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Abstract

Although fragment-based drug discovery (FBDD) has been successfully implemented and well-
explored for protein targets, its feasibility for RNA targets is emerging. Despite the challenges
associated with the selective targeting of RNA, efforts to integrate known methods of RNA binder
discovery with fragment-based approaches have been fruitful, as a few bioactive ligands have

been identified. Here, we review various fragment-based approaches implemented for RNA targets
and provide insights into experimental design and outcomes to guide future work in the area.
Indeed, investigations surrounding the molecular recognition of RNA by fragments address rather
important questions such as the limits of molecular weight that confer selective binding and the
physicochemical properties favorable for RNA binding and bioactivity.
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INTRODUCTION

The Encyclopedia of DNA Elements (ENCODE) Project showed that only ~1-2% of the
human genome encodes for protein, yet ~75% is transcribed into RNA. (9) Functional
studies have elucidated that noncoding (nc)RNAs can be subdivided into multiple classes
(7.e., long noncoding (Inc)RNAs, micro (mi)RNAs, small nuclear (sn)RNAs, etc.) that
exhibit regulatory functions critical for proper cellular functioning. (10-12) Therefore, it

is not surprising that the dysregulation of these ncRNAs is causative of or associated

with diseases, including cancer, hepatitis C viral infections, cardiovascular disease,
atherosclerosis, and diabetes, among many others. (15-18) Therefore, targeting RNAs opens
up a large therapeutic space that can be explored with small molecules.

Targeting RNAs using antisense oligonucleotides (ASOs), where the short oligonucleotide
forms Watson—Crick base pairing with the target RNA, has been an invaluable tool in
studying and affecting RNA function. (25) The ASO base pairs with target RNA and
either sterically blocks RNA-RNA or RNA-protein interactions or promotes degradation of
RNA via an RNase H mediated pathway. (25) This method has been successful with FDA-
approved ASOs available; however, there are challenges associated with nonspecificity,
efficacy, and limited delivery. (26) An alternative to ASOs is targeting structured regions
of RNA using small molecules. Small molecules can be optimized to overcome some

of the challenges associated with ASQOs, for example favorable pharmacodynamic and
pharmacokinetic profiles, traditional medicinal chemistry approaches can be employed.
(27) While ASOs can be easily designed to target unstructured regions of RNA, (28)

small molecules target structured regions, and thus the two approaches are complementary,
increasing the druggable RNA space.

RNA sequences fold into distinct three-dimensional structures, yielding small-molecule-
targetable structural motifs including internal loops, bulges, hairpins, pseudoknots, and
quadruplexes. (29) That is, the three-dimensional structure of RNA is an ensemble of

the local structural elements which can be targeted using small molecules. First examples
of small molecules targeting these structural elements and affecting function came from
ribosomes and riboswitches. Aminoglycoside binders target the ribosomal A-site and are
antibactericidal, (30) while small molecules mimicking the native ligand for riboswitches
were identified demonstrating functional activity. (31,32) Following these reports many
small molecules, targeting a wide variety of disease relevant RNAs, including repeat
expansions, (33) microRNAs, (34) mRNAs, (35) etc., have been reported. (36)
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An approach that could help accelerate small molecule discovery for RNA targets is
fragment-based drug discovery (FBDD). In this approach, small fragments, typically less
than 300 Da molecular weight with less than three hydrogen bond donors/acceptors and

a ClogP (partition coefficient) value less than 3, (37) are screened for specific binding to

an RNA target of interest (Figure 1). These fragments can then be optimized to enhance
affinity and selectivity by (i) merging scaffolds that bind overlapping regions on the target
(fragment merging); (ii) linking two fragments together that bind adjacent sites in the target
(fragment linking); or (iii) adding functional groups that interact with the target (fragment
growing) (Figure 1). (7) The optimized ligand is expected to have increased affinity owing to
the thermodynamic parameters of binding two fragments. (38) That is, the combined ligand
gives more than an additive increase in binding energy compared to individual fragments.
(39,40) For example, in the case of linking two fragments, the energy of binding of the
assembled ligand (AGag) is the sum of binding energies of individual ligands (AGa and
AGg) plus a Gibbs free energy term associated with linking, or connection Gibbs energy
(AGS). (24) AGS is largely an entropic term corresponding to translational and rotational
entropy, conformational changes of the target upon binding, and strain or destabilization
associated with the binding event (Figure 1). (38) Assuming that the enthalpic parameters
are favorable, the entropy cost of binding one linked molecule is less than the entropy cost of
binding two separate fragments (linking coefficient, £< 1). (38,41) This can yield a linked
molecule with an affinity greater than the combined affinities of the individual fragments
(Figure 1). (24) However, such favorable linking conditions are difficult to achieve and are
therefore rare. Despite that, even with £> 1, high-affinity interactions capable of producing
a bioactive interaction can be achieved by linking two fragments, which has been widely
explored in the protein FBDD field. (42)

Fesik et al. reported “SAR by NMR” in 1996, now considered a seminal paper in the field of
FBDD. Nuclear magnetic resonance (NMR) spectroscopy was used to screen low molecular
weight fragments, followed by linking of fragments that bind to adjacent sites to obtain a
low nanomolar binder of FK506 binding protein (FKBP). (43) Since then, this approach

has been used to generate novel ligands for proteins, (44,45) leading to FDA approved
drugs—ABT-199, (46) Vemurafenib, (47) Asciminib, (48) Erdafitinib, (49) Pexidartinib,
(50) Sotorasib, (51) and Venetoclax (52)—as well as several compounds in clinical trials.
(53)

FBDD has not been widely applied to RNA targets due to the challenges posed by the rarity
of hydrophobic pockets and its high conformational flexibility, although such an approach
could be advantageous, as only 10-14% of proteins have active binding sites that can be
targeted with small molecules. (54,55) One of the major areas of development for small
molecule targeting of RNAs is identification of new chemical scaffolds. Since traditional
small molecule targeting approaches were directed toward protein targets, there is a dearth
of information describing the chemical space that has preferential binding to RNA, 7.e., the
current commercially available compound libraries are likely biased for protein binding.
Therefore, the design of compound libraries with diverse chemical scaffolds and screening
of these libraries against a variety of RNA targets are needed to generate chemical space
with selective affinity for RNA targets. (36) Fragment-based approaches are particularly
attractive in this regard, as fragments can cover a large, diverse chemical space using
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a fewer number of compounds compared to traditional compound libraries. (56) Major
challenges in fragment-based screening for RNA targets are the detection of low-affinity
binding fragments (high uM to mM range) and their short residence times. (44,45,57-60)
Here, we describe various strategies adopted to study fragments that bind RNA and the
optimization thereof.

