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• RNA 3D structure - Entities and Relations
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starting from a minimal set of primitives
• Annotating RNA Sequence Alignments



Motivation: RNA and the Genome

• Most of eukaryotic genome is transcribed to RNA & most is probably
functional

• Significant fraction of functional RNAs are structured (function depends on 2D
or 3D structure, not just sequence)

• Larger amounts of diverse and heterogeneous RNA data are rapidly
accumulating:

– 3D Structures
– Homologous Sequences
– Functional data

DNA RNA

Transcription Translation

Protein Only 1.5% of Genome
Codes for Protein
What about the rest?

(the classic model)



Motivation: RNA and the Genome
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• Most of eukaryotic genome is transcribed to RNA & most is probably
functional

• Significant fraction of functional RNAs are structured (function depends on 2D
or 3D structure, not just sequence)

• Larger amounts of diverse and heterogeneous RNA data are rapidly
accumulating:

– 3D Structures
– Homologous Sequences
– Functional data

(new model)



Motivation: RNA and the Genome

• Most of eukaryotic genome is transcribed to RNA & most is probably
functional

• Significant fraction of functional RNAs are structured (function depends
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RNA Ontology (RNAO) Consortium

ROC was established in 2005 under Auspices of RNA Society
NSF Funding obtained to support Collaborative Activities
ROC is an International Consortium -- open to all interested persons

See: http://roc.bgsu.edu
Current version of RNAO can be downloaded and viewed  with

Protégé:
See: http://code.google.com/p/rnao/

ROC Works with curators of related Open Biomedical Ontologies
(OBO) to ensure:
-Orthogonality
-Interoperability

ROC invites your participation!



Objectives of RNAO

• To integrate diverse and heterogeneous data regarding
RNA molecules especially 3D and sequence data

• To Describe the 3D Structures of Individual RNA
Molecules -their parts and the relations between the parts
-- in computer and human understandable formats

• To define relations between “corresponding” parts of
homologous RNA molecules

• To use these relations to annotate genomic sequences and
RNA sequence alignments

• To draw new inferences regarding RNA structure,
evolution and function from the integrated data
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Related ontologies in this space

• The Sequence Ontology (SO)
• ChEBI (Chemical Entities of Biological

Interest)
• Gene Ontology (GO)

ChEBI
(Chemical Entities) 

Sequence 
Ontology 

RNAO

Relations Ontology
Basic Formal Ontology 



«Single Strand regions»

Helices

RNA sequence ---> 2D ---> 3D Structure

RNA molecules are linear chains that fold back on
themselves through diverse inter-nucleotide interactions to
form unique 3D structures:

•Base-pairing Interactions
•Base-stacking Interactions
•Base-backbone (phosphate) Interactions



WC Basepairing
to form the Secondary
(2D) structure

«Single Strand regions»

Helices

RNA sequence ---> 2D ---> 3D Structure



WC Basepairing
to form the Secondary
(2D) structure

Folding to form the
Tertiary (3D) structureHelices

RNA sequence ---> 2D ---> 3D Structure

‘Single Strand regions’
Hairpin, internal, and 
Junction loops



RNA Folding forms “Stems” and “Loops”
= “3D Motifs” = Binding and Docking Sites

Hairpin 
loops

Internal
 loops

Junction
loop



RNAs recruit multiple protein co-factors:

Hairpin 
loops

Internal
 loops

Junction
loop

Proteins bind to recurrent 3D Motifs



There is no NAKED RNA in the Cell!

Hairpin 
loops

Internal
 loops

Junction
loop

Proteins bind to recurrent 3D Motifs



Example of a Recurrent Modular 3D
Motif: Sarcin/Ricin “loop”



Recurrent Kink-turn, C-loops, & SR Motifs in 23S rRNA

Kt-7

Kt-38

Kt-42

Kt-58

KT-46

Kt-15

Composite

Kt-78

C-38

C-52

C-96

Sarcin motifs



Classification of Base-pairs
(All Edge-to-edge Base Interactions)

Leontis & Westhof, RNA, 2001



Bases as Triangles

G68/A101/G64/A52 in T. th. 16S: 1j53.pdb

 



Glycosidic Bond Orientation

• Cis

• Trans



Edge-to-Edge Pairing Types

Watson-Crick
Hoogsteen

Shallow-Groove
} {Cis

Trans

= 12 Basic Types

Watson-Crick
Hoogsteen

Shallow-Groove
{ }

Leontis & Westhof, RNA, 2001
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RNA Base-Pair Families:
Disjoint and Mutually Exhaustive

 RNA Base-Pair
(Edge-to-Edge
Interactions)

 Watson-Crick/
Watson-Crick

Basepair

cis
WC/WC
Basepair

trans
WC/WC
Basepair

 Watson-Crick/
Hoogsteen
Basepair

cis
WC/H

Basepair

trans
WC/H

Basepair

 Watson-Crick/
Sugar-Edge

Basepair

cis
WC/SE

Basepair

trans
WC/SE

Basepair

 Hoogsteen/
Hoogsteen
Basepair

cis
H/H

Basepair

trans
H/H

Basepair

 Hoogsteen/
Sugar-Edge

Basepair

cis
H/SE

Basepair

trans
H/SE

Basepair

 Sugar-Edge
Sugar-Edge

Basepair

cis
SE/SE

Basepair

trans
SE/SE

Basepair



Partitioning the folded RNA
molecule

   Four Classes of Base-Stacking Interactions
  (Disjoint and Mutually Exhaustive)



   Classification of Base-backbone Interactions
  into Disjoint and Mutually Exhaustive classes

Zirbel et al. NAR 2009



3D RNA structures bind DNA, RNA,
proteins, metabolites, and drug

Automated Annotation of RNA 3D structures
(Implemented in FR3D, MC-annotate, RNAView, etc.)



