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Abstract

RiboVision2 is a web server designed to visualize phylogenetic, structural, and evolutionary properties of
ribosomal RNAs simultaneously at the levels of primary, secondary, and three-dimensional structure and
in the context of full ribosomal complexes. RiboVision2 instantly computes and displays a broad variety of
data; it has no login requirements, is open-source, free for all users, and available at https://ribovi-

sion2.chemistry.gatech.edu.

© 2024 Elsevier Ltd. All rights reserved.

Introduction

The translation of mMRNA into protein, catalyzed
by the ribosome, " set the path of biology and estab-
lished the paradigm that has dominated the biolog-
ical earth for over 3.8 billion years.?® The first high-
resolution ribosomal structures revealed the key
functional regions and the major principles of its
functionality. Since then, due to advances in X-
ray>“*~" and cryo-EM techniques,® '° the number
of ribosomal structures has grown exponentially
and is currently in excess of a thousand."”

The information within the ribosomes can be
deconstructed, compiled, represented, and
visualized in multiple ways on multiple levels'*"*:
A) Sequences and multiple sequence alignments
(MSAs) contain information about evolution and
variability or conservation of sequences across phy-
logeny.'*"'® B) Secondary structures of rRNAs pro-
vide information about local interactions, structural
elements and types of base pairs, and overall topo-
logical organization of RNA chains.'”'® C) 3D struc-
tures provide detailed all-atom data about

0022-2836/© 2024 Elsevier Ltd. All rights reserved.

mechanism, spatial organization, and interactions
within ribosomal complexes.'"192°

The last decade has demonstrated substantial
progress in methods that enable prediction and
visualization of various elements of ribosomal
structures.”’® Many new tools are available as
online applets, enabling the robust and interactive
automated processing of large ribosomal com-
plexes. Secondary structures can now be easily
predicted using template-based algorithms
(R2DT),*® and edited and visualized within web
browsers. Advances in WebGL technology have
led to development of powerful applets that provide
3D visualization of large macromolecular com-
plexes with minimal hardware requirements.*°
Many of these tools have become available in col-
lections provided by EBI (component library),®' %
which enables easy integration across various
applets.

Here we present RiboVision2, a web server for
analysis and visualization of ribosomes with a
focus on ribosomal RNAs (rRNAs). RiboVision2
represents a major upgrade of the original
RiboVision  (https://apollo.chemistry.gatech.edu/
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RiboVision2/) deployed in 2013,"® which was limited
to a dozen manually processed ribosomal struc-
tures. The new version provides capabilities to pro-
cess, visualize, compute, and maE data for any
ribosomal structure in the wwPDB,”**** and there-
fore represents a major advance of the original pro-
gram. The new web server also provides the ability
to upload sequences and structures of other (non-
ribosomal) RNAs, even those that are not contained
in the RiboVision2 database. Furthermore, it inte-
grates modern visualization applets within a com-
mon environment.

Results

Web server description

RiboVision2 is an open-source web server
(https://github.com/LDWLab/Ribovision_2.0_GT)
crafted to facilitate visualization, analysis and data
mapping of rRNAs on multiple levels; sequence,
secondary structure and 3D structure. RiboVision2
operates in two distinct modes. In the RiboVision
mode, the server features preloaded alignments of
rRNAs from its database®“® and links that data to
2D and 3D structures available from RNAcentral'®
and wwPDB**** consortia. The second, User-
Upload mode, empowers users to provide propri-
etary alignments and 3D structures of any RNA
molecules for visualization and data mapping. The
essential inputs for RiboVision2 include a FASTA
multiple sequence alignment (MSA) of rRNAs and
a 3D structure file. However, the methods for
uploading and handling data differ significantly
between these two modes.

