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MOTIF DATABASE CONSTRUCTION 

The motif database was built based on information available in different databases and via literature 

mining. In addition to the species for which precompiled RBP and RNA libraries are available, the 

database also includes motifs from Bos taurus, Oryctolagus cuniculus, Cricetulus griseus, 

Mesocricetus auratus, Gallus gallus, Xenopus laevis, Oryzias latipes, Tetraodon nigroviridis, Bombyx 

mori, Nematostella vectensis, Schistosoma mansoni, Arabidopsis thaliana, Zea mays, Physcomitrella 

patens, Thalassiosira pseudonana, Ostreococcus tauri, Neurospora crassa, Rhizopus oryzae, 

Vanderwaltozyma polyspora, Phytophthora ramorum, Leishmania major, Trypanosoma brucei, 

Trichomonas vaginalis, Plasmodium falciparum, Naegleria gruberi. This allows to expand the number 

of motifs assigned by similarity.The databases we extracted motifs from are: 

• ATtRACT (1). The database aggregates motif information from cisBP-RNA (2), RBPDB, 

SpliceAid-F (3) and Aedb (part of ASD (4)) databases with consensus RNA sequences 

obtained by analysing protein-RNA complexes deposited in the PDB database (5). A Position 

Probability Matrix (PPM) is available for each motif. Due to the heterogeneous nature of 

ATtRACT database, we applied some filters to improve the average motif quality. First, we 
discarded mutated RBPs and motifs obtained through techniques that we found to be 

extremely biased towards homopolymer sequences (Homopolymer binding assay with 

recombinant protein, In vitro RNA-binding assay of Homopolymers and SDS-PAGE with 

recombinant protein, Homopolymer binding assay with HeLa cell/nuclear extracts, 
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Immunoblotting of proteins selected by affinity chromatography with ribonucleotide 

homopolymer and HeLa nuclear extract, Fluorescence spectroscopy with recombinant protein, 

SDS-PAGE of ribonucleotide homopolymers with recombinant protein, Competition assay 

using homopolymers with HeLa S10 extracts, Competition assay using homopolymers with 

purified protein, Homopolymer binding assay and Western blot with HeLa extracts or 

recombinant protein, Immunoblots and Filter Binding Assay, Filter binding assay with purified 

protein, RNA affinity chromatography confirmed by UV crosslink and Western blot using HeLa 

nuclear extracts). Motifs were also filtered based on their length (minimum length of 5 

nucleotides), quality score (0.01) and SpliceAid-F motif score (5). 

• cisBP-RNA (2). We noticed that those cisBP-RNA motifs for which no PPM is available were 

not included in the ATtRACT database. IUPAC-encoded motifs were converted into PPMs 

and included in our motif database.  

• mCrossBase (6). The database stores Position Frequency Matrices (PFMs) obtained by 
applying the mCross motif finding algorithm to ENCODE eCLIP data of 112 human RBPs. For 

each RBP, similar motifs are grouped into clusters; for each of these clusters, a 

representative motif is chosen based on the score. We extracted representative motifs with 

motif score > 40, converted them into PPMs and included them in our database. 

• oRNAment (7). The motif database of this resource is composed of 218 PPMs obtained via 

RNAcompete, already available in cisBP-RNA database, and 235 PPMs identified by 

analysing RNA Bind-n-Seq (RBNS) data produced by the ENCODE project (8–10). The latter 

group of motifs was included in our database. 

• RBPmap (11). This online resource includes a database of experimentally determined motifs. 

We also compiled a literature-based dataset of motifs by extracting binding preferences (encoded as 

PPMs) from papers describing CLIP-Seq and similar experiments. To find such papers, we started 

from the list of experiments used to build ENCORI (formerly starBase v2.0 (12), available at 

http://starbase.sysu.edu.cn) and POSTAR2 (13) databases and we did further research to integrate 

this list with recent publications. Both ENCORI and POSTAR2 propose, for each RBP, one or more de 

novo motifs obtained by reanalysing the raw sequencing data. For each ENCORI de novo motif, the 

percentage of target and background sites containing the motif and a p-value are provided. High 

scoring ENCORI motifs were included in our database. 

At the end of the motif collection phase, our database consisted of 539 PPMs in TRANSFAC format 

(14). For each PPM, we defined a core motif by trimming leading and trailing positions where 

maximum nucleotide probability was under 0.3. PPMs having a core motif length < 3 were discarded. 
To avoid redundancy, RBPs with multiple motifs underwent a motif clustering procedure. First, we 

combined PPMs having the same consensus sequence into Familial Binding Profiles (FBP) (15) using 

STAMP software (16). An FBP is an “average” PPM of all the motifs used to build it. When such initial 

clustering did not result in a single motif, we performed another round of clustering using the STAMP 
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algorithm with parameters  -cc PCC -align SWU -forwardonly -chp -printpairwise -ma IR. In case of 

two input motifs, we simply evaluated STAMP's motif alignment p-value: if it was < 0.1, the two motifs 

were considered as similar to each other and combined into an FBP; otherwise, they were kept as 

separate motifs. In case of more than two motifs, we accepted the clustering proposed by STAMP, 
unless it consisted in a single group of two motifs, with the remaining motifs organized as singletons. 

Such minimal clusterings were kept only when the following two conditions were both true: 

• the two motifs of the largest cluster were similar. In case they were not, we opted for no 

clustering of motifs. 

• no motif was similar to all the other motifs. In case we found such motifs, we combined all the 

motifs in a final FBP. 

Instead of selecting representative motifs, we calculated FBPs and used them to represent clusters of 

motifs. PPMs were finally stripped to core motifs and converted to MEME format (17). Motifs were 

divided in four different categories depending on their length (3-, 4-, 5- and more than 5-letter motifs) 

(Figure SD1). 

 

Figure SD1. Number of RNA binding motifs of different length for each organism. “Other species” refers to all the 

organisms that are not available in catRAPID omics v2.0 calculations, but which were used in the motif 
assignment protocol. 
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IDENTIFICATION OF MOTIF OCCURRENCES WITHIN RNA SEQUENCES 

RNA sequences are scanned for individual matches to each of the motifs using FIMO software (18). 
Depending on the length of the motif, distinct FIMO p-value cutoffs are used (0.05, 0.01, 0.001, and 

1e-4 for the 3-, 4-, 5- and more than 5-letter motifs, respectively). Occurrences of 3-letter and 4-letter 

motifs in a given RNA sequence are kept only if multiple instances are found occupying at least 8 and 

7 positions in a window of 12, respectively; this ensures to have at least 3 close instances of a 3-letter 

motif or 2 close instances of a 4-letter motif without too much overlap between the motif occurrences. 
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