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Abstract

Ribonucleic acids (RNAs) are involved in a multitude of crucial cellular functions by acting as a central
conduit for information transfer. Due to their essential and versatile functional roles in the cell, RNAs have
also been implicated in multiple disease conditions of therapeutic relevance including cancers, bacterial
and viral infections and neurodegenerative disorders. Recently, several approaches have emerged to
tap into the potentially unexplored regions of the druggable genome, which refers to the genes and gene
products that are focused during drug development. For example, considering RNAs as viable alternative
therapeutic targets for drug development can potentially expand the range of therapeutic targets. Conse-
quently, the availability of adequate binding affinity measurements for RNA-small molecule interactions is
essential to understand target selectivity and design more potent RNA-targeting drug-like molecules. To
facilitate this growing need, we have curated a database of experimentally validated RNA-small molecule
interactions, called RNA-Small molecule Interaction Miner (R-SIM). Each entry in R-SIM provides compre-
hensive information on sequence, structure and classification of the RNA target, various physicochemical
properties of the small molecule, binding affinity value and corresponding experimental conditions, three-
dimensional structure (experimental or modelled) of the RNA-small molecule complex, and the literature
source for the data. It also provides a user-friendly web interface with several options for search, display,
sorting, visualization, download and upload of the data. R-SIM is freely available at: https://web.iitm.ac.in/
bioinfo2/R_SIM/index.html. We envisage that R-SIM has several potential applications in understanding
and accelerating the development of novel RNA-targeted small molecule therapeutics.

© 2022 Elsevier Ltd. All rights reserved.

Introduction

Ribonucleic acids (RNAs) are involved in several
essential functions of the cell including regulation of
gene expression (miRNA, siRNA), splicing
(snRNPs), transfer of genetic information during
protein synthesis (mRNA), enzymatic activity
(ribozymes), metabolite sensing (riboswitches),

0022-2836/© 2022 Elsevier Ltd. All rights reserved.

and storage of genetic information (RNA viruses).'
It has been estimated that, approximately 70% of
the human genome codes for the diverse types of
RNA present in a cell.? With RNAs dominating a
major proportion of the druggable human genome
and their association in several disease conditions,®
there is a growing interest in understanding the
interaction of RNAs with small molecules, which
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can become potential therapeutics upon optimiza-
tion.” ® Consequently, multiple RNA targets of ther-
apeutic interest have been identified, which include
SMN2 pre-mRNA in Spinal Muscular Atrophy
(SMA), the ribosomal frameshifting stimulation ele-
ment (FSE) of SARS-CoV-2 (COVID-19), HIV-1
transactivation response element (TAR) and
metastasis-associated lung adenocarcinoma tran-
script 1 (MALAT1) long non-coding RNA in
cancers.” The structure-activity relationship of the
interaction between an RNA and a small molecule
can be quantified by its binding affinity value. Con-
sequently, availability of data on binding affinity of
experimentally validated RNA-small molecule com-
plexes in a large scale, can lead to development of
computational approaches to design novel small
molecules for targeting RNAs, and curate datasets
of small molecules for virtual screening and drug
repurposing.” It can also help leverage the power
of machine learning algorithms to accelerate RNA-
targeted small molecule design,” similar to the Al-
driven drug discoverg approaches in the space of
druggable proteins.®

