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» To help you understand the utility/drawbacks of different RNA
structure visualization tools.

» To introduce the latest online visualization tools.

» To emphasize the limitations and challenges of drawing an RNA
structure.

» To ensure a fun and interactive session.

At the end of the tutorial, please fill in the ISMB 2022 Tutorial Feedback.
(link)
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https://docs.google.com/forms/d/e/1FAIpQLSftVbI5O-P6EidL-PBgmqjdVE9QX3SfsgGKqkX6DDxJzGvrfQ/viewform

Schedule

Time Content
09:00 am - 10:30 am  Opening lecture + Hands-on ~ RNA structure motifs + Databases for RNA structures + File formats + RNA structure visualization forms
10:30 am - 10:45 am Break
10:45 am - 11:45 am Hands-on R-chie, RNApdbee and MultiSETTER
11:45 am - 12:00 pm Break
12:00 pm - 13:00 pm Hands-on R2DT, rPredictorDB and RiboSketch
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1. Opening Lecture: RNA secondary structure , and Hands-on
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RNA structure

Linear Polymer = Sequence over {A,C,G,U}

A structure = set of base pairs; Watson-Crick: A-U / G-C Wobble: G-U

RNA structure at multiple scales

5S rRNA Escherichia coli.
(7.5 A, PDB 1C2X

UGCCUGGCGGCCGUAGCGCGGUGGUCCCACCU
GACCCCAUGCCGAACUCAGAAGUGAAACGCCGU
AGCGCCGAUGGUAGUGUGGGGUCUCCCCAUGC
GAGAGUAGGGAACUGCCAGGCAU

Primary Secondary

A.Saaidi




internal
loop single-stranded

helix region
| **%%ccccesc®esee® “see secccccce:
hairpin | TELELEEE Ll ey
100p | %gq o ® e0ce, 000 000

bulge

Annotated structural motifs in a secondary structure. Image source
Flores and Ataide 2018.
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» Tetraloop: four-base

hairpin loop motifs +
plays an important role
in structural stability
and biological function
of 16S rRNA.
kink-turn (k-turn)
introduces a tight kink
into the helical axis +
serves as binding sites

for a number of proteins.

G-quadruplex: stable
motif formed by
sequences rich in
guanine + is involved in
many essential cellular
processes.

A.Saaidi

Tertiary motifs ( 2D and 3D
representation). Image source: Flores and
Ataide 2018.
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Resources for RNA structure data

PDB, a storehouse of structural information

RNAcentral is the largest RNA 2D structure database.

>
| 4
» RFAM: consensus secondary structure annotation.
» NDB is a portal interfering with PDB.

>

Resource I file formats # entries URL

Protein Data Bank (PDB) pdb * 1641 + 10412 (complex) TS~ Go
RNAcentral dbn > 13e% SS Go

RFAM 14.7 pdb ** 4069 families Go

Nucleic Acid Database (ndb) RNAML/pdb 12016 TS Go
RNAstrand Andronescu et al. 2008 || CT/dbn/RNAML/Bpseq 4666 SS Go

* 3D structures at atomic resolution (X-ray/ NMR/ /Cryo-EM).
** For each RNA sequence in the alignment.
SS: Secondary Structure, TS: Tertiary Structure
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https://www.rcsb.org/search
https://rnacentral.org/
https://rfam.xfam.org/
 http://ndbserver.rutgers.edu/
http://www.rnasoft.ca/strand/

PDB, 1641 RNA 3D structures (06-14-2022)

PDB: RNA-only structures released per year.
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PDB, 10412 Complex Protein-RNA (06-14-20

PDB: Protein-RNA complexes structures released per year.
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Hands-on |

MADISON

» Objective: Learn how to browse the PDB, RNAcentral, Rfam and
RNAstrand databases, and perform keyword-based search.

PDB:

Locate the pdb file for the RNA with the id=6XRZ (Frameshift
Stimulation Element from the SARS-CoV-2 RNA Genome) and save on
disk under the name ”FSE.pdb”.
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Hands-on

MADISON

RNAcentral:

Search for the keyword EColi ribosomal RNA. In the left bar, check
available in the Secondary structure section.

This will return 15 outputs, but we are interested in RNAs of length
< 120ncts.

Reset the length to 120, this will reduce the number of outputs to
5.