The interface of RiboVision2 consists of the Main
Navigation panel, which operates across three
synchronized applets located in the Visualization
panel. The MSAViewer applet®” provides interac-
tive navigation of multiple sequence alignments.
The 2D RNA Viewer (https://github.com/LDWLab/
pdb-rna-viewer) provides options to display RNA
secondary structures in various representations
and serves as a hub for data mapping. Finally,
PDBe Mol**%*2 delivers various 3D representations
of the RNA molecules and their complexes in a fast
and interactive fashion. The server not only displays
visualizations of ribosomal structures but also
assists in calculating RNA-protein contacts and
nucleotide modifications. RiboVision2 offers an
optional interactive guided tour, aimed at providing
a comprehensive description of each functional ele-
ment within its interface.

Web server development

RiboVision2 follows a client—server architecture;
the web server is hosted at Georgia Institute of
Technology and served by Apache/RHELS8. The
backend is powered by Python 3.8 and uses
Django for API queries and data processing. The
front-end user interface was developed using

HTML5/JavaScript, leveraging the React and Vue
frameworks. The data are stored in a MySQL
database. RiboVision2 also relies on information
provided by several external APIs and databases.
Website architecture is illustrated in Figure 1.

RiboVision mode

In RiboVision mode, the multiple sequence
alignment (MSA) is automatically constructed by
selecting a desired subset of species from the
phylogenetic browser found in the Main Navigation
panel (Figure 2). This browser allows recursive
selection of species from one or muliiple
taxonomic groups.

After loading the multiple sequence alignment,
RiboVision2 calculates gap-adjusted nucleotide
frequencies from the MSA. These frequencies are
then utilized to compute phylogenetic conservation
scores, employing methods such as Shannon
Entropy or TwinCons.®* Next, the corresponding
rRNA structure is selected by the user. This selec-
tion is accomplished by either typing in or choosing
a PDB ID from a list of available ribosomal struc-
tures that appears in the Main Navigation panel.
This list is dynamically generated via an API from
ribosome.xyz, ensuring a real-time catalog of ribo-
somal structures. The server then filters and dis-
plays all accessible RNA chains within the
provided PDB complex. It is then the user’s respon-
sibility to select a chain that aligns with the MSA.
Once the chain is selected, its structure is visualized
in the 2D RNA Viewer and 3D Mol* Viewer
(Figure 3).

An essential feature of RiboVision2 is its
interactive visualization of secondary structures for
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Figure 1. Schema of the RiboVision2 webserver.
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Figure 3. Demonstration RiboVision2 server capabilities.

rBRNA molecules fetched from the PDBe REST API RNAcentral consortium. Base pairs of secondary
(https://www.ebi.ac.uk/pdbe/pdbe-rest-api). ~ This  structures are either predicted from templates or
visualization integrates template -derived extracted from 3D structures, and annotated
predictions from the R2DT pipeline®® of the according to the Leontis-Westhof notation.*


https://www.ebi.ac.uk/pdbe/pdbe-rest-api

H.M. McCann, C.D. Meade, B. Banerjee, et al.

Journal of Molecular Biology 436 (2024) 168556

Finally, the 3D structures of rRNAs (alone or with
ribosomal proteins) are visualized in the Mol*
applet. The structural applet uses data fetched from
several external databases (EMBL-EBI, ribosome.
xyz, RNA 3D Hub — BGSU).

MSA

To visualize the alignment, RiboVision2 utilizes
an in-house customized implementation of the
robust open-source JavaScript component,
MSAViewer®” (https:/github.com/plotly/react-msa-
viewer/). The MSAViewer code was adapted for
RiboVision2 to facilitate integration with other plug-
ins. This integration allows for (i) data mapping
sharing, (ii) dynamic positioning, and (iii) hover
event-based highlighting of specific positions within
the alignment. Furthermore, modifications were
made to the MSAViewer’s bar-plot feature to exhibit
conservation scores and other data mappings.
Each bar is color-coded based on selected
alignment-derived data.

