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ABSTRACT
Prediction of protein–RNA interactions is important to understand post-transcriptional events taking
place in the cell. Here we introduce catRAPID omics
v2.0, an update of our web server dedicated to the
computation of protein–RNA interaction propensities
at the transcriptome- and RNA-binding proteomelevel in 8 model organisms. The server accepts multiple input protein or RNA sequences and computes
their catRAPID interaction scores on updated precompiled libraries. Additionally, it is now possible
to predict the interactions between a custom protein set and a custom RNA set. Considerable effort
has been put into the generation of a new database
of RNA-binding motifs that are searched within the
predicted RNA targets of proteins. In this update,
the sequence fragmentation scheme of the catRAPID
fragment module has been included, which allows
the server to handle long linear RNAs and to analyse circular RNAs. For the top-scoring protein–RNA
pairs, the web server shows the predicted binding
sites in both protein and RNA sequences and reports
whether the predicted interactions are conserved in
orthologous protein–RNA pairs. The catRAPID omics
v2.0 web server is a powerful tool for the characterization and classification of RNA-protein interactions
and is freely available at http://service.tartaglialab.
com/page/catrapid omics2 group along with documentation and tutorial.
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INTRODUCTION
We previously developed the catRAPID approach to predict protein–RNA interactions (1). Starting from the information contained in both protein and RNA sequences,
catRAPID computes secondary structure properties that
are combined with physicochemical features, including hydrogen bonding, hydrophobicity and van der Waals contributions, to estimate the binding propensity of a protein–
RNA pair (2). We used the method to design experiments aiming to identify the binding partners of non-coding
RNAs such as Xist (3), HOTAIR (4), HOTAIRM1 (5) and
SAMMSON (6).
To facilitate the calculation of protein–RNA interactions
at a high-throughput level, we previously developed the
catRAPID omics v1.0 web server (7). catRAPID omics v1.0
exploits precompiled libraries to quickly estimate the interaction propensity of a protein or RNA of interest in different model organisms. For instance, the user could interrogate the human proteome with a non-coding RNA sequence
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increases the power and resolution of our high-throughput
method.
RNA-BINDING PROTEIN LIBRARY UPDATE
RNA-binding proteins were gathered from highthroughput detection screens (17) and from EuRBPDB
(18), a database of experimentally and computationally
identified RBPs. The list of human RBPs was further
integrated with a set of manually curated RBPs (19). RBP
sequences were obtained from UniprotKB/Swiss-Prot
2020 05 (20).
RNA-binding motifs were collected from several
databases, including ATtRACT (21), cisBP-RNA (22),
mCrossBase (23), oRNAment (24) and RBPmap (25), and
by manual literature search. Further details about motif
database construction and motif search are available in
Supplementary Methods. RNA-binding proteins with no
motifs in the above mentioned resources were assigned
those of the most similar RBPs with which they share at
least 70% sequence identity, if any (RBPs with this level
of sequence identity have been shown to bind similar
motifs (22)). MMseqs2 (26) was used to find such similar
sequences.
hmmscan tool from the HMMER3 suite (27) was used
to scan proteins for Pfam domains annotated with RNArelated terms (28). Orthology-based relationships between
RBPs were derived from Ensembl 101 database (13).
The composition of the protein sequence datasets is reported in Table 1.
TRANSCRIPT LIBRARY UPDATE
Ensembl 101 was used for collecting coding and non-coding
RNAs. Only transcripts with length between 50 and 5000
nucleotides were allowed. Gene biotype was used to assign
transcripts to each class, according to the following criteria:
• protein-coding RNAs: protein coding. For each gene, we
selected a single isoform based on (in order of priority)
APPRIS score (29), Transcript Support Level and presence in GENCODE Basic set (30). If multiple transcripts
had the same flag, we selected the longest one. Orthology
relationships were taken directly from Ensembl (31);