Fragment-Based Approaches in RNA

Identifying fragments that bind RNAs is more challenging than identifying proteins, as
RNAs have highly flexible structures and lack hydrophobic pockets that can be easily
targeted. Therefore, FBDD for RNA targets must integrate structural studies and innovative
screening strategies to enable the detection of low-affinity fragment—RNA interactions. That
is, structural information about the fragments in complex with RNA informs optimization
to improve the affinity and selectivity of individual fragments and also informs how to link
two or more fragments together. (14) Indeed, novel strategies to identify fragments that
bind RNAs and the optimization thereof have been developed by various laboratories, (61)
employing NMR spectroscopy, (3,4,21) mass spectrometry, (21,62) dynamic combinatorial
chemistry (DCC), (19) equilibrium dialysis, (8) labeled ligand displacement methods,
chemical cross-linking and isolation by pull-down (Chem CLIP), (5,23) selective 2'-
hydroxyl acylation analyzed by primer extension and mutational profiling (SHAPE-MaP),
(2,22) two-dimensional combinatorial screening (2DCS), (22) and /n silico methods. (14)
Here, we describe the above-mentioned biophysical strategies employed to identify fragment
binders with one detailed example for each methodology.

Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy has proven to be an invaluable technique in FBDD, (63-65) particularly
to discriminate binders from nonbinders in a mixture of compounds, (66) enabling efficient
exploration of diverse chemotypes. Further, NMR spectroscopy is able to detect binding
affinities in the uM to mM range, ideal for fragments. (67-69) Multiple techniques have
been developed to detect ligand binding using NMR spectroscopy, including: (i) 7,-filter,
(70) (ii) paramagnetic NMR, (71) (iii) saturation transfer difference (STD), (72,73) (iv)
water-ligand observed via gradient spectroscopy (WaterLOGSY), (74) and (v) fluorine
chemical shift anisotropy and exchange for screening (FAXS; for 1%F-containing molecules).
(75,76) The following case studies describe how these NMR spectroscopy techniques were
implemented for fragment-based ligand discovery for RNAs.

i. One-Dimensional (1D) NMR Spectroscopy—1D NMR spectroscopy can be applied
effectively to detect structural changes of RNA upon binding to low molecular weight
compounds. (77) These structural rearrangements result in changes in chemical shifts or line
broadening of the imino peaks that are easily detectable in 1D NMR spectra.

In one example, to identify fragments that bind the influenza A virus promoter (RNA), a
library of 4,279 small molecular weight fragments was screened by looking for changes
in the 1D imino proton spectrum of the RNA, whether line broadening or changes in
chemical shift (Figure 2A). (3) Seven fragments were identified as initial hits; among
them, compound 1 induced the most drastic changes in the 1D NMR spectra (Figure
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2A). The binding affinity of 1 was measured by recording 1D NMR spectra at various
concentrations of compound, affording a Ky of 50 = 9 uM. The structure of the viral
promoter-1 complex was elucidated using nuclear Overhauser effect spectroscopy (NOESY)
combined with residual dipolar coupling (RDC) data and X-PLOR (structure determination
by using minimization protocols based on molecular dynamics (MD) approaches). (78-80)
Interestingly, 1 inhibited replication of both influenza A and B viruses with ECsq values

in the range of 71-275 uM as well as viral plaque formation. (3) Although not as high
throughput as other methods described herein, this case study demonstrates the power

of NMR spectroscopy as a robust method to measure fragment binding from initial hit
identification to structure determination.

ii. 19F 1D NMR Spectroscopy—*°F NMR spectroscopy has several advantages
compared to 1H, including a higher chemical shift dispersion (83 vs 10 ppm, respectively)
and single resonance frequency of each 1°F, which makes the observation of multiple
fragments in a mixture possible. In one study, 1F NMR spectroscopy was employed to
screen 101 fragments against 14 different RNA structures to evaluate their druggability. (4)
RNA hairpins, bulges, internal loops, pseudoknots, and riboswitches comprised the RNA
screening pool. Initial screening, completed in batches of ~20 fragments, was conducted
as 19F transverse relaxation experiments, which apply Carr—Purcell-Meiboom-Gill (81)
(CPMG) pulse trains to measure the different relaxation times of target-bound vs unbound
fragments. The fragment library was also counter screened against five transfer (f)RNAs,
five DNA oligonucleotides, and five protein targets to eliminate nonspecific binders. Overall,
the highest hit rates were observed for protein targets, followed by RNA and DNA.

The fragments that bound were further investigated by 2D NMR spectroscopy techniques
(*H and 15N correlation experiments) and titration experiments to detect the changes

in chemical shifts of the RNA’s nucleotides after the addition of ligands. As a proof-of-
concept, to study whether linking fragments can lead to an increase in binding affinity, one
of the initial fragment hits, 2, was linked to a known intercalator compound, acridine (3), to
obtain compound 4 which targets a structure in the S-adenosylmethionine (SAM) riboswitch
antiterminator (Figure 2B). Compound 4 showed an increase in binding affinity (Kg =1 pM)
when compared to that of the starting fragment (3, Ky = 59 uM) (Figure 2B). This study
shows the usefulness of 1°F NMR spectroscopy in fragment hit identification.

iii. T Relaxation NMR Spectroscopy—Although STD spectroscopy is a useful
method for fragments that bind proteins, low proton density within nucleobases of RNA

(or generally in nucleic acids) impedes the effective magnetization transfer from the
macromolecule to the bound fragment. (82) As an alternative, the 7, approach has been
developed, (83) which assumes that small molecules, upon binding to RNA, adopt the
relaxation time of the RNA-ligand complex. By measuring the transverse relaxation rates in
the absence and presence of RNA, binding vs nonbinding fragments can be distinguished.

