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Protein binding events on RNA are highly related to RNA secondary structure, which affects posttranscriptional regulation and translation. However, it remains challenging to describe the association
between RNA secondary structure and protein binding events. Here, we present Structure Motif Analysis
tool (SMAtool), a pipeline that integrates RNA secondary structure and protein binding site information
to proﬁle the binding structure preference of each protein. As an example of applying SMAtool, we
extracted the RNA-structure and binding site information respectively from the DMS-seq and eCLIP-seq
data of the K562 cell-line, and used SMAtool to analyze the structure motif of each RNA binding protein
(RBP). This new approach provided results consistent with X-ray crystallography data from the protein
data bank (PDB) database, demonstrating that it can help researchers investigate the structure preference of RBP, and understand the role of RNA secondary structure in gene expression. Availability and
implementation: https://github.com/QuKunLab/SMAtool.
© 2020 Elsevier Inc. All rights reserved.
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1. Introduction
The human transcriptome encodes a large amount of RNA
binding proteins (RBPs) and each of them interact with RNAs with
different afﬁnities [1]. RBPs are essential in the post-transcriptional
regulation of genes, affect signaling pathways, and function directly
in disease formation and cell fate [2,3]. Therefore, the interaction
between RBP and RNA has long been of great interest in a wide
range of ﬁelds. In recent years, a variety of high-throughput
sequencing methods have been developed for RNA binding
domain (RBD), and a large amount of data has been generated. For
example, cross-linking immunoprecipitation (CLIP) based on UVcrosslinking and immunoprecipitation is very effective for detecting the binding of proteins and RNA. Multiple versions of the CLIP
method have been derived, such as single-nucleotide resolution
individual-nucleotide resolution CLIP (iCLIP) [4], and the more
powerful enhanced CLIP (eCLIP) [5] and photoactivatable
ribonucleoside-enhanced CLIP (PAR-CLIP) [6], which have realized
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the precise recognition of each protein’s binding site on the target
RNA molecule at single base resolution.
Previous studies have shown that in addition to the sequence of
the binding site, the secondary structure of RNA also plays an
important role in RBP binding. Taliaferro et al. combined MBNL1
and RBFOX2 binding motifs in intron ﬂanking exons and found that
sequence motifs with a high degree of structured RNA may inhibit
protein binding [7]. This result shows that the interdependence
between RNA structure and sequence is very important for proteinRNA interaction. At present, a variety of high-throughput
sequencing technologies have been developed to detect RNA secondary structures. Single-base-resolution RNA secondary structure
detection methods such as PARS, dimethyl sulfate sequencing
(DMS-seq), and Structure-seq [8e10] have been applied in multiple
species. PARS uses RNAse V1 and S1 to speciﬁcally detect the
double-stranded and single-stranded sites of each RNA, and achieves efﬁcient genome-wide structure detection based on deep
sequencing. DMS can methylate unpaired adenine and cytosine
residues, and is used in methods such as DMS-seq and Structureseq to detect the structure of in vivo RNA.
Based on the methods described above, the volume of RNA
structure sequencing data and RBP binding sequencing data have
greatly increased, and multiple related databases are available, such
as Encode, structure surfer, RNA Mapping DataBase (RMDB) and
database of RNA interactions in post-transcriptional regulation
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(doRiNA) [11e14]. The availability of these databases highlights the
need for tools that integrate high-throughput data to study the
interactions between RBP and RNA. Therefore, we have developed
SMAtool, which analyzes the sequence and structural motifs
enriched in the RBD to show the preference of RBP for the secondary structure of RNA.
2. Materials and methods
2.1. RBP binding sites identiﬁcation
SMATool accepts aligned eCLIP data (*.bam ﬁles) as input ﬁles
for the analysis of binding sites information. The pipeline calculates
cumulative RT-count (reverse transcription stop count) by locating
the last base of each read on the reference, and normalizes counts
by the total count of each protein. Replicates of each protein are
automatically merged in this program to minimize the bias of
experimental deviation. Since eCLIP signals are usually discrete, the
normalized counts per base are smoothed by a 5 bp width window
with a 2 bp step size, and SMATool calls peaks in each region with a
remarkably smoothed signal per window. Then the fold change of
raw signal over mock data and enrichment P-value are calculated to
ﬁlter signiﬁcant peaks for each protein on its binding RNAs. All
ﬁltered peaks are summarized by their location and normalized
summit counts as binding sites information and the data are prepared for the subsequent procedures.
2.2. RNA structure detection
RNA Structure Framework [13,15] is highly recommended for
processing secondary structure information, and is compatible
with experimental raw data from PARS, DMS-seq and Structureseq. Per base structure annotation is achieved through forgi [16],
a Python library used to analyze the tertiary structure of RNA secondary structure elements. In this paper, in vivo DMS-seq data for
the K562 cell line were adopted to distinguish speciﬁc structural
traits for RNAs in different cell types. The command lines and details about alignment, read counting, normalization and structure
reconstruction are described in detail in the SMAtool manual
(https://github.com/QuKunLab/SMAtool). The structure information for all probed transcripts (*.db ﬁles) is required to identify the
secondary structure around each binding site (45 bp range around
each site). By combining binding events information from eCLIP
analysis and corresponding structure analysis by PARS and DMSseq, a table ﬁle is generated to depict the sequence and structure
information of the region around all binding sites of each protein.