• long non-coding RNAs: lncRNA, lincRNA, antisense,
macro lncRNA, sense intronic, sense overlapping, ncRNA,
pseudogene (only for X. Tropicalis). Transcripts shorter
than 200 nucleotides were filtered off. Orthology relationships were evaluated transcript-wise: for each transcript,
liftOver tool (32) was used to determine the syntenic regions of its exons in other genomes; transcripts whose exons fell in such regions (interspecies overlap) were classified as orthologs. In this way, transcript-level orthology
groups were created. From each of such groups, we selected the set of transcripts with the greatest interspecies
overlap, allowing one transcript per gene. For each long
non-coding RNA gene with no orthologs, we selected a
single isoform based on (in order of priority) Transcript
Support Level and presence in GENCODE Basic set. If
multiple transcripts had the same flag, we selected the
longest one;
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or the mouse transcriptome with a mutant protein in which
one region is deleted.
Here, we propose catRAPID omics v2.0, a new version
in which several features have been added, including algorithms that we developed and published in the last years.
Among the most relevant modifications, we list the integration of the sequence fragmentation approach to identify
binding regions in proteins and RNAs (8), the calculation
of RNA-binding abilities of proteins (9) and a major update
of protein and RNA libraries.
catRAPID omics allows proteome- and transcriptomewide calculations for the following organisms: Homo
sapiens, Mus musculus, Rattus norvegicus, Xenopus tropicalis, Danio rerio, Drosophila melanogaster, Caenorhabditis elegans and Saccharomyces cerevisiae. Importantly, in
catRAPID omics v2.0 we exploit orthology relationships to
gain insight into the evolutionary conservation of predicted
protein–RNA interactions.
In catRAPID omics v1.0, the precompiled protein set
was built by retrieving UniprotKB entries (version 2012 11)
(10) annotated as RNA-Binding, DNA-Binding or Nucleic
Acid-Binding, plus the addition of RNA-binding Proteins
(RBPs) identified through interactome capture experiments
(11) and a manually curated database of disordered proteins, for a total of 9269 proteins. RNA motifs recognized
by a fraction of these proteins were collected from a small
set of sources available at the time and retrieved in RNA sequences by searching for exact matches. In catRAPID omics
v2.0, the protein set is mostly composed of experimentally
defined RBPs, including non-canonical RNA-binding proteins (12 380 RBPs in total, 2350 of which are in common
with the catRAPID omics v1.0 protein library); such set
was annotated with an updated database of motifs, many
of which have been identified using high-throughput in vivo
techniques that were not available at the time of catRAPID
omics v1.0 release.
The precompiled RNA library in catRAPID omics v1.0
consisted of 212 773 protein-coding and 46 376 non-coding
transcripts from Ensembl 68 (12), with length between
50 and 1200 nucleotides. Transcripts longer than 1200 nt
were accepted only as custom input RNA sequences. In
catRAPID omics v2.0, we used 141 687 protein-coding and
58 887 non-coding transcripts from Ensembl 101 (13), extending the length limit to 5000 nucleotides and manually
including important long non-coding RNAs exceeding this
limit. Non-coding RNAs are now divided into long noncoding and small non-coding RNA sets.
To avoid redundancy and imbalances due to multiple
transcript isoforms, we selected only the main isoform of
each gene. Furthermore, RNA sequences are divided into
overlapping fragments (3,8), which facilitates the handling
of large transcripts and the identification of binding regions. Thanks to the fragmentation procedure, catRAPID
is also able to deal with circular RNA sequences. Precompiled RNA libraries were supplemented with 28 913 circular RNAs (circRNAs) from the CircAtlas 2.0 database
(14), expanding the versatility of the web server. One of the
most important features of catRAPID omics v2.0 is that,
for the 500 most interacting protein–RNA pairs, the software calculates protein–RNA binding sites. This step, previously validated in our publications (4,8,15,16), significantly
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Table 1. Precompiled RBP libraries available in catRAPID omics v2.0
Proteome (UniprotKB 2020 05)
RBPs

