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RNA performs various biological functions by interacting with other molecules. The knowledge of RNA
binding sites is essential for the understanding of RNA-protein or RNA-ligand complex structures and
their mechanisms. However, the RNA binding site prediction study requires tedious programming scripts
and manual handling. One user-friendly bioinformatics tool for RNA binding site prediction has been
missing. This limitation motivated us to develop the RBinds, a user-friendly web server, to predict the
RNA binding site using a simple graphical user interface. Some advanced features implemented in
RBinds are (1) transforming the RNA structure to a network automatically; (2) analyzing the structural
network properties to predict binding site; (3) constructing one annotated force-directed network; (4)
providing a visualization tool for users to scale and rotate the structure; (5) offering the related
tools to predict or simulate RNA structures. RBinds web server is a reliable and user-friendly tool and
facilitates the RNA binding site study without installing programs locally. RBinds is freely accessible at
http://zhaoserver.com.cn/RBinds/RBinds.html.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

RNA performs various biological processes by interacting with
other molecules [1–3]. Therefore, the comprehensive knowledge
of RNA-protein or RNA-ligand complex structures is essential for
the understanding of their functions, disease pathogenesis, and
drug design [4,5]. Currently, it is still challenging to determine
the RNA-protein or RNA-ligand complex structures experimentally
and computationally. The starting point for RNA complex structure
study is to determine the potential binding sites.

Some experimental methods can identify the RNA binding sites,
including CLIP-seq [6,7], RIP-seq [8], RNase footprinting [9,10], and
SHAPE-MaP [11]. Unfortunately, it is still challenging to precisely
determine the binding sites from direct experimentation due to
time-consuming and technology limitations. The structure-based
computational methods are feasible for binding sites prediction
[12,13]. The current available two computational tools are Rsite
and Rsite2. These two approaches are based on the tertiary and
secondary structure to predict RNA binding sites, respectively
[14,15]. Rsite and Rsite2 hypothesize that both the most connected
and the most non-connected nucleotides in RNA structure are
potential binding sites. These methods first calculate the distances
between each nucleotide and all the other nucleotides in RNA
structure, and then define the extreme nucleotides in the distance
curve as the RNA binding sites. The small benchmark testing shows
PPV around 0.5 and sensitivity higher than 0.8. Besides, Rsite needs
to be installed locally, while Rsite2 only provides the binding sites
but without visualization information. One accurate and user-
friendly bioinformatics tool for RNA binding site prediction has
been missing.

Previous research showed that the network strategy is effective
in extracting structural features. For example, network-based
methods have already been used in protein folding, protein–pro-
tein, and protein–ligand study [16–19]. The network approach
may be a quantitative method for RNA predictions [20]. Therefore,
we have proposed a network approach, RBind, to improve the RNA
binding site prediction accuracy [21]. The RNA tertiary structures
were transformed into a network, where nucleotides are nodes,
and their non-covalent interactions with each other are the edges.
Then, we calculated the degree values for short-range binding cav-
ity and closeness values for the long-range allosteric effect to iden-
tify the binding sites. The RNA-protein and RNA-ligand testing
datasets show that RBind has a reliable accuracy for RNA binding
sites prediction.

RBind has been used by many researchers [4,22]. However, the
original RBind algorithm needs to be installed locally. To provide
an automatic prediction method, we now offer one easy-to-use
web server using only RNA tertiary structures as input information.
Compared with current RNA binding site prediction methods,
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RBinds provides an intuitive user interface, multiple outputs, and
visualizations with higher prediction accuracy.
2. Workflow and implementation

RBinds provides a user-friendly online server for RNA binding
site prediction. The server contains six modules: Home, Visualiza-
tion, Links, Output example, Tutorial, and Contacts. The detailed
information for each module is as follows. (1) The Home module
provides an input box where users can upload an RNA tertiary
structure in PDB format. (2) An RNA tertiary structure can be
uploaded and visualized in the Visualization module. The RNA
structure is shown as a red cartoon representation by default.
Users can change the structural color and trace, cartoon, or ball&-
stick representations. The key residues can be highlighted in differ-
ent colors. Users can also scale, rotate the RNA structures, and save
the image. (3) The Links module provides RNA tertiary structure
prediction, docking, molecular dynamics, and other related useful
RNA resources. (4) The Output example module provides one tRNA
prediction example. (5) The Tutorial module offers an introduction
to the RBinds server. (6) The Contacts module provides our emails
for users to comment or ask questions.

The RBinds workflow (Fig. 1) illustrates the computational steps
of the webserver: (1) Users only need to upload an RNA tertiary
Fig. 1. The workflow of RBinds. (1) Submitting box. RBinds uses the PDB file as input infor
network. (3) Network properties calculation. RBinds calculates closeness and degree to p
site predictions, (b) network visualization, (c) the statistical analysis of the closeness and
directed network. (6) RNA structure labeled with binding sites.
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structure in PDB format. (2) RBinds transforms the RNA tertiary
structure into the corresponding network. (3) RBinds analyzes
the structural network properties (closeness and degree) to predict
the binding sites. (4) An output page includes (a) the binding site
prediction results; (b) network visualization; (c) the statistical
analysis of the closeness and degree results; and (d) the download
link of prediction results. (5) Users can get the nucleotide name,
nucleotide number, closeness, and degree values if they put the
mouse at the node in the network. (6) Users can visualize the
RNA tertiary structure in the Visualization module. In contrast to
other existing RNA binding site prediction servers, RBinds provides
much more computational results with only structure information.
For example, RBinds provides the annotated force-directed net-
work for users to understand the network topology. Moreover,
RBinds also offers the links of PyMOL, Chimera, and other RNA
related software.
2.1. File input

