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RNA structure prediction appears to be a completely different business at
different scales of RNA sequence length

short RNAs, ≤ 200nts, thermodynamic model works fine

long RNAs, kilobases and megabases

I The requirement of nested RNA structure is the major limitation
I Only a small corner of the search space is explored
I O(nk), k ≥ 3 is irrelevant as soon as the model is incomplete
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Talk outline
A novel ultra-fast method for detecting conserved complementary motifs

I Dictionary (n-mer 7→ where it occurs)
I Complementarity and conservation = intersection of dictionaries
I Exhaustive transcriptome-wide search in linear time
I Does not require multiple sequence alignment as an input
I No limit on the distance between complementary motifs

In application to RNA (intra-molecular) secondary structure
I RNA structures associated with alternative splicing
I in fruit flies1

I in placental mammals2

I in nematodes
I (morning session)

In application to RNA-RNA interaction prediction
I non-coding RNAs as possible trans-regulators of pre-mRNA splicing
I long non-coding RNAs (lncRNAs) and snoRNAs
I non-coding segments of protein-coding genes
I (evening session)

1Raker et al, NAR 37(14):4533-44, 2009
2Pervouchine et al, RNA 18(1):1-15, 2012
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Intermolecular RNA (binary) Interaction Search
Intermolecular RNA Interaction Search = IRIS1

I intra- and inter-molecular structure simultaneously
I thermodynamic model, dynamic programming, O(n3m3)
I no loop models for RNA structure with pseudoknots

IRIS + binary search = IRBIS (Snow Leopard)
I No dynamic programming
I Conservation is a powerful and restrictive filter
I Nearly exact matches, internal loops 2× 2

Workflow
I Genomic annotation (reference genome)
I Transcriptome segmentation (by exon boundaries)
I Boundaries projected to other genomes (blastZ)
I Orthologous segments
I Binary gapped-seed search
I Candidate selection
I Extension, alignment, and visualization

http://genome.crg.es/~dmitri/irbis.html

soon at https://github.com/pervouchine/irbis/

1D. Pervouchine, Genome Informatics 15(2), 2004

D. Pervouchine (CRG, MSU) Fast detection of conserved RNA structure Benasque 2012 4 / 21

http://genome.crg.es/~dmitri/irbis.html
https://github.com/pervouchine/irbis/


Part I. Gallery

Part II. Algorithm

Part III. Results
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Gallery: Mutually exclusive splicing in Dscam gene

exon 4
cluster

exon 6
cluster

exon 9
cluster

12 exons in Exon 4 cluster

37 exons in Exon 6 cluster

27 exons in Exon 9 cluster

12× 37× 27 ' 12, 000 alternative transcripts

One and only one exon from each cluster is included

5 6a 6b 6c 6d 6e 7

Mutually exclusive base-pairing =⇒ mutually exclusive exon choice (May et al
2011, Graveley 2005)

These base-pairings span over 10–15 Kb!
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Gallery: splicing and polyadenylation in NMNAT gene
VA Raker, AA Mironov, MS Gelfand, DD Pervouchine, NAR 2009

