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ABSTRACT

Small molecules have become increasingly recognized as invaluable tools to study RNA structure
and function and to develop RNA-targeted therapeutics. To rationally design RNA-targeting
ligands, a comprehensive understanding and explicit testing of small molecule properties that
govern molecular recognition is crucial. To date, most studies have primarily evaluated properties
of small molecules that bind RNA in vitro, with little to no assessment of properties that are distinct
to selective and bioactive RNA-targeted ligands. Therefore, we curated an RNA-focused library,
termed the Duke RNA-Targeted Library (DRTL), that was biased towards the physicochemical
and structural properties of biologically active and non-ribosomal RNA-targeted small molecules.
The DRTL represents one of the largest academic RNA-focused small molecule libraries curated
to date with more than 800 small molecules. These ligands were selected using computational
approaches that measure similarity to known bioactive RNA ligands and that diversify the
molecules within this space. We evaluated DRTL binding in vitro to a panel of four RNAs using
two optimized fluorescent indicator displacement assays, and we successfully identified multiple
small molecule hits, including several novel scaffolds for RNA. The DRTL has and will continue
to provide insights into biologically relevant RNA chemical space, such as the identification of
additional RNA-privileged scaffolds and validation of RNA-privileged molecular features. Future
DRTL screening will focus on expanding both the targets and assays used, and we welcome
collaboration from the scientific community. We envision that the DRTL will be a valuable resource
for the discovery of RNA-targeted chemical probes and therapeutic leads.

INTRODUCTION

The use of small molecules to modulate RNA structure and function has become invaluable for
studying the many roles of RNA in biological processes' as well as discovering effective
therapeutic treatments.? Early on, the promise of RNA as a ‘druggable’ target was demonstrated
by the identification of several RNA-targeting small molecule classes such as aminoglycosides.®
" These ligands bound highly abundant and structured ribosomal RNA (rRNA) and inhibited
protein synthesis in prokaryotes, leading to the development of numerous FDA-approved
antibiotics.® Over the last 25 years, momentous efforts to target non-ribosomal RNAs, which are
less studied and have lower abundance (< 10% of total RNA), have yielded a modest collection
of ~150 biologically active small molecules that target bacterial, fungal, viral, and mammalian
RNAs.” '° Notable examples include Phase 2 clinical trial candidate Branaplam'' and recently
FDA-approved Risdiplam', both of which were developed to target mRNA splicing and treat
spinal muscular atrophy. While immensely promising, the field of targeting RNA with small
molecules is still in its infancy; we have only begun to elucidate and evaluate the guiding principles
that govern RNA:small molecule recognition.
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Collective efforts to identify the properties of small molecules that selectively interact with RNA
have yielded critical insights into molecular recognition. For example, the Disney laboratory first
utilized selection-based, two-dimensional combinatorial screens to identify chemotypes that bind
RNA with high affinity and selectivity."® Enriching libraries with these RNA-binding chemotypes
has led to increased hit rates and the identification of bioactive small molecules for RNA."¢
Recently, large RNA-targeted screens by academic and industrial laboratories revealed
differentiating properties between in vitro RNA-binding small molecules and compounds that were
known to bind proteins'” and/or explicitly known to not bind RNA.'® ' These works largely
corroborated our analysis from 2017, where we examined a collection of small molecules in the
RNA-targeted Bloactive ligaNd Database, termed R-BIND (SM) (n = 67). We identified
cheminformatic descriptors related to molecular structure, complexity, and recognition that
distinguished the biologically active, non-ribosomal RNA-targeted small molecules from FDA-
approved drugs, which largely (~90%) target proteins.?’ Similar to FDA-approved drugs, the
majority of R-BIND (SM) complied with medicinal chemistry rules for drug-likeness; however,
biologically active RNA-targeted small molecules had distinctive structural features, including an
increased nitrogen count, decreased oxygen count, decreased flexibility, and increased counts of
aromatic and heteroatom-containing rings.?" Notably, while the size of R-BIND (SM) increased by
~225% (n = 153) over three years, little change in the distributions of the cheminformatic
descriptors was observed, further supporting the existence of a privileged chemical space for
bioactive RNA-targeted small molecules.® °