Then, in the organism section, check " Escherichia coli (3)".

Check the first output, navigate to the 2D structure where you can find a
visualization and a notation in dot brackets.

Copy-paste the sequence and the structure, save it in fasta format. Call
it " 5Sribosomal.fa”.
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Hands-on

MADISON

Rfam:

Search for the keyword "5S ribosomal RNA" then go to " Alignment”,

download the Stockholm file. Rename it "bsrRNAAlignment.stk”.
“Rfam -

Family: 55 rRNA (RF00001)
fon: mal RNA

Rfam offers the possibility to visualize the consensus structure with
several visualization program.
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Hands-on

RNAstrand:

Search for the keyword 5S Ribosomal RNA, chose the source to be

" protein databank” and consider only experimentally validated structures.
Then set the size to be between 50 and 60 ncts.
Retrieve all the 3 structures in CT,BPSeq and dbn formats. Rename them

”3SS5SrRNA.ct”, "3SS5SrRNA.bp”, "3SS5S5rRNA.dbn”.

A.Saaidi
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RNA structure file formats

MADISON

» db/dbn/Vienna fasta file with SS

» STOCKHOLM used within RFAM to present a WUSS-formatted
consensus secondary structure, including pseudoknots.

» BPSEQ and CONNECT: an adjacency list, indicating the partner
(if any) of each position.

» pdb, RNAML, dp

Hands-on
Prepare the previously downloaded files. We will go through them all to
learn how to read each file format.
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"35S5SrRNA.dbn"," 5Sribosomal.fa”

Dot bracket format: Fasta extended to include a dot-bracket encoding of
SS. Lines with > # are ignored.

SS notation:
> "." indicates Unpaired nucleotide.
» "()"Matching pair of parentheses indicates Base pairs.

> "]", "{}", or "<>" indicates non-nested base pairs pseudo-knots.
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STOCKHOLM 7

MADISON

"bsrRNAAlignment.stk”

Is useful to represent the SS for RNA multiple sequence alignments.

» Bounded portions of the MSA.
» prefix #=, specify various additional information.
» #=GC RF lines, indicates a sequence consensus

» #=GC SS cons , indicates the SS consensus. (parenthesis scheme,
Pseudo-knots are represented using an alphabetical system ( A
matching with a , B with b ...).
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Connectivity Table (CT)

"3SS55rRNA ct”

» Header with the sequence length and a comment

» 6 columns:

® cl: nct position within the sequence

c2:
c3:
c4:
c5:
c6:

A.Saaidi

base notation

position of previous base in the backbone (5’ to 3’ orientation)
Position of next base in the backbone (5’ to 3’ orientation)
BP position , 0 if unpaired;

cl duplicated

MADISON
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"35S55rRNA.bp”

» Simplified version of CT.

» 4 first lines are comments then SS in the form of triplet (nct
position, base notation, BP partner/0 if unpaired)

A.Saaidi
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Dot plot ) ISME

MADISON

file format (.dp), plot generated with RNAfold URL. We will check this in
page 32.

Open the image with the text editor, scroll down until you get to the line:
"% start of base pair probability data”

Y%start of base pair probability data
1 10 0.344535288 ubox
118 0.015271122 ubox

The lines describe pairing probabilities, given as tab-separated <left>

<right> < —log10(probability of pairing=>.
A.Saaidi


http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi

pdb format |

MADISON

"FSE.pdb”

» PDB file include fine details of the experimental protocol used for
Protein/RNA.

» A raw geometrical descriptor of the 3D model.

» Need to be further processed to get the base-pairing position.

A.Saaidi July 7,



RNAML format 4

MADISON

» A format proposed by Waugh et al. 2002.
» XML format, useful for non-canonical base-pairs and motifs.
» It is an enriched description of the tertiary structure.

» Annotate .pdb using RNAview (-p option) to create a RNAML file.
RNAview is available here

A.Saaidi
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http://ndbserver.rutgers.edu/ndbmodule/services/download/rnaview.html

Fundamental Q: how to extract SS from file .pdb?

No more need to install DSSR and to code...

» RNApdbee, URL, allows to extract RNA SS from the pdb file.

» Secondary structure topology resolved.

» Get directly the pdb file from PDB by knowing the identifier.
» Automated annotation of 3D RNA models.

