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ABSTRACT
MODOMICS is a database of RNA modifications
that provides comprehensive information concerning the chemical structures of modified ribonucleosides, their biosynthetic pathways, the location of
modified residues in RNA sequences, and RNAmodifying enzymes. In the current database version,
we included the following new features and data:
extended mass spectrometry and liquid chromatography data for modified nucleosides; links between
human tRNA sequences and MINTbase - a framework for the interactive exploration of mitochondrial
and nuclear tRNA fragments; new, machine-friendly
system of unified abbreviations for modified nucleoside names; sets of modified tRNA sequences for
two bacterial species, updated collection of mammalian tRNA modifications, 19 newly identified modified ribonucleosides and 66 functionally characterized proteins involved in RNA modification. Data
from MODOMICS have been linked to the RNAcentral
database of RNA sequences. MODOMICS is available
at http://modomics.genesilico.pl.
INTRODUCTION
The presence of modified nucleosides in RNA, beyond the
basic A, U, C and G, has been recognized for more than half
a century. However, their importance to RNA biochemistry and cell biology has been underappreciated, mainly
because very few modifications (at defined positions in defined RNA molecules) were found to be truly indispensable
* To
†

for basic biological processes [review: (1)]. Now we know
that 163 post-transcriptional modifications of RNA introduce a functional diversity that allows the four basic ribonucleotide residues to gain diverse functions, akin to those of
side chains of amino acid residues, which may be e.g., polar, charged, aliphatic or aromatic. Modifications can directly influence RNA structure, by promoting or disrupting certain intramolecular interactions; they can make the
RNA molecule more rigid or more flexible. They can also
influence RNA interactions with other molecules, in particular proteins. Overall, they contribute strongly to the diversity of functions fulfilled by RNA molecules, especially
within complex regulatory networks, where small subtle
structural changes can bring about significant changes to
cellular metabolism (2).
In the last years, new types of RNA modifications have
been found, and biochemical and physiological roles have
been elucidated for many known modified ribonucleosides
(3–5). Some of these advances were driven by the use
of liquid chromatography/mass spectrometry (LC/MS)based methods, which provide highly precise quantification of changes in the spectrum of modified ribonucleosides in RNA from any organism, facilitating the study of
translational control of cellular responses and phenotypes
(6). Moreover, a number of previously unknown RNAmodifying enzymes have been identified and characterized.
New important roles for long-known RNA modifications were also discovered. Prominent examples include
the involvement of N6 -methyladenosine (m6 A) in regulating
gene expression by influencing transcript stability, splicing,
translation efficiency and cap-independent translation, and
in promoting circular RNA translation [review: (7)]. Mutations in many human genes encoding RNA modification
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enzymes have been linked to diseases, such as cancer, cardiovascular diseases, metabolic diseases, neurological disorders, and mitochondria-related defects [review: (8)].
To adequately represent the recent accumulation of
knowledge, we have added both to the variety and volume
of data in the MODOMICS database. The most significant
additions are: (i) extensively updated datasets: new modifications, new enzymes, and new RNA sequences with modifications; (ii) a new category of LC/MS data for modifications (Figure 1); (iii) new naming/numbering convention
for modified residues in RNA sequences; (iv) replacement
of Jmol by JSmol for 3D structure viewing.
DATABASE CONTENT
MODOMICS has been developed to house and distribute
collections of RNA modification pathways, chemical structures of modified nucleosides, sequences of modified RNAs,
enzymes responsible for individual reactions, a catalog of
‘building blocks’ for chemical synthesis of modified RNA,
and to be expanded to include new data types. The database
was created as a single resource to organize and present
all these data in a convenient and straightforward way and
is currently the most comprehensive source of information among all existing RNA modification databases. Information about modified residues is also available in the
RNAMDB database (9), while information about modified nucleosides identified from high-throughput experiments like Pseudo-seq, CeU-seq, m6 A-seq, Aza-IP and
RiboMeth-seq is hosted by RMBase (10). Recently MODOMICS was linked to RNAcentral, a database of noncoding RNA sequences (11), and serves as a source of modified tRNA and rRNA sequences.
At present, MODOMICS contains 163 different modifications that have been identified in RNA molecules. A typical entry for a modified ribonucleoside contains information about its fundamental chemical properties, chemical
structure, localization in known RNA molecule types, the
phylogenetic distribution with respect to Domains of Life,
and known enzymes responsible for its biosynthesis. Among
other available details information related to MS analyses of
modified RNAs is provided (see the ‘LC/MS data for modified nucleosides’ section). Many of the products of modification reactions are substrates for further reactions, and
the formation of hypermodified residues occurs in complex
pathways, which are displayed as graphs in the PATHWAYS
section of the database. Pathways are divided into six different categories according to their starting point: four categories correspond to the standard bases (A, G, C and U),
one presents the incorporation and hypermodification pathway of queuosine, and one the modifications of the RNA 5
cap.
MODOMICS provides a collection of modified RNA
sequences of different types. For families of homologous
RNAs, multiple sequence alignments are available. Sequences are visualized with all modifications highlighted
and linked to the corresponding modification records. The
current set of sequences comprises 691 tRNA, 19 rRNA, 46
snRNA and 25 snoRNA sequences.
The MODOMICS database currently contains information about 340 functionally characterized proteins involved