This method was applied to screen 1,000 fragments, in batches of 9—11 compounds, against
a model of the Myocbacterium tuberculosis peptidyl transferase center (PTC) present in the
bacteria’s ribosomal ()RNA (Figure 2C). (21) Nine fragments were selected with the largest
changes in 75, four of which contained a phenylthiazole moiety. (21) The ZINC database
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with 230 million compounds was then queried for molecules containing the phenylthiazole
moiety, yielding 919 molecules that were docked against the ribosomal PTC crystal structure
and consequently ranked based on their binding affinity. Finally, machine learning was

used to study structure—activity relationships, and the ten molecules with the best docking
free energy scores were selected for further study. They were then evaluated in an /n7 vitro
transcription—translation assay, where compounds 5 and 6 inhibited translation with I1Csg
values of 9.1 and 2.8 uM, respectively (Figure 2C). Collectively, this study showed the
power of integrating multiple strategies for fragment-based discovery using 75 relaxation
NMR spectroscopy, docking, and machine learning.

iv. WaterLOGSY—WaterLOGSY is based on the magnetization transfer from bulk water
to the RNA and then to a bound ligand. (84) It is a sensitive technique especially for
detecting low-affinity binding compounds like fragments (Figure 3A). (74) Spin diffusion,
facilitated by the residence times of water molecules in the binding pockets (ranging

from ns to hundreds of ps), can also occur between water molecules and protons on
heteroatoms in the RNA. This residence time is longer than the time (300 ps) required

to observe intermolecular water—-RNA NOEs. As a result of these time differences, NOEs
between water and the ligand, binding vs nonbinding, can be distinguished. Binding ligands
interact with proton spins of inverted water with negative cross-relaxation rates, whereas
nonbinding ligands have positive cross-relaxation rates. It should be noted that compounds
with exchangeable protons will give strong WaterLOGSY signals, while those that do not
contain exchangeable protons will have poor or no signals. Further, WaterLOGSY is only
suitable for compounds that bind with Ky values in the pM to mM range; high-affinity
compounds cannot be identified by WaterLOGSY. (84) In one example, WaterLOGSY and
7T, relaxation time spectroscopy were used to screen 102 fragments (3—4 compounds per
sample) for binding to a 27-nucleotide model of the rRNA aminoacy! (A)-site, yielding five
hit compounds (7-11; Figure 3B). (20) This screening yielded two new compounds (10 and
11) that were not previously identified as binders to the ribosomal A-site.

Mass Spectrometry

Electrospray ionization mass spectrometry (ESI-MS) has been used for the detection of
low-affinity binding complexes between nucleic acids and small molecules. (85,86) In
this approach, a high-resolution mass spectrometer, for example, a Fourier transform ion
cyclotron resonance (FT-ICR) mass spectrometer, is employed to characterize complexes
between an RNA and a ligand (Figure 4A). (87,88) After identifying binding molecules,
affinity and stoichiometry can be measured in a high-throughput format by MS-MS.

(89) Information about the binding site and binding mode—concurrent, competitive, or
cooperative—can be identified as well, as the method can detect both free and complexed
fractions of RNA. Importantly, binding site and binding mode data in concert with structure—
activity relationship (SAR) studies can guide the linkage of two fragments into a single
compound, increasing affinity and selectivity.

The first use of MS for RNA targets, dubbed “SAR by MS”, studied the binding of
fragments to the 1061 nucleotide region of the bacterial 23S rRNA, an RNA element that
binds ribosomal protein L11 and the binding site for the antibiotic thiostrepton (Figure
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4B). (13) Here, the authors used a mutant RNA, U1061A, the structure of which was
elucidated by X-ray crystallography. (90) The U1061A substitution stabilizes the proper
fold of the 58-mer subdomain. SAR by MS identified two classes of small molecules

that bound the mutant RNA: d-amino acids and quinoxalin-2,3-diones. With the goal of
identifying derivatives of the d-amino acids and quinoxalin-2,3-diones that bind different
sites, competitive MS experiments were carried out with derivatives of two classes of
compounds. Since these classes are structurally different, it was hypothesized that they

bind distinct sites within the RNA target. This hypothesis was validated by the competition
experiment where derivatives showed concurrent (12 and 13, 14 and 15) and cooperative (12
and 15) binding in the presence of the ternary complex.

Using the information from competitive studies, which also yielded SAR, a representative
of each class, 15 and 16, were linked together with different linker moieties. Their binding
affinities and abilities to inhibit bacterial transcription/translation in a cell-free functional
assay were then measured (Figure 4B). One of the assembled fragments, 17, demonstrated
improved binding affinity (Ky = 6.5 uM) and functional inhibition (ICsq = 14 uM) compared
to those of the starting fragments (Ky > 100 pM, 1Csq > 100 pM). (13) Although the
assembled compounds inhibited translation /n vitro, they had no antibacterial activity
(Figure 4B). In a follow-up work, 17 was further optimized to afford the antibacterial 18,
which had a minimum inhibitory concentration (MIC) of 3-6 pM against Stapholococcus
aureus and 6-13 pM against Escherichia coli (Figure 4B). (91)

SAR by MS also led to the discovery of a new class of RNA-binding small molecules
for hepatitis C virus (HCV). (62) The I1A subdomain of HCV’s internal ribosomal entry
site (IRES) was screened against a 180,000-member compound library, which yielded
benzimidazoles as a hit scaffold. SAR studies and a fragment growing strategy identified
a compound with improved affinity (Ky = 0.7 uM vs >100 uM for starting benzimidazole
hit) and activity in an HCV-replicon assay. (62)

Taken together, mass spectrometry has been successfully implemented to identify fragments
that bind bacterial and viral RNAs that were subsequently optimized to obtain antibacterials
and antivirals. We expect that such methods will be implemented for other types of RNAs in
the near future and that more chemically diverse fragments will be studied.