RBPs with motifs

Source

Total

With orthologs

Original

By similarity

Homo sapiens
Mus musculus
Drosophila melanogaster
Caenorhabditis elegans
Saccharomyces cerevisiae
Rattus norvegicus
Danio rerio
Xenopus tropicalis
Total

Hentze et al., Gerstberger et al.
Hentze et al.
Hentze et al.
Hentze et al.
Hentze et al.
EuRBPDB
EuRBPDB
EuRBPDB

2064
1903
796
491
1275
2174
2335
1342
12 380

1714
1365
553
340
604
2002
1662
1248
9488

275
63
56
21
35
7
5
5
467

39
188
20
6
4
277
159
79
772

• small non-coding RNAs: ncRNA, miRNA, miscRNA,
piRNA, siRNA, snRNA, snoRNA, vaultRNA. Only transcripts shorter than 200 nucleotides were kept. Orthology
relationships were retrieved from Ensembl (33).
• Full-length circular RNA sequences and their orthology
relationships were collected from CircAtlas 2.0 (14). Only
circRNAs conserved in at least four organisms (human,
mouse, rat and macaque) were kept.
The composition of the RNA sequence datasets is reported in Table 2.
IMPROVEMENTS ON LARGE-SCALE COMPUTATION
OF PROTEIN-RNA INTERACTIONS
In case the user submits only RNA or protein sequences,
interactions are evaluated against a precompiled RBP
or RNA library, respectively. Differently from catRAPID
omics v1.0, the web server accepts multiple (up to 10) query
sequences. Furthermore, it is now possible to compute all
the possible pairwise interactions between a custom set
of proteins and a custom set of transcripts (each composed of 500 sequences maximum). While in catRAPID
omics v1.0 fragmentation occurred only for query transcripts longer than 1200 nt, it is now applied to all transcripts longer than 51 nt, whether they are submitted by the
user or belonging to precompiled libraries.
Input sequences are compared to the precompiled RNAbinding proteins and RNA libraries using MMseqs2 (26).
Each sequence is assigned the orthology-based relationships and the RNA-binding motifs (in case of proteins) of
the best match, provided that sequence identity is higher
than 70%. Submitted proteins also undergo a catRAPID
signature run (9) to calculate their overall RNA-binding
propensity, and an hmmscan run (27) to identify RNAbinding domains. If a submitted protein sequence is not
similar to any RBP from the precompiled libraries and its
catRAPID signature score is lower than 0.5, the web server
warns the user that the protein is unlikely to bind RNA, but
it still shows the interactions predicted by the catRAPID algorithm.
The main result of any catRAPID omics run consists
of a list of interaction propensity values and corresponding z-scores calculated for each possible protein–RNA pair.
When transcripts are fragmented, the values reported in the
main tables are those relative to the top-scoring RNA frag-

ment (a full table with the interaction propensity values for
all RNA fragments is also available). If a fragment is produced from an mRNA or a circRNA, an annotation is provided, specifying whether it falls in a translated and/or in an
untranslated region or if it overlaps with the back-splicing
junction, respectively.
To help the user to rank the results, a star rating system is
provided. Although conceptually similar to the catRAPID
omics v1.0 star rating system, the new one is calculated in a
slightly different way, being the sum of:
1. catRAPID normalized propensity: z-score values between -4 and 4 are mapped to [0,1] range. z-score values
under -4 are assigned 0, those above 4 are assigned 1;
2. RBP propensity: a measure of the propensity of the protein to bind RNA. It equals 1 if the protein is in the
precompiled RBP library or it is similar to one of such
RBPs. Otherwise, it is set to catRAPID signature overall
score;
3. known RNA-binding motifs: 0 if no RBP-specific RNA
motif is found on the RNA sequence, 0.5 if only one of
such motif occurrences is found, 1 if multiple motif occurrences are found. See Supplementary Methods for a
description of how motif presence is evaluated.
After summing these values, the ranking score is scaled
to [0,1] range.
Another new feature available in the main results page is
a panel of plots (Figure 1) showing the number and identity
of RNA-binding domains and RNA-binding motifs identified, as well as the number of conserved interactions (see
next paragraph).
ANNOTATION OF TOP-SCORING INTERACTIONS
Top-scoring pairs are directly shown in a table in the main
result page (Figure 2). Such protein–RNA couples are selected by taking the 500 interactions with the highest interaction propensity value. If N query sequences are submitted for analysis versus a precompiled library, the top
500/N interactions are reported for each query. In the new
catRAPID omics the top-scoring pairs undergo two further
analyses, allowing a more complete characterization of their
interactions :
• a second catRAPID run is performed, in which also
the protein undergoes sequence fragmentation (3,8). This
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Table 2. Precompiled RNA libraries available in catRAPID omics v2.0
Transcriptome (Ensembl 101)
Protein-coding
Model organism

Small non-coding

Circular RNAs (CircAtlas 2.0)

Total

With orthologs

Total

With orthologs

Total

With orthologs

Total

With orthologs

19 175
20 823
13 286
19 929
6523
20 894
24 628
16 429
141 687

17 684
20 053
7452
7270
2819
19 758
18 383
14 158
107 577

16 523
8779
2445
1583
16
2828
2164
76
34 414

1001
999
281
50
5
2336

4912
5162
601
6933
61
4662
1169
973
24 473

1785
2535
18
6
3
2829
438
845
8459

9997
10714
8202
28913

6678
9452
7735
23 865

Figure 1. Summary displayed in the main output page. Top-left: number of proteins having one or more RNA-binding domains (RBDs). Top-right: number
of proteins in which the most detected RBDs were found. Bottom-left: number of RNA-binding motifs occurrences found in the analysed transcripts; only
the most represented RBPs are displayed. Bottom-right: number of interactions predicted to be conserved in other organisms.