in RNA modification, both functional enzymes and protein
co-factors necessary for multi-protein enzymatic activities.
For each protein a set of detailed information is provided
and includes: identifiers and accession numbers from relevant resources and databases such as: NCBI GI, UniProt
ID, COG number, PDB ID of structure (if available); amino
acid sequence; corresponding ORF; information about catalyzed reaction, the position of modification and modified
RNA(s) (if available). For proteins that are parts of enzymatic complexes, the name of the complex is provided.
MODOMICS also contains human and yeast snoRNAs,
involved in RNA-guided RNA modification by the C/D
box and H/ACA box ribonucleoproteins, linked to the corresponding modification sites in human and yeast RNAs
and the catalog of ‘building blocks’ for the chemical synthesis of naturally occurring modified nucleosides.
Several options for database searching and querying
are implemented in MODOMICS, including the BLAST
(12) search of protein sequences and the PARALIGN (13)
search of nucleic acid sequences collected in MODOMICS,
as well as a utility that sends a protein sequence from a
MODOMICS entry to BLAST on the NCBI web server.
Updated modifications section
Since the previous release of MODOMICS (14), 19
new modifications were added to the database. Among
those are four types of geranylated nucleosides discovered in bacterial tRNA (3), 5-cyanomethyluridine
(cnm5 U) (15), and 2 -O-methyluridine 5-oxyacetic acid
methyl ester (mcmo5 Um) (5). LC/MS analyses of tRNAs
from Bacillus subtilis, plants, and Trypanosoma brucei revealed the presence of 2-methylthio cyclic N6 threonylcarbamoyladenosine (ms2 ct6 A), a derivative of
N6 -threonylcarbamoyladenosine (t6 A), at position 37 of
tRNAs responsible for recognition of adenosine-starting
codons (16).
3D chemical structures of modified nucleosides are now
displayed with JSmol (17). It is an open-source JS library
and HTML5 viewer for 3D chemical structures which, in
contrast to the previously used Jmol tool, does not require
the installation of the Java software package. JSmol can also
be used on systems that no longer support Java applets due
to security concerns or for which Java is not available, like
smartphones or tablets, and it does not use hardware graphics acceleration, enabling the software to run in any browser
that supports HTML5 standards.
LC/MS data for modified nucleosides
This new MODOMICS release features a new section on
modification detail page created to host the LC/MS data of
the modified nucleoside. The new fields include information
concerning the product ions, the protonated mass [M+H]+ ,
the LC elution order and its characteristics, the normalized
LC elution time and their literature references. The LC elution time is normalized to guanosine (G), measured with
an RP C-18 column with acetonitrile/ammonium acetate
as mobile phase and the elution order is based on the retention times of C, U, G, A and m6 A to cover all areas of
the chromatogram. The LC data is intended to provide the
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Figure 1. Example of MS/LC data for N2 ,N2 -dimethylguanosine (m2,2 G). The display of a new data type: LC/MS information on the modification detail
page.

