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RNA binding proteins (RBPs) are essential for cell processes. Many RBPs recognize specific RNA
binding sites. These RNA binding sites are usually characterized by specific short sequences
(frequently 4-8 nucleotides) known as binding motifs. In addition to primary RNNA sequence, the
structure of the RNA target is known to play a major role in guiding RBP-RNA recognition. It is
well established that most RBPs prefer to bind their targets at single stranded regions [1]. However,
more and more proteins are discovered to bind specifically to double stranded RNA [2,3,4].

In recent years, high-throughput binding techniques have been developed to identify the binding
preferences of RBPs. These technologies can be roughly divided into methods that measure protein-
RNA binding in vitro, based on High Throughput Systematic Evolution of Ligands by Exponential
Enrichment (HT-SELEX) [5,6], and in vivo binding experiments, based on CrossLinking and
ImmunoPrecipitation (CLIP), such as HITS-CLIP [7], PAR-CLIP [8], iCLIP [9], eCLIP and irCLIP
[10]. These methods in combination with dedicated bioinformatics analysis tools generate a set of
relatively short bound sequences (usually from several dozen nucleotides long) and quantify their
binding signals [11]. However, these methods do not provide information regarding the structural
preferences of the protein. Methods to obtain the secondary structure of RNA (mostly predictive)
are becoming available (e.g. RNAsubopt [12], Sfold [13], RNAshapes [14]).

As more and more data is accumulating in the public databases from CLIP-seq binding experiments
(e.g. DoRiNA [15], CLIPdb [16], ENCODE [17]), and while methods to obtain the secondary
structure of RNA are becoming available, inferring both sequence and structure preferences of
RBPs remains a challenge, and there is a strong need for computational tools that can be used for
this task.

Here we present a novel method, named SMARTIV (Sequence and Structure Motif Enrichment
Analysis for Ranked RNA daTa generated from In-Vivo binding experiments), for extracting
enriched motifs from in vivo high-throughput RNA binding data combining sequence and
secondary structure information [18,19,20].

SMARTIV uses ranked numerical binding scores obtained from CLIP results and predicted
secondary structure of the sequences to generate motifs concisely represented in a graphical logo in
a combined sequence and structure 8-letter alphabet A, C, G, U, a, c, g, u (upper case for unpaired
and lower case for paired nucleotides).

The SMARTIV algorithm has several advantages over existing methods for extracting sequence and

structure motifs from high-throughput RNA binding data. SMARTIV represents sequence and



structure of the motifs in a highly informative and easy for visual perception single logo and is
available both as a parameter-driven program and as a user-friendly web-server
(http://smartiv.technion.ac.il). The method doesn’t require splitting the input data artificially into
bound and unbound datasets. SMARTIV provides data-driven p-value assessment for the detected
motifs (represented as logo and corresponding PWM). Notably, the method extracts overrepresented
secondary structures as structural motifs instead of adding structural information to enriched
sequence motifs. Finally, SMARTIV is extremely fast. On average, we process one CLIP dataset in
approximately 3—4 min on an Intel Core i7-2600 CPU @ 3.40 Ghz * 4 and 32 Gb memory.

We tested the method on CLIP-seq data for a variety of RBPs and show that our results are highly
consistent with previously known sequence and structure binding preferences of the proteins.
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