated strong potency against HSV-1 with an EC50 of 0.97 uM. Meanwhile, this potency
was reduced 5.7-fold for the caged compound. We speculate that the reduction in antiviral activity
for caged ACV was not more pronounced due to the required length of the assay, during which
time a proportion of caged ACV likely equilibrated back to the parent compound at 37 °C.
However, the EC50 value for the decaged species lay in between that of ACV and caged ACV,
suggesting that the loss of antiviral activity due to glyoxal modification was indeed reversible
during the 1 d decaging period. This experiment highlights the timed-release nature of caged ACV
activity against HSV-1 in a biologically relevant context.

As final validation of our ACV glyoxal caging approach, we administered IV bolus dosing
of 1 mg/kg ACV or caged ACV to mice (n = 3) and measured compound plasma concentration

over time by LC-MS/MS. Preliminary results indicated that the initial concentration of caged ACV
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was much higher than that of ACV, and further that detectible caged ACV circulated in the
bloodstream for 4 h, as opposed to 1 h for ACV (Figure C6). A separate study assessing
compound stability in purified mouse plasma confirmed by LC-MS/MS that caged ACV indeed
converts back into ACV over time (data not shown). Together, these studies showcase caged
ACV as a promising, facilely synthesized ACV prodrug that retains timed-release antiviral activity

in biologically relevant contexts.

4.3.4 NRTI substrate scope

Lastly, we sought to explore whether nucleoside antivirals beyond ACV could be similarly
modified with glyoxal for potential therapeutic applications. Considering the prevalence of
multidrug combinations in antiviral therapy and specifically the use of multiple NRTIs in
combination,® information on the substrate scope for our glyoxalation strategy is particularly
important for future therapeutic applications. We selected a panel of three NRTIs to test:
entecavir, zalcitabine, and abacavir, which are guanosine, cytidine, and adenosine analogs,
respectively.®> The compounds were analyzed by HPLC before and after caging at 1 mM
concentration with varying equivalents of glyoxal. Entecavir, a guanosine analog like ACV,
reacted the most readily with glyoxal, requiring only 10 equivalents to achieve >99% conversion
of the starting material (Figure 4.4a). Zalcitabine reacted fully with 1,000 equivalents to form a
significantly more polar product (Figures 4b), and abacavir reacted 85% with 1,000 equivalents
to form three new species (Figure 4.4c). At first puzzled by the multiple peaks formed from the
reaction of glyoxal with entecavir and abacavir, we postulate that glyoxal is adding to either of two
faces of the entecavir guanidine moiety or, likewise, two faces of the abacavir guanidine moiety
as well as the amidine group (Figure C7). The formation of multiple species does not preclude
the use of the caged NRTI as a therapeutic, as long as the species are isolated by HPLC and
individually tested for extended-release antiviral activity in the future. High-resolution ESI-MS

analysis of each caged NRTI reaction mixture confirmed the formation of products consistent with
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Figure 4.4: Glyoxal caging of a panel of structurally diverse NRTIs. a Entecavir (1 mM) was analyzed
by HPLC before (top) and after (bottom) 1 d incubation with 10 equivalents of glyoxal in ammonium acetate
buffer at 50 °C. b Zalcitabine and ¢ abacavir were similarly analyzed after 1 d incubation with 1000
equivalents of glyoxal.

the addition of glyoxal (Figure C8). Thus, a wide array of nucleoside-like small molecule drugs
are amenable to glyoxal caging, representing an innovative and efficacious strategy to iterate off
previously developed pharmaceuticals while improving pharmacokinetic parameters and

imparting thermoresponsiveness.

4.4 Conclusion

The work presented here aims to combat low antiviral drug adherence through the glyoxal-
based caging of antiviral therapeutics, which may provide a mechanism for extended release in
vivo by temporarily blocking the Watson-Crick-Franklin base pairing face of the compound. This

strategy is generalizable to diverse nucleoside mimetics with varying nucleobase and “sugar”



97

structures. Additionally, we found that glyoxal caging may enhance pharmacokinetic properties,
such as solubility and permeability, which are accepted as limitations within this drug class.®
These improvements would reduce dosing frequency and thus enable superior patient outcomes.
Advantageously, the reverse decaging reaction is spontaneous under physiological conditions
and does not require exogenous reagents for activation.

As prior work in our lab utilized glyoxal to modulate the function of diverse nucleic acid
scaffolds,® we recognized the potential to extend this principle to nucleoside-like small molecules.
We first characterized the glyoxal caging and decaging kinetics of acyclovir, a competitive inhibitor
of HSV-1 DNA polymerase. We found that caging considerably enhanced ACV solubility and
impacted both in vitro and in cellulo antiviral activity in a thermoreversible manner. The glyoxal
caging method also demonstrated a broad substrate scope, extending to a wider panel of
guanosine-, adenosine-, and cytosine-like NRTIs. Thus, this design is innovative in the use of
glyoxal as a simple and generalizable approach to generate extended-release antivirals. These
discoveries have implications that may greatly advance both the efficacy and levels of adherence

to medicines used in the treatment of a variety of acute viral diseases.

4.5 Materials and Methods
4.5.1 General information

All reagents were used as purchased from their chemical manufacturer. Reagents were
purchased from MilliporeSigma unless otherwise specified. All reactions were run under ambient
atmosphere. '"H NMR and "*C NMR spectra were collected using Varian INOVA 400 MHz, Bruker
AVANCE Il HD 600 MHz, Bruker NANO HD 111 400 MHz, or Agilent DD2 500 MHz spectrometers
and processed by MestReNova, with chemical shifts (3) reported in ppm. "H NMR samples were
prepared by adding 100 L of the crude reaction mixture to 600 pL of D20, and "*C NMR samples
were prepared by adding 650 yL of the crude reaction mixture to 50 pL of D,O. Mass spectra

were acquired on a Bruker MaXis Quadrupole Time-of-Flight (QTOF) mass spectrometer in
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positive-ion mode. pH values were measured using a Mettler Toledo SevenCompact S220 pH
Meter. Computational logP calculations were performed using the ChemDraw Professional
software package. Data analysis was performed on GraphPad Prism 9 software.

HPLC chromatograms were collected using an Agilent 1260 Infinity Il LC System equipped
with autosampler. Acyclovir (ACV) samples were prepared for HPLC by adding 10 pL of the crude
reaction mixture to 90 pL of 0.1% formic acid in water. Samples were eluted over a 10-minute
gradient mobile phase of 100:0 to 80:20 of 0.1% formic acid in water:acetonitrile at a flow rate of
0.6 mL/min on a 3 uym, 4.6 x 75 mm Waters Atlantis T3 analytical column heated to 30 °C with
an injection volume of 2 yL (200 pL/min draw speed, 400 uL/min eject speed), visualizing by UV
absorbance at 256 £ 5 nm. ACV-triphosphate (ACV-TP) and nucleoside reverse transcriptase
inhibitor (NRTI) samples were prepared for HPLC by diluting ~2.5 nmol material up to 50 uL with
1X PBS (Thermo Fisher Scientific, adjusted to pH 6.8). ACV-TP samples were eluted over 3
minutes with isocratic 20 mM potassium phosphate buffer (pH 7) at a flow rate of 0.8 mL/min on
a2.7 um, 4.6 x 150 mm Agilent Poroshell 120 EC-C18 analytical column run at room temperature
with an injection volume of 45 pL and otherwise identical instrument settings to ACV samples.
Entecavir and abacavir samples were eluted over a 10-minute gradient mobile phase of 98:2 to
70:30 of potassium phosphate buffer:acetonitrile, with otherwise identical instrument settings to
ACV-TP samples. Zalcitabine samples were eluted over 3 minutes with isocratic potassium
phosphate buffer, followed by a 7-minute gradient mobile phase to 70:30 of potassium phosphate

buffer:acetonitrile, with otherwise identical instrument settings to ACV-TP samples.

4.5.2 General method to cage nucleoside antivirals

Stock solutions (10 mM) of each nucleoside drug were prepared in DMSO. In a PCR tube,
2.5 pL of the 10 mM stock solution was combined with 2.8 uL of a 40% glyoxal solution (~8.8 M),
2.5 pL of 100 mM ammonium acetate buffer (pH 6), and 17.2 pL of nuclease-free water to 25 uL

final volume. Reactions alternately proceeded with 2.5 uL of 10X PBS (Thermo Fisher Scientific)
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with pH adjusted to 6, or 6.8 in the case of ACV-TP to preserve compound stability. Reactions
were heated at 50 °C for 5 min—2 d, as delineated in figure captions, or 40 °C in the case of ACV-
TP. Final antiviral and glyoxal concentrations also varied by experiment between 1-100 mM and
0.01-1 M, respectively, as delineated in figure captions. ACV-TP was purchased from Jena

Bioscience. Zalcitabine was purchased from APEXxBIO.