One approach to further examine RNA-biased small molecule chemical space is to develop and
evaluate RNA-focused libraries. Indeed, about 40% of R-BIND (SM) ligands were discovered
using a focused screening approach, often yielding higher hit rates as compared to high-
throughput screens.® '* 22 Design strategies for focused libraries have included enrichment with
scaffolds known to bind RNA™ 152324 g5 well as fragmentation of*® or chemical similarity to'" ®
% known RNA-binding small molecules. While successful, these approaches are currently limited
to building libraries based on small molecules known to bind RNA in vitro. As a result of our
continuous efforts to curate and analyze R-BIND (SM),% "% 2" 22 we were uniquely positioned to
develop and evaluate an RNA-focused library based upon molecular properties of bioactive, RNA-
targeted small molecules. The inclusion of features that are prominent in biologically active small
molecules was proposed to increase selectivity and expedite the development of chemical probes
for RNA.

Herein, we describe the curation and evaluation of an RNA-focused library biased towards the
physicochemical and structural properties of biologically active, RNA-targeted small molecules.
Using 20 cheminformatic parameters, a k-Nearest Neighbor algorithm was applied to examine
and select commercial small molecules that had similar features to R-BIND (SM) ligands. During
the selection process, we discovered that particular regions of R-BIND (SM) chemical space were
either inaccessible or sparsely occupied by commercial libraries. Purchased small molecules,
which we termed the Duke RNA-Targeted Library (DRTL), were evaluated against a panel of four
RNAs, utilizing two optimized fluorescent indicator displacement assays. By leveraging R-BIND
(SM), the DRTL led to hit rates similar to RNA-focused screens® '% 22 without prior knowledge of
a particular RNA-binding ligand or scaffold. Further, we successfully identified multiple RNA-
binding small molecules to pursue for structure-activity relationship studies and biological assays.
Additional screens will provide further insights into biologically-relevant RNA chemical space,
enable explicit testing of the guiding principles we previously identified,® 2" and contribute to the
continued identification of RNA-privileged scaffolds and molecular features, all of which will
facilitate the imperative discovery of chemical probes for RNA.
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METHODS

Details of materials, methods, and experimental procedures are provided in the Supporting
Information.

RESULTS AND DISCUSSION

Curation of an RNA-focused Library

To identify commercial small molecules that have similar molecular properties to R-BIND (SM),
we utilized a k-Nearest Neighbor (k-NN) algorithm.® 2" We defined the chemical space of R-BIND
(SM) v1.1 (n = 75) by a set of 20 cheminformatic parameters that was previously used to analyze
R-BIND (SM) ligands and compare them to: i) RNA binders without reported bioactivity and ii)
FDA-approved drugs, a surrogate for protein-targeted, bioactive ligands.?! The parameters
included medicinal chemistry, structural complexity, and molecular recognition descriptors (Sl
Table 1). The R-BIND (SM) ligands were plotted in the 20-dimensional chemical space and the
Euclidean distance between every R-BIND (SM) pair was calculated. For each R-BIND (SM)
ligand, the shortest distance to its nearest neighbor was identified. The distance ranged from
0.3418 to 7.3373 with an average shortest distance of 2.1923 (SD Table 1). Notably, there were
regions within the chemical space that had multiple R-BIND (SM) ligands in proximity, with 25/75
ligands having at least two nearest neighbors within the average distance (defined henceforth as
NNs) and of these, one R-BIND (SM) ligand had seven NNs (SD Table 2).