With  advancements in high-throughput
biochemical and biophysical experiments, there
is an increase in experimentally validated RNA-
small molecule interaction data available in
literature. The existing databases containing
binding affinity data for RNA-small molecule
interactions including, SMMRNA,"® R-BIND'" and
NALDB,'? have limitations in terms of their scope,
features, update and availability. The SMMRNA
database is currently not accessible and contains
binding affinity data for only coding RNAs. The
R-BIND database contains data on both coding
and non-coding RNAs, but includes only a very
limited number of RNA-small molecule interac-
tions, which is insufficient to develop and validate
computational methods. The NALDB database
contains binding affinity data on both coding and
synthetic RNAs (aptamers), but covers only three
classes of RNA structures namely, G-quadruplex,
double-stranded RNA and special structure RNAs.
Further, additional databases on RNA-small mole-
cule complexes without binding affinity information
such as NoncoRNA'® are also available, but can-
not be used to quantitatively study and potentially
score novel RNA-small molecule interactions. It is
also notable that the existing databases do not
include information on the RNA sequence, three-
dimensional structure of RNA-small molecule
complexes and RNA-disease associations, which
are necessary to elucidate the mechanism of
action of small molecules at the RNA binding site.
To address these limitations with existing data-
bases and to accommodate the growing body of
information available in literature, we have devel-
oped a manually curated database of binding
affinities for RNA-small molecule interactions,
called R-SIM (RNA-Small molecule Interaction
Miner).

R-SIM is a comprehensive database for RNA-
small molecule binding affinity data, which
includes association constant (K,), dissociation
constant (Kg), inhibitory constant (K;), half-
maximal inhibitory concentration (ICso) and half-
maximal effective concentration (ECso). Each
entry in R-SIM contains information on five
categories such as (i) RNA, (ii) small molecule, (iii)
RNA-small molecule interaction, (iv) experimental
condition, and (v) literature. The experimentally
determined three-dimensional structures of RNA-
small molecule complexes are obtained from
PDB,'* but the structures are modelled when exper-
imental structural data is not available. Each entry in
R-SIM is linked to other public databases including
PubChem,"’ Protein Data Bank (PDB)® and
PubMed (https://www.ncbi.nlm.nih.gov/pubmed/),
which provide detailed information on small mole-
cules, three-dimensional structures of RNA-ligand
complexes and literature, respectively. The R-SIM
search page provides a wide array of search and
sorting options through which users can filter their
search. Further, multiple display options and visual-
izations are also given for each entry. R-SIM is
freely available at https://web.iitm.ac.in/bioinfo2/R_
SIM/index.html.

Results and Discussion

Contents of the database

Each RNA-small molecule interaction in R-SIM
has been supplemented with additional
information (Table 1), which can be divided into
the following categories.

a) RNA target information: RNA name, a unique
identifier for the RNA target, source organism,
disease involved, RNA sequence, RNA type, RNA
subclass, target region within the RNA, secondary
structure, length. RNA type and RNA subclass
were assigned based on the conventions followed
in R-BIND database, and the RNA sequence was
collected either from the respective reference
articles or Public databases such as NCBI RefSeq
and Rfam.'’

b) Small molecule information: Molecule name,
a unique identifier for the molecule, Simplified
molecular input line entry system (SMILES) string,
IUPAC name, link to the PubChem chemical
identifier (CID) for the molecule, two-dimensional
structure (molecular graph), physicochemical
properties of the molecule (hydrogen bond
acceptors (HBA), hydrogen bond donors (HBD),

octanol-water  partition  coefficient  (LogP),
molecular weight (MW), number of rotatable
bonds (NRB), number of benzene rings,

quantitative estimate of drug-likeness (QED),
synthetic accessibility score (SAS) and topological
polar surface area (TPSA)). QED quantifies the
drug-likeness of a molecule as a weighted
aggregate of eight major physicochemical
properties namely, molecular weight (MW),
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Table 1 Description of an entry from the R-SIM database containing information related to S-adenosyl methionine (SAM)

riboswitch aptamer — SAM interaction.