4.5.3 General method to decage nucleoside antivirals
Antiviral that had been reacted with the minimal equivalent of glyoxal to achieve full caging
by HPLC was diluted to 0.01-1 mM in 1X PBS (pH 7.4, or 6.8 in the case of ACV-TP). Decaging

was performed at 37 °C for 0.5 h—2 d, as delineated in figure captions.

4.5.4 Cell viability assays

All cell viability experiments were performed using HEK293T cells. Cells were maintained
in DMEM (High Glucose, Pyruvate, Gibco) supplemented with 10% Fetal Bovine Serum (Gibco)
at 37 °C in a humidified atmosphere of 5% CO. and 95% air. Cells were passaged at 80%
confluence. For viability assays, cells were seeded in 150 uL of media at 10,000 cells/well in a
BioCoat™ Poly-D-Lysine, 96-well, White/Clear, TC-treated Microplate (Corning), with triplicate
wells for each treatment condition. The cells were allowed to grow for 1-2 d until reaching 50—
80% confluence. The effects of 0.5 mM ACV, caged ACV, and glyoxal on viability were then
assessed using the CellTiter-Glo® 2.0 Cell Viability Assay kit (Promega) following the
manufacturer protocol. In brief, 60 uL of media was removed from each well and replaced with 10
pL of water, 5 mM ACV, 5 mM caged ACV, 5 mM glyoxal, or 100% ethanol to 100 pL final volume.
The plate was incubated at 37 °C for 3.5 h, followed by 0.5 h incubation at room temperature.
Meanwhile, CellTiter-Glo® 2.0 Reagent that had been thawed from —80 °C to 4 °C overnight and
then equilibrated to room temperature for 1 h was gently inverted to mix and added in 100 pL

volume to each well, avoiding light exposure and ATP contamination. The plate was protected
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from light, mixed on an orbital for 2 min to induce cell lysis, and incubated at room temperature
for an additional 10 min to allow stabilization of luminescence signal. Finally, luminescence was
recorded on a BioTek Cytation 5 Cell Imaging Multi-Mode Reader with the following instrument
settings: Luminescence Endpoint; Integration Time: 1 s; Filter Set 1 (Emission: Full Light; Optics:
Top; Gain: 135); Read Speed: Normal; Delay: 100 msec; Extended Dynamic Range; Read Height:
1 mm. Triplicate measurements for each treatment condition were averaged for each experiment
and then normalized across two independent biological replicates to account for day-to-day
instrument variability and variations in cell confluence. Caged ACV dose response experiments
were performed following a similar protocol, except that 120 uL of media was removed from each
well and replaced with 20 uL of water, 25% ethanol, or 50, 10, or 2 mM caged ACV to 50 pL final

volume, followed by addition of 50 yL CellTiter-Glo® 2.0 Reagent.

4.5.5 Quantification of HIV-1 reverse transcriptase (RT) inhibition

The inhibitory effects of ACV-TP on in vitro HIV-1 RT activity and the corresponding
influences of glyoxal caging and decaging of ACV-TP were assessed using the HIV-1 Reverse
Transcriptase Assay Kit (XpressBio) following the manufacturer protocol. Namely, ACV-TP (10
mM) was diluted in 1X PBS (pH 6.8) to 1 mM, or first caged with glyoxal (12 mM), diluted in 1X
PBS to 1 mM, and then further incubated at 37 °C for 0.5 or 12 h to promote decaging. Then, 12
ML of these solutions or 12 pL duplicates of 1X PBS controls were mixed with 14 pL each of pre-
thawed Reaction Buffers 1 and 2. Meanwhile, HIV-1 RT enzyme stock was thawed and briefly
vortexed with pre-warmed Lysis Buffer in a 1:399 v:v ratio to produce sufficient enzyme solution
for the assay. All 40 yL compound solutions were combined with 80 uL of enzyme solution except
for one PBS control sample, which was instead combined with 80 uL of Lysis Buffer as an
experimental blank. The final reactions contained 1 ng HIV-1 RT and 100 uM test compound. All
solutions were prepared in duplicate. The reactions were incubated at 37 °C for 20 min in a Bio-

Rad T100 Thermal Cycler, and 100 pL were then transferred to a pre-warmed, streptavidin-coated
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96-well plate for further incubation at 37 °C for 20 min. Each well was washed 5X with 230 uL of
pre-warmed 1X Wash Buffer and then incubated with 100 pL of pre-warmed HRP Anti-
Digoxigenin Conjugate solution at 37 °C for 45 min. After again washing the plate, 100 uL of ABTS
Substrate Solution was added to each well before heating at 37 °C for 60 min. Absorbance at 405
nm was recorded on a BioTek Cytation 5 Cell Imaging Multi-Mode Reader with the following
instrument settings: Detection Method = Absorbance; Read Type = Spectral Scanning; Optics
Type = Monochromators. Absorbance values were averaged for each duplicate, with higher
absorbance values corresponding to higher HIV-1 RT activity. The experiment was repeated in
triplicate and the data normalized both to each other and to the “HIV-1 RT enzyme alone”
condition to account for day-to-day instrument variability and directly compare native vs. inhibited
enzyme activity, respectively. The five treatment conditions were analyzed by one-way ANOVA

and significant differences identified via a post-hoc Tukey HSD test.

4.5.6 Cytopathic effects assay

In cellulo assessment of HSV-1 inhibition by ACV, caged ACV, and decaged ACV was
conducted as previously described.® In brief, human foreskin fibroblast (HFF) cells derived from
human foreskin tissue* were seeded at 5,000 cells/well in a 384-well plate supplemented with
MEM with Earle's salts, 2% FBS, and standard concentrations of L-glutamine, penicillin, and
gentamicin. The cells were cultured for 1 d at 37 °C in a humidified atmosphere of 5% CO. and
95% air to establish a confluent monolayer. ACV was then added to the wells in 5-fold serial
dilutions from 0.048-150 pyM. Meanwhile, caged ACV was added in 5-fold serial dilutions from
0.0032—-10 uM or first decaged at 37 °C for 1 d at 1 mM concentration in 1X PBS (pH 7.4) before
addition to the cells. All treatments were performed in duplicate wells. Cells were then infected
with HSV-1 at a multiplicity of infection of ~0.005 plaque forming units (PFU) of virus per cell, as
previously described,**3" until 100% CPE toward the HFF cells was observed in virus-only control

wells after 5 d at 37 °C. Cytopathology was quantified using CellTiter-Glo reagent (Promega).
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Compound concentration resulting in half-maximal reduction of viral replication (EC50) for ACV
and the caged and decaged species could then be extrapolated using standard methods in Excel,
averaging across the duplicate wells. Notably, although the experiment was designed to evaluate
the effect of ACV caging on HSV-1 inhibition, it is likely that during the 5 d viral infection period, a
substantial portion of caged ACV equilibrated back to the parent compound, thus resulting in
substantial CPE. The assay also included positive and negative control compounds as well as
infected and uninfected control wells to ensure valid interpretation of the data. Liquid handling

steps were performed on a BioMek 4000 Automated Liquid Handler.

4.5.7 In vivo circulatory half-life

The circulatory lifetime of ACV and caged ACV was quantified by injecting three fed, male
CD-1 mice with 1 mg/kg compound delivered via intravenous bolus as a 0.2 mg/mL formulation
in 10% DMSO, 10% PEG 400, 40% propylene glycol, and 40% water. Plasma samples were
collected at 0.083, 0.25, 0.5, 1, 2, 4, 8 and 24 h. An aliquot of 20 yL sample was protein
precipitated with 120 yL of 100 ng/mL gemcitabine in acetonitrile as an internal standard. The
mixture was vortexed and then centrifuged at 4,000 RPM for 10 min at 4 °C. Supernatant (100
ML) was transferred to a sample plate, mixed with 50 uL water, and the plate was shaken at 800
RPM for 10 min. Finally, 0.4—1 yL of this solution was injected with a flow rate of 0.6 mL/min onto
a 1.7 ym, 2.1 x 50 mm ACQUITY UPLC BEH Amide analytical column. The sample was eluted
over a 1.5-minute gradient mobile phase of 95:5 to 40:60 of 0.1% formic acid in acetonitrile:0.1%
formic acid in water. ACV was confirmed by ESI-MS with (m/z) calcd for CsH11NsO3 ([M + H+]):
226.1, found: 226.1 ([M + H+]). Caged ACV was confirmed by ESI-MS with (m/z) calcd for
C10H13NsO3 ([M + H+]): 284.1, found: 284.1 ([M + H+]). No adverse effects were recorded during

the animal study.
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Chapter 5: Expanding STEM Accessibility and Inclusivity

5.1 Engagement in Departmental, Local, National, and International Initiatives Promoting
Scientific Literacy

Throughout my Ph.D., | have engaged in community-building and scientific outreach
efforts alongside my research projects in order to make the field of chemistry more accessible. |
firmly believe science should be an open door that any interested party can walk through, as well
as a tool we can all wield comfortably when making important personal and professional
decisions. | joined the Emory Department of Chemistry to become an expert in chemical biology,
but | am leaving with the added goal of shaping the future of STEM education and the STEM
workforce through a career in science policy. | learned more than | ever anticipated while serving
on the NOBCChE @ Emory executive board, acting as a student liaison to the department through
the Student Advisory for Full Engagement (SAFE) Committee, and sharing key lessons from
these experiences at national and international platforms.

| am grateful to those | met along the way who share the goals of improving the academic
experience and spreading the wonders of scientific discovery. Thank you for the sometimes
uncompensated, sometimes unappreciated work you do to further these goals. Thank you to
Emory Chemistry for recognizing my work through the Quayle Citizen Scholar Award. Below, | list

my contributions to Emory and the wider chemistry community that | am most proud of.

