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Fig 1. 1 Workflow of one-stage docking software.

Fig 1. 2 Workflow of two-stage docking software
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1.5 RNA Ensemble Modeling

The variations in conformational state of RNA plays a critical role in
complex cellular metabolism pathways and in the control of gene expression.
Normally, a cellular signal will trigger the RNA dynamics and then, it will be
transduced into a specific biological output.

Proteins are commonly the triggers of RNA conformational transitions. They
stabilize one or a set of RNA conformations by specifically binding to their target
RNAs. Meanwhile, protein binding also causes large changes in the overall
orientation of RNA structures around junction motifs. For example, the
spliceosomal U4 snRNA goes through a large transition in the interhelical bend
angle when it binds to its protein target.

However, a major challenge in determining conformation ensembles is that
the number of parameters needed to specify the structure and the population weights
of all conformers is huge comparing to the number of the experimental data we can
measure. Fortunately, residual dipolar couplings (RDCs), which are measured by
solution nuclear magnetic resonance (NMR) spectroscopy, provides a rich source of
information for ensemble conformation construction and validation.

A research has conducted by using two sets of RDCs measured in elongated
transactivation response element (TAR) RNA from the human immunodeficiency
virus type I (HIV-1) to obtain a set of ensemble structures. 80 ns molecular
dynamics (MD) trajectory of TAR was firstly produced, and then, the RDCs were

used to guide selection of conformers from a snapshots pool from the trajectory.
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Meanwhile, another study revealed that X-ray scattering interferometry,
which is based on site-specifically labeling RNA with pairs of heavy atom probes,
can also be used to determine RNA conformational ensembles as well. The
technology precisely measured the distribution of inter-probe distances.

With improving importance of dynamic view of RNA, we also need to
further strength our basic understanding of RNA dynamic behavior. There is still
limited experimental data regarding to even well-studied RNA molecules such as
tRNA. More efforts should be addressed in the future for better revealing cellular

mechanism.
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1.8 Hypothesis and Specific Aims

With substantial progress in RNA biology, non-coding RNAs, in particular
miRNAs, play an important role in disease development and treatment. However,
structure-based computational methods still remain challenging in accurately
predicting RNA-small molecule interactions. In order to improve the prediction
accuracy, our laboratory has developed integrated approaches to screening for RNA
inhibitors, including AutoDock, GOLD and so on. Meantime, parameters of scoring
function were modified based on RNA-small molecule binding affinity data set
training, named iMDLscore.

My main hypothesis is that with combination of current databases and
computational tools, we may develop new efficient approaches for RNA-small
molecule interaction research and drug discovery. My objective is to develop new
methodologies which assist the study of RNA structure including miRNA motif
screening, ensemble conformation generation, and new scoring functions to further
improve predictions of RNA-small molecular interactions. In order to better predict
the dynamic structure of RNAs, it was critical to generate the ensemble conformers.
After the conformers are generated, it is also necessary to quantitatively assess the
interaction between RNAs and ligands. In this step, scoring functions play an
irreplaceable role in binding affinity study. Scoring is one of the most crucial
components in the docking process. RNAs, as negatively charged molecules, tend to
be more dependent on electric interaction than neutral molecules. However, the
scoring function used to calculate electric interaction in AutoDock 4.2 is relatively

coarse, while only electrostatic potential energy is calculated. To obtain a more
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precise result, we have induced the combination of Yukawa and Coulomb potentials.
Yukawa potential is a short-range potential which caused by the influence of mobile
ions and solvent. When the distance between two atoms is larger than 3 angstrom,
Yukawa potential would have a contribution to the interaction. My central
hypothesis is that inducing Yukawa potential will lead to more accurate prediction
in the RNA-small molecular interaction. If this hypothesis is correct, the new
scoring function will be used in re-scoring the docking results. Meanwhile, to better
aid the drug development process, it is also important for users to screen out the
brunch of miRNAs which may contain same motif, in that case, we may have a clue
about the potential specificity and side effect that the small molecules may cause.

By pursuing the following specific aims, we will develop a new scoring
function. Furthermore, I will also use a proper RNA data set to process the multi-
linear regression method and deep learning to obtain all the parameters of the
equations. Meanwhile, to better understand the functions and abundance of a
particular motif, we will implement a motif screening tool. To this end, I will build
several databases of miRNA secondary structure based on different prediction tools
and develop a fast, efficient strategy to screen the motif throughout the databases.

