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ABSTRACT

WebFR3D is the on-line version of ‘Find RNA 3D’
(FR3D), a program for annotating atomic-resolution
RNA 3D structure files and searching them efficiently
to locate and compare RNA 3D structural motifs.
WebFR3D provides on-line access to the central
features of FR3D, including geometric and symbolic
search modes, without need for installing programs
or downloading and maintaining 3D structure data
locally. In geometric search mode, WebFR3D finds
all motifs similar to a user-specified query structure.
In symbolic search mode, WebFR3D finds all sets
of nucleotides making user-specified interactions.
In both modes, users can specify sequence,
sequence-continuity, base pairing, base-stacking
and other constraints on nucleotides and their inter-
actions. WebFR3D can be used to locate hairpin, in-
ternal or junction loops, list all base pairs or other
interactions, or find instances of recurrent RNA 3D
motifs (such as sarcin-ricin and kink-turn internal
loops or T- and GNRA hairpin loops) in any PDB
file or across a whole set of 3D structure files. The
output page provides facilities for comparing the
instances returned by the search by superposition
of the 3D structures and the alignment of their
sequences annotated with pairwise interactions.
WebFR3D is available at http://rna.bgsu.edu/webfr3d.

INTRODUCTION

Although the number of atomic-resolution RNA 3D
structures deposited in the Protein Data Bank [PDB, (1)]
and Nucleic Acids Database [NDB, (2)] databases remains
small compared to the numbers of protein or DNA struc-
tures, it is steadily growing. Significantly, it contains a
number of very large and complex supra-molecular
assemblies, including, with the addition of the 40S
subunit from Tetrahymena (3), ribosomes from all three

domains of life. The complexity of such large 3D struc-
tures requires the use of computational tools to extract
information for specific chemical and biological analyses.

The hierarchical nature of structured RNA molecules
has been noted by a number of workers (4,5). Besides
helical elements defining the secondary structure, most
RNA molecules contain recurrent structural modules
that share the same 3D shape and interaction patterns
and serve as anchoring points for tertiary interactions
and binding sites for proteins, small molecules or other
RNAs. Recurrent 3D motifs in general are small enough
to evolve independently in unrelated RNA molecules
(6-8). Examples of recurrent RNA motifs include
sarcin—ricin, kink-turn and C-internal loops as well as
TPsiC- and GNRA hairpin loops. Although usually
shown in 2D diagrams as unstructured ‘loops’, such motifs
are generally highly structured. To further our under-
standing of their structures, sequence variations and evo-
lution it is important to be able to identify and catalog
these motifs, which necessitates the development of soft-
ware to enable detailed analysis of atomic-resolution 3D
structures.

FR3D (9), a suite of MATLAB programs developed for
this purpose, has been available for download since 2008
as source code (http://rna.bgsu.edu/FR3D). As FR3D is
under constant development and improvement, and as the
RNA structure database is constantly growing, maintain-
ing a current local version of the software and up-to-date
collection of annotated structure files is a burden to users.
Therefore, we have developed WebFR3D (http://rna
.bgsu.edu/webfr3d), which has the same familiar interface
as the standalone version, offers extensive help and runs
the current version of FR3D, including access to up-to-
date annotated sets of RNA 3D structures from the PDB,
including a non-redundant set of files.

WebFR3D complements other web servers dedicated
to searching RNA 3D structures. First we describe the
key features of existing web servers and then we note the
complementary features that WebFR3D offers. RNA
FRABASE (10) uses primary and/or secondary structure
to search in a database that stores pre-computed
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annotations of all PDB-derived RNA structures and is
regularly updated. It includes modified nucleotides and
allows one to limit pseudo-rotation parameters, sugar
pucker amplitude and torsion angles. It can search for
large RNA fragments, but has a limited capability for
specifying detailed interaction constraints between nucleo-
tides in the query, as WebFR3D does.

