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Abstract

SCOR (http://scor.Ibl.gov), the Structural Classification of RNA, is a database designed to
provide acomprehensive perspective and understanding of RNA motif three-dimensional structure,
function, tertiary interactions, and their relationships.

SCOR 2.0 representsamajor expansion and introduces awholly new classification system.
The new version represents the classification as a Directed Acyclic Graph (DAG), which allows a
classification node to have multiple parents, in contrast to the strictly hierarchical classification
used in SCOR 1.2. SCOR 2.0 supports three types of query terms in the updated search engine:
PDB or NDB identifier, nucleotide sequence, and keyword. We aso provide parseable XML files
for al information.

This new release contains 511 RNA entries from the PDB as of 15 May 2003. A total of
5,880 secondary structural elements are classified; 2,104 hairpin loops and 3,776 internal loops.
RNA motifs reported in the literature, such as “Kink turn” and “GNRA loops,” are now

incorporated into the structural classification along with definitions and descriptions.

I ntroduction

The SCOR database was first released in September 2001 (1). Version 1.2, released in
July 2002, added the structural classification of small and large ribosomal RNA, a classification of
the ribose zipper tertiary interaction (2), and enhancement of the search engine. These first
versions of the SCOR database provided a hierarchical classification of structural elements;
however, one RNA structural element can have severa distinct features and may belong to multiple
classes. For example, the subclass GNRA tetraloops (3, 4) should be found under both the class
U-Turn (5, 6) and the class Tetraloops. That is, a classified node can have multiple parents, and
thus different paths from the root can be used to reach the same subclass. Such expressivity is not
supported by a hierarchical structure. We therefore reviewed the feature inheritance between

classes and subclasses in SCOR 1.2 and mapped them into a Directed Acyclic Graph (DAG)
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structure to allow multiple parents. Such a DAG representation has been used in the Gene
Ontology to represent terms and their relationships (7).

The number of RNA structuresin the Protein Databank (8) and Nucleic Acid Database (9)
has dramatically increased in the past few years, from 259 in October 2000 to over 500 in May
2003, emphasizing the need for an organizational classification of the observed data. A unified
terminology to describe the RNA structure elements is also becoming increasingly important for
structural research. In the SCOR database, a description for each classis provided to help create a
common terminology or glossary for RNA structural motifs.

For the new database, atotal of 511 PDB entries were classified. These entries contain
more than two RNA residues, are solved by NMR spectroscopy or X-ray crystallography (with
resolution better than 4.0 Angstroms), and were released beforel5 May 2003. Structures of
DNA-RNA hybrids and chimerasvereincluded in the classification. If astructure were updated in
the PDB and its previous entry obsolesced, then the new structure was included and referencesto
the previous entry were removed from the classification. Thelist of structuresis available on the
web site, including PDB and NDB identifiers and original literature references. Structural motifs
were identified visually with the assistance of computational tools (10-12). A comparison of the
different versions of the SCOR databaseis given in Table 1. A parseable XML format of the

database can be downloaded from the web site.

Database Sructure

SCOR 2.0 has been fundamentally revised to use aDAG organization for the structural
motif classification. Inthe DAG, each class has aparent-child relationship, where the child classes,
or subclasses, contain all the features of its parent. Thereisno limit on the number of levelsfrom
the root to the motif and thereisno special nomenclature for each level of classification. Inthe
previous release of SCOR, we used special terminology according to the depth of level such as

“Class’, “Subclass’, and “Motif.” Inthe current version, we follow the model from modern
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phylogenetics, which has largely abandoned the Kingdom/Phylum/Class/Order nomenclature and
allowsarbitrary numbers of levels. Indeed, in SCOR one can be at different numbers of nodesfrom

the root depending on the path.

Structural Classification

RNA loop elements are diverse structures that provide a scaffold for folding and
recognition; thus, in SCOR, the structural classification is done at the RNA motif level for hairpin
loops, internal loops, and tertiary interactions. We provide a definition and schematic diagram for
each class, aswell as amappingof the parent -child relationships. Motifs are the leaves of the
DAG,; i.e., they have parents and no children. Structural motifs are classified manually by base
pairing, base stacking, and backbone conformation. Familiar RNA motifssuchas”“Surn ” (13-15)
and “GNRA tetraloops’ (3, 4) are specifically highlighted.

A total of 5,880 secondary structural elementsare classified in SCOR 2.0. Thisisnearly a
10-fold increase from the SCOR 1.2. While the number of available RNA structures has nearly
doubled, the increase in the number of loopsis due primarily to the ribosome structures 1jj2 (16)

and 1j5e (17) and their associated structures with bound ligands.

Functional Classification

SCOR now classifies function at the molecular level and the motif level. Inthe Molecular
Function classification, we place RNAs into two classes Naturally occurring RNAs and Evolved
(SELEX) RNAs. Naturally occurring RNAsincludestransfer RNA, ribosomal RNA and SRPRNAS,
among other examples of molecules found in nature.