2D RNA Viewer

The 2D RNA Viewer from PDBe’s component
library®>*® has been adapted to facilitate data map-
ping and interactivity with the other components.
This viewer was enhanced by adding several drop-
down menus for data visualization. The first allows
users to select between displaying nucleotides as
individual letters (default), smooth paths, or circles.
The second allows users to choose structural, evo-
lutionary, or custom-uploaded data to map as colors
onto the nucleotides. When data is mapped from
this menu or from selections of protein contacts or
modified residues, tooltips are enabled which dis-
play the mapping values for each nucleotide upon
hovering. In the third menu, users can choose types
of base pairs to be displayed based on the Leontis-
Westhof definitions.*® Base pairs are represented
as lines accompanied by Leontis-Westhof symbols
illustrating their specific types. Hovering over a base
pair reveals its type and identifies the nucleotides
involved in the pairing. In RiboVision mode, data
for drawing the secondary structure diagram are
obtained from the PDBe REST API based on the
selected PDB structure. Canonical and non-
canonical base pairs are obtained from the FR3D
APL*" In User-Upload mode, secondary structures
are dynamically computed using R2DT and canon-
ical base pairs are predicted based on template
structures.*?

Mol* Viewer

3D representations of selected or uploaded RNA
structures are displayed as ribbon diagrams usin%
an enhanced version of the PDBe Mol* Viewer®
(available at https://github.com/LDWLab/pdbe-mol-
star-GT). Coloring of individual nucleotides on large

structures was significantly accelerated by creating
a color wrapper that incorporates a set of color
themes within the Mol* Viewer.*° This enables the
efficient mapping of selected data onto nucleotides
utilizing precomputed color palettes. Additionally,
the structures of proteins in contact with the RNA
chain can be visualized along with the chain, and
the nucleotides they are in contact with shown in
the same color as the protein.

Applet synchronization

Data visualizations are synchronized across the
MSAViewer, 2D RNA Viewer, and Mol* Viewer.
When a nucleotide is hovered on in any of the
three viewers, the same nucleotide is highlighted
in each of the other viewers, and its index and
type are displayed in the 2D and Mol* viewers,
creating a clear visual connection of the
components of the RNA structures across three
levels. When a user selects data to map as colors
onto the 2D viewer, the same data is
simultaneously mapped onto the Mol* Viewer and
displayed as color bars beneath the MSAViewer.
Modified residues or protein contacts selected are
shown in the same colors in both the 2D and 3D
structures.

Data saving

Users can map calculated or user-supplied data
onto each level of sequence/structure
representation. The alignment displayed in the
MSAViewer can be saved as a FASTA
(sequence) or PNG (figure) file. The secondary
structure diagram, along with the current data
layer, can be saved as an SVG file using the 2D
RNA Viewer. The current visual representation of
the 3D RNA complex can be saved directly from
the Mol* Viewer.

RiboVision2 also offers the option to save all
relevant data—conservation scores, structural and
evolutionary  information, protein  contacts,
nucleotide modifications, as well as custom data—
as a CSV table or PyMol script. These options
become accessible in the Main Navigation panel
after structures are selected or uploaded and the
data are computed. Data saving functionality is
supported in both RiboVision and User-Upload
modes.

RiboVision2 data

MSAs. RiboVision2 contains a pre-uploaded set
of alignments for rRNAs. These alignments have
been derived for 150 bacterial, archaeal, and
eukaryotic species, following the procedure
described in Bernier et al.*® This procedure incorpo-
rates information from available 3D structures. Due
to the independent treatment of RNA chains by
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PDBe and R2DT, alignments for 5.8S rBRNA and
28S rRNA are provided as separate objects.

Ribosomal structures

RiboVision2 supports visualization of all
structures that are currently deposited into
wwPDB®* via a set of APIs:

The secondary structures are obtained from EBI
using the following URL pattern: "https://www.ebi.
ac.uk/pdbe/static/entry/{pdb_id}_{entity_id}_
{chain_id}.json", for example https://www.ebi.ac.uk/
pdbe/static/entry/7k00_22_a.json.