With FASTR3D (11), the user can specify a range of
nucleotides from a PDB file as a query. The server uses
secondary structure information and backbone torsion
angles to look for similar structures in a list of PDB
files. Alternatively, it can take primary and/or secondary
structures as an input. Unlike FR3D, FASTR3D only
allows secondary structure constraints on searches.
Moreover, it does not appear that the library of PDB
files available for FASTR3D searches is regularly
updated.

FRASS (12) is capable of handling large RNA frag-
ments and is designed for global similarity searching.
The user can select an entire chain from a PDB file or
upload a structure to the server. The searching method
is based on Gauss integrals that are used to compare the
shapes of backbones of RNA molecules.

ARTS (13) employs a geometric approach enhanced by
heuristics to find the largest number of phosphorous
atoms and base pairs that can be superimposed in the
two input structures. The output is a global superposition
of the query structures or discovery of the maximal struc-
tural similarities between them. Both FRASS and ARTS
are designed for global structural comparison of structures
and are of limited use for exhaustively searching for and
comparing instances of recurrent 3D motifs.

DIAL (14) applies a dynamic programming approach
to align pairs of lists of annotated dihedral angles, repre-
senting RNA chain segments. The method can optionally
take into account base sequence and base pairing within
the input structures.

SARSA (15) uses vector quantization in order to obtain
a structural alphabet of RNA backbone conformations.
The input structures are represented using this alphabet,
and structural alignment problem is carried out by clas-
sical sequence alignment.

Both DIAL and SARSA have multiple alignment
modes, of which pairwise semi-global modes are most
similar to WebFR3D. These modes, although based on
different approaches, can detect query RNA 3D motifs
in the target structure. However, neither program
provides for imposing detailed constraints on the query,
and, as with all pairwise methods, neither is suitable for
quick high-throughput analysis of RNA 3D motifs.

SARA (16) applies unit-vector root mean square
approach to pairwise structural alignment. It can also
assign RNA structures to functional classes as defined in
the SCOR database (17). SARA is not applicable for
aligning structures smaller than 20nt, which makes it
less relevant for RNA 3D motif search and discovery.

Another web service developed by our group is
WebR3DAlign (18). While WebFR3D is designed to
search  for individual recurrent RNA  motifs,
WebR3DAlign addresses a related problem, to identify
all motifs conserved in the 3D structures of two possibly
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homologous RNA molecules. WebR3DAlign produces a
nucleotide-to-nucleotide alignment of two 3D structures
from which one may readily identify conserved motifs,
while allowing for differences in the global structure of
the molecules (for example, domain motions). In
WebR3DAlign, the two 3D structures are decomposed
into a large number of overlapping 4-nt neighborhoods,
which are compared with each other geometrically using
the same base-centric approach implemented in
WebFR3D. The structural alignment is produced by sys-
tematically combining alignments of locally similar
neighborhoods.

In summary, several features distinguish WebFR3D
(and FR3D) from methods implemented on other web
servers:

(1) WebFR3D uses a base-centric geometric approach so
that searches return all geometrically similar motifs,
regardless of differences in their backbone topologies
9);

(2) WebFR3D can perform purely geometric searches,
and thus it does not rely solely on pre-computed
structural annotations, which are limited by current
understanding of recurrent RNA structures; and

(3) WebFR3D allows placing constraints on the inter-
actions formed by pairs of nucleotides in the query.
This gives FR3D the unique capability to conduct
purely symbolic searches as well as geometric
searches with additional symbolic constraints.