Description Example

Entry ID 415

RNA name S-adenosyl methionine aptamer
RNA target ID Target_71

Source organism
Disease involved
RNA sequence

RNA type

RNA subclass
Target region

Small molecule name
Molecule ID
Canonical SMILES
IUPAC name

PubChem CID

Hydrogen bond acceptors (HBA)

Hydrogen bond donors (HBD)

Octanol-water partition coefficient (LogP)

Molecular weight (MW)

Number of rotatable bonds (NRB)

Number of benzene rings

Quantitative estimate of drug-likeness
(QED)

Synthetic accessibility score (SAS)

Topological polar surface area (TPSA)

Ka (M)

Ki (M)

Ka (M)

ICs0 (M)

ECso (M)

PDB code

Experimental method

RNA concentration

Small molecule concentration

pH

Temperature

lon concentration

PubMed ID

DOI

Title

Author(s) involved

Thermoanaerobacter tengcongensis

Bacterial growth and infection

GGCUUAUCAAGAGAGGUGGAG
GGACUGGCCCGAUGAAACCCGGCAACCAGAAAUGGUGCCAAUUCCU
GCAGCGGAAACGUUGAAAGAUGAGCCA

Riboswitch

Riboswitch

S-adenosyl methionine (SAM)

Target_lig_314

C[S + ](CCC(C(=0)[O-])N)CC1C(C(C(O1)N2C = NC3 = C(N = CN = C32)N)O)O
2-amino-4-[[5-(6-aminopurin-9-yl)-3,4-dihydroxyoxolan-2-ylJmethyl-methylsulfonio]
butanoate

5136

11

4

-3.2569

398.13 Da

7

2

0.34

4.75
185.46 A2

0.00000135

2GIS

Isothermal Titration Calorimetry (ITC)

200 uM

20 uM

8

37 °C

1 mM Mg**

20106958

10.1261/rna.1852310

Idiosyncratically tuned switching behavior of riboswitch aptamer
domains revealed by comparative small-angle X-ray scattering analysis
Baird NJ, Ferré-D’Amaré AR

octanol-water partition coefficient (ALogP), number
of hydrogen bond donors (HBD),
hydrogen bond acceptors (HBA), polar surface
area (PSA), number of rotatable bonds (ROTB),
number of aromatic rings (AROM) and number of
toxic subgroups present based on the PAINS
filters (ALERTS). QED values range between 0
and 1 wherein, values closer to 1 indicate highly
drug-like small molecules and vice-versa.33 The
physicochemical properties for each small molecule
were computed using the RDKit python package
(https://www.rdkit.org). A radar plot comparing the
properties of the comgound with the FDA-

Risdiplam, is

approved RNA drug,’

generated.

c) RNA-small molecule interaction
information: Experimentally calculated binding
affinity value in molar units (Ks, K, Ky, ICso or
ECs), PDB code for the experimental RNA-small
molecule complex (wherever available) or
modelled structure of the complex using RxDock'®
(for 530 entries). Model structures were generated
only for entries where at least one experimental
RNA-small molecule complex involving the RNA
target of interest was available in PDB. Further,
JSmol web applet®® was integrated with R-SIM to
visualize both experimental and modelled struc-
tures in the database.

d) Experimental conditions: Experimental
method, temperature (in celcius), pH, buffer, ion

number of

also
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concentrations, RNA and small molecule
concentrations.

e) Literature information: PubMed identifier,
Digital Object Identifier (DOI), title of the reference
article, author(s) involved, journal of publication,

volume, year and page number.

Database statistics

R-SIM includes 2,501 RNA-small molecule
interactions covering 461 unique RNA targets and
1,288 unique small molecules. The binding affinity
information present in the database was collected
from 216 research articles and reviews, published
between 1977-2022. The database contains
structural information from 68 unique PDB
structures and 530 modelled structures of RNA-
small molecule complexes. The RNA targets in R-
SIM can be mapped to 27 different organisms
including several bacteria and viruses of
therapeutic relevance. It is notable that R-SIM
spans all three major categories of RNA targets:
coding RNAs (56.26%), non-coding RNAs (9.40%)
and synthetic RNA aptamers (34.4%). The sub-
categorization of RNA targets present in R-SIM,
based on RNA type and secondary structure are
provided along with statistics on the distribution of
activity type, experimental methods involved and

the disease attribution of RNA targets in
Supplemental Figure S1.
The average  physicochemical property

distributions of the unique small molecules present
in R-SIM are comparable with that of SMMRNA
and R-BIND databases (see Supplemental
Table S1). Majority of the molecules exhibit non-
conformity to the Lipinski rules as observed
previously in literature®'*? and also discernible from
the lower QED scores (below 0.5). The complete list
of molecules available in R-SIM along with their
physicochemical properties and molecular struc-
tures are also provided as part of Supplemental
Tables S2 and S3, respectively.