5.1.1 Community building

As a founding executive board member and three-year Outreach Chair (2018-21) on
Emory’s newly reestablished chapter of the National Organization for the Professional
Advancement  of Black Chemists and Chemical Engineers (NOBCChE,

https://www.nobcche.org/), | got to play a central role in defining our identity as an organization. |

helped plan NOBCChE’s department-wide, end-of-year social events and built working


https://www.nobcche.org/
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relationships with other Emory Chemistry student groups. Over the first three years, my NSF
Graduate Research Fellowship Program (GRFP) professional development series brought
together NOBCChE general body members, the wider graduate student body, Emory Chemistry
administrators, and faculty to conduct peer reviews of students’ fellowship application essays.
Amazingly, these discussions resulted in the conferral of six prestigious NSF GRFP awards and
four Honorable Mentions to students in our department. In addition, during the founding year of
the SAFE Committee, | served as the informal chair, guiding graduate and undergraduate
students to work together, solicit feedback from the wider student population, and collaborate with
departmental leadership. Continuing prior work, we organized student interviews with faculty
candidates and reported the results to Emory Chemistry’s Faculty Recruiting & Development
Committee. SAFE also brainstormed with the Diversity, Equity, and Inclusion Committee on how

to address unmet student needs at the interface of academics and equity.

5.1.2 Outreach

To engage with students in the Atlanta g] )
A

community, | organized participation in NOBCChE’s
very first event, Marietta High Science Night (Figure
5.1), a tradition that continued five years later. |
arranged for NOBCChE’s first booth at the Atlanta ’
Science Festival, which due to the pandemic was not
realized until 2022. In the interim, | helped the
department plan an on-campus, drive-through science
demo show to keep kids excited about science during

quarantine. Beyond my work in the department, | |

& i | [ 5 xa N
collaborated with the scientific communication Figure 5.1: NOBCChE @ Emory, 2018.

Marietta High Science Night and the Emory
organization Color Me Ph.D. (https://www.colormephd. Chemistry Carnival.
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org/) to create their first coloring pages in honor of both Black History Month and Hispanic Heritage
Month. | also translated the latter pages into Spanish (Figure 5.2). These pages were part of the
“History-Making Scientists” series. Importantly, this work highlights historically underrecognized

scientists from history while providing a free and fun educational resource to the public.

5.1.3 Broadening participation

In consultation with the Undergraduate Committee, SAFE recruited two undergraduate
students to contribute meaningful student perspectives to committee discussions. Our work during
the first year of SAFE laid the foundation for students to be integrated onto almost all department
committees in the subsequent year, enabling students to provide input and unique insights during
important decision-making moments in the development of the Emory Chemistry Department. In
spring 2022, | conceptualized and executed the department’s first State of the Department
Address & Town Hall event, which invited members of all Emory Chemistry stakeholder groups
to learn about current leadership efforts in the department, weigh in on them, and discuss future

directions together. The event was held again in spring 2023.

5.1.4 Public education/scholarship

| co-authored the 2020 Nat. Rev. Chem. article, “Recruit and retain a diverse workforce,”
which challenges Emory and our peer academic institutions to take full ownership of the effort
and thoughtfulness owed to the researchers from underrepresented groups in STEM whom we
often try to attract to our programs, sometimes for selfish reasons. In 2022, | was invited by the
Emory Chemistry Director of DEI, Dr. Tracy McGill, to co-present my work on the SAFE
Committee at the ACS National Meeting, which sparked a robust discussion with students, faculty,
and industry chemists from across the US on how student—faculty partnerships can advance DEI
efforts. Since spring 2022, | have served as an Associate Editor for the international Journal of

Science Policy & Governance in an effort to bolster evidence-based policymaking worldwide.
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CoorMePh.) #HispanicHertageMonth  History-Making Scientists
: 7 Tnés Mexia fue una botanica chicana prolifica que colecciond >145.000
: @5 especimenes y identificd 500 especies nuevas. Mexia nacis en :
Washington, DC, como hija de un dip\omé{'\co mexicano. Luego
: supervisé el rancho de su padre en Mexia, TX, el pueblo de donde

& eran sus anteposados. Después de vencer problemas de salud mental

f%g@ debido a dos matrimonios diffciles, a los 5| afios de edad,Mexia :

se matricwlo en UC Berkeley y descubrié su pasién por las

24 de mayo,1370 - plantas y lo naturaleza. =
12 de juﬁo, 1933

viaj$ a Alaska, México, Brasil
Peri, Ecuador, Chile, y Argentina

para aumentar la productividad,

lelelo®
O O O O consiquié sus propios fondos y :
! viaj6 sola sin miedo :

. S
...................................................................................................................................................

pdginas para colorear qratis @ WWW. colormephd.org

Figure 5.2: Color Me Ph.D.’s highlight of Ynés Mexia during National Hispanic Heritage Month. One
of the coloring pages we created to promote awareness of underrepresented History-Making Scientists.
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5.2 Recruit and Retain a Diverse Workforce'

As the world erupts with demands for racial justice, the chemistry community has the
obligation, opportunity, and momentum to drive for diversity and inclusion in the sciences. Efforts
toward that end must begin by allocating opportunities for success on the basis of potential, not
privilege, and follow through by soliciting and acting upon feedback from the scholars we have

recruited.

5.2.1 Introduction

The heterogeneity of chemists across ethnic, gender, and socioeconomic spectrums has
significance at every echelon, from the young students first discovering the periodic table to the
entrepreneurs launching their pharmaceutical startups. Although our scientific community is
increasingly engaged in honest dialogue surrounding diversity and inclusion — particularly after
the killings of Ahmaud Arbery, Breonna Taylor, and George Floyd — efforts to increase diversity
through admissions and hiring have historically focused on meeting racial and gender quotas
rather than evaluating candidates holistically. That is, academic programs can exhibit tokenism
by recruiting a few members from underrepresented groups in order to meet the lowest standard
of diversity, rather than to expand the institution’s analytical skillset and capacity for community
engagement. Moreover, compared with the time and resources that we expend to recruit
scientists from underrepresented groups in science, technology, engineering, and mathematics
(STEM), far less attention is given to also creating a work environment that respects all individuals
and embraces their feedback. As a result, retention of underrepresented scientists constitutes a
major challenge in academia.

What will it take to make our undergraduate and graduate researchers, our postdoctoral
interview candidates, our faculty, and our academic leaders reflect local and global populations
— and why should we bother? As a melting pot of aspiring innovators, it is both our extraordinary

privilege and our duty to answer these questions. We work in a research group whose expertise
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in enriching functional nucleic acids from a starting pool of trillions of random sequences has,
oddly, provided us with a unique perspective on how to select, retain, and invest in the potential
of would-be members of our own chemistry community. While our experiences are mostly
grounded in the American academic system, here we present general insights on how to recruit
diverse groups of people, provide them with the resources to flourish, and support them in

dreaming big.

5.2.2 Assessing candidates

Carrying forward our research analogy, the “first law of directed evolution” coined by
Frances Arnold states that “you get what you screen for.”? Every application process represents
a screening step and, if biases (explicit or implicit) are present at each career stage, these
accumulate over time to exponentially skew candidate pools. Admissions and hiring committees
must therefore look beyond traditional CV metrics to consider both the context of an applicant’s
achievements and the value of the knowledge and perspective that they bring to the community.
Additionally, we must challenge the mentality, “Does this person have what it takes to be
successful in our program?” and instead ask, “Does our program have what it takes for this person
to be successful?” This approach is a first step in recognizing the inherent structural biases that
make success easier for some than others. It also reframes each new student, postdoc, or faculty
member as someone in whom the institution is deeply invested, as opposed to a diversity statistic.
In this section, we discuss approaches for reframing admissions and hiring decisions to focus on
the potential of each candidate rather than the diversity needs of the institution.