Hands-on
Run RNApdbee for the id=6XRZ.
Save the obtained dot bracket annotation under ” FSE_bee.dbn” .

RNApdbee 2.0

A.Saaidi
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http://rnapdbee.cs.put.poznan.pl/

Switch between formats

MADISON

Sometimes, we are more comfortable with a specific format, here is the
list of some web servers available to convert formats:

» dot2ct
https://rna.urmc.rochester.edu/RNAstructureWeb /Servers /dot2ct/dot2ct.html
> ct2dot
https://rna.urmc.rochester.edu/RNAstructureWeb /Servers/ct2dot/ct2dot.html
» CT to dot-bracket https://rnacomposer.cs.put.poznan.pl/

» BPSEQ to dot-bracket https://rnacomposer.cs.put.poznan.pl/

] ) E DQAC
July 7, 2022 24 [ 62
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https://rna.urmc.rochester.edu/RNAstructureWeb/Servers/dot2ct/dot2ct.html
https://rna.urmc.rochester.edu/RNAstructureWeb/Servers/ct2dot/ct2dot.html
https://rnacomposer.cs.put.poznan.pl/
https://rnacomposer.cs.put.poznan.pl/

Visualization |

MADISON

Difficulties in visualizing RNA topology:
Pseudoknots
» Complex topological models indicated by crossing interactions.

» Ignored by computational predictions tools (Algorithmically
challenging)

Tertiary motifs (non canonical interactions)
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Several possible representations for the SS

Planar graphs:

v

Radial layout
» Linear or arc plots
» Dot plot

» Circular

» Mountain plot

> tree ...

Due to time constraints, the algorithms behind the different
representations will not be discussed.

A.Saaidi
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» Radial layout: paired nucleotides are placed on a stem where the
optimal radius.

unpaired nucleotides are located along an imaginary circle, with an

July 7,




- Use the force-directed graph layout
tool Forna
http://rna.tbi.univie.ac.at/forna/
Kerpedjiev, Hammer, and Hofacker
2015, this time with the pdb file
"FSE.pdb”.

- Now use RNA2Drawer Johnson
et al. 2019

https://rna2drawer.app/

Thoughts? Are you satisfied with these plots?

Radial layout is a squiggle plots. With Forna, the layout is flexible, and
so is the structure returned in image format.

A.Saaidi
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http://rna.tbi.univie.ac.at/forna/
https://rna2drawer.app/

- Use the Pseudoviewer http://pseudoviewer.inha.ac.kr/, with the
structure file ” FSE bee.dbn”
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You will get a radial plot representation, more suitable for the
pseudo-knot, right?
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http://pseudoviewer.inha.ac.kr/

» Linear/ arc plots: the sequence is a line and pairs are connected by
arcs.

Hands-on R-chie Lai et al. 2012
Go to Rchie web server, and chose " Single structure”, then dot-bracket
format. Upload the file FSE bee.dbn. Plot the SS.

Unknotted Basepairs

= 25/30
5/30
0/30

= 0/30

www.e—rna.org

A.Saaidi July 7, 2022 30/ 62


https://www.e-rna.org/r-chie/

» Dot plot matrix where the X-axis and Y-axis represent the sequence
and a BP is represented by a dot in the matrix.

» Useful to inform about the Boltzmann ensemble with different
structures. Hence, reports on the different pairing probabilities
between the tuples in the sequence.
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Hands-on |

MADISON

Go to the RNAfold web server Gruber et al. 2008, enter the sequence
from the file "FSEbee.dbn” in the appropriate box.

Click on "Show constraint folding” then enter the structure. Be careful
how you format the structure you want to impose.

Get the .eps file for the dot plot. Rename it "FSEbee.eps”.

Scroll down to see the mountain plots. Now, let us manipulate the
obtained dot plot.
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Hands-on |

MADISON

iDotter Gerighausen, Hausdorf, and Zanker 2017 is a tool that transform
".eps” into a JSON file.

Go to https://idotter.sca-ds.de/view, upload " FSE bee.eps”. Highlight
some pairings and change the color setting ( right corner icon).