Commercially available small molecules from ChemBridge and ChemDiv libraries (n = 2,484,294)
were plotted in the 20-dimensional chemical space defined by R-BIND (SM) and evaluated for R-
BIND-like character (Figure 1A). The k-NN algorithm was applied using the R-BIND-like distance,
defined as the average shortest distance (d = 2.1923), to identify commercial ligands that
occupied similar chemical space.® In total, we identified 1,096,020 NN pairs between a subset of
commercial small molecules (n = 572,145) and R-BIND (SM) ligands (n = 61) (SD Table 3). The
number of NNs for these R-BIND (SM) ligands ranged from 1 to 197,433 small molecules with a
median of 1,057 (S| Table 2). Notably, for 14 of the 75 R-BIND (SM) ligands, there were no
commercial small molecules nearby in chemical space (S| Table 3). The majority of these (n = 9)
were also isolated from other R-BIND (SM) ligands in chemical space (d > 2.1923) (S| Table 4).
Altogether, our analysis indicates that while commercially available R-BIND-like small molecules
can be found, there are regions of R-BIND (SM) chemical space that are sparsely populated, if at
all, by commercial ligands.
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Figure 1. Curation of the Duke RNA-Targeted Library (DRTL). (A) Schematic of the curation of the DRTL. The R-BIND
(SM) library is plotted in 20-dimensional chemical space defined by cheminformatic parameters. Using a k-Nearest
Neighbor algorithm, the Euclidean distance of each R-BIND (SM) to all of its neighbors is calculated. Then, the shortest
nearest neighbor distance for each R-BIND (SM) is averaged. This R-BIND-like distance is used to identify commercial
ligands that occupy similar chemical space. All R-BIND-like ligands for a given R-BIND (SM) were grouped into one of
ten bins, according to their nearest neighbor distance. Up to three ligands from each bin were randomly selected for
purchase. (B) Example of a nearest neighbor search. Commercial ligands that were within the average distance (d =
2.1923) to R-BIND (SM) 0060 are shown and represent selections from Bins 1, 5, and 10. (C) Summary of total
commercial ligands that were evaluated for R-BIND-likeness (n = 2,484,294), found to be R-BIND-like (n = 572,145),
and purchased for the DRTL (n = 804). Pie graph (right) represents the percentage of commercial R-BIND-like ligands
that resided either in one of the innermost (Bins 1-5, d = 0.0000-1.0962) or outermost (Bins 6-10, d = 1.0963-2.1923)
bins to R-BIND (SM).

To further assess the similarity to R-BIND (SM), commercially available R-BIND-like small
molecules were sorted by measured distances into one of ten bins, where Bin 1 was shortest in
distance (d < 0.2192) and Bin 10 was farthest in distance (d = 1.9732-2.1923) to an R-BIND small
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molecule. The distance of a commercial ligand to an R-BIND (SM) is proportional to its similarity
in terms of the 20 cheminformatic parameters (Figure 1B). The majority of NNs (n = 1,090,213,
99.5%) resided in the outermost bins (Bins 6-10, d = 1.0963-2.1923) (Figure 1C, SD Table 4).
The innermost bins (Bins 1-5, d = 0.0000-1.0962) consisted of only 5,807 NN pairs between a
fraction of commercial ligands (n = 5,500) and a subset of R-BIND (SM) (n = 30). Notably, the
lack of commercial compounds in the innermost bins limits the assessment of small molecules
that most closely resemble the molecular properties of R-BIND (SM) ligands.

Commercially available small molecules that represented bioactive RNA-targeted chemical space
were then purchased to build the Duke RNA-Targeted Library (DRTL). Up to three commercial
compounds were randomly selected in each of the 10 bins for every R-BIND (SM) ligand (n = 75).
While a commercial compound could be a NN to multiple R-BIND small molecules, the compound
was selected only once to maximize library diversity and size. Utilizing this method, a maximum
of 2,250 commercial small molecules could have been selected. However, NNs were identified
for only a subset of R-BIND (SM) ligands (n = 61) and the majority of bins had less than three
unique ligands (SD Tables 5 and 6). In total, only one-third of the maximum number of ligands
could be selected and purchased as the DRTL (n = 804) (Figure 1C and SD Table 7). These
results further illustrate the need to supplement libraries with novel synthetic analogs that expand
the chemical space coverage and density, especially in regions nearest to R-BIND (SM) ligands.

