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Figure 2. A view of RBPmap input and output pages. (A) An example of RBPmap home page demonstrating the mandatory input parameters needed
for RBPmap run. (B) By clicking the link ‘Click here to select motifs from RBPmap full list’, a sorted list of all motifs in the RBPmap database is opened
and the user is prompted to select the proteins/motifs of interest. (C) An example of RBPmap output page. In the example presented the job includes more
than one query sequence. The results per each sequence are shown followed by a link to a text file summarizes the binding sites predictions for all the input
sequences. (D) An example of the output summary of all predicted binding sites within one query sequence in a web-based presentation. The results are
provided for each of the proteins selected by the user, where all the occurrences of motifs belonging to the same protein are listed together. (E) A visualized
presentation of the predicted binding sites as custom tracks in the UCSC Genome Browser.

plements the COS(WR) algorithm (24), is that it consid-
ers not only the homology of the sequence to the known
motif but it also takes into account the properties of the
motif environment, including the clustering propensity of
binding sites and the overall tendency of regulatory regions
to be conserved. These additional features allow SFmap
to be highly accurate with a relatively low false detection

rate (24,25). Given the great advance in the experimental
high-throughput technologies and the accumulation of data
on the binding preferences of many RBPs of diverse func-
tions, we have now developed RBPmap for detecting the
binding motifs of any RBP which can be selected from the
database of experimentally defined binding motifs from in-
vivo (e.g. 9,31) or in-vitro (3) studies or otherwise provided
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by the user. To fit the mapping algorithm for searching mo-
tifs of any RBP of interest, we have constructed a new ge-
nomic background model that generates a unique region-
specific threshold per each motif. The background model
captures the genomic properties of the different regulatory
regions of the query sequence, such as splice sites, 5’ and
3’ UTRs, non-coding RNAs and mid intron/intergenic re-
gions, requiring the predicted motif to have a score which
is significantly higher than the average score for a motif
within the given region. To validate RBPmap predictions
and show its added value in filtering out false-positive pre-
dictions, we have tested it on 10 different datasets of high-
throughput RNA-binding data extracted from CLIP exper-
iments, for which information on the binding affinity of the
RBP to the sequence could be deduced from the data and
the defined binding motifs were available from our dataset.
Finally, the test was performed for 10 different RBPs in-
cluding five hnRNPs (32), PTB (33), both generated using
hits-clip experiment, TDP43 from I-CLIP (34) and QKI (9),
HuR (9) and PUM2 (9) from PAR-CLIP. From each dataset
we extracted the 1000 top ranked CLIP sequences (strong
binders) and the 1000 bottom ranked set of sequences (weak
binders) (excluding hnRNPA1, in which we extracted only
500 top-ranked and 500 bottom-ranked sequences, which
were restricted by the size of the dataset). For the hnRNPs
and PTB, the ranked data was obtained directly from the
original studies (32,33). The ranked data for TDB43 was
extracted from the doRiNA database (11). The PAR-CLIP
data was sorted using the PARalyzer tool (35), employing
the standard protocol for ranking PAR-CLIP data based
on the percent of C to T conversion centered at the anchor
site and further normalized for RNA abundance. We then
employed RBPmap to map the known binding motifs to
the given sequences and performed the Fisher’s exact test to
evaluate the statistical significance of the enriched detected
motifs in the set of strong binders relative to the motifs de-
tected in the sequences at the bottom of the ranked list (as
detailed in Supplementary Table S1). As shown in Supple-
mentary Table S1 (column ‘WR score with conservation’),
in all cases tested we have detected a significant enrichment
of the mapped motifs in the set of the strong binders (ranked
highest in the CLIP experiments) with highly significant p-
values, ranging from 6.56e−9 to 3.97e−207 and an average
sensitivity and specificity of 0.61 (±0.18) and 0.74 (±0.11),
respectively. Since, to our knowledge, there are no other web
services available to which we can compare the performance
of RBPmap, we have conducted a comparative analysis be-
tween the results obtained by RBPmap, employing the WR
algorithm (with and without the conservation filtering) and
the results of RBPmap, based simply on the match score
of the motif. As shown in Table S1, when comparing the
results in the column ‘Match score’ to the results in the col-
umn ‘WR score – no conservation’, in seven of the 10 exper-
iments, the WR approach significantly improved the results.
Furthermore, when adding the conservation filter (column
‘WR score - with conservation’ in Table S1), in all the exper-
iments, except for hnRNPU, we obtained a significant im-
provement in the P-value compared to the results obtained
using the match score only. Notably, while in some cases the
overall P-value did not change radically, adding the con-
servation filtering substantially reduced the number of false

positives for all RBPs, resulting in significantly higher speci-
ficity values. Overall, these results strongly demonstrate the
strength of RBPmap to identify functional RBP binding
sites with relatively high sensitivity and specificity.

Taken together, RBPmap provides the search of a com-
prehensive dataset of experimentally defined motifs of a
diverge set of RBPs in the human, mouse and Drosophila
genomes and in addition allows the users to search any mo-
tif of interest in any genome. The strength of the algorith-
mic approach, employed by RBPmap for accurate mapping
of RBP motifs, lies in the fact that it takes into consid-
eration information from the sequence environment con-
sidering the clustering propensity of protein binding sites.
Furthermore, RBPmap uses a region-specific background
model for adapting the motif-specific thresholds, used by
the algorithm for removing noise, to the precise genomic
content. In addition, given the well-established notion that
functional motifs tend to fall within evolutionary conserved
region, RBPmap uses a conservation-based filtering mecha-
nism to remove motifs mapped to non-conserved intergenic
sites. Nevertheless, to allow the identification of species-
specific binding sites within these regions, RBPmap enables
the user to deliberately avoid the conservation filtering. Fi-
nally, by adopting a content-dependent mapping approach,
RBPmap can identify functional binding sites of RBPs on
RNA sequences with a relatively low false-positive detec-
tion rate. Notably, while we believe RBPmap is a highly use-
ful tool to direct researcher to sequences that can potentially
target the RBPs of interest, clearly an experimental follow-
up will be required to confirm these predictions.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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