INPUT AND OUTPUT
Description of input

WebFR3D allows users to perform geometric and sym-
bolic searches for structural motifs in RNA-containing
3D structures from the PDB. In the symbolic search
mode, the user can specify collections of up to 15nt and
a variety of pairwise base—base and base—backbone inter-
actions to find all RNA fragments that satisfy the con-
straints (Figure 1). Using symbolic search, it is possible
to find all instances of a specific structural motif in a given
RNA structure or across a whole set of 3D structure files;
for example, all GNRA hairpin loops, sarcin-ricin
internal loops, or A-minor interactions and most kissing
loop interactions. This mode can also be used more gen-
erally to find all hairpin, internal or junction loop motifs
in a given set of 3D structures. Or it can be used to simply
list all pairwise interactions of a specific type; for example,
all base pairs belonging to a particular geometric family,
or to check whether a particular sequence has been
observed in the 3D database in some structural context.
In the geometric search mode, the user can select a
fragment from any RNA-containing structure deposited
in the PDB and search for geometrically similar fragments
in other 3D structures. The algorithm implemented for
geometric search in WebFR3D is the same as FR3D
and guarantees finding all similar fragments within a
user-specified geometric discrepancy (9). Geometric
search is slower but more robust than symbolic search,
as it does not rely on pre-computed structural
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4 __— . (
(a) Query Specification Matrix (b) Interaction constraints
NT1 NT2 NT3 NT4
NTI cWW NT1 and NT2 make a cis Watson-Crick/Watson-Crick basepair.
N
tHS NT1 and NT2 make a tHS pair, NT1 uses Hoogsteen edge, NT2 uses Sugar
NT2 N edge; similarly tSH, cHS, etc.
NT3 N cWW tWW | NT1 and NT2 make either a cWW or a tWW basepair (implicit OR).
NT4 N i i
pair NT1 and NT2 make a basepair.
N J
NT1 and NT2 are stacked, NT1 uses its 3' face while NT2 uses its 5' face;
(c) Sequential distance constraints Slmitarly[s351558 tandls53;
stack NT1 and NT2 are stacked.
< NT2 is 5'to NT1 (nucleotide number of NT2 less
than that of NT1). LR stack NT1 and NT2 make a long-range stacking interaction (implicit AND).
Sequential distance between NT2 and NT1 is BPh NT1 is the base hydrogen donor, NT2 is the phosphate hydrogen acceptor in
=1 " a base-phosphate interaction.
one; they are adjacent.
NT1 and NT2 make both a tHH basepair and a BPh interaction (implicit AND).
_y» | Sequentialdistance s 1, NT2is 3'to NT 1 (L EAE . e )
(implicit AND). ncWwW NT1 and NT2 make a near cWW pair; similarly ntSH, npair, nstack, nBPh.
Sequential distance between NT1 and NT2 is less
<n NT1 and NT2 are co-planar.
than n.
S Sequential distance between NT1 and NT2 is base of NT1 interacts with ribose of NT2.
=m
greater than or equal to m. negate one of the above relations, for example ~cWW, ~ncWW, ~pair, ~stack,
Sequential distance is between m and n, inclusive -
>=m<=n | NT1 and NT2 make a local interaction, one which crosses 0, 1, or 2 nested
(implicit AND). local CWW pairs.
Sequential distance is between m and n, NT1 and NT2 make a long-range interaction, one which crosses 3 or more
>=m <=n < nested c(WW pairs.
inclusive; NT2 is 5' to NT1 (implicit AND). B
\ NT1 and NT2 make a nested interaction of some type listed above, one which
crosses 0 nested cWW pairs.
i i i i : NT1 and NT2 make an interaction which crosses between m and n nested
(d) Nucleotide Ident'ty constraints crossing=m_n cWW basepairs, inclusive. n can be Inf for infinity.
N Any RNA base NT1 and NT2 flank a single-stranded region; they both make nested cWW
4 flankSS pairs, between them no NT makes a nested cWW pair.
Adenosine NT1 and NT2 make a cWW basepair and flank a single-stranded region, and
_ ‘ cWW flankSS therefore define a hairpin loop.
AC Adenosine or Cytosine
AU GC NT1isAand NT2is U, or NT1 is G and NT2 is C (implicit OR).
R Purine
Y Pyrimidine pair stack NT1 and NT2 are either paired or stacked (implicit OR).