Aim 1: Develop a user-friendly webserver to screen critical motifs in
miRNAs.

I had collected the while miRNAs primary sequence from miRBase and built
several database of miRNAs secondary structures by using different prediction
tools. Meanwhile, a software which was written in Python had been developed for

the searching process. Furthermore, for better visualization of the structure of the
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target motif, all available RNA 3D structure from RCSB Protein Data Bank had
been download and converted to 2D structure. As an additional option, if there is
any match found, users would be able to get insight about the motif based on known
similar 3D structures of RNAs.

Aim 2: Conduct structure ensemble-based molecular discoveries by
targeting crucial RNA motifs.

In order to generate conformation ensembles for RNA, I firstly used
Molecular Dynamics to produce 100 ns movement and 50,000 snapshots. Then, I
implemented EnsembleGen to select a set of conformations as ensembles based on
experimentally measured RDC values.

With the selected ensemble structures, I performed molecular docking to
evaluate the interactions of our small molecule inhibitors with our interested UUGA
RNA motif and analyze their binding patterns.

Aim 3: Develop a novel Yukawa potential-based scoring function to
evaluate RNA-small molecule interactions.

I firstly collected RNA-ligand binding affinity dataset from PDBBind as
training and validation dataset. Meanwhile, I also used molecular dynamics to
generate restricted dynamic structure to increase training sample size and improve
stability and performance of training result.

Then, various model training methods were used, including multi-linear
regression, Convolutional Neural Network (CNN), Long Short Term Memory

(LSTM). The result was compared to get an overall best model for further use.
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1.7 Summary

RNA is essential in every step of cellular pathways. Different type of RNAs
paly a various role in metabolism process. Some of RNAs convey the genetic
message from nuclear to ribosome, some of RNAs regulate the expression of gene,
and some of RNAs consist of specific organelle, such as ribosomes. With the reveal
of functionality of each RNA types, scientist start to realize the importance of RNA
related research and put numerous efforts into it. However, due to the limitation of
experimental methodologies and equipment, there still is a large gap to fulfill.

When studying the model of RNA and small molecules interaction, RNA
motifs are always the key position where interaction happened. Thus, it is important
that we can find corresponding RNAs that contain certain motif sequence in the real
world, especially in the human body. Based on this demanding, in chapter 2, I
developed a miRNA motif searching webserver called, miRmo. The webserver can
help user find corresponding miRNAs with certain secondary structure motifs and
PDB RNA 3D structures.

After getting target miRNA secondary structures from screening webserver,
in order to obtain binding ligands via docking process, it was necessary to generate
accurate structure of miRNAs. To enrich the method of RNA studies, our lab has
developed a home-made software called EnsembleGen which can be used to select a
group of ensemble conformers from a pool of structures based on RDC dataset.
Thus, I try to apply this application on a specific artificial miRNA ensemble
structure generation and structure study in Chapter 3. The pool of structures was

generated by molecular dynamics (MD). Based on the RNA structures, I further
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studied the binding affinity between the ensemble structure and pre-identified
ligands. Last but not least, to better descript the binding affinity between RNAs and
small molecules, I further developed a new scoring function by inducing Yukawa
potential into AutoDock 4.2 scoring function in Chapter 4. The new scoring
function was trained by several various methods, including multi-linear regression

and deep learning.
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Chapter 2: miRmo: An Efficient Non-Paired RNA Motif

Screening Web Server

2.1 Introduction

MiRNAs (miRNAs) are short, non-coding RNAs which regulate post-
transcriptional modification. It has been shown to play important role in various
human diseases [55], including cancer [56-58], vascular diseases [59, 60], and
obesity related metabolic disorders [61-64]. MiRNAs are involved in corresponding
cellular pathway of pathologies. MicroRNAs and their precursors have distinct
secondary structures and have become popular potential targets for disease
treatments. Pre-miRNAs are the precursor of miRNAs which have relatively longer
length than miRNA and normally forms intra-molecular paring. For the secondary
structure of pre-miRNAs, they commonly have multiple non-paired secondary
structures with fixed patterns (e.g. hairpin, bulge, mismatch and internal loop) and
includes two part: terminal loop and stem portion. The terminal loop is a hairpin
structure, while several different motifs can also present in the stem parts, including
bulge, internal loop and mismatch. These motif structures can play important roles
as potential binding sites for small molecules.