What exactly is diversity? Kenneth Gibbs Jr, a program director in the Division of Training,
Workforce Development and Diversity at the National Institute of General Medical Sciences,
defines diversity as, “Difference. Science workforce diversity refers to cultivating talent and
promoting the full inclusion of excellence across the social spectrum.” In order to cultivate talent

in STEM from diverse groups, we should first recognize that excellent students come from all
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ethnic, religious, socioeconomic and academic backgrounds. Indeed, the ability of coworkers to
think in distinct ways fosters creativity and innovation. This concept is exemplified in the acclaimed
2016 film Hidden Figures, which is based on the true story of Black NASA mathematicians
Katherine Johnson, Mary Jackson, and Dorothy Vaughan and honors their essential roles in
making John Glenn the first American to orbit the Earth. Multiple examples in the literature also
support the role of diversity in positive scientific outcomes,*® including in industry.

After recognizing the inherent benefits of having varied perspectives, we must next
critically evaluate our motivation for soliciting diverse applicants: is it to fulfil social norms? To
improve the likelihood of obtaining grant funding? Or is it because we truly believe everyone
deserves equal access to educational opportunities? And because we want to invest in people
who can provide new insights into our organization’s challenges? Committing to the goal of
diversity for the right reasons ensures that the initiatives we pursue are consistent with the desired
end goal: positive personal and professional outcomes for all parties involved.

Another major component of selecting among candidates involves evaluating their
experience and past achievements. While a head-to-head comparison of publication output,
conference talks, grade point average (GPA), or awards is a tempting basis for evaluating
individuals, we must also consider the circumstances under which those achievements were
realized. How might socioeconomic or cultural factors have affected access to education and
opportunity? It is well known that standardized tests such as the Graduate Record Examination
(GRE), which remain widely used in the US, show poor correlation with research productivity in
graduate school while demonstrably disadvantaging non-native English speakers and students of
color. Likewise, what does it take to publish at a large, fully equipped, and funded university versus
a smaller institution with fewer resources? Although privilege often begets early professional
success, individuals who face and overcome adversity throughout their careers develop critical
skills that uniquely prepare them to face new and bigger challenges at later career stages.®

Therefore, choosing the candidate who appears more qualified according to conventional metrics
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may mean losing the one who has become expert in navigating obstacles and persevering
through difficulties as an underrepresented scientist.

An added benefit to the practices outlined above is that they help to prevent the tokenism
that can emerge when seeking to diversify admissions or interview pools. By considering the
benefits of recruiting a diverse group of people as well as each individual’'s merit in the context of
their access to resources and opportunities, we recognize that we are recruiting people — not
numbers or quotas. Funding agencies may contribute to this process by following up after initial
grant disbursal not only on scientific progress but also on diversity statements. Finally, we define
‘potential” as the capacity to choose and then realize ambitious goals. A highly motivated

applicant already possesses the fuel — employers simply impart the tools to light the fire.

5.2.3 Origins of exclusivity

Recruiting a diverse group of students, postdocs, and faculty is just the first step toward
achieving equitable representation in STEM. This work is fruitless without also building an
environment that offers resources and mentorship to retain and support these recruits — a
particularly pressing issue in STEM, as attrition rates are higher among women’ and people of
color. Below, we describe several factors that exacerbate feelings of exclusion, as well as steps
that institutions and departments may take to mitigate these effects.

Not seeing others who look like us engenders feelings of exclusion and negative thoughts
such as, “Am | here by mistake? What if | don’t succeed?” One way to combat these is by
increasing representation at all levels. Toldson reports that historically Black colleges and
universities (HBCUs), while representing only 3% of higher education institutions in the USA,
graduate more Black science and engineering students than all predominantly white institutions
(PWIs) combined. This is due in part to the significantly higher percentage of Black faculty at
doctoral-granting HBCUs (67%) than at PWIs (4%).2 Unsurprisingly, our own success is much

easier to envision when we meet and have the opportunity to be mentored by trailblazers like us.
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Furthermore, as depicted in the Hidden Figures film, a major problem in STEM is the lack
of recognition and appreciation for the work done by women and underrepresented minorities
(URMs). Of the more than 900 Nobel laureates awarded by 2018, only 14 (1.5%) were Black;
moreover, only 21 women and no Black researchers have won a Nobel Prize in science. In
particular, from 1901 to 1920, only four women won a Nobel Prize. Almost a century later, between
2000 and 2019, only 24 of 244 laureates were women. Likewise, the President’s National Medal
of Science (National Science Foundation) has been awarded to 482 scientists in STEM from 1962
to 2014 with 8% being women. Meanwhile, from 2017 to 2019, the American Chemical Society
awarded over 200 chemists in various subfields. Of these, approximately 27% were women, and
only about 5% were URMs. As recent findings indicate, scientific innovations by women and
people of color are substantial but also less likely to be valued or pursued further.® Meanwhile,
career trajectory is heavily influenced by conference talks,? citations, and the receipt of awards.
Therefore, it is critical to recognize how these inequities become compounded across a scientist’s
career and then to actively promote inclusive practices in literature citation and the selection of
speakers and award winners.

Finally, women and URMs in STEM often lack a sense of belonging. When you walk into
a room full of people, what do you do? Do you look around? Do you feel like all eyes are on you?
Legendary tennis player Arthur Ashe once said, “Like many other Blacks, when | find myself in a
new public space situation, | will count. | always count. | count the number of Black and brown
faces present.”'! Signs of exclusivity can extend beyond the demographics of students and faculty
to also appear in the culture of the department. Oftentimes department-wide activities in STEM
fields include trivia, dinners, and movie nights. How much might an international student know
about local culture, a white student know about Black history, or a man know about women'’s
history? There can also be a lack of inclusivity in movie choices or even the food served at these
events, leaving students feeling as though they need to conform to the exclusive environment in

which they find themselves.
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5.2.4 Cultivating inclusion

Creating spaces for individuals from underrepresented groups in STEM to share
experiences and build platforms for advocacy helps to kindle a sense of belonging. Within the
Emory Department of Chemistry, we have established several graduate student extracurricular
groups for female (@AWIS_Emory on Twitter), international (@1GSSemory), and other
underrepresented student communities (@NOBCChE_Emory and @Emory SACNAS) to
connect and discuss challenges. These organizations regularly host events that foster social
networks outside of research, advance professional development and provide opportunities to
educate interested members of the majority group and potential allies about the experiences of
underrepresented populations in chemistry. For example, as board members on the Emory
chapter of the National Organization for the Professional Advancement of Black Chemists and
Chemical Engineers (NOBCChE), the authors have coordinated events to commemorate Black
History Month at Emory, as well as helping to prepare members of the general body for
conferences and educational milestones. Overall, these efforts serve to empower our members
as departmental leaders while also engaging the greater Atlanta community.

Finally, a crucial component of supporting diversity in the sciences is effective listening.
As long as those holding positions of authority come from groups having more privilege than the
students and faculty they are recruiting, our employees will have encountered considerable
obstacles that our leaders have never conceived. This can be overcome by building robust
infrastructure for anonymous feedback, town halls, and private meetings for concerns to be voiced
and then heard. For those of us in positions of leadership, when someone is describing an
experience foreign to us, that is the time to ask questions, develop a deeper understanding, and
empathize — not to occupy the silence ourselves — in order to best appreciate and address
the issue. Finally, if we cannot immediately remedy the problem, demonstrating to someone that
they have been heard and understood is a powerful step towards comprehending the intricacies

of exclusion.
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5.2.5 Outlook

Diversifying science for the mere sake of fulfilling societal expectations does a huge
disservice to the communities that these efforts are intended to benefit. Further, it squanders the
unique perspectives and experiences that each individual can bring to our departments and
institutions. Focusing our evaluation criteria on factors beyond GPA, publications, and academic
pedigree is an important first step toward equitable admissions and hiring. Doing so prepares us
to invest in each new student or faculty member’s career goals, enabling diversification of science
without exhibiting tokenism. Importantly, recruiting diverse applicants is insufficient without
simultaneous efforts to foster an inclusive environment for everyone to thrive. This begins with
hiring diverse faculty members and establishing support groups such as the Association for
Women in Science (AWIS), NOBCChE, and the Society for Advancement of Chicanos/Hispanics
and Native Americans in Science (SACNAS) in STEM departments. Moreover, while we can
increase the diversity of a department by accepting diverse candidates, their efforts and
accomplishments must be judged or praised by fair and equal criteria.