Figure 1. Data inputs for defining and restricting symbolic and geometric searches in WebFR3D and FR3D. (a) Query Specification Matrix (QSM)
for a 4-nt query. The user can specify constraints between any pairs of nucleotides in the query in the QSM by entering any of the codes shown in (b)
in the cells with yellow background. Distance constraints are entered using any of the codes shown in (c¢) in the cells with cyan background.
Nucleotide identity constraints shown in (d) are entered in the cells along the diagonal of the QSM. (b) Codes for interaction constraints. The syntax
is illustrated for nucleotides 1 and 2 of the query (‘NT1” and ‘NT2’). (¢) Codes for sequential distance constraints. (d) Some of the available codes for
nucleotide identity constraints. Detailed information on the use of constraints is available in the Help section of the WebFR3D website.

annotations. The user can focus and speed up geometric
search by specifying symbolic constraints. This is especial-
ly useful when searching for known RNA 3D motifs with
specific patterns of interactions, such as sarcin—ricin loops,
kink-turns or C-loops. Specifying backbone connectivity
constraints also speeds up searches. However, WebFR3D
can be run to identify motifs that contain insertions of
arbitrary length or arbitrary topologies.

WebFR3D is updated weekly with new X-ray, NMR
and cryo-EM RNA structures as they become available
in PDB. Users can choose one or more individual PDB
files to search. Alternatively, the user can select one of the
pre-compiled non-redundant lists of X-ray structures,
grouped according to minimum resolution (from 1.5 to
4.0 A). These lists are determined by an automated imple-
mentation of the procedure outlined in (19), and are also
regularly updated. The current non-redundant lists can be
accessed at http://rna.bgsu.edu/nrlist.

User input is extensively error-checked prior to submis-
sion of a search to ensure, for example, that all nucleotides
in query motifs for geometric searches actually exist. In
geometric search, the user can preview the 3D structure of
the query fragment to ensure that the correct RNA
fragment was selected before the search is submitted.
WebFR3D also provides for entry of an email address to
receive notification when the results of a search become
available.

To assist the user in preparing a query, WebFR3D is
equipped with a contextual help system, which the user
can consult to view options for relevant search param-
eters. A tutorial is accessible from the main page, as well
as examples of geometric and symbolic searches. Users are
encouraged to contact the WebFR3D team with questions
and suggestions using the built-in contact form.

Experience with WebFR3D shows that it is generally
more efficient to begin with more restricted queries and



then to gradually relax the search parameters in subse-
quent searches, based on analysis of the output. Thus,
when searching geometrically for similar hairpin loops,
an effective way to reduce the search space significantly
is to set the distance between adjacent nucleotides to a
number larger than any expected insertion between
adjacent nucleotides, for example, specifying ‘<5’ to allow
insertion of up to 4nt. This constraint can be adjusted or
removed in subsequent searches depending on the results.

Description of output

WebFR3D presents the user with an annotated list of the
fragments that satisfy the search criteria specified in the
query. The fragments are also visualized interactively
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using a Jmol applet (http://www.jmol.org), which allows
one to compare fragments by superposition and to explore
the structural context in which they occur by displaying
the neighboring nucleotides (Figure 2). All fragments sat-
isfying the query can be downloaded in PDB format and
viewed locally.

The mutual geometric discrepancy between all fragments
is calculated and displayed as a heat map (Figure 2, bottom
right). Low geometric discrepancy (red) corresponds to
similar structures, while high geometric discrepancy
(blue) indicates differing structures.

The results are stored on the server indefinitely with
stable URLs, which makes it easy for collaborators to
share search results or to provide interactive supplementary
material for publications.