Screening of structural motifs is a major challenge in accelerating drug
discovery efforts targeting pre-miRNAs. As per our knowledge, current motif
searching tools mainly focus on finding the motifs in specific miRNA sequencing
databases, such as high-throughput dataset [65]. In previous decades, RNA motif

searching algorithms and tools were developed based on different aspect and
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mechanisms. Some tools, such as Infernal, use covariance models (CMs) to create a
probabilities profiles of the sequence and the secondary structure based on known
related RNA families. The advantage of this method is that it commonly good at
revealing the important part of motif for a particular RNA group. However, in order
to gain accurate models, users have to provide known RNA families structure in
order to train the probabilistic models. this is usually not the case in real world. By
contrast, RNAmotif from Case group was developed to screen the RNA database
with aimed motif structures based on user-defined descriptors which means that
users are available to describe their aim motif and pairing standard by themselves.
[66]. It was considered as one of the most popular RNA secondary structure motif
searching algorithm, has large flexibility for users to define their own base pair
rules and motifs. The limitation of RNAmotif is that users have to know basic Linux
knowledge and write their own script to achieve searching process. Meanwhile,
users have to provide their own database for the algorithm. Another popular RNA
motif searching tools was RNArobo which combined the sequence and structure
constraints to dig out potential functional RNAs. These tools are specifically useful
for complex RNA secondary structures which were not able to be predicted by using
simple thermodynamic models. Unlike ribozymes and rRNA subsets, pre-miRNAs
are relatively short and simple RNAs which, in my opinion, is suitable for
thermodynamic models for prediction to get a robust prediction result. Thus, we can
caustically apply thermodynamic models-based prediction methods on pre-miRNA
secondary structure prediction. To enrich the diversity of searching algorithm and

increase user experience for non-computational professions, we sacrifice some
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unnecessary features and developed a user-friendly miRNA screening webserver
which mainly contains two-part, database and searching algorithms.

The primary sequence database, which obtained from miRBase [67], contains
271 species and 38503 entries. Secondary structures which are predicted by three
secondary structure prediction software, including RNAstructure [68], RNAfold
[69] and CentroidFold [70]. RNAstructure was developed based on thermodynamics
models with nearest neighbor parameters from Turner groups. RNAfold is a tool
from ViennaRNA package, which computes the minimum free energy (MFE) and
backtracks to obtain an optimal secondary structure. The last complementary tool
we used in our webserver is CentroidFold. It predicted RNA secondary structure
based on a posterior decoding method. Three different prediction tools were used to
build the database so that users can pick their favorite choice, or they may also
compare the difference between each prediction result to gain robust and confident
searching result.

Our algorithm was written in Python and it is able to screen microRNA based
on different type of motifs, including hairpins, internal loops, bulges and
mismatches. To better assist users to visualizing how their target motif potentially
look like, we also build a RCSB PDB 2D RNA structure database by DSSR
(Dissecting the Spatial Structure of RNA) [71]. DSSR is a powerful tool which had
been integrated multiple functions to analyze and annotating RNA 3-dimention
structures, including converting 3D structure into 2D formats. They also have tested

the software for all nucleic acid structures in the PDB database. With the whole
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package above, miRmo webserver would provide users a convenient and
comprehensive screening process.

In order to shorten screening time, secondary structure databases were
constructed and stored in array file in advance. As an improvement of previously
available tools, miRmo directly search secondary structure of miRNA instead of
primary structure. Meanwhile, a user-friendly inter-face were designed by our group
to assist users to choose corresponding motif type, dataset, and type the input.
Detailed instruction is also available on the website. Besides miRNA structures,
experimentally derived 3D structure of RNAs in PDB database are available as well.

This feature may help users to have a whole picture of motif structure.

2.2 Material and Methods

Our web server mainly contains two-part, database and algorithms. To
building up miRNA database, as shown in Fig 2.2, we obtained the whole updated
miRNA primary sequences, as an EMBL format file, from miRBase and convert it
by a home-made bash script to FASTA format in order to proceed further prediction.
The accession numbers, sequence identifiers and species information are remained
in the FASTA file. In EMBL format file, each miRNA entries were separated by
“//”. By using this pattern, each miRNA was easily extracted from the script.
Meanwhile, for each entry of EMBL file, “ID” line stands for sequence identifiers,
“AC” line stands for accession numbers and “DE” stands for species information.
With these pattern, each entries information could be split and recombined into

FASTA format files.
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Based on the miRNA primary structures, Secondary structures were
predicted by RNAstructure, RNAfold and CentroidFold, then saved as CT format
files. Only highest-score prediction results were kept for further screening purpose.
Meanwhile, under the assumption that users may be much more frequently
interested in Homo sapiens, we created two independent database option, Homo
sapiens and all species, for users to choose, since time consuming will be much
short due to only 1919 Homo sapiens entries exist in the database.