Dynamic Combinatorial Chemistry (DCC)

Dynamic combinatorial chemistry (DCC) is a target-aided selection of high-affinity ligands
achieved by equilibration of combinatorial libraries. First described for DNA targets in 2006,
(92) DCC was later applied to RNA targets, particularly resin bound DCC (RB-DCC).
(93,94) In RB-DCC, a library of building blocks is covalently attached to a solid support
with disulfide functionality appended for a reversible reaction. The library is equilibrated
with the same building blocks present as thiols in solution and the fluorescently labeled
RNA target. As this is an equilibrium measurement, the resin bound building blocks can
react with solution phase building blocks to yield dimers. After equilibration, the beads

are imaged by fluorescence microscopy where fluorescence indicates binding of the target
(Figure 5A).
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In one example of RB-DCC, the frameshift regulatory structure from human
immunodeficiency virus (HIV)-1 RNA was equilibrated with a solid phase and solution
phase building block library (n = ~150), which afforded a library with theoretically 11,325
members. (19) Three beads were identified visually with the highest fluorescence (hit rate

= 0.03%), yielding building block 19 as one of the three building block hits (Figure 5B).

All potential combinations of the three monomer hits were synthesized into dimers, yielding
nine in total. Dimers binding to the RNA target were then evaluated on the beads in a similar
manner by using fluorescence microscopy. Two dimer beads had high fluorescence intensity
visually; among the two, 20 was superior with an affinity of 4.1 + 2.4 uM for the HIV-1
frameshift regulatory element, as compared to >90 uM for the other dimer. This binding was
selective, as no measurable binding affinity or Ky > 90 UM was observed for the homologous
DNA sequence and other RNA structures (an RNA hairpin from the Pneumocystis carinii
group | intron, an RNA stem-loop with an altered loop sequence, and a short version of

the HIV-1 frameshift regulatory element) (Figure 5B). (19) Optimization of 20 afforded 21,
which bound the target 250-fold more tightly (Kg = 16 nM) and inhibited the infectivity of
pseudotyped HIV and live HIV virus (Figure 5B). (95,96)

The proof-of-concept studies described above demonstrated that RB-DCC can be used as

a platform to study libraries of building blocks, in a combinatorial fashion, for binding

to RNA. Indeed, following this study, targeting other RNA structures were also explored
using RB-DCC. (97,98) However, most of the monomers identified as hits have molecular
weights that render the assembled dimers bulky. Therefore, we foresee future work in the
area focusing on expanding the chemical diversity of the building blocks, as well as reducing
their molecular weights.

Equilibrium Dialysis

In equilibrium dialysis, a labeled ligand (or one that is inherently fluorescent) and the RNA
target are placed in two chambers separated by a dialysis membrane. Once equilibrium is
reached, the distribution of the labeled ligand between the two chambers is measured. If
the study is conducted as a function of ligand concentration, a Ky can be measured. (99) In
2010, Abell and co-workers described a method for fragment screening using competitive
equilibrium dialysis. (100) In this approach, the ability of a fragment to compete with a
known ligand’s binding to the RNA target was measured by calculating the differential
distribution of the labeled ligand (Figure 6). Here, the known ligand, which is labeled, and
the RNA are placed in one chamber and the candidate fragment is placed in the other.
Once equilibrium is reached, the percentage of labeled ligand displaced from the RNA is
measured, indicative of the fragment’s affinity for the RNA target.

Abell and co-workers tested this approach for targeting the £. coli ThiM riboswitch.
Riboswitches are conformational switches present in the transcriptome that are responsive
to the binding of cellular metabolites, thereby regulating gene expression. They contain an
aptamer domain, which, when bound to the target ligand, undergoes structural changes,
triggering changes in the folding pattern of the expression platform, thereby regulating the
gene expression. (101) The 7AiM riboswitch senses the coenzyme thiamine pyrophosphate
(TPP) and regulates the synthesis of proteins in its biosynthetic pathway (Figure 6A).
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To identify fragments that bind the 7//M riboswitch, competition equilibrium dialysis was
employed using [3H] thiamine and a library of ~1,300 commercially available fragments.
The fragments were screened in pools of five, affording hits in 32 of 252 mixtures. Binders
were deconvoluted and validated via equilibrium dialysis, providing 20 fragments from 16
cocktails (hit rate = 2%). To eliminate the compounds that demonstrated nonspecific binding
to RNA, a counterscreen employing the lysine-responsive /ysC riboswitch was performed,
affording 10 selective fragments (22—25 are representative selective hits; Figure 6C). None
of the fragments identified from the competitive equilibrium dialysis studies inhibited
riboswitch activity in an /n vitro assay, (8) suggesting that binding was not sufficient to
induce structural changes or affect downstream gene expression. Subsequently, the structures
of four fragments bound to the riboswitch were elucidated by X-ray crystallography and/or
selective 2”-hydroxyl acylation analyzed by primer extension (SHAPE) mapping, which
showed that fragments induce an alternative structure of the riboswitch upon binding as
compared to the native ligand. (102)

Taken together, competitive equilibrium dialysis can indeed identify fragments that bind
RNA targets with affinities in the UM to mM range and can be used in conjunction

with other methods (NMR spectroscopy, isothermal titration calorimetry (ITC), X-ray
crystallography, and SHAPE) to study fragment—RNA binding interactions. This method
does not require chemical modification of the RNA or fragment; however, it does require
availability of a labeled, known ligand for competitive screening.

Labeled Ligand Displacement Methods

Akin to competitive equilibrium dialysis, labeled ligand displacement identifies fragment
hits by changes in fluorescence caused by the release of a fluorescently labeled known
ligand. Transactivation response (TAR) element RNA is a ncRNA element present in the 5’
untranslated region (UTR) of the HIV-1 RNA genome and is essential for viral replication.
A viral regulatory protein, Tat, binds this RNA element, and the resultant complex recruits
a transcriptional elongation factor to enact gene expression. In 2014, Gobel and co-workers
reported a labeled ligand displacement methodology to study binding of fragments to TAR
RNA. (1) This method employed Tat peptide binder (103) appended with donor and acceptor
dye to study binding of fragments to a 31-mer TAR RNA element construct with a UCU
internal bulge (Figure 7A). (104) Upon binding of the RNA, the fluorescently labeled Tat
peptide unfolds and produces a fluorescence resonance energy transfer (FRET) signal. If a
molecule competes with the peptide, it refolds and FRET is reduced.