Physicochemical, Spatial, and Structural Analysis of the DRTL

To compare the DRTL and R-BIND (SM), the distributions of the 20 cheminformatic parameters
were analyzed using a Mann-Whitney U statistical test. As expected, the DRTL and R-BIND (SM)
had similar distributions for the majority of the cheminformatic parameters. Statistically significant
differences were observed for eight of the twenty descriptors (S| Table 5); however, the exclusion
of R-BIND (SM) ligands that had no commercial NNs (n = 14) resulted in statistically significant
differences for only five of the twenty parameters (SI Table 6). These differences included a
reduction in number of hydrogen bond donors (HBD), ring complexity (SysRR), and total charge
(TC) for the DRTL. Furthermore, decreased water solubility (higher log P, log D) was observed
for the DRTL. The differences found between the libraries (DRTL and RBIND) is likely due in part
to the lack of commercially available ligands in close proximity to many R-BIND (SM) ligands..
Using principal component analysis,?® the regions of R-BIND (SM) chemical space that were
encompassed by the DRTL were visualized (Figure 2A). As anticipated, most of R-BIND (SM)
chemical space was populated by the DRTL, though with varying coverage of density and
proximity. Thus, the DRTL possesses R-BIND-like character and is representative of a subset of
the biologically active, RNA-targeted chemical space defined by R-BIND (SM).
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Figure 2. Cheminformatic analysis of the DRTL. (A) Principal component analysis plot of principal components (PC) 1-
3 based on 20 cheminformatic parameters calculated for R-BIND (SM) v1.1. The DRTL was added as supplemental
data and does not contribute to PCs. The principal component and subsequent percent contribution is indicated on
each axis. (B) Normalized principal moments of inertia ratios for DRTL and R-BIND (SM). Each point represents the
Boltzmann average of a molecule using conformations within 3 kcal/mol of the lowest energy conformer. Larger circles
outlined in black represent the library averages. Structures of DRTL ligands that represent a) rod-like (6085943), b)
disc-like (9130024), and c) sphere-like (E542-1303) shapes are shown. (C) Distribution of Tanimoto dissimilarity scores
of small molecules in the DRTL. Tanimoto dissimilarity scores from pairwise comparisons of the 804-member library
were used to create the histogram. A score of 1.0 indicates that two ligands are highly dissimilar. The inset shows the
lower counts for Tanimoto dissimilarity scores of 0.1-0.5.

Additionally, the spatial properties of the DRTL were evaluated and compared to R-BIND (SM).
The 3-dimensional (3D) shape of each small molecule was calculated using principal moments of
inertia (Figure 2B).? The library averages for the DRTL and R-BIND (SM) were nearly identical,
and partitioning of the libraries into four sub-triangles showed similarities in the library
percentages that populated the rod (~75%), disc (~15%), sphere (< 1%), and hybrid (~10%)
triangles (S| Tables 8 and 9). To quantitatively compare the library distributions, the Kolmogorov-
Smirnov (KS) statistical test was used. The KS test revealed that the shape distributions of the
DRTL are statistically different from R-BIND (SM), containing more disc- and sphere-like and less
rod-like character (S| Table 10). These observations are supported by cumulative distance
distribution graphs, which measure the distance of each small molecule from the rod (0,1), disc
(0.5,0.5), or sphere (1,1) vertices (S| Figure 1). Similar results were obtained when R-BIND (SM)
ligands that had no commercial NNs were excluded from the analysis (S| Table 11). Due to the
computational resources required to calculate predicted small molecule conformations for all NN
pairs, 3D shape was not considered in the curation of the DRTL yet our analysis indicates that
the DRTL does contain compounds with shapes similar to bioactive RNA ligands.