(structure or sequence) ratio are listed in a table (txt ﬁle) for each
protein/motif.
3. Results
3.1. Integration of RBP binding sites and RNA secondary structure
SMAtool combines RBP binding sites and per base structure
information, and systematically reveals the protein-RNA afﬁliations
and their relevant secondary structure (Fig. 1). Among all binding
sites of a structure motif, the sequence motif can be searched to
ﬁgure out whether the nucleotide base bias and structure bias are
related for a corresponding protein. Finally, a ﬁgure is displayed to
show the RNA secondary structure preference of an RBP on the
corresponding structural motifs.
3.2. K562 cell-line analysis with SMAtool
As an example of the utility of SMAtool, a test run was performed on publicly available datasets of the K562 cell-line. We
processed eCLIP data for RBPs and DMS data in the K562 cell line
through the SMAtool pipeline and obtained per base structure information of structure motifs, then performed 25 bp distributions
of four different structure/loop types (stem, hairpin, interior and
multi-loop) by clustering motifs with their signiﬁcant on-site
structures. In the K562 cell line, 18,790 transcripts were probed
by DMS-seq. We selected RBPs with X-ray results of RNA binding
sites in the RSCB PDB, a member of Worldwide PDB(wwPDB), as
targets. The distributions of sequence motif sites based on structure
motifs for these RBP were calculated (Fig. 2A). We performed a
sequence motif search on the most signiﬁcant structural motifs
bound by each RBP, and selected sequence motifs that matched the
sequence of the RNA binding site provided by the PDB database,
and these sequence motifs were signiﬁcantly enriched (sFig. 1). Xray crystallography from the RSCB PDB database, showing the
structure of these proteins and the 3D geometry of their binding
domains (Fig. 2B), conﬁrmed that sequence-motifs and structure
bias identiﬁed in our results are consistent with the actual RBP
binding sites. These several RBPs all show an obvious preference for
RNA secondary structure. Among them, SRSF1, PUM2, and GEMIN5
are enriched at the multi-loop structure, while TROVE2 tends to
bind to the RNA of the stem structure. These results validate that
SMAtool is capable of revealing RBP’s preference for RNA secondary
structures by integrating high-throughput data.

2.3. Motif searching

4. Discussion

To reveal the structure bias for RBPs, SMATool employs MEME
Suit to search a 25 bp structure motif on the neighboring regions of
all binding sites [17]. Some proteins have more than 10,000 binding
sites, requiring an excessive amount of computer time for the motif
searching process. Therefore, for these proteins with too many
binding sites, we set cut-off value so that only the top 4000 most
eCLIP-signal signiﬁcant binding sites were chosen for de novo
structure-motif searching, then we applied FIMO to scan all binding
sequences to ﬁnd all sites that highly matched (P-value less than
10 10) the searched motif. In logo-proﬁle of each structure motif,
we used symbols “s”, “h”, “m”, and “i” (i.e. alphabet) to label per
base stem, hairpin, multi-loop and interior structures, respectively.
After determining structure motifs for a protein, SMATool employs
MEME again to search for a 5e6 bp sequence motif on all relevant
binding sites of each structure motif. All motif information is reported in html format, and precise values of per base alphabet

By using SMATool combined with RBP binding sites and
experimental data of RNA structure, we provide a convenient and
reliable direction for secondary structure substitution analysis.
SMATool facilitates studies of the interdependence between
sequence motifs and structural motifs of RBP. Recently, several
improved high-throughput sequencing methods for RNA structure
sequencing have been proposed.
For example, nextPARS enables higher throughput and sample
multiplexing while achieving comparable accuracy to previous
implementations [18]. Structure-seq2 increases sensitivity by at
least 4-fold and improves data quality compared to previous versions [19]. This will make it easier for us to obtain reliable genomewide RNA secondary structure information. The analysis of RNA
secondary structure preference for RBPs should take advantage of
these techniques to obtain more reliable analysis results instead of
relying solely on prediction based on the binding sites sequence.
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Fig. 1. Schematic representation of SMAtool with steps and workﬂow.

Fig. 2. Structure motifs of proteins in the K562 cell line and distribution of sequence motifs within structure motifs. (A): Structure motifs and representative sequence motifs for
SRSF1, PUM2, GEMIN5, and TROVE2 in the K562 cell line. The left bar-plot proﬁles the per-base loop probability for its structure motif, and the right ﬁlled curve shows the distribution and loop-proportion of its sequence motif. (B): Protein 3D geometry structures and RNA-binding domains probed by X-ray crystallography experiments, from the RSCB
PDB database, for SRSF1, PUM2, GEMIN5, and TROVE2.
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