€ 3 C b Wottersedsdenien - SSIROTEIDASNGOII TS > % 0 2 (o D)
L} ] E
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https://idotter.sca-ds.de/view

MADISON

» Circular diagrams where the sequence is a circle and pairs are
represented by arcs: example of tools include Varna Darty, Denise,
and Ponty 2009 and the recent tool RNAStructViz Schmidt,
Kirkpatrick, and Heitsch 2021, which is useful for comparing up to 3
structures.
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Planar graph

program is downloadable at https://bio.tools/CS2BP2-Plot

Dot plot

image source: Léger, Costa, and Tulpan 2019.
A.Saaidi

Another circular tool: CS2BP2-Plot Léger, Costa, and Tulpan 2019. The
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https://bio.tools/CS2BP2-Plot

» Tree representation

RNAIlib-2.5.0 contains a new
tool link.

It uses the following alphabet:
H (hairpin loop),

| (interior loop),

B (bulge),

M (multi-loop),

S (stack), and

E (external element).

(a) RNA secondary structure (b) The coarse tree representation

image source: Schirmer, Ponty, and
Giegerich 2014,
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https://www.tbi.univie.ac.at/RNA/ViennaRNA/doc/html/group__struct__utils__tree.html

Which tool to use?

structures..)...

It depends on your needs, the format, the purpose (comparing several

Next, we will see 6 online visualization tools in details.
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10:30 am - 10:45 am Break

A.Saaidi
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2. Hands-on: R-chie, RNApdbee and MultiSETTER
(20 mins for each tool)

A.Saaidi

iscef
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» SS represented in arc diagrams,

» allows comparison and overlap of two structures,
» allows ranking and displaying base pairs in colour,

» allows also to visualize a MSA and co-variation information.

o =
A.Saaidi
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Hands-on

MADISON

Go to Rchie web server, and chose " Double structures”, then
dot-bracket format.

Open the file 3SS5SrRNA.dbn and do a text copy-paste for the
input.

The goal here is to compare the first structure to the second from the
MSA.

Casel: Proceed with plotting the two structures. Save your output
plot.

Case2: Next, redo the same steps but this time check the box " Plot
structure as a known reference” for the second structure.
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https://www.e-rna.org/r-chie/

[ ] —r
MADISON

22222

Unknotted Basepairs
= 2525

www.e-rna.org www e-rna.org

Left: casel, right: case2.
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RNApdbee T4

MADISON

URL A web server offering a structure visualization with the following
tools: VARNA, PseudoViewer, and R-chie.

We have previously used the web-server with the pdb id 6XRZ to

annotate the SS. Now, we will explore the tabs 2D — — > (...),
(...) = — > image and more importantly 3D — — > multi2D .
Hands-on

Consider the file "FSE bee.dbn"”, use dot2ct to convert the file. Then,
upload the resulting ct file to explore the different Tab's functionalities.
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http://rnapdbee.cs.put.poznan.pl/

MultiSETTER AE

MADISON

MultiSETTER Cech, Hoksza, and Svozil 2015 is a web-server for multiple
RNA 3D structure comparison, and is available at url.

Hands-on
Compare the two RNAs with pdb ids: 1DFU and 354D.

=

MultiSETTER is based on structural
superposition of RNAs.
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http://setter.projekty.ms.mff.cuni.cz/

Hands-on

RNA SEcondary sTructure-based
TERtiary Structure Similarity Algorithm

rs. (Mult)SETTER

SETTER i MUliSETT! al

query  results

‘multiple RNA alignment

# Raver Jaoru Jaseo facex fJasmo

An average structure is computed and plotted in black.
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11:45 am - 12:00 pm Break
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3. Hands-on RiboSketch (10mins), and Template-based structure
visualization: R2DT, rPredictorDB. (20 mins each)

A.Saaidi
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Hands-on RiboSketch

URL Paste the SS input "FSE_bee.ct” into the text area then load the
structure.

Menu

RiboSketch offers the option to modify the geometry of the graph.
A shape of bird?

A.Saaidi July 7, 2022 48


https://rnastructure.cancer.gov/ribosketch/ribosketch.html

iscef

MADISON

RNA 2D Templates (R2DT) Sweeney et al. 2020
» Is hosted by RNAcentral (https://rnacentral.org/r2dt)

» Uses a library of RNA secondary structure templates to generate
standardized RNA topology diagrams.

» ADV: Diagrams are presented in layouts familiar to RNA researchers
— easier comparison of related RNA structures.