The 3D structures are fetched from the RCSB
coordinate server using the following template:
"https://models.rcsb.org/vi1/{pdb_id}/atoms?label_
entity_id={entity_id}&encoding = bcif".

The desired 3D structure can be selected by
typing the corresponding PDB ID or by choosing
from the automatically generated pre-filtered list of
available ribosomal structures, supplied by
ribosome.xyz'' using the API template: "https://ap
i.ribosome.xyz/neo4j/get_rna_class/?rna_class={r
RNA}&format = json", where, "rRNA" represents the
RNA class of a selected molecule, for example,
23SrRNA.

Shannon entropy

The Shannon entropy (the conservation score)
ranges from O (full conservation) to 2 (fully
random) for a 4-letter alphabet. The Shannon
entropy is calculated based on the gap-adjusted
nucleotide frequencies derived from the MSA.
Gap frequencies are randomly assigned to one of
the four RNA nucleotides using a probability of 0.25.

TwinCons

When two groups are selected in the phylogenic
browser of RiboVision2, an additional option,
TwinCons, becomes available for computing
additional conservation metrics. TwinCons®® oper-
ates using a composite MSA containing two prede-
fined groups. The distribution of nucleotides at a
given position of each group is transformed to a vec-
tor of gap-adjusted nucleotide frequencies.

Using a pair of vectors as input at every position of
the composite MSA, TwinCons calculates joint
conservation using the substitution matrix blastn*®
(available at https://github.com/LDWLab/Twin-
Cons). The resulting score signifies:

a) Joint conservation in both groups (high positive
values, reaching a maximum of 6.75); b)
Divergence or signature positions, where
nucleotides are highly conserved within each
group but differ between the groups (resulting in
low negative values, up to —2.25); c) Random
values observed in one or both groups (ranging
between 0 and 2).

Quantitatively, =~ TwinCons  represents  the
transformation cost between the two vector

columns via the substitution matrix blastn. This
approach facilitates the simultaneous detection
and visualization of jointly conserved, divergent (or
signature), and highly variable positions within
rRNAs.

Protein contacts

RiboVision2 automatically computes RNA-protein
interactions for every ribosomal complex analyzed
in the RiboVision mode. The computation of RNA-
protein contacts utilizes the NeighborSearch
module of BioPython,** employing the KD Tree
algorithm®® with a cutoff distance set at 3.5 A. Once
this computation is performed, a list of proteins
within the threshold from the selected RNA chain
becomes accessible in the Main Navigation panel.

Users can select one or several proteins from this
list. Upon selection, corresponding RNA
nucleotides are colored in the 2D RNA Viewer.
Moreover, detailed information about specific
contacts can be explored through tooltips. A
tooltip will appear upon hovering over a nucleotide
in the 2D applet; it will reveal the protein name
and chain ID within the ribosomal complex. In
addition, RNA nucleotides in contact with selected
rProteins are highlighted in the 3D applet using
the same color scheme as in the 2D representation.

Chemical modifications

RiboVision2 offers the ability to map and explore
modifications of nucleotides within ribosomal
structures. When a selected RNA chain contains
modified nucleotides (as specified in the "_entity
poly.pdbx_seq_one_letter_code" section of a
chosen mmCIF file), the abbreviated modification
(e.g., IMG, PSU, 5MU, etc.) will be displayed in
the "List of Modified Nucleotides" section. Users
can then select one or several modified residue
types from this list, leading to the simultaneous
highlighting of the respective groups of modified
nucleotides in both the 2D and 3D applets.

Users can interactively access detailed
information about a particular nucleotide’s
modifications by hovering over it in the 2D RNA
Viewer.

