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The problem of RNA 
secondary structure prediction

Primary structure does not necessarily 
imply secondary structure
Secondary structure better conserved than 
primary sequence for RNA
Common secondary structures can show 
that two RNAs are related, where sequence 
alignment failed



Covariance Models are one 
approach

Probabilistic model
Describes secondary structure and primary 
sequence
Can be used for secondary structure 
prediction, multiple sequence alignment, 
database similarity searching
Intended to find RNAs where sequence 
alignments alone would not work as well



Application of Covariance Models 
to RNA

I. Background of topic, both from biology and 
computer science perspective

II. Survey of software using CMs
III. Databases used

IV. Methods & results



RNA background
• RNA: Once thought to be 

mere messenger 
molecule, but now known 
to be both an information 
carrier and an 
enzymatically active 
molecule 

• Some have suggested it is 
the original biological 
molecule (the “RNA 
world” theory) 

http://tigger.uic.edu/classes/phys/phys461/phys450/ANJUM04/R
NA_sstrand.jpg



The Central Dogma
• DNA—main information 

carrying molecule, copies 
itself in the process of 
replication

• DNA is “copied” onto 
mRNA, the process of 
transcription

• RNA is then used to create 
protein, the process of 
translation

• No information flows from 
protein to DNA

• Translation assisted by tRNA
and rRNAhttp://www.ncbi.nlm.nih.gov/Class/MLACourse/Modules/MolBioReview/ce

ntral_dogma.html



But the Central Dogma might be a little too 
simple ...

• RNA has a much more active 
role in all facets of cell life than 
previously realized, in 
regulation, gene expression, etc.

• Epigenetics: heritable traits that 
do not involve a change in DNA 
sequence

• Some epigenetic heredity is due 
to RNA interference, by 
methylating certain DNA sites, 
or activating/degrading certain 
RNAs and proteins

http://www.translational-
medicine.com/content/2/1/39/figure/F1?highres=y



RNA structure background
• Primary Structure
• Refers to sequence of nucleic 

acid residues

• Secondary Structure
• Refers to a number of small 

subunits RNA tends to fold 
into (like stem-loops) 

Primary Structure

Secondary Structure
The miRNA mir-1.

http://rfam.sanger.ac.uk/family?acc=RF00103



Typical RNA secondary structures

From Baxevanis’ Bioinformatics, 3rd edition.



Types of RNA
Messenger RNA
Transfer RNA
Ribosomal RNA
Non-coding RNAs
− Ribozymes & riboswitches
− Cis-regulatory elements
− Micro RNAs
− siRNAs and shRNAs
− snRNAs and snoRNAs
− Telomerase RNA



ncRNAs

ncRNAs: Functional, not information 
carriers
In essence, all RNA that isn't messenger
Other than the well known transfer and 
ribosomal RNAs, it was once dismissed as 
“junk”
Now known to have critical regulatory 
functions (as cis-regulatory elements or 
gene expression regulating miRNAs) 



Ribozymes & Riboswitches
• Ribozymes: RNAs that 

function like enzymes 
(rnase P, self-cleaving 
RNA, possibly 
ribosomes)

• Riboswitches: 
untranslated segments 
attached to mRNA that 
let an mRNA self-
regulate itself; common 
in bacteria

http://rfam.sanger.ac.uk/family?acc=RF00009



Cis-regulatory elements
• Cis regulation: gene produces 

functional RNA that regulates 
genes on the same strand of 
DNA (as opposed to trans 
regulation, which acts on 
distant strands) 

• Attach to binding site and 
influence transcription

• Sequences in the tens to 
hundreds

• Others influence RNA 
replication

Apolipoprotein B (apoB) 5' UTR cis-regulatory element
http://rfam.sanger.ac.uk/family?acc=RF00463



miRNAs
• miRNAs: micro RNAs, usually 

21-23 nucleotides in length
• Formed from precursors about 

50-80 nucleotides in length
• Regulate gene expression by 

binding to mRNAs
• Also specify mRNA cleavage 

sites (another regulatory 
function, the degradation of 
mRNA) 

• May also methylate
complementary genomic sites

Lin-4 microRNA precursor.

http://rfam.sanger.ac.uk/family?acc=RF00052



siRNAs & shRNAS

• Small interfering RNAs: function in RNA 
interference

• Formed from precursors, small hairpin RNAs
• Industry appears to be very interested in these 

http://www.oligoengine.com/products/pSUPER.html



snRNA and snoRNA
• snRNA: small nuclear RNA
• Active as regulators, splicing 

agents, telomere maintenance
• Major snRNA class are snoRNAs, 

small nucleolar RNAs
• Aid in the nucleolus' main function: 

ribosome creation
• Form RNA-protein complexes 

(snoRNPs) 
• Act via methylation and 

pseudouridylation (the 

isomerisation of uridine) The snoRNA U3.

http://rfam.sanger.ac.uk/family?acc=RF00012



Pseudoknots & Telomerase RNA

• Pseudoknot: type of tertiary 
structure

• Tertiary structure: units of RNA 
secondary structure that are formed 
by hydrogen bonding and can be 
categorized into classes or 
“domains”

• Base pairing with pseudoknots does 
not follow typical grammatical 
rules; as a consequence pseudoknots
are very difficult to predict

• Found in telomerase RNA, which 
helps to maintain telomereshttp://rfam.sanger.ac.uk/family?acc=RF00024