To evaluate the structural diversity of DRTL, chemical hashed fingerprints that describe molecular
structure were calculated. Small molecule fingerprints were compared to one another using a
Tanimoto dissimilarity score, where a score of 1 indicates that two ligands are highly dissimilar.*
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For DRTL, the average Tanimoto dissimilarity score for all pairwise comparisons was 0.76 + 0.03,
suggesting that library members are generally chemically diverse (Figure 2C).3' However, ~25%
of the DRTL (n =221/804) had a low Tanimoto dissimilarity score (< 0.30) for at least one pairwise
comparison, indicating that common scaffolds are found among some of the library members.
Comparisons between the DRTL and R-BIND (SM) revealed that the two libraries are structurally
dissimilar, with less than 5% of the DRTL (n = 30/804) having Tanimoto dissimilarity scores < 0.30
for pairwise comparisons with R-BIND (SI Figure 2). This analysis confirmed that the DRTL is
comprised of novel chemical matter and has the potential to identify RNA-targeting small
molecules with distinct molecular structures.

In Vitro High-throughput Screening of the DRTL

As a preliminary evaluation of our library selection strategy, we investigated in vitro binding of the
DRTL to four biologically-relevant RNAs: truncated constructs of the transactivation response
element (TAR) in type 1 and 2 of the human immunodeficiency virus (HIV)* as well as rCAG and
rCUG expansions that contain repeat sequences associated with Huntington’s disease and
Myotonic Dystrophy Type 1,* respectively. The HIV TAR RNAs adopt a stem-loop secondary
structure that includes a 6-nucleotide (nt) hairpin loop with either a 2-nt (HIV-2 TAR) or 3-nt (HIV-
1 TAR) bulge (Figure 3A). The expanded repeats form five 1 x 1-nt internal loops comprised of
either AA (rCAG2) or UU (rCUGs2) sequences with 4-nt closing hairpin loops. Notably,
approximately 30% of R-BIND (SM) ligands target either HIV-1 TAR (n = 14) or CUG expanded
repeats (n = 8). These R-BIND (SM) ligands also constituted NN pairs with a substantial subset
of the DRTL (n = 446, 55%) (SD Table 8). While CAG expanded repeats had only one reported
R-BIND (SM) ligand and HIV-2 TAR had none, their structural similarity to CUG expanded repeats
and HIV-1 TAR, respectively, could provide valuable insights into ligand selectivity as well as
relevant small molecule chemical space for targeting these RNA structures. Collectively, the four
RNA targets selected are ideal for initial screens of the DRTL with the goal of generating binding
and selectivity profiles.
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Figure 3. Selection of RNA targets and primary screening assays. (A) Sequences and secondary structures of RNA
targets. (B) TO-PRO-1 and Tat peptide indicator displacement assays. When the indicator is bound by RNA, signal is
enhanced. Displacement of the indicator by a competitive small molecule diminishes signal. TO-PRO-1 was used to
screen the DRTL against all four RNA targets. Tat peptide, labeled with 5-FAM at the N-termini and TAMRA at the C-
termini, was used to screen the DRTL against HIV-1 and HIV-2 TAR RNA targets. Structures of TO-PRO-1, 5-FAM and
TAMRA fluorophores with respective excitation (Ex) and emission (Em) wavelengths as well as sequence of Tat peptide
are shown. Amino acid abbreviations: A = Alanine, R = Arginine, K = Lysine, Q = Glutamine.