allows to build a protein–RNA interaction matrix, in
which an interaction propensity score is assigned to each
protein–RNA fragment pair. Such matrix, which allows
to find the protein and RNA regions that are more likely
to interact with each other, is available both in tabular
form and as a graphical representation (interaction map),
both annotated with the localization of UTRs and CDS
(in case of mRNA; Figure 3) or of the back-splicing junction (in case of circRNA);
• an evolutionary conservation analysis across all the
species available in the web server is performed, in which
the orthologous RBP-RNA pairs (if any) undergo a parallel catRAPID analysis. The result of such analysis is the

number of orthologous pairs in which the interaction is
putatively conserved out of the total number of orthologous pairs. For an interaction to be classified as conserved, the z-score for the ortholog pair must be higher
than the z-score of the pair under analysis minus 0.5,
which is an arbitrary cutoff for detecting similar interactions.
CALCULATION OF RBP–CIRCRNA INTERACTIONS
The fragmentation procedure applied to circRNA sequences is shown in Figure 4. This approach allows to
evenly cover the region around the back-splicing junction,
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Homo sapiens
Mus musculus
Drosophila melanogaster
Caenorhabditis elegans
Saccharomyces cerevisiae
Rattus norvegicus
Danio rerio
Xenopus tropicalis
Total

Long non-coding
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Figure 3. Example of interaction map describing the binding between a
generic RBP and an mRNA. Red marks correspond to the predicted binding regions, the intensity being proportional to the interaction propensity
(8). 5 UTR label indicates the end of the 5 Untranslated Region, while
3’UTR marks the start of the 3’ Untranslated Region.

an area that is particularly important since it contains the
sequence determinants that distinguish the circRNA from
its linear counterpart. Such fragmentation is applied not
only to the circRNAs belonging to the precompiled library,
but also to the circular RNA sequences submitted by the
user. Following this approach we found a case of predicted
protein–circRNA interaction supported by experimental
evidence. We submitted a panel of six human RBPs, including the three FraX proteins (FMRP, FXR1 and FXR2),
against the human precompiled circRNA library (this run is
also available in the web server as a sample analysis). FraX
proteins form a set of homologous RBPs (34) whose most

known member is FMRP, a protein linked to Fragile X syndrome and autism (35–37). FraX proteins are highly expressed in neurons (38), in which they also have been shown
to localize to neuronal projections, where they could have a
role in presynaptic mRNA transport and translation (39–
43). PAR-CLIP showed that most of the RNA targets of
the three FraX proteins overlap, and that they have identical sequence binding preferences, consisting in ACUK and
WGGA motifs (44). FMRP has also been shown to bind
circRNAs (45,46).
Ranking the top results of the above mentioned
catRAPID omics run by star score, we found that one of
the best FXR2 interactors was hsa-CHD7 0003 (21st out
of 9997 circRNAs), a circRNA arising from four exons of
the CHD7 gene, which encodes for a chromatin remodeling factor implicated in CHARGE syndrome (47). According to CircAtlas 2.0, hsa-CHD7 0003 is mainly expressed
in the brain, where the reads mapping on its back-splicing
junction account for about 10% of the expression of all the
RNAs produced using the splice junctions flanking the circRNA. We found such interaction particularly compelling
since it was supported by the presence of the WGGA motif and predicted to be conserved in Rattus norvegicus; most
interestingly, the RNA binding site was predicted to be located across the back-splicing junction (Figure 5). While the
z-score supporting this interaction is high (1.03; z-scores
obtained for all the 57450 protein–RNA pairs range from
–1.59 to 1.60), those calculated for the interaction with
FMRP and FXR1 are rather low (0.11 and 0.07, respectively), suggesting that, even if the common RNA recogni-
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Figure 2. An example of the table displayed in the main output page. For each protein–RNA pair, the interaction propensity and z-score are shown. Values
in the Protein ID and RNA ID columns link to the Uniprot, Ensembl or CircAtlas v2.0 entries, or to the custom sequence. A click on the text within
the Interaction Matrix column gives access to the interaction matrix in tabular or graphic format, as produced by a parallel catRAPID run upon protein
fragmentation. RBP propensity equals 1 if the protein is in the RBP precompiled library or it is similar to one of such RBPs; otherwise, it is set to catRAPID
signature overall score. By clicking on the number of RNA-binding domain and motif instances, a page is displayed showing their position within the protein
and RNA sequence, respectively. The Conserved Interactions column reports the number of organisms in which the interaction is conserved out of those
in which an orthologous pair is found; by clicking on the text, it is possible to access a new page with the orthologous pairs that are predicted to interact.
Star rating system is displayed in the Ranking column.
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capacity to handle circular RNA molecules thanks to the
sequence fragmentation approach.
CONCLUSIONS AND FUTURE PERSPECTIVES