As with nucleic acids in our lab, the scientific community begins with a large pool of
scientists. Within this large pool are groups of underrepresented individuals that possess great
skill. If we can enrich these populations of scientists in every round of admissions or hiring, and
then provide an environment that allows them to cultivate and utilize their talents, over time we
will produce greater diversity in leadership positions. As the cycle repeats, diverse students in
later generations will see more and more students, faculty members, and academic leaders who
look like them. Eventually, instead of constituting a roadblock, diversity and inclusion in STEM will

finally become an asset for researchers to fully leverage.
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Chapter 6: Conclusions and Future Perspectives

RNA:small molecule interactions are potent resources in the chemical biology toolbox.
The physicochemical properties of small molecules can be tuned to impart targeted reactivity
toward the varied and distinct structural attributes of RNA (Figure 6.1). For example, SHAPE
reagents selectively react with sterically accessible 2° OH groups in the ribose backbone,
providing insight into biomolecular secondary structure.*®*° Likewise, glyoxal adds reversibly to
the Watson-Crick-Franklin base-pairing face of guanine, adenine, and cytosine nucleobases,
disrupting hybridization to complementary nucleic acid sequences.’® RNA is also reactive to
canonical protein photocrosslinkers, a useful property when probing RNA target engagement.®
61.143 Finally, highly flexible and equipped with discerning molecular recognition capacity, RNA
binds a broad array of molecular chemotypes in nature.*> 2! Researchers can further leverage
this remarkable property to isolate novel RNA sequences that execute a previously undescribed
function (Figure 6.1). SELEX has been harnessed to develop a veritable cornucopia of fluorogenic
dye-binding aptamers for RNA imaging applications—Spinach, Broccoli, Corn, Mango, and
Peppers, to name a few.58-6% 89.117. 218 Cach and coworkers used the same technique to select a
catalytically active RNA sequence, otherwise known as a ribozyme, that performs peptidyl
transferase reactions.?'® Ribozymes in nature hint at the possibility that RNA was once the primary
driver of life on Earth, an idea that RNA enthusiasts call the RNA World hypothesis.??°

But many unknowns remain with regard to this molecule. The field is constantly
discovering new classes and biochemical functions.' Intracellular RNA localization is known to
drive cell polarization, but transcriptional dynamics are challenging to capture, particularly without
perturbing native behavior.®' In addition, while RNA is certainly able to bind diverse molecules,
the field lacks knowledge on how to reliably and reproducibly design ligands that target pathogenic
RNAs.” This problem could not have been underscored more starkly than with the onset of the

COVID-19 pandemic, caused by the RNA virus SARS-CoV-2.2?' Such questions are the focus of
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Figure 6.1: Small molecules are powerful tools to probe and disrupt RNA function. Chemical biologists
leverage the reactivity of RNA nucleobases and sugars, in addition to specific binding by naturally evolved
and artificially selected aptamers, to characterize biomolecular function.

this dissertation. In Chapter 2, we develop the first photoaffinity-based method to image RNA
dynamics in live cells. We anticipate that this strategy will enable a reduction in the molecular
weight of the cargo typically necessary for visualization of transcripts in real time. In Chapter 3,
we again utilize photoaffinity labeling, in this case to explore guiding principles that drive certain
mMRNAs to be more ligandable than others. As less than 20% of proteins are thought to contain
druggable binding pockets, the mRNAs upstream of these proteins, as well as other functional
RNA classes, represent underutilized therapeutic targets.' In Chapter 4, we deploy glyoxal to
tune the bioactivity and pharmacokinetic properties of nucleobase-like drugs toward bolstering
patient adherence in the clinical treatment of DNA and RNA viruses.

Given that Chapters 2 and 3 harness RNA photoaffinity labeling, perhaps the most
pressing unanswered research question emerging from this dissertation is whether diazirine is
indeed the best photocrosslinker (PC) to achieve covalent RNA labeling. In Chapter 2, we
observed ~2% in vitro labeling efficiency between our malachite green (MG)-diazirine-alkyne
probe and the MG aptamer (MGA). In Chapter 3, two PAGE gels indicated a labeling efficiency
of 40-50% between PreQ1-diazirine-alkyne, but a third gel reflected < 5% labeling efficiency.

Higher labeling yields could drastically improve the robustness and efficacy of both methods. A
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related question is whether PC labeling yield is context-specific.

Certainly, alkyl diazirine is the most prevalent PC in the literature for RNA labeling.®'3. 111
However, few groups quantify and report the labeling efficiency for multiple photoaffinity probes
tested head-to-head. Mukherjee et al. report yields between 5-15% for aryl azide- and alkyl
diazirine-based PAL ligands.'®® Schneekloth and coworkers measured 30-50% efficiency for alkyl
diazirine probes and either ~20% efficiency or only trace labeling for select trifluoromethyl phenyl
diazirine probes.’® Meanwhile, photoaffinity labeling (PAL) has been in use in the field of
proteomics for decades, with labeling characteristics well characterized.®® Given the vast
differences in composition, structure, and binding paradigms between RNA and proteins, it is
highly likely that the same rules for achieving maximal labeling efficiency do not apply.
Trifluoromethyl phenyl diazirines, aryl azides, benzophenones (BPs), and psoralens are highly
underexplored in comparison to alkyl diazirines.%® 2?22 The capacity of BP for repeated
photoactivation could render it highly useful in increasing RNA labeling yield.5® A systematic study
of the effects of PC identity, linker identity, and linker length on RNA photocrosslinking efficiency
would rapidly advance this burgeoning area of research.

With higher labeling yields and better characterization of RNA:PC properties, our RNA
imaging method reported in Chapter 2 could be expanded in several ways. Firstly, multiplexed,
multicolor RNA imaging could be achieved by developing alternate aptamer:fluorogenic dye pairs
that are amenable to PC installation. Current efforts in our lab are focused on exploring PAL
strategies with the Peppers aptamer, an attractive candidate due to the wide spectral range of
emission that this system offers (485-620 nm).®® Given cutting-edge developments in aptamer-
based super-resolution RNA imaging, it would be exciting to investigate potential further
advantages by combining rhodamine-based systems with covalent RNA labeling.”" Secondly, if
multiple PC groups provide suitable labeling yields, the distinct photophysical properties could be
used to establish imaging of multiple RNAs of interest in an a spatiotemporally orthogonal

manner.®® Thirdly, Chenoweth and coworkers recently developed a photoinducible system to
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control intracellular transport of proteins and even organelles. Using our RNA photocrosslinking
strategy, an analogous workflow could easily be designed to access light-induced intracellular
RNA transport.?2-224 Such a tool would be invaluable for studying the ties between RNA
localization and function. Finally, we imaged MGA-tagged U6 snRNA in Chapter 2, but our
protocol could be used to study any number of biologically important transcripts.

An important next step to establish the utility of the photoaffinity-based RNA target
engagement method described in Chapter 3 is biochemical validation of the identified mRNA hits
of compound 9, the palbociclib-diazirine-alkyne probe. We have already pursued two parallel
strategies to this end, based on the PEARL-Seq method by Mukherjee et al. and based on an in-
house designed one- or two-step “mini-SELEX” enrichment protocol (Figure 6.2)."%8

Unfortunately, despite extensive optimization, neither method has enabled mRNA hit validation.
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TTe0n RO
2 RTPCR RN
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Figure 6.2: Two approaches to validate Chem-CLIP-Map-Seq mRNA hits. a PEARL-Seq-based scheme
to detect palbociclib- or compound 9-induced RT stops in in vitro-transcribed mRNA sequencing hits. b One-
or two-step selection scheme to enrich mRNA sequencing hits on palbociclib-functionalized beads.
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As mentioned in Chapter 3, one formidable challenge in the development of RNA-targeted
probes is the cost and practicality of synthesizing lengthy, in vitro-transcribed RNAs for molecular
biology studies. Future target validation efforts will focus on more well-established methods, such
as SHAPE and/or proteomic analysis of palbociclib-treated MCF-7 cells, to further characterize
transcriptome-wide effects of palbociclib treatment. Upon additional optimization, the PAL
workflow could be used to study any number of RNA ligands.

Meanwhile, the preliminary in cellulo and in vivo data on glyoxal-mediated control over
acyclovir (ACV) bioactivity and improvement of undesirable pharmacokinetic properties in
Chapter 4 make us excited to pursue further characterization. This could include additional mouse
studies focused on absorption, distribution, metabolism, and excretion, as well as further
validation of timed-release conversion of glyoxal-caged ACV back into the parent compound.
Additionally, while we showed proof-of-principle glyoxal caging of a three-member panel of
nucleoside reverse transcriptase inhibitors (NRTIs), follow-up studies are needed to characterize
the observed reaction products, glyoxal decaging kinetics vis-a-vis pharmacologically ideal half-
life, and most importantly, effects of glyoxal caging on viral RT inhibition.

Another avenue we are interested in pursuing is nucleoside antiviral caging with glyoxal

derivatives for improved drug circulation lifetime. Prior work in our lab and by He and coworkers

. . . a -
has shown that nucleic acids are amenable to caging 1. Dess-Martin periodinane O
R\/\/OH > R\)J\’rH
2. Se0,, acetic acid

by glyoxal derivatives such as methylglyoxal and °

kethoxal.??> Building upon this precedent that MH H

elaidyl alcohol dicarbonyl

substituted 1,2-dicarbonyls react efficiently and
reversibly with nucleobases, we will explore fo/\,}oQk’(H

nucleoside antiviral caging using glyoxal derivatives m-PEG; dicarbonyl lithocholic acid dicarbonyl

Figure 6.3: Antiviral caging with fatty acid,
steroid, and PEG derivatives of glyoxal. a
Reaction scheme for oxidation of primary
alcohols to 1,2-dicarbonyls. b Representative

) ) ) o o structures of target 1,2-dicarbonyl caging
extending circulation lifetime through binding to  groups to be synthesized and tested.

that incorporate fatty acid, steroid, or PEG chains

(Figure 6.3), as these are shown to be effective in
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serum albumin or reduction of renal clearance.???2® These studies will utilize commercially
available moieties such as the fatty acid elaidyl alcohol and the steroid lithocholic acid.