Pseudoknot



Covariance Models

Algorithm: Sequence of instructions that 
must be performed to solve a well-
formulated problem (how computer 
programs accomplish their work) 
Dynamic programming: type of algorithm 
that breaks problems into smaller problems 
(can lead to huge complexity) 
DP is used quite a bit to solve RNA 
secondary structure prediction problems



Covariance Models 
Background: Grammars

• Grammar: In computer science 
terms, a set that describes the 
possible words or statements in a 
language

• Chomsky hierarchy of grammars:
– Regular
– Context-free
– Context-sensitive
– Unrestricted (phase structure) 

• Automata: An abstract 
computational device that describes 
individual grammars

Regular

Context-free

Context-sensitive

Unrestricted



Covariance Models 
Background: Grammars

Regular grammars: Generate sequence from 
left to right, and are thus useful for modeling 
primary sequence
Context-free grammars: Originally devised to 
describe natural languages, they have rules 
that allow the grammars to make correlations 
between ends of sentences—useful for RNA, 
where sequence differences may not imply 
secondary structure differences



Covariance Models 
Background: Grammars

Context-sensitive grammars: Grammars 
that have additional rules involving 
nonterminal character replacements that 
differentiate them from context-free
Stochastic grammars: Probabilistic 
grammars where characters are given 
scores based on consensus of how a 
grammar is thought to work; every 
Chomsky hierarchy grammar can have a 
stochastic form



Covariance Models Background: 
Stochastic Grammars

Useful for biological analysis, since there 
are numerous grammatical exceptions in 
DNA/RNA; a probabilistic model can 
account for exceptions
Example: sequence profiles that contain 
enough specificity to find distantly related 
family member
Hidden Markov Model profiles are a widely 
used type of stochastic grammar



Covariance Models Background: 
Stochastic Grammars & CMs

Covariance models are another type of 
stochastic grammar based profile
Unlike HMMs, they can be used to predict 
secondary structure
Are the “SCFG analogue of profile HMMs”
Specify a repetitive tree-like SCFG 
architecture
Detailed, complex probabilistic models



Software & Databases Used

CM-using software:
− The Infernal suite
− CMfinder

CM-using software:
− CARNAC
− miRNAminer
− BLAT

Databases used:
− miRBase
− Rfam
− RNA strand
− UCSC Genome 

Browser
− ENSEMBL
− NCBI Genome



The Infernal suite

• Cmalign
• Cmbuild
• Cmcalibrate
• Cmemit
• Cmscore
• Cmsearch
• cmstat

The Infernal 
homepage

Infernal in 
Cygwin

http://infernal.janelia.org/



CMfinder

http://wingless.cs.washington.edu/htbin-post/unrestricted/CMfinderWeb/CMfinderInput.pl



miRNAminer

http://groups.csail.mit.edu/pag/mirnaminer/



CARNAC

http://bioinfo.lifl.fr/RNA/carnac/carnac.php



BLAT

http://www.ensembl.org/Multi/blastview



Rfam

http://www.sanger.ac.uk/Software/Rfam/

Rfam 8.0 Rfam 9.0

http://rfam.janelia.org/



miRBase

http://microrna.sanger.ac.uk/sequences/search.shtml



RNA Strand

http://www.rnasoft.ca/strand/



RmotifDB



Data Collection: microRNAs

http://rfam.sanger.ac.uk/family?acc=RF00027 http://rfam.sanger.ac.uk/family?acc=RF00027

http://microrna.sanger.ac.uk/cgi-
bin/sequences/mirna_summary.pl?fam=MIPF0000002

http://microrna.sanger.ac.uk/cgi-
bin/sequences/mirna_entry.pl?acc=MI0000001



Data Collection & Analysis: 
miRNAs

ENSEMBL NCBI UCSC
>ref|NW_001471609.1|Gga26_WGA299_2:319615-339685 Gallus gallus chromosome 26 genomic 
contig, reference assembly (based on Gallus_gallus-2.1)

CAGGAGTCCCTCTTGTGTGTGTCAGAGAGCCCCATGTCCCTCTCCATGTGCTGACACTGAGCTCCTTGCA

GAGCTGGGACACGGAGCTGGAGGCTTTTGCCCAGGCCTATGCAGAGAAGTGCATCTGGGACCACAACAAG

GAGAGGGGCCGACGGGGGGAAAACCTCTTTGCTATGGCCCCAATGCTGGATCTGGAATTTGCTGTGGAGG

ACTGGAATGCGGAGGAGAAATTCTACAACCTGACGACTTCCACGTGTGTCTCTGGGCAGATGTGTGGCCA

CTACACCCAGGTACCAACCTGCTGGGGCAGAGGGGAAGTTTGGTGGGGAAGGAGCTGTGTCAGAGCCCTG

GGTCCTCCCAGAGTCTTTGCAAAGAGATGGGGAATCTGTGCTGGGCACCAGCCAGGAATCACTGATACAG

Fasta sequence 
data.



Data Collection & Analysis: 
The Infernal process

cmbuild

cmcalibrate (lengthy!)

cmsearch



Data Collection & Analysis: 
CMfinder & CARNAC

CMfinder CARNAC



Infernal & miRNAminer results



CARNAC & CMfinder results



Infernal & CMfinder results



Rfam and BLAT alignments



Conclusion

• Infernal & miRNAminer:
– Infernal very sensitive 

versus miRNAminer
• CARNAC & CMfinder:

– CARNAC user-
friendly

– CMfinder output 
difficult to interpret

• Infernal & CMfinder
– CM-using software head 

to head

• BLAT and Rfam
– Rfam full alignments 

include more results than 
corresponding BLAT 
searches
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