The input of RBinds is RNA tertiary structure in PDB format. The
RNA tertiary structure can be downloaded from Protein Data Bank
(PDB) database [23], or predicted by RNA tertiary structure predic-
tion methods, such as 3dRNA [24,25], Vfold3D [26], and iFoldRNA
[27]. Users can first upload the structure information and then
mation. (2) Network construction. RBinds transforms the input RNA structure to the
redict the binding sites. (4) Output page. The output results include (a) the binding
degree, and (d) the download link of the prediction results. (5) The annotated force-



Fig. 2. The prediction performance of the RBinds in the RNA-protein benchmark. (A) The average binding site prediction accuracy is 0.70 in the rigid complex testing set.
(B) The average binding site prediction accuracy is 0.67 in the flexible complex testing set.
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click ‘‘Submit” to run the prediction task in the Home module. If
the user submits multiple RNA chains, RBinds will transform the
RNAs into one network for binding site prediction. If the user sub-
mits one RNA-ligand or RNA-protein complex, RBinds will ignore
the ligand or protein information. We also provide one input file
example for users to get familiar with the server.

2.2. Network construction

It is generally believed that RNA binding first recognizes the
binding pocket and then impacts the global structure for functions.
Therefore, both short-range binding pocket and long-range allos-
teric effects are important toward function. Our previous research
suggests that the degree is able to identify the RNA binding pocket,
and the closeness cutoff is able to identify critical positions for
long-range allosteric effect. Therefore, RBinds uses the short-
range degree calculation to identify RNA pockets. Then, it uses
the closeness calculation to determine the nucleotides for long-
range allosteric effects. The workflow of the algorithm is as fol-
lows: (1) The RNA molecule is transformed into a network with
nodes and edges (Fig. 1). In the network, a single nucleotide is con-
sidered as a node. An edge represents a non-covalent interaction if
the shortest distance between the heavy atoms of the two noncon-
secutive nucleotides is less than 8 Å. (2) The closeness and degree
values of each node are calculated to identify the binding sites. The
closeness of a node is defined as the inverse of the sum of its short-
est distances to all other n� 1ð Þ nodes as the following:

C xð Þ ¼ n� 1
P

dðx; yÞ ð1Þ

where n is the total number of nucleotides in the network, the
dðx; yÞ is the distance of the shortest path between the node � and
y [13]. The shortest path between two nodes is calculated by the
Floyd-Warshall algorithm. The degree of a node is defined as the
number of edges connected to the node. (3) RBinds identified the
nodes as binding sites when their closeness and degree values
are higher than the corresponding average values by a standard
deviation, cutoff = average + standard deviation. (Please see the ref-
erence [21] for detailed information).

2.3. Backend

The backend of the RBinds uses HTML, JavaScript, PHP, MATLAB,
D3.js, and JSmol. The web server includes Home, Visualization,
Links, Output example, Tutorial, and Contact modules that are built
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using HTML scripts. The PHP script will be activated when users
upload an RNA tertiary structure in PDB format, and then click
the submit button in the ‘‘Home” module. The PHP script will
invoke an executable program that is generated using a MATLAB
script, D3.js library, and JSmol library. The network construction,
network property analysis, and binding site prediction are per-
formed using an executable program. The network visualization
is implemented by the D3.js library. RNA tertiary structure visual-
ization is implemented by the JSmol library.

3. Output and visualizations

After submitting the prediction task, the server will jump to the
output page with the following results. (a) RNA binding site predic-
tion results with the corresponding annotated force-directed net-
work. Users can zoom the network by scrolling the mouse and
drag the network for detailed network information. In the network,
a node represents a single nucleotide. The radius of a node is pro-
portional to the closeness value for the corresponding nucleotide.
Users can get the nucleotide name, number, closeness, and degree
values if they put the mouse at the node. The edges represent non-
covalent interactions between nucleotides. (b) The statistical anal-
ysis of the closeness and degree calculation results can be down-
loaded separately. In the closeness/degree histogram, the X-axis
shows closeness/degree values, and the Y-axis indicates the num-
ber of nucleotides. (c) The prediction results can be downloaded
with the following information. The ‘‘nodes” module contains the
nucleotide names, closeness, and degree values. The ‘‘edges” mod-
ule provides the information of connected node pairs. The ‘‘sites”
module includes nucleotide name, closeness, and degree values
for predicted binding sites.

4. Case studies

The previous study has already shown that RBind performs con-
sistently better than existing methods in both RNA-protein and
RNA-ligand testing sets [21]. The RNA-protein testing set includes
72 RNA-protein structures, while the RNA-ligand testing set con-
sists of 22 RNA-ligand structures. In the testing, we used the
unbound RNA structures to predict the RNA binding sites. The
results showed the average accuracy of 0.63 and 0.82 in RNA-
protein and RNA–ligand, respectively [21]. To validate the RBinds
reliability, we further tested the web server in the RNA-protein
benchmark consists of ten rigid docking complexes and five flexi-
ble docking complexes [22]. The results show the average accuracy
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of 0.70 and 0.67 in rigid and flexible testing sets, respectively
(Fig. 2). The RNA-protein benchmark can be downloaded in the
Tutorial module. The average running time is less than one minute
when users submit an RNA tertiary structure within 100
nucleotides.

In summary, we built a user-friendly web server for predicting
RNA binding sites automatically. Users can now use RBinds easily.
RBinds can facilitate users for RNA complex study. We will con-
sider the interacting partners for more accurate predictions in
the future.
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