For the screening approach, we selected two different fluorescence-based indicator displacement
assays (IDAs) (Figure 3B). The first assay uses the fluorescent indicator TO-PRO-1, an
intercalating cyanine dye that increases fluorescence upon binding nucleic acids.** TO-PRO-1
has been successfully used in screens against RNAs such as HIV-1 TAR and repeat expansions
and thus, was employed against all four RNA targets.™ 3° The second assay utilizes an arginine
rich, truncated peptide of Tat protein that binds primarily by hydrogen bonding and electrostatic
interactions to the phosphate backbone of RNAs.** “° The Tat peptide is labeled with a Forster
Resonance Enhancement Transfer pair, namely 5-carboxyfluorescein donor and 5-
carboxytetramethylrhodamine acceptor fluorophores, for which signal intensity increases when
the peptide is bound to RNA.*' The Tat peptide construct has been used as a probe to identify
RNA-binding ligands mainly for HIV RNAs®* 41 and therefore, was employed against HIV-1 and
HIV-2 TAR targets only. By evaluating the DRTL with two different IDAs, we anticipated that our
results would reveal potential screening bias and increase confidence in hits that are identified.
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Both IDAs were optimized for the selected RNA targets and assessed for high-throughput assay
quality. The assays were conducted in a physiologically relevant buffer containing potassium (140
mM), sodium (10 mM), and magnesium (1 mM)* chloride salts as well as 0.01% Triton-x-100,
5% DMSO, and 0.1 mM EDTA (pH = 7.2). Under these conditions, apparent dissociation
constants of the indicators to RNA targets were low micromolar for TO-PRO-1 (0.71-1.18 uM) and
low nanomolar for Tat peptide (92-188 nM) (S| Tables 14 and 15, Sl Figures 3 and 4). Next, the
quality of the IDAs was quantified by a Z'-Factor, a measure that reflects both the signal dynamic
range and variation of measurements.*® The initial fraction of bound (Fb°) indicator can influence
the signal dynamic range and sensitivity of an IDA.*® 4" With TO-PRO-1, an RNA concentration
that corresponded to an Fb° of 0.1 was used for each target (130-180 nM) (Sl Table 16). At these
concentrations, higher sensitivity was observed as compared to larger Fb® values upon
displacement by neomycin, a known non-specific RNA-binding small molecule®® (S| Table 17).
With Tat peptide, RNA concentrations that corresponded to an Fb° value of 0.4 (80-145 nM) were
required to obtain acceptable Z’-Factors (Sl Table 18). Calculated Z’-Factors were greater than
0.5 for both IDAs, implying that TO-PRO-1 and Tat peptide are reliable and reproducible indicators
for these high-throughput screens (Sl Tables 19 and 20, SI Figures 5 and 6).*

For the TO-PRO-1 IDA, the DRTL was screened at 25 yM against the four RNA targets in
duplicate (Sl Figures 7-10, SD Table 9). Small molecules were considered “hits” if the signal
intensity of TO-PRO-1 was reduced by 15% or greater in duplicate measurements against at least
one RNA target. Compounds that enhanced emission of TO-PRO-1 by 15% or greater were
excluded from further consideration (n = 76). Multiple hits were identified for each RNA target
(Figure 4A), affording hit rates of 0.87% for rCUG12 (n = 7), 1.4% for rCAG12 (n = 11), 1.5% for
HIV-1 TAR (n = 12), and 1.6% for HIV-2 TAR (n = 13). There was overlap in hits among RNAs as
several compounds were found for all four targets (1-5 and 28), three targets (6, 7, and 29), or
two targets (8, 9, 11, and 30), while compounds 10 and 31 were hits for a single RNA (Figure 4B).
For most of the hits, the percentage of TO-PRO-1 displaced was within 10% of the displacement
for other RNAs, suggesting that these compounds did not have strong binding preferences
towards any given target(s) (S| Table 21). Collectively, a total of 15 hits were identified with the
TO-PRO-1 IDA. The majority of these hits had scaffolds that mimicked TO-PRO-1 and thus, may
bind RNA in a similar manner as the promiscuous indicator (SD Table 10).
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Figure 4. In vitro evaluation of the DRTL against RNA targets using TO-PRO-1 and Tat peptide indicator displacement
assays. (A) Summary of the number of hits identified for each RNA target. The DRTL was screened against four RNAs
using TO-PRO-1 (blue bars) and two RNA targets using Tat peptide (green bars). (B) Heat map representing the
percentage displacement of Tat peptide and TO-PRO-1 indicators by small molecule hits. The DRTL was screened at
25 pM in duplicate against the RNAs. A small molecule was considered a hit for an RNA target if 15% or greater
displacement of TO-PRO-1 or Tat peptide was observed in both independent measurements. Measurements that were
less than 15% displacement are shown in white. Measurements for small molecules that interfered with the emission
of an indicator were not considered and are shown in gray. (C) Comparison of the number of hits identified for HIV-1
TAR (left) and HIV-2 TAR (right) RNAs with TO-PRO-1 (blue), Tat peptide (green), or both fluorescent indicators
(intersection).