Data retrieval from R-SIM

In this section, the data retrieval options available
in R-SIM search page are illustrated with an
example query: find all RNA-small molecule
interactions involved in acquired
immunodeficiency syndrome (AIDS) published
between 2010 and 2015, where the small
molecules have HBA in the range of 1 to 3. The
above query can be split into three sub-queries
corresponding to the search options available in
R-SIM (Q1-Q3 in Figure 1), along with the
required display options. The result includes 25
entries from R-SIM which match all of the above
three search parameters provided (Figure 1).

As shown in Figure 1, the search options are
displayed in a tabulated form with the contents,

which are decided dynamically based on the
display options chosen by the user. Each entry is
represented by a unique entry ID selecting which,
the detailed information corresponding to the entry
(Table 1) will be fetched and rendered from the
database. The search results can also be
downloaded in CSV format for further analysis.

Comparison with existing databases

A detailed comparison of the features of R-SIM
database with three existing RNA-small molecule
interaction databases has been provided below
(Table 2). R-SIM has an increase in RNA-small
molecule interaction data with binding affinity by,
57%, 89%, 51%, and 23% in comparison with
SMMRNA, R-BIND, NALDB, and Inforna 2.0[34]
databases, respectively. Further, R-SIM has the
highest number of sequence and structural informa-
tion on RNA-small molecule complexes in compar-
ison with all four existing databases. RNA targets in
R-SIM have also been clearly classified into RNA
type and RNA subclass following the conventions
introduced by the R-BIND database. In comparison
with all four existing databases, R-SIM includes
data on maximum number of unique small mole-
cules, thereby increasing the diversity in the reper-
toire of experimentally verified small molecules
which can interact with RNA targets.

Applications

The data from R-SIM can be used for research on
different directions:

e Structure-activity relationship (SAR) studies:
Understand the sequence- and structure-level fea-
tures of RNA targets and small molecules, that gov-
ern their interaction. With the increase in structural
information provided by R-SIM, the extracted fea-
tures can be used to establish a relationship between
the binding affinity of specific small molecules to the
observed interactions an RNA target.”®**

Design of novel RNA-specific small molecules:
Generative chemistry has gained significant focus in
recent years, with the application of machine learning
and deep learning techniques to expand the explored
chemical space of inhibitors against protein targets.
R-SIM can aid in the development of such generative
models for de novo RNA-specific small molecule
design.23’25'26

e Curation of small molecule datasets for virtual
screening: R-SIM can potentially serve as a
resource for virtual screening studies, wherein the
small molecules with the desirable property profile
can be filtered out and utilized in drug-repurposing
studies for RNA targets of interest.?”®
Identification of novel RNA targets of therapeutic
potential: Based on sequence and structure similar-
ity to existing RNA targets available in R-SIM, novel
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Figure 1. An illustration of data retrieval from R-SIM where a complex search query is split into three sub-queries
(Q1-Q3) based on the search options available. The results from the search are also provided for reference.

RNA targets of therapeutic potential can be identified
and known RNA-specific small molecules can be
repurposed and tested against such novel RNA
targets.?%%°

Materials and Methods

Data curation strategy

R-SIM contains experimentally validated binding
affinity information for RNA-small molecule
complexes collected from a detailed survey of
existing literature and related databases. The data
collation was performed in two phases: literature
mining and integration of existing databases.

e Literature mining: The set of research articles and
reviews related to experimental characterization of
RNA-small molecule complexes was retrieved
through PubMed keyword search with logical opera-
tors (AND and OR). The keywords utilized include
combinations of: RNA, small molecule, binding affin-
ity, target, experiment, inhibition, validation etc.
Through a careful survey of the collected articles,
the following information were manually curated:
RNA target involved, small molecule involved, avail-
ability of experimental structure for the RNA-small
molecule interaction, binding affinity value in molar
units (K, K;, Ky, 1Cso or ECsg), experimental condi-
tions such as temperature, pH, buffer, ion concentra-
tions, RNA and small molecule concentrations and
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Table 2 A comparison of various features of R-SIM database with four existing databases of RNA-small molecule

interactions.