Beyond the scope of RNA:small molecule interactions, humans are constantly interfacing
with scientific principles. Chapter 5 discusses collaborative efforts to raise scientific awareness
outside of the immediate chemistry community. As technology and innovation continue to
advance at an exponential pace, the potential for knowledge gaps between individuals grows as
well. The recent COVID-19 pandemic underscored the importance of a scientifically literate
society. Fortunately, endless avenues exist for researchers to engage in outreach opportunities

that span departmental and global levels.
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Appendix A: Data Omitted from Chapter 2

Scheme A1: Synthesis of reduced MGD2 precursor (2).
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Figure A1: Concentration- and UV-dependence of RNA aptamer labeling. a MGA RNA is
selectively labeled over an off-target aptamer in the presence of increasing MGD2 concentration.
b Labeling of MGA by MGD2 increases with UV irradiation time.
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Figure A2: Selectivity of MGA labeling. MGA labeling was visualized in the presence of total
cellular RNA extracted from N2a cells, as analyzed by a 12% denaturing PAGE or b 1%
denaturing agarose gel.
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Figure A3: HPLC traces of probe-labeled MGA. a 9.75 nmol of MG-labeled MGA and b 9.75
nmol of MGD2-labeled MGA. MWD1 (RNA) and MWD2 (MGD2) are shown in blue and red,
respectively. ¢ Areas under blue and red curves and calculation of % labeling according to

Chapter 2.5.6, Equation 1.
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Figure A4: Assessment of UV and MGD2 cytotoxicity. Cytotoxic effects up to 8 h post-
treatment of N2a cells with MGD2 (200 nM) for 15 min, UV irradiation for 10 min, or both using
CellTox™ Green Cytotoxicity Assay (Promega). Viability was compared to a “no treatment”

negative control and a lysis buffer-treated positive control.
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Condition 3

Figure A5: Confocal microscopy images of cell treatment conditions 1-4 across two
replicates. Mouse Neuro-2a cells were treated with one of the four following conditions: 1) Mock
transfection (3 d), 100 nM MGD2 (15 min); 2) Coilin-GFP and 0X MGA-U6 snRNA transfection (3
d), 100 nM MGD2 (15 min), 365 nm UV light (10 min); 3) Coilin-GFP and 1X MGA-U6 snRNA
transfection (3 d), 100 nM MGD2 (15 min); 4) Coilin-GFP and 1X MGA-U6 snRNA transfection (3
d), 100 nM MGD2 (15 min), 365 nm UV light (10 min). The four channels correspond to MGD2
(red), coilin-GFP (green), Hoechst (blue), and brightfield. Boxes indicate the representative
images that were zoomed in and depicted for each condition in main text.
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Figure A6: Colocalization of U6 snRNA and coilin-GFP in nuclear puncta. Mouse Neuro-2a
cells were treated with 1) Coilin-GFP and 1X MGA-U6 snRNA transfection (3 d), 100 nM MGD2
(15 min), 365 nm UV light (10 min) or 2) Coilin-GFP and 0X MGA-U6 snRNA transfection (3 d),
100 nM MGD2 (15 min), 365 nm UV light (10 min). The four channels correspond to MGD2 (Cy5),
coilin-GFP (GFP), Hoechst (blue), and brightfield. Arrows indicate nuclear puncta, and two
examples are provided for both treatments.



Replicate 1
Condition 1

140

800 800 800 800 800 800
_ 600 _ 600 _ 600 _, 600 _, 600 _, 600
& 400 IE 400 & 400 & 400 & 400 & 400
200 200 200 w 200 200 200
0 I cotesemrna 0 LettonaAn o 0 At 0 Mesen DAL 0 M
0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 0 5 10
Distance (M) Distance (uM) Distance (M) Distance (M) Distance (uM) Distance (uM)
800 800 800 800 800 800
600 600 600 600 600 600
£ 400 £ 40 £ 400 £ 400 £ 400 £ 40
200 200 200 200 200 200
0 ool 0 oo Y SN P SRS o A S 0~ e A
0 5 10 0 5 10 0 5 10 15 0 5 10 15 0 5 10 0 5 10
Distance (uM) Distance (uM) Distance (uM) Distance (M) Distance (uM) Distance (uM)
800 800 800 800 800 800
_ 600 _, 600 600 _ 600 _ 600 | 600
g 400 g 400 2 400 2 400 2 400 &2 400
200 200 200 200 200 200
0 Jotor e = 0 Moo 0 WS oA 0 bt Ak 0 WA o 0 bomAA S
0 5 10 0 5 10 0 5 10 15 0 5 0 15 0 5 01 0 5 10
Distance (uM) Distance (uM) Distance (uM) Distance (M) Distance (uM) Distance (uM)
800 800 800 800 800 800
600 600 600 600 600 600
£ 400 2 400 2 400 £ 400 £ 400 £ 400
200 200 200 200 200 200
0 AdRacslioel 0 et 0 ’ 0 S PP 0 e
0 5 10 15 0 5 10 0 5 10 0 5 10 15 0 5 10 15 0 5 10
Distance (uM) Distance (uM) Distance (uM) Distance (M) Distance (uM) Distance (uM)
800 800 800 800 800 800
_, 600 _ 600 600 , 600 _ 600 _, 600
g 400 2 400 2 400 £ 400 2 400 g 400
200 200 200 200 200 200
0 R 0 A A 0 Moty 0 WAooy 0 o bamscaa 0 baaAmaa—a
0 5 10 15 0 5 10 0 5 0 15 0 5 10 15 0 5 10 15 0 5 10 15
Distance (M) Distance (uM) Distance (M) Distance (M) Distance (uM) Distance (uM)
Condition 2
200 800 800 800 800 800
600 600 _ 600 600 _ 600 _ 600
2 400 I 400 400 g 400 g 400 400
2 000 200 200 200 200 A 200
0 0 BRtOtdLooTma. 0 0 _Qmﬂb%a‘ 0 0
o 5 0 0 5 10 15 0 5 10 15 0 5 10 0 5 10 15 0 5 10
Distance (uM) Distance (uM) Distance (uM) Distance (uM) Distance (uM) Distance (uM)
800 800 800 800 800 800
_, 600 _, 600 600 _, 600 _, 600 _ 600
g 400 g 400 2 400 g 400 g 400 2 400
200 200 A ﬁ.: 200 4 ﬂ 200 A 200 200
0 0 0 0 ol vy o M Bacmens
0 5 0 15 0 5 10 15 0 5 10 15 0 5 0 15 0 5 10 0 5 0 15
Distance (uM) Distance (iM) Distance (uM) Distance (uM) Distance (M) Distance (uM)
1200 800 800
900 600 600
2 600 £ 400 £ 400
300 200 200
0 o DN g VAW W)
0 5 10 15 0 5 10 0 5 10 15
Distance (M) Distance (uM) Distance (M)
Condition 3
800 800 800 800 800 800
_ 600 _, 600 _, 600 _ 600 _, 600 _, 600
3 400 g 400 g 400 3 400 g 400 g 400
200 200 200 200 200 200
o L Mn 0 0 0 0 0
0 5 10 15 0 5 0 15 0 5 10 15 0 5 10 0 5 0 15 0 5 10 15
Distance (uM) Distance (uM) Distance (M) Distance (M) Distance (uM) Distance (uM)
800 800 800 800 1200 800
600 600 600 600 900 5 600
S > 2 400
2 400 2 400 2 400 2 400 o 600 ]
200 200 R/ 200 200 300 200
0 0 4 0 0 0
0 5 10 15 0 5 10 0 5 10 15 0 5 10 15 0 5 0 15 0 5 10 15
Distance (uM) Distance (uM) Distance (uM) Distance (uM) Distance (uM) Distance (M)
800 800 800 800 800 800
600 600 600 - 600 _, 600 _ 600
E 400 E 400 E 400 g 400 £ 400 2 400
200 g \Qiﬁ 200 :f ! : ! 200 200 m 200 200
0 0 0 0 0 ndhAA.—_ad\ 0
0 5 10 15 0 5 10 15 0 5 10 15 -0 4 8 12 0 5 10 15 0 5 10 15
Distance (uM) Distance (M) Distance (uM) Distance (uM) Distance (uM) Distance (M)
800 800 800 800 800 800
600 600 600 600 600 600
2 400 2 400 2 400 2 400 2 400 2 400
2 00 2 00 A Z\Q J %00 % 200 )M\\ 200 © 200
0 LbAeAoon 0 0 0 0 0
0 5 10 0 5 10 0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15
Distance (uM) Distance (M) Distance (uM) Distance (M) Distance (uM) Distance (M)
800 800 800 800 800
800 600 600 600 600 600
_ 600 2 400 2 400 2 400 £ 400 ; 400
2 400 M/I\ 200 200 200 200 200 Q
200 0 s 0 0 w A 0 F————— 0
L 0 5 10 15 0 5 10 0 5 10 15 0 5 0 15 0 5 10 15
o 5 10 15 Distance (uM) Distance (uM) Distance (M) Distance (uM) Distance (M)