For the Tat peptide IDA, the DRTL was also screened at 25 yM against HIV-1 and HIV-2 TAR
RNAs in duplicate (Sl Figures 11 and 12, SD Table 11). The same criterion was used to define
hits (> 15% displacement) and small molecules were excluded that interfered with the emission
of Tat peptide (n = 97). Multiple hits were identified for each RNA target, with hit rates of 2.9% for
HIV-2 TAR (n = 23) and 3.1% for HIV-1 TAR (n = 25) (Figures 4A and 4B). Several of the
compounds were hits for both HIV RNA targets (1-8, 10-21, and 25) and had similar Tat peptide
displacement percentages for both RNAs (S| Table 22). While some compounds were hits for
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only HIV-1 TAR (22-24 and 27) or HIV-2 TAR (9 and 26), the percentage of Tat peptide
displacement was usually within 10% of the other RNA target. In total, 27 hits were identified with
the Tat peptide IDA. Among these hits, multiple distinct scaffolds that did not bear resemblance
to either fluorescent indicator were found (SD Table 10).

Since HIV TAR RNAs were screened in both assays, we directly compared the hits identified from
the TO-PRO-1 and Tat peptide IDAs. Collectively, the two IDAs provided a total of 28 hits for HIV-
1 TAR and 27 hits for HIV-2 TAR. Only nine of the hits for HIV-1 TAR as well as nine for HIV-2
TAR were found with both indicators (Figure 4C). Differences between the assays were also
apparent when considering the number of hits for HIV-1 TAR and HIV-2 TAR RNAs that were
identified only with Tat peptide (n = 16 and 14, respectively) as compared to only with TO-PRO-
1 (n = 3 and 4, respectively). These differences were partly due to small molecule interference
with TO-PRO-1 (25-27) or Tat peptide (28-31) signal, which excluded a few hits for HIV-1 TAR (n
=4) and HIV-2 TAR (n = 6). Other factors, such as the binding mode, location of small molecule
binding relative to each indicator, and the different RNA concentrations used could explain the
remaining observed differences. The bias in hits identified by the two screening strategies
illustrates the importance of using multiple assays to evaluate RNA:small molecule recognition,
especially for primary screens used to prioritize small molecule leads.

Chemical Space Analysis of DRTL Hits

One of the unique advantages of the DRTL is that it enables a systematic evaluation of R-BIND
(SM) chemical space. For example, the RNA target(s) of a hit can be compared to the target(s)
reported for the R-BIND (SM) NNs, identifying regions of RNA bioactive space that may be target-
specific or target-promiscuous. On the other hand, assessing the distances of hits to their R-BIND
(SM) ligand NNs could illuminate boundaries of RNA-privileged chemical space. We also
envisioned that DRTL hits could serve as leads for structure-activity relationship studies and
biological evaluation in cell-based screens.

The hits identified from our primary screens (n = 31) were NNs to 21 of the 75 R-BIND (SM)
ligands (S| Table 23). Approximately half of these R-BIND (SM) ligands target HIV-1 TAR (n = 6)
or CUG expanded repeats (n = 7). The remaining R-BIND (SM) NN ligands target a variety of
bacterial, mammalian, and viral RNAs. Notably, we found that approximately one third of the hits
(1, 2, 4-7, 9, 27-30) were NNs to multiple R-BIND (SM) ligands that target a variety of RNAs (SD
Table 12). These observations could potentially explain the general lack of in vitro binding
selectivity of the hits identified in our IDA screens. In the future, we will investigate this hypothesis
by screening the DRTL hits to the targets of the R-BIND (SM) NNs and conversely, screening the
R-BIND NN ligands to the targets used in this study.

Additionally, we examined the R-BIND-likeness of the hits relative to the entire DRTL. In general,
the bin distribution of the hits was similar to the DRTL: the majority of the hits (26/31) were in Bins
6-10 with distances ranging from 1.1961 to 2.1917, and the remaining five compounds were in
Bins 2-5 with distances ranging from 0.3981 to 1.0611 (SD Table 12). The similar distribution
supports the current distance for library construction, though other variables, such as assay type
and ligand screening concentration, contributed to our screening results and consequently, our
ability to evaluate the R-BIND-like distance. Several of these variables and future directions are
discussed in the Summary and Outlook.