Initially seven fragment elements (including benzene rings for their ability to form stacking
and hydrophobic interactions with RNA, amines, amidines, and guanidines for their ability
to form hydrogen bonds in their protonated state under physiological conditions) were
studied for binding via the fluorometric competition assay. However, none of them displaced
the fluorescently labeled Tat peptide probe at biologically relevant concentrations (ICgg > 2
mM). Based on the initial results, fragment elements were grown by adding aromatic rings
and ring closures to increase the planarity of the structures and the stacking surface, and
their binding was studied using the same competition assay. Fusing guanidine with a second
benzene ring gave compound 26 with improved affinity (ICsg = 50 uM; Figure 7B). The
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structural features of two weak isoquinoline binders were combined to obtain compound
27 which also showed increased binding affinity (ICsg = 150 uM) compared to that of

the individual fragments (Figure 7B). Similarly, structural features of isoquinoline and
quinazoline were combined to obtain a compound with increased affinity (1Csg = 400 pM),
and binding affinity was further improved by adding an amine group to obtain compound
28 (ICgq = 40 uM; Figure 7B). This study demonstrates rational optimization of fragments
based on the binding affinities of individual fragments. However, the functional activity of
the compounds is not reported. Although this method can identify fragments that bind an
RNA target, it requires a known binder, which could limit its broad applicability.

Chemical Cross-Linking and Isolation by Pull-Down Fragment Mapping (Chem-CLIP-Frag-

Map)

To overcome challenges associated with the low-affinity binding interactions between
fragments and RNA as well as their short residence times, chemical cross-linking and
isolation by pull-down-fragment mapping (Chem-CLIP-Frag-Map) was developed. (5) In
this platform, fully functionalized fragments (FFFs), previously used in protein ligand
discovery, (105) were employed. FFFs comprise a potential RNA-binding moiety appended
with diazirine (a cross-linking module) and an alkyne handle (for the isolation of RNA-
FFF complexes). Upon irradiation, binding fragments are cross-linked to a labeled RNA
target; adducts are pulled down by clicking the alkyne handle to azide-functionalized beads
or to biotin for subsequent incubation with streptavidin beads. Binding of FFF probes is
quantified by measuring the amount of labeled RNA associated with the beads (Figure 8A).

As a proof-of-concept, 460 FFFs were screened for binding to the precursor of
microRNA-21 (pre-miR-21), an oncogenic miRNA upregulated in various cancers.
(106,107) Of the 460 fragments, 21 compounds bound pre-miR-21 and were subjected to a
competitive Chem-CLIP (C-Chem-CLIP) experiment with a known binder, 29. Compound
29 binds to the Dicer processing site of pre-miR-21 and inhibits its biogenesis, albeit at

UM concentrations (ICsp = ~10 pM). (108) The hypothesis was that a fragment that binds
adjacent to the Dicer site could be coupled to 29 to afford a higher affinity and more potent
heterodimer. Three fragments (30-32) did not compete with 29, indicating binding to a
different site; one of the three (32) demonstrated cooperative binding with 29. These three
fragments were assembled with 29 with different linker lengths, and the optimal heterodimer
was identified by using a competitive cleavage assay, yielding heterodimer 33 (Figure 8A).
Importantly, conjugation of the low molecular weight fragment (121 Da) afforded a 60-fold
increase in binding affinity compared to 29 (Kj of 352 nM vs 18 uM). Further, 33 inhibited
miR-21’s biogenesis in MDA-MB-231, triple negative breast cancer (TNBC) cells, with an
ICs of ~1 PM, de-repressed two of miR-21’s direct targets, PTEN (phosphatase and tensin
homologue) and PDCD4 (programmed cell death 4 protein), and reduced the invasiveness
of the TNBC cells. Heterodimer 33 was also more selective than 29 in a miRnome-wide
profiling experiment, where the effect of the compound on ~370 microRNAs expressed in
MDA-MB-231 was measured. Overall, this proof-of-concept study described a new strategy
to study binding of fragments to RNA and demonstrated that assembled fragments that bind
two adjacent sites have increased affinity and selectivity for the RNA target.
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A recent study demonstrated that the binding of FFFs can be studied transcriptome-wide;
that is, they can be screened for binding to the RNA target agnostically (Figure 8B). (23)

A panel of 34 FFFs was first studied for /n vitro binding to total RNA extracted from MDA-
MB-231 TNBC cells using Chem-CLIP. Here, after cross-linking, the alkyne handle was
clicked to the fluorescent dye TAMRA, and bound RNAs were visualized after separation by
gel electrophoresis. Of the 34 FFFs, six cross-linked to RNA.

MDA-MB-231 cells were treated with these six FFFs, followed by cross-linking and pull-
down with azide-functionalized beads. The RNAs pulled down by each FFF were identified
by RNA-seq analysis and compared with a control diazirine probe lacking a potential
RNA-binding moiety. The resulting data were analyzed by Genrich (109) to afford a binding
landscape for each FFF. Genrich is an RNA sequencing analysis tool that uses a null

model with a log-normal distribution to calculate the statistical significance of enrichment
of a region of transcript by comparing the RNA sample before and after pull-down. Of

the six FFFs, 34 and 35 were the most selective, pulling down 51 and 35 transcripts,
respectively (compared to >70 for the other four fragments). Fragment 34 also yielded the
highest enrichment of transcripts observed, with two transcripts enriched >12-fold, quiescin
sulfhydryl oxidase 1 (QSOXI) and sequestosome 1 (SQS7MJI). Notably, 34 specifically
bound RNA as it did not bind DNA or protein; that is, its entire interactome was studied.