Feature SMMRNA R-BIND NALDB Inforna 2.0 R-SIM

Availability of webpage No Yes Yes No Yes

Number of entries 1,086 279 1,235 1,936 2,501

Number of unique RNA 160 114 511 - 461
targets

Number of unique small 625 11 776 437 1,288
molecules

Number of unique PDB 0 5 0 0 68
structures

Number of unique modelled 0 0 0 0 530
structures

Structure visualization No No No No Yes

RNA types covered Coding Coding, Non- Coding, Coding, Non-coding, Coding, Non-coding,

coding Synthetic Synthetic Synthetic

Availability of RNA sequence  No No Partial Yes Yes

Availability of RNA No Yes No No Yes
classification

Availability of small molecule No Yes Yes No Yes
properties

Availability of binding affinity Yes Yes Yes Yes Yes

Availability of experimental No Yes No No Yes
conditions

Availability of upload options No No No No Yes

Number of publications 116 68 217 - 216
covered

Literature coverage 1977- 1998-2018 1982-2015 - 1977-2022

2015

the choice of experimental method for the study.
Based on literature mining, 1,172 additional experi-
mentally characterized RNA-small molecule interac-
tions were obtained.

o Integration of existing databases: SMMRNA'® and
R-BIND'" databases were considered for integration
with R-SIM due to the availability of experimentally
validated binding affinity values and the respective
published source for the same, from these data-
bases. While integrating the data from SMMRNA
and R-BIND, redundancies in the data were resolved,
references provided for the binding affinity values
were verified, and missing information was manually
compiled. Post-integration, a total of 1,329 RNA-
small molecule interactions were obtained from exist-
ing databases.

The curated data was further supplemented with
additional information specific to RNA, small
molecules, RNA-small molecule interactions,
experimental conditions involved and the literature
source for the data.

Modelling of RNA-small molecule complexes

The structures of RNA-small molecule complexes
were modelled using RxDock®' for which no exper-
imentally determined RNA-ligand complex structure
is available. To ensure that the ligand binds at the
correct binding site in the modelled RNA-ligand
complex structure, the modelling was done for
those cases, where the binding site of the corre-

sponding RNA is known experimentally, albeit with
another small molecule. The initial 3D conformation
of small molecules with hydrogens were generated
using RDK:it (https://www.rdkit.org) or
OpenBabel,** and optimized with the MMFF94
force field using steepest descent method before
docking. The automatic grid identification program
“rbcavity” was used to obtain the docking grid coor-
dinates for the RNA target, based on the bound
ligand coordinates. This was used as input to the
“rbdock” program to sample 10 binding poses per
small molecule. Both the “rbcavity” and “rbdock”
programs are part of the RxDock package.®' The
binding pose with the best docking score was cho-
sen for visualization in the R-SIM database entry.

Data Availability

R-SIM database is available at: https://web.iitm.
ac.in/bioinfo2/R_SIM/index.html.  The database
was developed using HTML5, CSS, JavaScript,
PHP and MySQL. It supports the latest version of
both Firefox and Chrome browsers. The database
will be maintained and updated regularly. The
updated information will be reflected in the
homepage of the database.

Data Download and Upload

A copy of the latest version of data in R-SIM can
be obtained by submitting a download request from
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the Downloads page of R-SIM. R-SIM includes
options to allow users to upload their own
experimentally validated RNA-small molecule
interactions with binding affinity, other appropriate
experimental information and published
references, to the database. Prior to integration,
the uploaded data will be subject to redundancy
check and sanity checks to fill missing information.
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