SUMMARY AND OUTLOOK

A comprehensive understanding and explicit testing of small molecule properties that govern
selective RNA-binding and biological activity would significantly expedite the development of
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chemical probes for RNA. Towards this goal, we curated, analyzed, and evaluated an RNA-
focused library that was biased towards 20 cheminformatic properties of bioactive, non-ribosomal
RNA-targeting small molecules. The analysis utilized a k-nearest neighbor algorithm® 2 that
allowed us to quickly examine > 2 million commercially available small molecules and filter for R-
BIND-like ligands. More than 570,000 commercial small molecules were identified to be R-BIND-
like and neighbored 61/75 RNA-targeted bioactive ligands. Additionally, the results revealed a
lack of commercial compounds in specific regions of R-BIND (SM) chemical space, especially in
close proximity to R-BIND (SM) ligands. These limitations illustrate the critical need for theoretical
and synthetic development of small molecules that populate unexplored regions of R-BIND (SM)
chemical space, and these efforts are currently underway in our laboratory.

This analysis also resulted in the generation of the Duke RNA-Targeted Library (DRTL), one of
the largest academic RNA-focused small molecule libraries curated to date (n = 804).">25 % While
the cheminformatic and spatial properties of the DRTL represent a subset of R-BIND chemical
space, the structural dissimilarity of DRTL to R-BIND ligands led to the identification of several
novel RNA-binding small molecules for four therapeutically-relevant RNAs. Small molecule hit
rates ranged from 0.87% to 3.1%, which are comparable to reported screens with other RNA-
focused libraries.® ' 22 Comparisons of the hits identified for the same RNA targets revealed
differences between the two competition-based assays, with a greater number of hits found using
a peptide-based indicator as compared to a small molecule-based indicator under our assay
conditions. This direct assay comparison underscores the challenge of screening RNA targets
and the need to use multiple assays to identify small molecule leads. Future in-house screens
with the DRTL will incorporate and compare methods that directly detect RNA-binding (such as
NMR), in vitro screens that have a function-related read out, and screens that directly measure
biological activity. The DRTL can also be used to easily conduct structure-affinity/activity
relationships given the bin-based classification of commercial NN molecules.

We designed the DRTL to gain pivotal insights into RNA:small molecule recognition by
systematically evaluating R-BIND (SM) chemical space. The results of our two IDA screens
provided data for a preliminary chemical space analysis, which inspired many intriguing
hypotheses and future directions. For example, many of the hits from the TO-PRO-1 screen
mimicked the chemical architecture of the non-specific, intercalating dye. Additional criterion for
library design, such as ligand shape, predicted excitation/emission, or chemical similarity utilizing
Tanimoto coefficients, could remove ligands expected to be non-selective prior to purchasing. On
the other hand, the lack of selective molecules identified may be due in part to specific assay
conditions such as the indicators used and the small molecule concentration. Further, R-BIND
(SM) was curated based on biological activity, and few ligands were extensively tested by the
scientists for in vitro selectivity.?* *° % Increasing the number of bioactive RNA ligands, particularly
with demonstrated in vitro selectivity for structurally similar RNAs and with on-target effects in
biological systems, will further refine the boundaries of RNA-privileged chemical space and
provide critical benchmarks for RNA-targeted probe design.

These are just a few examples of insights we have already gained from the DRTL to enhance
RNA-targeted library design and assay selection. Additional screens of DRTL, utilizing a variety
of assays against a diversity of RNA targets, are essential to explicitly evaluate the RNA-privileged
small molecule properties and chemical space. We invite members of the community to
collaborate with us and use the DRTL in high-throughput, RNA-targeting screens to facilitate
these efforts. Further insights into the molecular features that govern selective RNA-binding and
biological activity will expedite the discovery of RNA chemical probes — a critical tool for exploring
the broad functions and therapeutic potential of RNA.
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