As cross-linking events can reduce or inhibit the processivity of reverse transcriptase, the
RNA-seq data were analyzed for “RT stops”, which informs the FFF binding site. Modeling
of the structure adopted by QSOXZ and SQSTM1 using ScanFold (110) (a scanning window
free energy minimization program that identifies regions of structure within an RNA that
have unusual thermodynamic stability) showed that the binding site of 34 is a U bulge within
a hairpin structure of QSOX1, while, for SQSTM1, the RT stop site was found in the hairpin
loop region. QSOXZ is an enzyme that is overexpressed in a variety of tumors (111,112)

and has two isoforms, QSOX1aand QSOX1b. The predicted U-bulge binding site is present
only in QSOX1a, suggesting that 34 could be isoform-specific. Fragment 34 had a modest
effect on QSOX1a protein levels, reducing them by ~15% at a 20 UM concentration (~15%
reduction) while having no effect on QSOX1bor SQSTMI protein levels.

As 34 had a very modest activity on QSOXIa protein levels, it was lead optimized by

its conversion into a ribonuclease targeting chimera (RiboTAC; 36, Figure 8B). RiboTACs
comprise an RNA-binding module and a ribonuclease recruiter moiety. The RiboTAC binds
inactive RNase L monomers endogenously present in cells, activates it by dimerizing the
enzyme, and brings the activated RNase L dimer into close proximity of the RNA target
such that it is cleaved. RiboTACs are catalytic, substoichiometric, and selective due to
various factors including the inherent selectivity of the small molecule, RNase L’s substrate
preferences, (113) and cellular localization of the target, among others. (108) Indeed,

34’s binding site in QSOX1ais proximal to a preferred RNase L substrate (UNN). (113)
RiboTAC 36 induced isoform-specific cleavage of QSOXZa mRNA and isoform-specific
reduction of the QSOXZa protein in MDA-MB-231 cells. The compound also reduced cell
proliferation, a phenotype associated with QSOXZ expression.
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These key studies lay a foundation for the discovery of fragments that bind cellular RNAs
agnostically, providing a means to define the fragment interactome.

Selective 2’-Hydroxyl Acylation Analyzed by Primer Extension and Mutational Profiling
(SHAPE-MaP)

SHAPE-MaP (selective 2’-hydroxyl acylation analyzed by primer extension and mutational
profiling) is an RNA structure probing methodology that studies conformational changes in
RNA structure upon compound binding at nucleotide resolution (Figure 9A). (114) SHAPE
reagents react with ribose’s 2”-hydroxyl group, reporting on the dynamics of the nucleotide.
The site of madification is identified using a relaxed fidelity reverse transcriptase, which
induces mutations at the site of the reaction. SHAPE profiles in the presence and absence of
the small molecule are then compared. (115)

FBDD and SHAPE-MaP were first integrated to identify fragments that bind the TPP
riboswitch. (2) Nucleotides with enhanced SHAPE reactivity (>20%) upon treatment with a
fragment were further analyzed and assigned a Z-score. A fragment was determined to have
a statistically significant altered SHAPE reactivity pattern if three or more nucleotides had
Z-values greater than 2.7, which was determined by comparison of the Poisson counts. (116)

In brief, fragments were screened for binding an RNA construct comprising the aptamer
domain of the TPP riboswitch and the 5" UTR of Dengue virus, allowing identification of
selective and nonselective binders. Of the 1,500 fragments screened by SHAPE-MaP, 41
fragments bound to either the TPP riboswitch or 5° UTR of Dengue virus. A secondary
validation of the hit compounds identified eight fragments, of which seven were selective for
the riboswitch. The binding affinities of six hits were measured by ITC, where fragments
demonstrated binding affinities in the range of 11 to 650 UM, and quinazoline (representative
example 22) emerged as a high-affinity binding scaffold (Figure 9B). Interestingly, fragment
22 also binds to the £. coli ThiM riboswitch (Figure 6).

With the goal of tethering two fragments together, a second round of screening with 22
bound to the TPP riboswitch alone was conducted to identify fragments that can bind to

an adjacent site within the target. Of the 1500 fragments screened, five bound to the RNA

in the presence of 22. Interestingly, fragment 37 demonstrated cooperative binding with 22
(Kg = 3 mM), while a low-affinity interaction was observed (Kg > 10 mM) in the absence

of 22. Fragments 22 and 37 were then linked together to obtain 38, which bound the TPP
riboswitch with a Kj value of 620 nM (Figure 9B). Although the final compound, 38, was
able to inhibit conformational switching /n vitro (Kswiwch = 68 UM, ~100-fold higher Kjy), the
binding affinity did not directly translate to functional activity.

In summary, this study demonstrated that SHAPE-MaP can identify fragments that bind

the TPP riboswitch at adjacent sites and that linking them together increases the affinity.
Importantly, this study demonstrated that SHAPE-Map can identify binding fragments and
map their binding sites simultaneously in a high-throughput fashion. However, the reactivity
bias of nucleotides and uncertainties associated with structural modeling can affect accurate
mapping of the binding site.
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Two-Dimensional Combinatorial Screening (2DCS)

As described before, one of the challenges in FBDD for RNAs is identification of conserved
RNA regions that can be targeted using small molecules to modulate RNA function

in a disease relevant system. This challenge is particularly evident, as most methods
described above are target-specific with their utility usually validated with well-studied RNA
targets. To expand the diversity of RNA molecules targetable with small molecular weight
fragments, a target agnostic, selection-based, library-vs-library screening platform can be
employed (Figure 10A). (117) Here, small molecules can be immobilized on an agarose
coated plate covalently (117,118) or absorbed to the surface (termed AbsorbArray) (34) in a
spatially defined manner. A radiolabeled RNA library containing thousands of RNA motifs,
including internal loops, bulges, and hairpins, is then incubated with the microarray in the
presence of excess competitor oligonucleotides to constrain interactions to the randomized
region. RNAs bound to small molecules are then excised from the arrays and identified by
RNA-seq analysis. The sequencing data are analyzed by high-throughput structure—activity
relationships through sequencing (HiT-StARTS), a pipeline that calculates the statistical
significance of the enrichment in selection studies, as compared to the starting library. (34)
These privileged RNA motif-small molecule interactions define the molecular fingerprint
for each fragment and are housed in a publicly available database named Inforna. (119) Any
RNA of interest’s secondary structure can be easily mined against this database to identify
small molecules that bind the desired RNA structure.