» Structure prediction is performed with the Infernal cmalign program
with the top scoring covariance model.
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https://rnacentral.org/r2dt

A.Saaidi

Objectives:

» Explore various functionalities offered by the web server.

» Compare structures layout for related RNAs.

o 5 - = D Q¢
July 7,2022 50 / 62




Hands-on |

MADISON

Go to https://rnacentral.org/r2dt.

Enter the FSE-SARS 77ncts RNA sequence:
GGGUUUGCGGUGUAAGUGCAGCCCGUCUUACACCGUGCG
GCACAGGCACUAGUACUGAUGUCGUAUACAGGGCUUUU

Then, click on the Run button to launch the prediction and the
comparison of the obtained structure with the available templates.

Advanced options allows us to specify where to look for the template, the
value by default is Browse all templates.

The template used for the FSE-SRAS is RF00507 Coronavirus
frameshifting stimulation element
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https://rnacentral.org/r2dt
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» Nucleotides are colored compared to the existing templates in the
library (check the color legend at the bottom of the structure).

» Predicted structure in dot-bracket notation is also provided.

» Options for output layout to save as PNG or SVG.
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Hands-on: compare multiple structures

Consider the FSE-SARS 77 ncts RNA sequence:
GGGUUUGCGGUGUAAGUGCAGCCCGUCUUACACCGUGCG
GCACAGGCACUAGUACUGAUGUCGUAUACAGGGCUUUU

the FSE-SARS 87 ncts RNA sequence:
GUUUUUAAACGGGUUUGCGGUGUAAGUGCAGCCCGU
CUUACACCGUGCGGCACAGGCACUAGUACUGAUGUCGUAUA
CAGGGCUUUU

the FSE-SARS 156 ncts RNA sequence:

CAUGCUUCAGUCAGCUGAUGCACAAUCGUUUUUAAACG
GGUUUGCGGUGUAAGUGCAGCCCGUCUUACACCGUGCGGCACA
GGCACUAGUACUGAUGUCGUAUACAGGGCUUUUGACAUCUACA
AUGAUAAAGUAGCUGGUUUU
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Predicted structures FSE-SARS 77, 87 and 144 RNAs
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Bonus: RNA interactive topology viewer PDBe

PDBe URL: in Feb 2022, a new feature (a fruit of collaboration between
RNAcentral and Rfam) is added. It allows the visualization of the SS of
RNA molecules, integrated with sequence-related annotations and 3D
visualization.

RNA topology visualization is based on R2DT Sweeney et al.
2020.
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https://www.ebi.ac.uk/pdbe/about/news/rna-topology-viewer-added-pdbe-pages

rPredictorDB

rPredictorDB Jelinek et al. 2019

» Web implementation of TRAVeLer Elias and Hoksza 2017, available
at link

» Templates are secondary structures extracted from experimentally
identified structures, mostly found in the PDB.

=] =
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http://rpredictordb.elixir-czech.cz/predict#cppredict2

Hands-on |

MADISON

Upload (by copy-paste) the 5s rRNA query sequence:

UGCCUGGCGGCCGUAGCGCGGUGGUCCCACCUGACCCCAUGCCG
AACUCAGAAGUGAAACGCCGUAGCGCCGAUGGUAGUGUGGGGUC
UCCCCAUGCGAGAGUAGGGAACUGCCAGGCAU

Template selection is either automatic or manual. Automatic means that
the most similar sequence to the query sequence is identified and used for
prediction.

Select the template that seems to be the most adequate to the 5s
rRNA.
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Fasta header (optional)
Template | s5ec1cax

Compute z-score (slow)

Results:

>No header

SeqUENce: [UGCCUGGCCoCCCUAGCGCOGUGCICCCACCUGACCCCAUGECG
ACUCACAAGUGAMACGCCCUNGCCCOAJGCUNGUGIGGGGUC

predicted (A0 0C I D D A DD D) DI
structure:

NAplot

visualization:

100% matching with the sequence in the template "5S Ec. 1C2X"

A.Saaidi




Thank you for attending the tutorial VT6.
Any Questions??

Please fill in the ISMB 2022 Tutorial Feedback. (link)

A.Saaidi
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https://docs.google.com/forms/d/e/1FAIpQLSftVbI5O-P6EidL-PBgmqjdVE9QX3SfsgGKqkX6DDxJzGvrfQ/viewform
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