Motif Function isanew classification in SCOR 2.0 and represents functions specific to
structural motifs. Under Motif Function are four classes: Protein binding, Small molecule binding,
Replicase recognition, and Helical packing. These functions are related to local RNA structure
rather than global RNA structure. The most specific level of this classification is linked to the

structural motif classification.
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Sructural Models contains structures that have been created specifically to study specific
aspects of RNA function and structure. These include RNA-DNA chimeric duplexes, RNA-DNA
four-way junctions, Self complementary duplexes and Self complementary quadr uplexes.

In the Functional Classification, we display the chain, or fragment of the chain, from the
PDB entry asthe motif, at the lowest level of the hierarchy. We provide anew featurein SCOR 2.0
that allows the user to follow alink at this motif level to the structural motif classification or the

tertiary interaction classification of the element.

Tertiary Interactions

SCOR classifies the tertiary interactions responsible for the folding, stability, and
maintenance of RNA three-dimensional structure into a small number of general classesincluding
Coaxial Helical Sacks, Kissing Hairpins, Tetral oop-Receptor, A-minor Motifs, Pseudoknots, tRNA
D-Loop: T-Loop, and Ribose Zippers. Of these, we have comprehensively examined the ribose
zipper interaction, and made a detailed set of subclassifications. Thistype of classificationis
currently only partially implemented for other tertiary interactions. At the most detailed level, we
display the elements of tertiary interactions as groups of structural motifs and provide links to the

structural motifs.

Updated Web I nterface

The web interface provides a straightforward but flexible means to explore the
multi-layered classification of SCOR 2.0. Users are given a standard set of icons and buttons to
navigate the classes. Theinterface allowsthe user to view multiple parallel classes, subclasses (i.e.
child classes) and paths simultaneously. The user may also choose to focus on asingle class or path
along a branch of the hierarchy — or may choose a combination of views.

The database entries are presented in atree view showing the path to the class from aroot.
By clicking + adjacent to a class, the view is expanded to display the subclasses, and by selecting —
adjacent to a class, thetreeis collapsed (See Figure 1.). These options expand the tree in place to
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show the subclasses; the parent classand all classes at the samelevel remaininview. Twolinksare
provided next to each class: thelink “subclass’ displays the children, and the option “list all”
displays al elements of the class organized by the sequence’s RNA type and species of origin.
Each of these links displays a new page with all paths to the class displayed at the top of the page.

If aclass has more than one parent, a designation (o) is displayed before +/-, and clicking
on this designation expands alpath sto the class, with the target class emphasized in bold face.
Selecting alternate path after the class name expands and highlights aternate paths to the class.

A textual description of each class appears when a user clicks the description icon.
Literature references are displayed by selecting the reference icon. Selecting the sketch icon
displays or hides two-dimensional schematic sketches for each class. RasMol (18) views are
available for all examples of the motifs, and can be accessed by selecting the RasMol icon next to

each description of astructural element.

Search Engine

SCOR may be searched with PDB (or NDB) identifier, PDB residue number, Sequence, or
Keyword. Theresult of asearch by PDB identifier includes asummary of the PDB entry, including
links to the motif structure, function and tertiary interactions classifications. Combinations of
gueries, e.g. PDB identifier and Sequence, can further limit asearch. Additionally, regular
expressions, linked by Boolean operators, may be used with sequence and keyword searches. This
isespecialy useful for sequence expressions with common abbreviations such as R for purine or Y
for pyrimidine. The result of a sequence search returnsall paths to motifs containing the sequence,

and the result of a keyword search returns all paths to classes containing the keyword.

Future Directions

In theimmediate future we plan to complete the classification of RNA tertiary interactions,
expand thefunctional classification to include metal-ion binding regions, junction loops and helical
regions, and include new classes as they are discovered. We will also explore additional database
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search criteria, such as a secondary structure-based search. Our goal isto provide acomprehensive

up-to-date classification of RNA structural motifs and tertiary interactions.
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Figure Legends

Figure 1. Exampleof the DAG structurein SCOR. The directed acyclic graph allows multiple
pathsto aclass. Inthisexample, Loopswith dinucleotide platforms are aclass of internal loop with
the subclass Loops with dinucleotide platformsin atriple. Thissubclassisalso asubclass of Loops
with basetriples.
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Table 1. Growth of the SCOR Database. The SCOR Database has grown by more than 10-fold
since its inception in September 2001, reflecting the growth in the available RNA structures,
particularly ribosoma RNA structures, since October 2000. SCOR 1.1 and 1.2 were based on

structures available as of October 2000.

Version New Features PDB Files Hairpin L oops Internal
(Release Date) (Cutoff Date) Loops
1.1 Motif 259 203 223
(Sep 2000) Classification (Oct 2000)
1.2 Ribosomal 261 295 402
RNA, Ribose
! (Oct 2000, plus
(July 2002) ZIpPers | 3iio and 1j5)
2.0 DAG 511 2,104 3,776
Classification
’ (May 2003)
(Sep 2003) Published
Motifs

10




SCOR 2.0 Tamura, et a.

Figure 1.

Structural Classification
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