Indeed, 2DCS selections and the Inforna platform have informed the design of various
tethered RNA-binding modules to increase affinity and specificity. For example, querying
the affinity landscapes for various small molecules against the structural elements
comprising primary miR-96 (pri-miR-96) afforded two small molecules, 39 that binds the
5'CGA/3"UGG loop adjacent to the Drosha site and 40 that binds the miRNA’s Drosha
site (5"UUU/3"AUA) (120) (Figure 10B). (6) /n vitro binding studies demonstrated that 40
binds 5"UUU/3" AUA with a Ky value of 1300 nM and 39 binds 5'CGA/3’ UGG with a Ky
value of 1500 nM. These two small molecule modules were linked to obtain dimer 41, which
binds pri-miR-96 with a Kj value of 85 nM (Figure 10B). Furthermore, linking the two
modules increased the cellular potency, as assayed by inhibition of pri-miR-96 biogenesis
in MDA-MB-231 TNBC cells (ICsq values of ~20 uM for 40 and ~50 nM for 41). (6,120)
Notably, the average molecular weight of compounds that have been housed in Inforna is
457 Da; thus, their dimerization affords molecules of relatively large molecular weights.
These studies suggest, however, that a similar approach might be applied to fragments to
afford potent molecules of low molecular weight.

As proof of principle that it is indeed possible to define the molecular fingerprints of
fragments and apply this information to target RNA selectively, a 2,500-member, RNA-
focused fragment library (250 Da average molecular weight) was studied for binding to 3

x 3 and 3 x 2 internal loop libraries (ILLs) via 2DCS. (22) Three fragments selectively
bound RNA structures that comprise the two RNA libraries, the affinity landscapes of which
were defined. Interestingly, fragment 42 was predicted to bind the Dicer site of the miR-372
precursor (pre-miR-372) with the highest affinity based on HiT-StARTS statistical analysis
(Figure 10C). Indeed, 42 bound pre-miR-372 with a Ky value of 300 nM, a high-affinity
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interaction for a fragment. Furthermore, 42 yielded bioactive interaction with pre-miR-372
in AGS, a gastric cancer cell line inhibiting the biogenesis of miR-372 with an 1Cgq value
of ~1 uM. The fragment also de-repressed a downstream target of miR-372, large tumor
suppressor kinase 2 (LATS2) at the mRNA and protein levels while also reducing cell
proliferation and invasion phenotypes driven by aberrant expression of miR-372. (22)

This study demonstrated that drug-like low molecular weight compounds can in fact be
studied using 2DCS and that the method can detect high-affinity binding interactions
between fragments and RNA. Importantly, the fragment hit, 42, was bioactive in cells
without any optimization. Taken together, there is vast potential for studying large and
diverse fragment libraries via 2DCS to identify new chemical scaffolds that bind RNAs.

In Silico Methods

Over the past two decades, various /n silico strategies have been developed to support FBDD
endeavors and subsequent fragment-to-lead optimization efforts. Among these approaches,
docking has been widely used for hit identification due to its capability of screening large
databases of fragments in a relatively short amount of time. The advantage of docking for hit
identification is that both commercially available screening libraries with limited chemical
space and virtual libraries can be screened, expanding the chemical diversity of identified
hits. Although there are some concerns regarding the applicability of docking algorithms for
fragment screening, it has been shown that there is no difference performance-wise between
screening drug-like molecules and low molecular weight fragments (Figure 11A). (121-123)
In the following example, the application of docking for fragment hit identification against a
purine riboswitch (guanine riboswitch carrying a C74U mutation: GRA) is described (Figure
11B). (14) In this study, a high-resolution (1.7 A) GRA crystal structure was used to screen
a fragment library of 2,592 compounds. A series of compounds with the highest docking
scores, reflecting those most likely to bind with the highest relative affinities, were selected
for experimental evaluation. Four compounds were identified with binding affinities in the
UM range, out of which two fragments represented novel scaffolds (43-46) (Figure 11B).

This study showed that a force-field-based docking, despite inaccuracies of the scoring
functions, (124) can be applied successfully to screen different chemotypes against RNA
targets. We are not aware of other examples of fragment-based virtual screening targeting
RNAs, which suggests the need to expand and develop virtual screening strategies for
fragment-based targeting of RNAs.

Conclusions

Targeting RNAs using small molecules is undoubtedly an important area of therapeutic
interest, both for disease-causing or -associated RNAs and also for undruggable proteins

by targeting the encoding mMRNAs. Therefore, there is a crucial need to generate bioactive,
drug-like small molecule ligands with favorable molecular properties for bioavailability.
Thus, fragment-based approaches to identify small molecular weight, drug-like ligands for
RNAs are important. As described in this review, much work is being done to develop

new methodologies and to repurpose traditional methods toward fragment identification
(Table 1). Other strategies that have demonstrated the potential to discover fragments include
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surface plasmon resonance (SPR), (125) tethering, (126) and target-directed cycloaddition.
(127) Future work includes expanding these methods to study new RNA targets, increasing
the diversity of fragment libraires, and developing novel strategies for detecting low-affinity
fragment interactions with RNAs.

The fragments themselves have favorable physicochemical properties (Table S1) affording
drug-like properties (quantitative estimate of drug-likeness (QED) > 0.5). Although a few
are bioactive (in some cases modestly), most fragments thus far have been incorporated

into larger molecules, which reduces drug-likeness. As small molecule targeting of RNA is
in its relative infancy compared to protein targets, parameters that describe drug-likeness
and chemical space that is privileged for RNA binding have not yet been fully defined.
Likewise, advances in protein-targeting, particularly PROTACS, suggest that drug-like space
can indeed expand outside the traditional Rule of 5 guidelines. (128,129)