After miRNA secondary structures predicted, RNAstructure package
continue to be used for generation of 2D image and the images were stored as PNG

format. The architecture of database was shown in Fig 2.1.
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Fig. 2. 2 Illustration of workflow of building databases: A. miRNA secondary
structure dataset. Starting from EMBL format primary sequences; B. PDB database.
Starting from 3D structures.
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For RCSB PDB RNA database, we obtained the whole available RNAs in
PDB format from Protein Data Bank website (https://www.rcsb.org/). In the
database, advance searching was processed with condition “Polymer Entity Type”
and “RNA”. All related files were download as PDB format. Then, 3DNA DSSR
was used to perform structure analysis and annotation for the RNAs and,
meanwhile, convert PDB format (3D) to CT format (2D). The CT files with multiple
chains (numbers) were separated for searching purpose by home-made software.

The screening algorithm was based on the idea of alignment. To better fit
into the webserver, the python algorithm file took three arguments as input. Aimed
to describe the secondary structure of desired motifs, users need to input the left-
hand side of motif sequence and right-hand side of the motif sequence in the order
from top to down, separately. There is no hard rule to determine which side is left or
right. The direction here is just for illustration.

Meanwhile, the webserver offers different options for users to freely specify
the database by choosing prediction tools and species. It is also necessary for the
webserver to take in the type of motifs which users want to screen, which including
Internal Loop, Mismatch, Bulge and Hairpin. The options for prediction tools are
RNAstructure, RNAfold and CentroidFold. There are two options of species: Homo

sapiens and Complete Database.
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miRmo - A webserver for microRNA motif search

miRmo is a computational tool that enables fast motif search in 2D microRNA structures predicted using several structure prediction tools.

hairpin miRmo Input
7R
Y g Strand1 ua
mismatch < e
s
i N Strand2 ug
T=¢
v—a .
g Database Homo Sapiens v
f:‘f w Internal loop
c—o
o—c
* ¢ Software RNAStructure v
30 A"“Y :
Py Bulge
S Motif Type Internal Loop v
L o= |
—o
PDB Search Yes v

Fig. 2. 3 Screenshot of Webserver Input Interface. The interface includes 1. input
of Strand1, 2. Strand2 sequence, 3. Choice of database, 4. Choice of prediction
software, 5. Target motif type and 6. Choice of whether process PDB searching.
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Once every argument is specified by users, example as shown in Fig 2.3, the
webserver is able to load the database and start screening process. Firstly, the
programs will find the alignment of the left-hand side of motif sequence and check
if the right-hand side one matches with the sequence in the opposite of alignment, as
well. When the program finds the both matches, the information of miRNA will be
printed as an output. If there is no result in the first searching turn, the algorithm
will exchange the left- and right-hand side motif sequence and process another
round of searching. If this round also fails, the algorithm will reverse the motif
sequence and repeat the process mentioned above. The algorithm is designed to
screen every possibility that may occur in the real world.

After finishing the screening process, a table will be printed on the web page.
Each entries of the table will provide information about name of the miRNA,
species which the miRNA comes from, a link for users to download the CT format
file of miRNA, another link for users to visualize the selected miRNA and the
location of aimed motifs.

Frontend of the miRmo is developed in HTML and JavaScript while server-
side scripts are written in PHP and Python (version). miRmo algorithm is developed

as python scripts and executed using GNU Parallel [54].

2.3 Result

The dataset was well organized by prediction tools and species. We proceed

a motif screening example by using our specific interest motif “UU:GA”. The inputs
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of webserver are not capital sensitives or direction sensitive, which means the

webserver is able to find every possible result through the screening process.

2.3.1 Data set

The dataset, which was collected from miRbase contained 38503 entries,
including 1919 Homo sapiens microRNAs. Meanwhile, the microRNA sequences
were from 271 organisms. Each entry was converted to secondary structure which
recorded in a CT format file. As shown in Fig.2.4, the number of Homo sapiens
entries is the most abundant in miRBase. The second large group is mouse which is
also the major focus of biomedical research. Among top 20 species, most of the
species has pre-miRNAs whose average length is below 100 bp. Only few species
have more than 100 bp average length of miRNAs. But, all of miRNAs, as shown in
Fig. 2.5 are below 300 bp.