Formalization

Colin Batchelor, Thomas Bittner, Robert
Hoendorf, Neocles Leontis

Aim: First-order logic version based on
limited number of primitives



Primitive Entities

Non-covalent
Boundary

Face

Non-covalent
Boundary

Edge
BoundaryCovalent Boundary

BoundaryNon-covalent
Boundary

Material EntityAtom
Sub-class ofEntity



Covalent Boundaries



Non-covalent Boundaries

 



Defined Entities

Collection of
nucleotides

RNA Motif

Collection of
nucleotides

Base_stack

Collection of
nucleotides

Base_pair
Molecule5’_3’_RNA_molecule
Sub-molecule5’_3’_strand_segment
Material EntitySub-molecule
Material EntityMolecule
Sub-class ofEntity



Primitive Binary Relations

NucleotideNon-covalent
Boundary

5’_face_of

NucleotideNon-covalent
Boundary

Edge_of

Atom, Sub-molecule,
Molecule, Non-
covalent Boundary

Atom, Sub-molecule,
Molecule, Non-
covalent Boundary

Weakly_interacting_
with

AtomAtomCovalent_bonded_to

RangeDomainRelation



Defining “Molecule”
D2: Sum_of_collection: x is the sum_of_collection P iff for all z, z overlaps_with x iff
(there is a y such that y member_of P and y overlaps_with z).
D3: Mereologically_maximal: x is mereologically_maximal iff for all y, if y overlaps_with
x, then y part_of of x.
Similar to the spatial connectedness relation of the RO, covalently_bonded_to is not
transitive, but unlike spatial connectedness, it is irreflexive. We state this with axiom A1:
A1: For all x, x is not covalently_bonded_to x.
Finally, covalently_bonded_to is generally not functional. That is, depending on the kind of
atom and the bonds a particular atom forms (single, double, triple), atom x can covalently
bond to more than one distinct atom (A2).
A2: There exists x, y, z instance_of Atom such that [x covalently_bonded_to y and x
covalently_bonded_to z and y not equal z].
D4: Covalently_bonded_to*: Covalently_bonded_to* is the smallest transitive relation
including covalently_bonded_to.
D5:  Covalently_bonded_sum_of : x is the covalently_bonded_sum_of P iff [P is a
collection_of atoms and x is the sum_of_collection P and (for all y and z in P, y
covalently_bonded_to* z)].
D6: Molecule: x is a Molecule iff there is a collection P of Atoms such that x is the
covalently_bonded_sum_of P and x is mereologically_maximal.



Defining “Base-Pair”
D24: Pairs_with. nt1 pairs_with nt2 iff [nt1 and nt2 instances_of Nucleotide and
(nt1 has_edge e1 and nt2 has_edge e2 and e1 weakly_interacting_with e2)].
D25: Pairs_with_WH. nt1 pairs_with_WH nt2 iff [nt1 pairs_with nt2 and nt1
has_Watson_Crick_edge e1 and nt2 has_Hoogsteen_edge e2 and e1
weakly_interacting_with e2.]

DEF: Pairs_with_cWH. nt1 pairs_with_cWH nt2 iff [(nt1 pairs_with_WH nt2) and
(nt1 cis_Glycosidic_bond_orientation nt2)].

DEF: Base-pair. BP instance_of Base-pair iff there exist nt1 and nt2 such that (nt1
pairs_with nt2 and for all p with p part_of BP, p overlaps_with nt1 or
p overlaps_with nt2).
Def: Base-pair. BP instance_of Base-pair iff there exist nt1 and nt2 such that (nt1
pairs_with nt2 and for all p with p part_of BP, p overlaps_with nt1 or
p overlaps_with nt2).

Def: cWH_Base-pair. BP instance_of cWW_Base-pair iff there exist nt1 and nt2 such
that (nt1 pairs_with_cWH nt2 and for all p with p part_of BP, p  overlaps_with  nt1
or p  overlaps_with  nt2).



Definition of a simple RNA
motif (GNRA “tetraloop”

 



Definition of a simple RNA
motif (GNRA “tetraloop”

Def: x instance_of GNRA_tetraloop iff There exist nt1, nt2, nt3,
nt4, nt5, nt6 such that:
nt1 cov_conn_3'_5' nt2
nt2 cov_conn_3'_5' nt3
nt3 cov_conn_3'_5' nt4
nt4 cov_conn_3'_5' nt5
nt5 cov_conn_3'_5' nt6
nt1 pairs_with_cWW nt6
nt2 pairs_with_tSH nt5
nt1 stack_3'_5' nt2
nt3 stack_3'_5' nt4
nt5 stack_3'_5' nt6
nt2 instance_of Guanine
nt4 instance_of Purine
nt5 instance_of Adenosine
x sum_of_collection (nt1,nt2,nt3,nt4,nt5,nt6)



RNA Multiple Sequence
Alignments

RNA, 2009







Capture Correspondences between
Homologous RNA molecules

Brown et al. RNA (In press)



Solution: Define Types of RNA
Sequence/Structure Elements and

Correspondence Relations