Structural and evolutionary data (helices,
expansion segments, and phases)

RiboVision2 offers visualization of structural and
evolutionary data related to rRNAs, including
helices, expansion segments, and ancestral
expansion segments (Figure 3). To depict helices,
we used definitions from Petrov,*® where we ensure
each nucleotide belongs uniquely to one helix, con-
taining contiguous base-paired or stacked bases.
Definitions of Ancestral Expansion Segments and
evolutionary phases were taken from the evolution-
ary accretion model.*”*®
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The evolutionary data were deposited into
RiboVision2’s database for a limited number of
anchor structures. When users select a ribosomal
sequence, RiboVision2 maps  pre-existing
evolutionary data onto the chosen sequence. This
data can then be visualized in both 2D and 3D
applets. For detailed information at a nucleotide
level, interactive exploration is enabled through
tooltips.

User-Upload data and mapping

RiboVision2 also contains a User-Upload mode,
which allows users to upload a custom alignment
(or single sequences) along with custom 3D RNA
structures (as mmCIF or PDB files), which have
not been previously uploaded to structural
databases. Thus, the User-Upload mode is not
limited to ribosomal structures that have been
already deposited into the PDB. Furthermore, it is
not limited to rRNAs, but supports processing and
visualization of any RNA molecule, given that a
user can upload an MSA (or a single RNA
sequence) and the 3D structure. From the
supplied information, the User-Upload mode will
then attempt to compute the 2D diagram.
Generation of the 2D layout is achieved by the
R2DT algorithm, which is automatically executed
at the backend of the server. The R2DT
algorithm?® provides visualization of 2D RNA struc-
tures in standardized layouts using template
derived algorithms.

MSAs

In the User-Upload mode of RiboVision2, the
initial step involves uploading an MSA or a single
sequence of the desired RNA molecule in the
fasta format. The fasta header format is generally
flexible. However, TwinCons®® calculation is sup-
ported only when the headers can be distinctly par-
titioned into two groups based on their prefixes
within a composite MSA (e.g. "Archaea_species1",
"Archaea_species2", "Bacteria_species1", "Bacte-
ria_species2"). RiboVision2 automatically detects
and partitions the sequences into two groups (ac-
cording to the headers), then computes the Twin-
Cons score.

Once the custom alignment is uploaded,
RiboVision2 proceeds to compute the
conservation statistics. These numerical values
are graphically depicted via a bar plot situated
beneath the Multiple Sequence Alignment (MSA).

PDB structure upload

RiboVision2 offers two distinct options for
uploading custom RNA structures. The first option
involves uploading the structure in PDB format,
which comes with specific requirements:

A) The PDB file must contain only a single RNA
chain. If the initial RNA complex comprises

multiple chains (including protein chains), the
desired RNA chain needs to be extracted as a
separate PDB file before being uploaded into
RiboVision2. B) Alongside the PDB structure, the
complete RNA sequence must be provided to
generate the comprehensive 2D layout of the RNA
molecule. PDB files might skip nucleotides,
especially in flexible regions. To ensure the
generation of the 2D structure from the entire
RNA sequence, a separate upload of the full RNA
sequence is necessary in PDB mode.

Upon uploading both the structure and its
corresponding full RNA sequence, RiboVision2
maps both sequences onto the MSA objects. The
full RNA sequence is required to generate the 2D
layout via the R2DT algorithm. This double
mapping procedure ensures synchronization in
nucleotides between the MSA and the 2D as well
as 3D structures. Synchronization enables all
derived or uploaded properties to be
simultaneously mapped and visualized within the
three representations of RNA. Moreover, this
mapping facilitates synchronized interactivity and
nucleotide highlighting across the three templates.

mmCIF structure upload

Secondly, RiboVision2 also supports the upload
of 3D structures in mmCIF format,
accommodating files with multiple chains.
However, specific requirements must be met for
proper processing: A) The mmCIF file should
include attributes such as auth_seq_id,
auth_comp_id, label_entity_id, and auth_asym_id.
These attributes are essential for identification and
processing of the selected RNA chain. B) The
mmCIF file must contain the full RNA sequence
within its pdbx_seq_one_letter_code record. C)
The mmCIF file should include a
pdbx_poly_seq_scheme section providing the
mapping between nucleotide IDs in the full
sequence and those resolved in the 3D structure.