Distance (iM)



Condition 4

5

5

o

5

800 800 800 800 800
600 600 600 600 600
£ 400 2 400 £ 400 £ 400 £ 400
200 200 Wf\o‘ 200 o 200 200 M
0 0 0 0 0
0 5 0 15 0 5 10 o 5 10 15 0 5 10 15 o 5 10
Distance (uM) Distance (uM) Distance (uM) Distance (uM) Distance (uM)
800 800 800 800 800
_ 600 _ 600 _ 600 _, 600 _ 600
2 400 2 400 2 400 £ 400 2 400
e i xﬁA@M e M 0 i —OMOD\A
o A s 0 0 o 0
0 5 10 0 5 0 15 0 5 10 0 5 10 15 0 5 10
Distance (uM) Distance (uM) Distance (uM) Distance (uM) Distance (uM)
800 800 800 1200 800
_ 600 _ 600 _ 600 L 900 _ 600
2 400 A"M 2 400 2 400 Z 600 2 400
200 200 ﬂ,\ 200 ) c 300 200 %
0 0 0 0 0
0 5 10 0 5 0 15 0 5 10 15 0 5 10 0 5 10
Distance (uM) Distance (M) Distance (uM) Distance (M) Distance (uM)
800 800 800 800 2000
-, 600 _, 600 _ 600 - 600 5 1583
2 400 2 400 2 400 2 400 2
& & & & 800
2001 A 200 m 200 M 200 400
0 0 0 0 0
0 5 10 0 5 0 15 0 5 10 0 5 10 15 0 5 10
Distance (uM) Distance (uM) Distance (uM) Distance (uM) Distance (uM)
800 800 800 800 800
_ 600 _ 600 _ 600 _, 600 _ 600
2 400 2 400 2 400 £ 400 2 400
200 200 ) 200 Mwn 200 200
0 0 0 0 0
0 5 0 15 0 5 10 15 0 5 10 0 5 10 0 5
Distance (uM) Distance (uM) Distance (uM) Distance (uM) Distance (uM)
Replicate 2
Condition 1
800 800 800 800 800
600 600 600 600 600
24001 2 400 2 400 Eamj Rwu}
3 & 4 & =
200 200 200 200 200
0 0 et o 0 BAaLacm s 0 o
o 5 10 0 5 10 0 5 w15 0 5 0 15 o 5 10
Distance (uM) Distance (M) Distance (M) Distance (M) Distance (M)
800 800 800 800 800
600 - 600 600 _, 600 600
T 400 T 400 & 400 E 400 2 400
* 200 * 200 200 200 200
0 0 Jasalion catl 0 Jole A o ] o
0 5 10 0 5 10 15 o 5 10 15 5 10 15 o 5
Distance (uM) Distance (uM) Distance (uM) Distance (uM) Distance (uM)
800 800 800
, 600 600 _, 600
I 400 £ 400 200
200 200 200
0 0 0
5 10 0 5 015 0 5 10
Distance (M) Distance (uM) Distance (M)
Condition 2
800 800 800 800 800
_, 600 _ 600 -, 600 _, 800 600
£ 400 £ 400 3 100 2 400 Z <00
200 200 f A 200 200 200
o Koot 0 0 0 0
0 5 0 15 0 5 10 15 0 5 10 15 o 5 015 0 5 10
Distance (M) Distance (uM) Distance (uM) Distance (M) Distance (uM)
800 800 1200 1200 800
800 600 900 900 600
£ 400 £ 400 g s Z 600 g 400
200 200 300 300 200
o L lanann 0 0 0 0
0 5 10 15 0 5 10 15 0 5 10 15 [] 5 10 15 0 5
Distance (uM) Distance (1M) Distance (M) Distance (uM) Distance (uM)
800 800 800
_, 60 _, 800 600
I 400 /\!\’\M/V\ 400 2 400
200 200 200
0 leaamen n 0 e LN o 0
0 5 0 15 o 5 10 15 0 5 0 15
Distance (M) Distance (uM) Distance (uM)

RFU

L

RFU

]

RFU

N s
88
88

o

m(’

RFU

800
600
£ 400
200

800

400
200

%

o

5 10
Distance (uM)

0 5 10
Distance (uM)

15

o

5 10
Distance (uM)

15

Distance (uM)

1200

600
300

°

5
Distance (M)

3

15

0 5
Distance (uM)

s

15

800
800
2 400
200
0
0 5 10
Distance (M)
800
600
E 400
200
0
0 5 10 15
Distance (M)
800
600
2 a0
200
L]
o 5 10 15
Distance (M)

141



800

5 600
e 400
200

0

[

800
600
2 400
200

800
600
£ 400
200

800
600
i 400
200

800
5 600
z 400
200

800
600

g 400
200

0

800

-, 600
£ 400
200

0

800
5 600
3 400
200

800
5 600
i 400
200

800

5 600
i 400
200

0

300
0
0 5 10 15 0 5 10
Distance (M) Distance (uM)
800
-, 600
\( g 400
200
0
0 5 10 15 0 5 10
Distance (M) Distance (M)
800
600
T 400
200
0
4 5 10 15 0 5 10
Distance (M) Distance (M)
1200
900
T 600
300
b AL 0
0 5 0 15 0 5 10
Distance (uM) Distance (M)
1200
900
Z 600
Q ¥ 300
0
0 5 10 15 0 5 10
Distance (uM) Distance (M)
800
600
£ 400
1) 200 1,7
4
0 5 0 15 4 5 10
Distance (uM) Distance (uM)
800
_ 600
L 400
200
NN 0 [T ROVAV, NN
0 5 0 15 4 5 10
Distance (uM) Distance (uM)
800
-, 600
T 400
200
| SVANSSUZVN o LS AN,
0 5 10 0 5 10
Distance (uM) Distance (uM)
800
-, 600
T 400
A 200 7{5
0
0 5 10 0 5
Distance (M) Distance (M)
800
_ 600
400
A 200 ’\ A
[

0 5 10
Distance (M)

15

0 5 10
Distance (uM)

800

5 600
] 400
200

0

800

2 400
200

800
600
£ 400
200

800
5 600
£ 400
200

15

800
5 600
z 400
200

15

800
600
£ 400
200

800
-, 600
] 400
200

800
5 600
z 400
200

800
5 600
] 400
200

10

800
600
2 400
200
0
15

Condition 3

Distance (uM)

Distance (M)

800
_, 600
£ 400
200
P L0 o Lnaabn,
0 5 10 15 0 5 10 15
Distance (M) Distance (M)
800
600
i 400
200
r - Y SVl VYV, )
0 5 10 15 0 5 10 15
Distance (M) Distance (M)
1200
900
E o0
300
s 0
0 5 10 o 5 10 15
Distance (M) Distance (M)
800
_ 600 j
& 400
f \ 200
o
0 5 10 15 0 5 10 15
Distance (uM) Distance (M)
800
600
E 400
NYIN NR “
0
0 5 10 15 0 5 10 15
Distance (M) Distance (M)
Condition 4
800
600
£ 400
f 200
0 baResinar,
0 5 10 15 0 5 10 15
Distance (M) Distance (M)
800
_ 600
2 400
200 A
ke Ao 0
0 5 10 15 0 5 10 15
Distance (uM) Distance (uM)
800
_ 600
2 400
200
Lo A 0 benasPra
0 5 10 15 0 5 10 15
Distance (uM) Distance (M)
800
600
E 400
A 200 1S
0
0 5 10 0 5 10
Distance (M) Distance (M)
800
600
£ 400
200
[NV, V. 0 Lot Mo
0 5 10 15 0 5 10 15

0 5

10
Distance (M)

10
Distance (uM)

10
Distance (uM)

10
Distance (M)

0 5 10
Distance (M)

s,

0 5 10
Distance (uM)

Abs o se

0 5 10
Distance (uM)

[ISINONY WY,

0 5 10
Distance (uM)

M

0 5 10
Distance (uM)

0 5 10
Distance (uM)

800

-, 600
E 400
200

0

800

5 600
i 400
200

0

800
600
£ 400
200

0

800
5 600
i 400
200

800

- 600
g 400
200

0

0 5 10 15
Distance (uM)

0 5 10 15
Distance (M)

0 5 10 15
Distance (M)

0 5 10 15
Distance (uM)

0 5 10 15

Distance (M)

mRSA

0 5 10
Distance (uM)