Result id Filename Discrepancy 1 2 3 4 5 6 7 8 9 Chair |
4d64214a6ba91 1 1872 0.0000 G 2701 A2702 A2703 C2704 U2690 A2691 G2692 U2693 A2694 000000
4d64214a6ba912  1FJG 0.1458 G906 A907 A908 A909 G888 AB889 G890 U891 AB892 AAAAAA
4d64214a6ba913  1JBS 0.1527 G19 A20 A21 C22 C8 A9 G110 U11 A12 CCCCCC
4d64214a6ba914  1S72 0.1631 G 2053 A 2054 A 2055 C 2056 U 1368 A 1369 G 1370 U 1371 A 1372 000000
4d64214a6ba915  1JBS 0.1687 G19 A20 A21 C22 (oF:} A9 G10 U111 A12 DDDDDC
4d64214a6ba91 6 1Q96 0.1748 G19 A20 A21 Cc22 C8 A9 G10 U111 A12  AAAAAA
4d64214a6ba91 7 1JBR 0.1757 G19 A20 A21 C22 cs8 A9 G10 U1 A12 FFFFCC!
4d64214a6ba918  1JBR 0.1845 G19 A20 A21 C22 Ccs8 A9 G110 U111 A12 DDDDDC
4d64214a6ba919  3F1H 0.2111 G254 A255 A256 A257 G240 A241 G242 U243 A244 AAAAAA
4d64214a6ba91 10 0.2131 G 2012 A2013 A2014 A2015 G 1264 A 1265 G 1266 U 1267 A 1268 AAAAAA
4d64214a6ba91 11 0.2139 G64 AB5 AB6 A67 G25 A2 G27 U28 A29 AAAAAA.
gd64714a6h291,17 02142 G225 A226 A227 C228 U211 A?212 G213 11214 A?215 000(1091'
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Figure 2. Output of a WebFR3D search for a recurrent RNA 3D motif showing the annotated instances (top), Jmol superpositions and neighboring
nucleotides (bottom left), and the mutual discrepancy heat map (bottom right).
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METHOD

The computations are carried out by FR3D, a suite of
programs written in MATLAB (9). FR3D has the capabil-
ity to perform rapid searches for RNA structural frag-
ments matching all pairwise constraints given in the
query. For geometric searches, FR3D finds all instances
that match the query motif within a user-specified geomet-
ric discrepancy, calculated as described in (9). The upper
limit on the geometric discrepancy is effectively a pairwise
constraint on the distance between two nucleobases. In
symbolic mode, FR3D searches pre-computed annota-
tions of nucleotide interactions to find all structural frag-
ments matching the user-specified criteria. Mixed searches
involve geometric search using a query motif as well as
symbolic search criteria. In geometric or mixed searches,
FR3D ranks candidate motifs according to the geometric
discrepancy from the query motif and only returns those
below the user-specified cutoff discrepancy. Motifs
matching all the search criteria are also aligned and com-
pared to each other by geometric discrepancy to cluster
them into geometrically similar groups. The clusters are
displayed using a heat map.

FR3D annotates base pair interactions in RNA 3D
structures according to the Leontis—Westhof classification
(20), stacking consistent with the RNA Ontology (21),
base—phosphate interactions (22) and backbone con-
formations (21,23). FR3D identifies nested, local and
long-range interactions by comparison to the secondary
structure defined by the Watson—Crick pairs following
the IR heuristic in (24).

IMPLEMENTATION

The server is hosted by the RNA structural bioinformatics
laboratory at BGSU. The user interface is implemented in
HTML and CSS. Validation is performed using Ajax and
JavaScript, which must be enabled in the user’s browser
for the website to work properly. The server-side imple-
mentation involves Perl and PHP scripting and a MySQL
database. The main computations are performed in
MATLAB.

The server is capable of processing multiple requests
simultaneously. The time required for searching is depend-
ent on the size and the nature of the query (smaller and
more restricted queries run more quickly) and on the
number of PDB files searched. Well-designed searches
are usually completed within 3—-10min. Note that after
20 min the execution is aborted and the user is notified.
It is recommended to use standalone FR3D installations
to perform intense computations that take more time.

WebFR3D shares the same performance characteris-
tics as its core program, FR3D, with a small performance
hit caused by the additional processing required for web
output. The operation count of FR3D and WebFR3D is
of order O(n* V2l " where n is the number of nucleo-
tides in the file(s) being searched and m is the number of
nucleotides in the query motif (9). This applies to the
worst-case scenario, when the search is purely geometric
with no symbolic constraints; symbolic constraints reduce
search time, sometimes dramatically. For benchmark

examples of FR3D performance the reader is referred to
the original publication (9). WebFR3D’s real-world per-
formance and execution time depend strongly on the
number of imposed constraints and the servers” workload.

Site usage is monitored using the Google Analytics
tracking system. When the demand for the service in-
creases, WebFR3D will be migrated to a more powerful
computational facility.
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