If any of these elements are absent or incomplete
in the mmCIF file, users are encouraged to save the
desired RNA chain in PDB format and obtain the full
RNA sequence for upload using the PDB structure
upload option. Upon supplying the mmCIF file,
users must also provide the entity ID
corresponding to the desired RNA chain, matching
the RNA molecule type in the supplied MSA.

Generation of RNA secondary structures

Unlike the RiboVision mode that utilizes pre-
generated 2D maps, the User-Upload mode
utilizes the R2DT pipeline at the server's backend.
The R2DT pipeline generates secondary structure
diagrams of uploaded RNA molecules from
templates.

Once the MSA and the 3D structure are
uploaded, the server automatically processes the
inputs. It extracts the full sequence and initiates
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the 2D layout generation twice: first, using default
options, and if unsuccessful, it retries with the --
skip_ribovore_filters option.

Users are encouraged to consult the relevant
documentation on R2DT (accessible at
https://docs.r2dt.bio/en/latest/usage.html) and
exercise patience, as R2DT alone may take
several minutes to complete.

Custom data mapping

Once the MSA and 3D structure have been
uploaded in the User-Upload mode and the
secondary structure has been generated by
R2DT, users can map and visualize custom data
in all three representations of the uploaded RNA
molecule. RiboVision2 supports the upload of
custom data in CSV format, containing two
columns (Nucleotide_id and Data_value). Upon
upload, RiboVision2 processes the data,
converting it into the viridis color scheme and
color-coding the corresponding nucleotides within
each of the three applets based on the supplied
data.

Discussion

In the current work we described RiboVision2 — a
web server designed for visualization of rRNAs.
RiboVision2 is an upgrade of a previous version of
RiboVision and provides a set of integrated tools
and applets to explore rRNAs across phylogeny,
and to visualize any ribosomal complex in the
PDB. RiboVision2 computes evolutionary and
structural data and allows for instant mapping of
the data to any structure selected by users,
overcoming the major limitations of the previous
version, which supported only a handful of
preloaded ribosomal structures.

RiboVision2 also includes the User-Upload mode,
offering visualization capabilities for ribosomal
structures not in the PDB. Additionally, when
coupled with R2DT at the backend, it provides the
ability to visualize other classes of RNA molecules
(e.g., RNase P or miRNAs) for which a 3D
structure is currently available. Both RiboVision
and User-Upload modes offer the capability to
save data and visualizations in various formats.

The current limitations of RiboVision2 include its
dependency on RNA 2D templates currently
available within R2DT. Thus, currently the server
provides very limited support for mito-ribosomal
RNAs. Additionally, at present, the User-Upload
mode derives base pairing from predicted 2D
structures rather than directly from uploaded 3D
structures. Moreover, RiboVision2 currently
supports data mapping only using several pre-
defined color schemes; the coloring repertoire will
be extended in future developments by
incorporating additional color palettes, and

providing users with the option to select a desired
color schema.

RiboVision2 shares visualization philosophy with
the previously established server ProteoVision®®
with emphasis on rRNAs and complements it in
terms of the ribosomal data. RiboVision2 provides
an API service (https:/ribovision2.chemistry.gat-
ech.edu/desire-api/) for rRNA nomenclature,
sequences, alignments, and annotations.

Conclusion

Here, we presented RiboVision2, an upgrade of
the previous release with modern visualization
applets integrated into a single web server. This
web server enables the exploration of structural
features of ribosomal complexes as well as
custom RNA molecules across the tree of life,
mapping phylogenetic, structural, or evolutionary
properties, and incorporating custom data.
Additionally, users can save  resulting
visualizations in various formats suitable for
publication-quality images. We hope that
RiboVision2 will meet the needs of structural and
evolutionary biologists (including those who work
in the origins of life field) and can be of interest to
a broad audience that enjoys molecular
visualizations.
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