Although some of the fragments discussed herein have similarities with protein-targeting
fragments, other studies have identified privileged scaffolds that are specific for RNA

such as 2-phenylindole, 2-phenyl benzimidazole, 2-phenylimidazole, methylpyrimidine-2,4-
diamine, etc. (130-132) RNA-binding compounds also have different physicochemical
properties (Table S1) compared with the FDA-approved drugs including lower LogPs
(octanol-water partition coefficient), (133) greater topological polar surface area, and more
hydrogen bond donors. (5) These differences suggest that a more concentrated effort to
discover RNA-targeting fragments could provide distinct scaffolds. Nevertheless, the fact
that many familiar protein-targeting scaffolds and small molecules (23,134,135) also bind
RNA provides an opportunity for drug repurposing, as we have shown that the receptor
tyrosine kinase inhibitor Dovitinib can be reprogrammed to target an oncogenic miRNA.
(134) Overall, this dual-binding presents a challenge and an opportunity and importantly
points to the necessity of more rigorous analyses in drug discovery efforts to include RNA
targets.
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Figure 1. An overview of fragment-based drug discovery (FBDD).
Schematic for traditional high-throughput screening (HTS) vs FBDD (left). In traditional

HTS, large compound libraries are screened against a target of interest to obtain hits that

are then optimized to yield high affinity, selective ligands. In fragment-based drug discovery
(FBDD), small molecular weight fragments are screened against a target library to obtain
hits that bind different sites on the target. (7) Two fragments that bind an adjacent site on a
target are then linked, merged, or grown to obtain a final ligand with increased affinity and
selectivity. Thermodynamic parameters defining the linking fragments: AGag, free energy of
binding of assembled ligand; AGa, free energy of binding of fragment A; AGg, free energy
of binding of fragment B; AG®, connection Gibbs energy; Kyag, dissociation constant of
assembled ligand; Kya, dissociation constant of fragment A; Kjg, dissociation constant of

fragment B; E, linking coefficient (right). (24)
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Figure 2. NMR spectroscopy methods to identify fragments that bind RNAs.
Secondary structures of RNA targets and chemical structures of fragment hits and optimized

compounds by (A) 1D 1H NMR spectroscopy, (3) (B) 1D 19F NMR spectroscopy, (4) and
(C) 7, relaxation NMR spectroscopy. (21)
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Figure 3. WaterLOGSY to identify fragments that bind RNAs.
(20) (A) Schematic for identification of fragments that bind RNA using WaterLOGSY NMR

spectroscopy. Magnetization is transferred after excitation of bulk water (radiofrequency
(RF) wave, black arrows). Nonbinders show positive NOEs with water. Ligands that are in
fast exchange between free and bound forms; the RNA-bound ones show negative NOE,
while the free ligands show positive NOEs with water. (B) Secondary structure of the
ribosomal decoding A-site used in the screen and chemical structures of fragment hits.
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Figure 4. Mass-spectrometry-based fragment hit identification followed by optimization yielded
bioactive ligands for the U1061A region of baterial 23S rRNA.

(13) (A) Schematic for identification of fragment binders to RNA using mass spectrometry.
(B) Secondary structure of the U1061A region of bacterial 23S rRNA used in the screening
(left) and chemical structures of fragment hits and optimized compounds (right). Optimized
compound 17 inhibited protein synthesis /n vitro, however, no antibacterial activity was
detected. Optimized compound 18 demonstrates antibacterial activity with a minimum
inhibitory concentration (MIC) of 6-13 pM in E. coli.
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Figure 5. Dynamic combinatorial chemistry (DCC) to define building blocks that bind the HIV
frameshifting element and an optimized compound that has anti-HIV activity.

(19) (A) Schematic for identification of fragment binders to RNA using dynamic
combinatorial chemistry. (B) Secondary structure of the HIV frameshifting RNA element
used in the screening and chemical structures of fragment hit and optimized compounds.
Compound 21 inhibited the replication of HIV-1 in MT-2 cells.
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Figure 6. Equilibrium dialysis identifies fragments that bind the E. coli ThiM riboswitch with

UM affinity.

(8) (A) Secondary structure of the £. coli ThiM riboswitch RNA element used in the
screening. (B) Schematic for identification of fragment binders of the riboswitch using
equilibrium dialysis. (C) Chemical structures of fragment hits. None of the compounds
were functionally active /n vitro, as assessed by an /n vitrotranscription translation gene

expression assay.
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Figure 7. Fluorescent ligand displacement identifies fragment compounds that can bind HIV-1
TAR RNA with pM affinity.

(1) (A) Schematic for identification of fragment binders to RNA using fluorescent
ligand displacement. (B) Secondary structure of the HIV-1 TAR RNA element used in
the screening and chemical structures of fragment hits and optimized compounds. The
biological activities of optimized ligands were not evaluated.
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Figure 8. Chemical cross-linking and isolation by pull-down-fragment mapping (Chem-CLIP-
Frag-Map) to define bioactive ligands for pre-miR-21 and QSOX1 mRNA.

(A) Schematic for identification of fragment binders to RNA using Chem-CLIP-Frag-Map
in vitro, the secondary structure of the pre-miR-21 RNA target, and the optimized fragment
hit. (5) (B) Schematic for transcriptome-wide Chem-CLIP-Frag-Map in cells, the secondary
structure of the QSOXI mRNA target, and the optimized fragment hit degrader. (23)
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Figure 9. SHAPE-MaP defines fragments that bind the TPP riboswitch, and linking of two
fragments yielded a novel ligand with increased affinity.

(2) (A) Schematic for identification of fragment binders of the £. coli TPP riboswitch
using SHAPE-MaP. (B) Structure of the £. col/i TPP riboswitch. (C) Chemical structures
of fragment hits and optimized ligand. Compound 38 inhibited cotranscriptional structure
switching /n vitro; however, its bioactivity was not evaluated.
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Figure 10. Sequence-based drug design using Inforna and 2DCS defines ligands that bind pri-
miR-96 and pre-miR-372 and optimized compounds are bioactive in disease relevant cellular

systems.

(A) Schematic for identification of fragment binders to RNA using 2DCS. (B) Secondary
structure of pri-miR-96 and chemical structures of small molecule hits and optimized
compound. Compound 41 inhibits the biogenesis of miR-96 in MDA-MB-231 cells. (6)
(C) Secondary structure of pre-miR-372 RNA and chemical structure of the fragment hit
compound. Compound 42 inhibits the biogenesis of miR-372 in AGS cells. (22)
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Figure 11. In silico screening to define fragments that bind RNAs.
(14) (A) Schematic for identification of fragment binders to RNA using virtual screening.

(B) Structure of the purine riboswitch and chemical structures of fragment hits.
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