Figure 5. Interaction map of FXR2 binding to the circular RNA hsaCHD7 0003. The red rectangle corresponds to the predicted binding region (8). BS Junction label indicates the position of the back-splicing junction.

tion element WGGA is present, hsa-CHD7 0003 is able to
interact only with FXR2. Strikingly, according to the CLIPSeq annotation available in CircAtlas 2.0, hsa-CHD7 0003
exonic sequence contains a binding site for FXR2, but not
for the other two FraX proteins, supporting the fact that
hsa-CHD7 0003 is specifically recognized by the former
protein. This example shows how, with the new ability to
submit multiple queries, catRAPID omics can be used to detect different binding preferences among proteins that recognize the same primary structure elements, as well as its

DATA AVAILABILITY
catRAPID omics v2.0 can be freely accessed at http://
service.tartaglialab.com/page/catrapid omics2 group.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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Figure 4. Schematic representation of the fragmentation procedure applied to circular RNA sequences. The sequence fragmentation approach
applied to any linear RNA is based on the division of RNA sequences
with length l into overlapping fragments with length f . These fragments
expand from the 5’ to the 3’ end of sequence with a step equal to the half of
the fragment length ( 2f ). Similarly, in order to avoid uncovered parts in the
3’end, the fragmentation procedure is also applied in reverse, expanding
from the 3’ to the 5’ end of the sequence. The same process is applied to
circRNAs, but with three additional fragments that cover the back-splicing
junction (BS), one that is centered exactly on the BS and two more fragments starting at positions l − 13 f $and l − 23 f , respectively.

With catRAPID omics v2.0 we expanded the application
of the catRAPID algorithm to large datasets, both by updating the catRAPID omics v1.0 RBP, mRNA and noncoding RNA libraries, and by introducing circRNAs, a
novel class of RNAs whose functional characterization is
a hot topic in RNA biology (48,49). The ability to handle circular RNA molecules was made possible thanks to
the RNA sequence fragmentation (8) that is now applied
to all the transcripts. Fragmentation occurs also at the
protein level for the top-scoring interactions, allowing to
better rationalize the elements that contribute to molecular recognition (3,8). The parallel calculation of orthologous binding pairs and the employment of catRAPID signature (9) to predict the RNA-binding propensity provide
an extra confidence layer to our predictions. We also improved the flexibility of our method by allowing multiple
input sequences and custom proteins versus custom RNAs
predictions.
The downside of the fragmentation approach is that it increases the amount of calculations required to predict the
interaction. Thanks to efficient parallelization and to the
employment of only the main isoforms in the RNA precompiled libraries preparation, we managed to obtain execution times that are similar to those of catRAPID omics v1.0
(see catRAPID omics v2.0 online documentation), while
performing further annotation steps that require additional
catRAPID runs. Since the choice of the main isoform is
based on the APPRIS score (29) (when available), which
favours the most evolutionary conserved isoforms, the conservation analysis of the interaction is likely performed on
orthologous transcripts. We are planning to implement a
gene-level fragmentation scheme, which will allow us to capture all the transcript isoforms of a gene with a minimal
set of fragments. Available transcript-level expression data
will be integrated in order to identify co-expressed protein–
RNA pairs among those which are predicted to interact,
following a scheme we previously implemented (50). One
of the main limitations of catRAPID omics is that the precompiled libraries only contain mature transcripts, while
many protein–RNA interactions occur in the introns (51).
To study the interactions involving intronic regions, users
must submit them as custom sequences, with the limit of
500 RNA sequences per run. To improve the throughput
of protein-intron interaction prediction we will introduce
precompiled libraries of intronic sequences. These improvements, together with a major revamping of the catRAPID
core algorithm, will form the basis for a future update of the
catRAPID omics web server.
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