novice LC-MS user with guidance on the relative hydrophobicity of modified nucleosides and an estimated elution region using the denoted stationary and mobile phases. Currently, only 48 modifications, for instance, m1 A, m3 C, and
m2 ,2 G are associated with LC information, while 138 modifications have been associated with MS information. The
new system is in place to be extended to all the modifications present in the database as soon as the new data become
available. LC/MS based methods allow RNA modification
profiling of different organisms in a semi-quantitative manner for the newly-detected modifications along with known
modifications, and one can expect that approach will be further extended. LC/MS data for MODOMICS collection
of modified nucleosides provides a comprehensive source
of information for mapping of the identity and position of
modified residues in RNA sequences.
New nomenclature for modified nucleosides
The old systems used to encode modified residues in RNA
sequences have been very cumbersome for automated data
processing, especially in the case of special characters (often interpreted as special actions) or names that contained
letters such as ‘c’ or ‘i’ that could be confused with different bases. Thus, we developed a new naming convention that uses only digits in addition to standard letters (A,
G, C, U), and which makes names distinct from one another. In the new proposed system, a number is introduced
before the modified residue, so the software for sequence
processing can recognize the original residue type before

modification, as well as identify the specific modification(s)
introduced. For the most common modification type, i.e.,
simple methylations, we use single digit numbers that indicate, whenever possible, methylated positions, with 0 representing the 2 -OH group. Consequently, modifications Am,
m1 A, m6 A, m5 C, are indicated as 0A, 1A, 6A, 5C, respectively. Residues with several methylations list all methylated
positions, sorted in ascending order, e.g., m1 Am, m2,2,7 G,
m4,4 Cm are indicated as 01A, 227G, 044C, respectively.
Some other modifications also use single digits for convenience, e.g., I and  are indicated as 9A and 9U. Other
modifications are indicated with additional numbers, usually following the position of the modification. For example,
i6 A, io6 A, k2 C, are indicated as 61A, 60A, 21C, respectively.
Some naming decisions, especially in case of very complex
modifications, were arbitrary, keeping in mind that ambiguity in the numbering must always be avoided, i.e., that a
given sequence of digits preceding a letter corresponds to a
unique modification. For each modified nucleoside the code
in new nomenclature is available on the nucleoside site in the
Modifications section of the database. The nomenclature
was also implemented in the Sequences section by providing
the option to display modifications in sequences using this
nomenclature instead of one-letter symbols. As the next step
we intend to develop and provide format conversion tools
to allow for exporting and importing RNA sequences with
modifications, and e.g., to run sequence searches that take
modifications into account.
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tRNA sequences section update and development
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For this database release, 102 new tRNA sequences were
added, and a major update of mammalian tRNA modifications was performed based on (18). Among new sequences are sets of tRNAs from two bacterial species: Streptomyces griseus and Lactococcus lactis (19,20), 60 and 26 sequences, respectively. As technology and methods improve,
well-studied sequences continue to undergo revision (21).
We have also introduced links of human tRNA sequences
to MINTbase (22), which is a framework for the interactive exploration of mitochondrial and nuclear tRNA fragments. The MINTbase link in MODOMICS opens a page
with a list of the latest profile of expressed tRNA fragments,
aligned against the sequence from MODOMICS.
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Updated collection of proteins, enzymatic activities, and
pathways

FUNDING

The MODOMICS collection of functionally characterized
proteins involved in RNA modification is under constant
development. Since the previous release, 66 new proteins
have been added. The collections of protein sequences and
enzymatic activities are updated in parallel, which resulted
in 105 new enzymatic activities. Among new proteins that
were added in this release there is a collection of human
RNA modification enzymes, including: dimethyladenosine transferase TFB1M (23), tRNA pseudouridine synthase PUS3 (24), tRNA m5 C methyltransferases NSUN3
(25) and NSUN6 (26), and rRNA m5 C methyltransferase
NSUN4 (27). Apart from the addition of newly characterized enzymes, data entries for many enzymes and associated
pathways were updated.
Future prospects
The number of experimentally identified modifications and
RNA modifying enzymes keeps growing. New modified
nucleosides are being discovered in particular in RNAs
from recently adopted model systems, such as extremophilic
prokaryotes. Though there is a considerable amount of information available about the enzymes responsible for introducing specific modifications, there are still many modified
positions in well-characterized RNA molecules, for which
the responsible enzymes are not known, e.g., m6 Am at the
5 end of human mRNAs or m5 U, m4 C in 12S mitochondrial rRNA. To help us keep up with new discoveries, we
encourage the users of MODOMICS to submit suggestions
for additions to be included in the database. We also encourage developers of other computational resources to contact
us to have our databases mutually linked to each other.
For the next release of MODOMICS, we plan to update
the visualization options and to refurbish the website, to
keep up with the changing trends in web design. We also intend to renew data structures, to make MODOMICS more
compatible with other databases and web servers, to facilitate automated data exchange, and to introduce the ability
to search sequences by taking modifications into account.
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