0 5 10 15
Distance (uM)

4 5 0 15

Distance (uM)

0 5 10
Distance (M)

0 5 10
Distance (M)

15

142

Figure A7: Line scans of cell treatment conditions 1-4 across two replicates. Mouse Neuro-
2a cells were treated with one of the four following conditions: 1) Mock transfection (3 d), 100 nM
MGD2 (15 min); 2) Coilin-GFP and 0X MGA-U6 snRNA transfection (3 d), 100 nM MGD2 (15
min), 365 nm UV light (10 min); 3) Coilin-GFP and 1X MGA-U6 snRNA transfection (3 d), 100 nM
MGD2 (15 min); 4) Coilin-GFP and 1X MGA-U6 snRNA transfection (3 d), 100 nM MGD2 (15
min), 365 nm UV light (10 min). Plot profiles depict GFP (green) and MGD2 (red) fluorescence
signals across 15-30 nuclear line scans, as per the Materials and Methods section, “Image
analysis.” We observed that coilin-GFP signal was lowest in mock-transfected Condition 1, as
expected. Further, MGD2 colocalization with coilin-GFP followed the expected trend: Condition 4
> Condition 3 > Condition 2 = Condition 1. Boxes indicate the representative graph depicted in
main text for each condition.
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Appendix B: Data Omitted from Chapter 3

RNA Pulldown on NHS Ester Beads
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Figure B1: Non-covalent RNA pulldown on PreQ1-functionalized beads. a PreQ1 aptamer
recovery from PEG2-PreQ1-functionalized or unfunctionalized NHS ester beads. b Synthesis of
Biotin-PEGe-PreQ1 (BP¢P) as NHS ester test reaction. ¢ Characterization of BP¢P formation by
HPLC-MS. d Pulldown of WT and mutant aptamer onto BPsP-functionalized streptavidin beads.
e Preincubation of WT and mutant aptamer with BPsP and pulldown onto streptavidin beads.
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Figure B2: Excessive PreQ1 modification ablates aptamer binding. The WT PreQ1 aptamer
binds tightly to PEG2-PreQ1 and poorly to BP6P by MST.
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Figure B3: RNA enrichment with a biotinylated photocrosslinking probe. a PreQ1 aptamer

enrichment scheme. b Recovery of covalently labeled WT (blue) vs. mutant (green) PreQ1 RNAs
on streptavidin beads.



145

) [
* * {% 1) Copper click to biotinylate probe
* 2) Streptavidin pulldown to deplete %
. ﬁ target RNA
Purify mRNA > >
from cells Incubate with photocrosslinking /\/\ Enriched target
probe and UV irradiate
NN\ agPCR sample 2:
/\/\ Quantify levels of target RNA
gPCR sample 1: & housekeeping gene
Quantify levels of target RNA N\
& housekeeping gene /\/\ —
.........
SULT1A3 SULT1A4 CDKS5RAP3 MLPH METTL3

S 1.5
s . =
-l
s
r 1.04
£
[
=
® 0.5
@
14

0.0-

) I T
1 9 50 150 1 9 50 150 1 9 50 150 1 9 50 150 1 9 50 150

Figure B4: RT-gPCR validation of in vitro mRNA interactions with compound 9. a Scheme
depicting the experimental workflow to validate interactions of PAL ligand 9 with mRNA hits of
interest that were initially identified in the 10-compound, in vitro RNA target engagement screen.
Poly-A-enriched RNA from MCF-7 cells was incubated with compound 1, compound 9 (yellow
star), or compound 9 + 50 or 150 uM free palbociclib (gray stars). Using gene-specific primers,
levels of target MRNA were quantified in each sample before and after pulldown and enrichment.
Transcript abundance was normalized to the housekeeping gene GAPDH. b Relative abundance
of five mRNAs of interest under the four compound treatment conditions. Concentration-
dependent decreases in abundance in the presence of free palbociclib indicate specific
competition of PAL probe binding.
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Appendix C: Data Omitted from Chapter 4
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Figure C1: '"H NMR of ACV before and after glyoxal caging. '"H NMR analysis in D,O of a ACV,
or the reaction between ACV (100 mM) and b 0.8 equivalents of glyoxal or ¢ 1.0 equivalent of
glyoxal after heating in 1X PBS (pH 6) for 2 h at 50 °C.

17‘0 1(;0 15‘0 14‘0 1é0 12‘0 éﬁr?p m) 160 96 8‘0 76 6‘0 56
Figure C2: *C NMR of ACV before and after glyoxal caging. >*C NMR analysis in D,O of a
ACV or b the reaction between ACV (100 mM) and 1.0 equivalent of glyoxal after heating in 1X
PBS (pH 6) for 2 h at 50 °C.
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Figure C3: High-resolution ESI-MS of ACV before and after glyoxal caging. a ACV was
confirmed by ESI-MS with (m/z) calcd for CsH11NsO3 ([M + H+]): 226.0935, found: 226.0949 ([M
+ H+]). b Caged ACV was confirmed by ESI-MS with (m/z) calcd for C1oH13NsO3 ([M + H+]):
284.0989, found: 284.0996 ([M + H+]).
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Figure C4: Cell viability dose response. HEK293T cell viability upon 4 h treatment with 0.8-20
mM caged ACV or 10% ethanol control (n = 2). Error bars indicate mean and standard deviation.
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Figure C5: HPLC analysis of ACV-TP caging and decaging reactivity. a ACV-TP (10 mM)
was reacted with 2—4 equivalents of glyoxal in 1X PBS (pH 6.8) at 40 °C for 1 h to achieve
complete caging. b ACV-TP that had undergone complete caging with 4 equivalents of glyoxal
was diluted to 100 or 10 uM in 1X PBS (pH 6.8) and incubated at 37 °C for 12 h to assess recovery
of the decaged parent compound.

Table C1: Inhibition of HSV-1 cytopathic effects (CPE) in human foreskin fibroblast (HFF)
cells. HFF cells were treated with five-fold serial dilutions of no compound (NC), tenofovir
negative control compound (TNV), acyclovir (ACV), or caged ACV with or without prior decaging
at 1 mM concentration in 1X PBS (pH 7.4) at 37 °C for 1 d. The cells were then infected with HSV-
1 and cultured over 5 d until 100% CPE was observed in NC wells. CellTiter-Glo reagent was
used to measure half-maximal effective concentration (EC50) of HSV-1 CPE inhibition for the
various compound treatments. All data was calculated from duplicate wells.

NC TNV ACV Caged ACV Caged ACV,

% CPE (uM) % CPE (uM) % CPE (uM) % CPE (uM) % CPE 1d A (uM)
111.5 300 49.2 150 341 150 35.5 10 37.3 10
106.5 60 61.0 30 28.7 30 61.4 2 39.6 2

94.1 12 82.9 6 284 6 98.7 0.4 92.3 0.4

94.7 2 99.0 1.20 42.0 1.20 100.0 0.08 91.4 0.08

98.5 0.48 97.7 0.24 74.9 0.24 78.0 0.016 92.8 0.016

94.7 0.10 97.8 0.048 70.1 0.048 104.0 0.0032 94.6 0.0032

ECso ECso ECso ECso
14213 pM 0.97 pM 553 uM 1.69 UM




149

Mean plasma concentration after IV bolus dosing
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Figure C6: Circulation lifetime of ACV and caged ACV in mice. Male CD-1 mice (n = 3) were
injected with an IV bolus containing 1 mg/kg of either ACV or caged ACV. Plasma samples were
collected at 5 min, 15 min, 30 min, 1 h, 2 h, and 4 h post-injection, precipitated, and the
supernatants analyzed for remaining drug concentration by LC-MS/MS.
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Figure C7: Predicted products of NRTI caging panel. Putative glyoxal caging products of a
entecavir and b abacavir.
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Figure C8: High-resolution ESI-MS of NRTI panel before and after glyoxal caging. a
Entecavir was confirmed by ESI-MS with (m/z) calcd for C12H1sNsO3 ([M + H+]): 278.1248, found:
278.1245 ([M + H+]). b Caged entecavir was confirmed by ESI-MS with (m/z) calcd for C14H17NsOs
(M + H+]): 336.1302, found: 336.1294 ([M + H+]). ¢ Abacavir was confirmed by ESI-MS with
(m/z) calcd for C14H1gNeO ([M + H+]): 287.1615, found: 287.1612 ([M + H+]). d Caged abacavir
was confirmed by ESI-MS with (m/z) calcd for C16H20NeO3 ([M + H+]): 345.1675, found: 345.1661
(M + H+]). e Zalcitabine was confirmed by ESI-MS with (m/z) calcd for CoH13N3O3 ([M + H+]):
212.1030, found: 212.1036 ([M + H+]). f Caged zalcitabine was confirmed by ESI-MS with (m/z)
calcd for C11H1sN3Os ([M + H+]): 270.1084, found: 270.0639 ([M + H+]).
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