The whole secondary structures were predicted by RNAstructure, RNAfold
and CentroidFold, respectively. For each tool, the secondary structure prediction
result of Homo sapiens miRNAs was duplicated into an independent directory as

optional choice for users to choose.
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Fig. 2. 5 sequence length of top 20 counts species.

By advanced searching in RCSB PDB website, 4596 RNA structure entries

were found in result. All of them were downloaded and con-verted to 2D structure
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as CT format. Due to part of entries were bundled by several PDB structure, there
were 5656 CT files of RNA secondary structures after conversion. Furthermore, the
CT files with several RNA chains were split for better screening. Finally, there were

16640 CT files in RCSB PDB 2D RNA structure database.

2.3.2 Illustration and Example

The screening algorithm was based on the idea of alignment. Aimed to describe the
secondary structure of desired motifs, users need to input the left-hand side of motif
sequence and right-hand side of the motif sequence in order from top to down,
separately. Meanwhile, the webserver offers different options for users to freely
specify the database by choosing prediction tools and species. It is also necessary for
the webserver to take in the type of motifs which users want to screen. Once every
argument is specified by users, the webserver is able to load the database and start
screening process. Firstly, the programs will find the alignment of the left-hand side
of motif sequence and check if the right-hand side one matches with the sequence in
the opposite of alignment, as well. When the program finds the both matches, the

information of miRNA will be printed as an output.

After finishing the screening process, a table will be printed on the web page. Each
entries of the table will provide information about name of the miRNA, species which
the miRNA comes from, a link for users to download the CT format file of miRNA,
another link for users to visualize the selected miRNA and the location of aimed

motifs.
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For our specific interest of motif “UU:GA”, we consider two situations may be the
most possible, internal loop or mismatch. According to the rule of input, on the left-
hand side, the input was “ug” and on the right-hand side, the input was “ua”. “Homo
sapiens”, “RNAstructure” and “internal loop” options were choosing as screening
condition. As a result, 24 entries of Homo sapiens miRNA which contain “UU:GA”
internal loop motif were discovered, shown in Fig.2.6B. When different prediction
tools chose, the result may be different. For instance, the result of “UU:GA” motif
searching in RNAfold prediction result has 33 queries. However, there are only 4

entries in CentroidFold prediction dataset.

For instance, as shown in Fig.2.6C, miR-153-2 is the first entries of screening result,
we provide the secondary predicted structure as shown in Fig.2.6C. By clicking
corresponding hyperlink, we went to miRBase website for further detailed
introduction. Meanwhile, we can also search published articles related to miR-153-2.
A research has revealed that miR-153-2 was involved into the mechanism of major
type 1 diabetes, which leads to a further topic: if miR-153-2 could be a potential target

for diabetes treatment?
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miRmo - A webserver for microRNA motif search

miRmo is a computational tool that enables fast motif search in 2D microRNA structures predicted using several structure prediction tools.
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Fig. 2. 6 Illustration of miRmo webserver interface and screening result. A-B:
Screening Result from PremiRmo with “ug” and “ua” as motif sequence, “Homo
Sapiens” as species, “RNAstructure” as prediction software, “Internal Loop” as

motif type. C: 2D image of miR-153-2 predicted by RNAStructure
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For searching in PDB dataset, there were total 128 entries were found, as shown in.
Certain amount of the query has the same location number, which indicate that the
RNA structure contained in these entries may be the same. For example, “UU:GA”
motif located in 3cma, 2otl and 1nji (PDB ID) and all of the “UU:GA” motif for these
three RNAs located in position 2553. Thus, it would not be surprising to find out that

they are partial 50S ribosome.

Besides, large rRNA complexed, we also obtained some relatively smaller structures
from the result, like 6qyz. It is a prohead RNA in bacteriophage. In this particular
structure, a single RNA forms intrastrand double helix structure, meanwhile, there are
five identical RNAs forming a pentagon complex. This structure was imaged by
electron microscopy and had a 4.6 A resolution. With the help of miRmo, we quickly
locate the motif position and visualized by Pymol, as shown in Fig. 2.7B. The whole
structure was combined by the 5 same intra-strands double helix RNAs. As shown in
Fig. 2.7B, we may locate the target motif for further investigation. Meanwhile, we
can also extract one single RNA chain to process docking with small molecular or
protein. With the assistance of 3D structure, researchers may reveal more details in

future study.
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