box 1 box 2
Nmnat

box 1 box 2

box 1
D.Mel aaatc gtaggtgg---------tcttcctgttacctcccc---------ttaatcct-gcatgttcactta--caattacccatcttt--------caaac--GATACGTACACTGAatgag---------gcgccaccttaatcc....64...tgtcttaaactgcag gcggg
D.Sim aaatc gtaggtgg---------tcttcctattacctcccc---------tgaatcct-gcatgttcactta--caatttcccatcttt--------cgaac--GATACGTACACTGAatgag---------gcgccaccttaatcc....64...tgtcttaaactgcag gcggg
D.Sec aaatc gtaggtgg---------tcttcctattacctcccc---------tgaatcct-gcatgttcactta--caatttaccatcttt--------cgaac--GATACGTACACTGAatgag---------gcgccaccttaatcc....64...tgtcttaaactgcag gcggg
D.Ere aaatc gtaggtgg---------tcttcctattacctcccc---------caaatcct-gcatgttcactta--caatcacccatcttt--------caaac--GATACGTACACTGAatgag---------gcgccaccttgatcc....64...tgtcttaaactacag gcggg
D.Ana aaatc gtaggtgg---------aatttcgtttaccccata----------acactct-gcatgcatactga--cactccc-----------TGTCccGTATtcGATACGTACACTGA-----gaaaagccagcttcac----atat....64...tgttttgacctatag gccga
D.Gri aaatc gtaagtgg-------caa---tcattgaatcagacattttaccatttatcattgtatgtgaaatca--cgctc------------------gcaattTGATACGTACACTG-atgctgcaactgcaactgca---------...106...cacaaattattattg aagag
D.Moj aaatc gtaagtgc-------taacgttcgttcagttagaa-atgaat---tcatatt----cgtgcacccg--cgctt------------------gaaacTTGATACGTACACTGaaGGGGCT-aagctaacgccgcctg-ctac...106...gactccaaactgaag gctgg
D.Per aaatc gtaggtgg---------aaaaccccctgatttcccttgtaaatgtgcatccc-tcatgtagactta--ca----------ttc--------cactc-TGATACGTACACTGAatgag---------tcgccattcgattac....95...tgtctcaaactgcag gcagg
D.Pse aaatc gtaggtgg---------aaaaccccctgatttcccttgtaaatgtgcatccc-tcatgtagactta--ca----------ttc--------cactc-TGATACGTACACTGAacgag---------tcgccattcgattag....95...tgtctcaaactgcag gcagg
D.Vir aaatc gtaagtgc-------caacgtttgtttaaccccactattcat---tcatttt----tg-gca-cca--cgctt------------------aaaacTTGATACGTACACTG-attggacttagttagcgcca---------...107...gatttcatactgaag gcagg
D.Wil acatc gtaagtgcaatttaataatgttactcatcttccactttccacctgttattct----tttgctttcattcgcttatccacatatgtataaccataat-TGATACGTACACTGAacgag---------gcgctacacgattac....82...tttcccaaacagcag gcagg
D.Yak aaatc gtaggtgg---------tcttcctattacctcccc---------tgattcct-gcatgttcactta--caatcacccaacttt--------caaac--GATACGTACACTGAatgag---------gcgccaccttgatcc....64...tgtcttaaaccgcag gcggg

***** ********************************************************************************************************************************************************************* *****

box 2
D.Mel tgcag gcgggatgcaccggc...256...--------tagc---catagttttg----cggtgg------TCAGTGTGCGTATC---------------atctacttacaccga------attgttgcca-----------aaatgta-gtc--ccattaaacaataacctt aactt
D.Sim tgcag gcgggatgcaccggc...256...--------tagc---catagttttg----cggtgg------TCAGTGTGCGTATC---------------atctacttataccga------attgttgcca-----------aaatgta-gtc--ccattaaacaataacctt aactt
D.Sec tgcag gcgggatgcaccggc...256...--------tagc---catagttttg----cggtgg------TCAGTGTGCGTATC---------------atccacttacaccga------attgttgcca-----------aaatgta-gtc--ccattaaacaataacctt aactt
D.Ere tacag gcgggatgcaccggc...256...--------tagc---cattgttttc----cggtgg------TCAGTGTGCGTATC---------------atctacttacaccga------attgttgcca-----------aaatgta-gtc--ccattaaacaataacctt aactt
D.Ana tatag gccgagtgcacccga...256...---------------ttttgatattaaaatggtgg------TCAGTGTGCGTATCATACaGATAtatgaaa--------------------atattattca-----------gtatgtaatc---ccttttaactataaccat aatct
D.Gri tattg aagagacaaaacggc...713...cttgtta-ta-----tatagttttt----c------------CAGTGTACGTATCA----------tcacaaaagttcgcacct-------aatttctcca--------agaaattataactcattcgaataatccaaacaaa atgtt
D.Moj tgaag gctggatacgccgcc...298...---------------tatacgccttagtgttgtacAGTTTTcCAGTGTACGTATCAG----------cgtaaa---ttgcacct-------atgatctcta--------attgagaataatccataccaataatac--gctaa agatc
D.Per tgcag gcaggatgcaccggc...355...--------tgag---ttgagatcct----tggtgg------TCAGTGTACGTATCA---------------tttacttacaccaattttgcaattctgccgctgggcatatcaaatgtatttc--ccattaaactataaccaa acctt
D.Pse tgcag gcaggatgcaccggc...355...--------tgag---ttgagatcct----tggtgg------TCAGTGTACGTATCA---------------tttacttacaccaattttgcaattctgccgctgggcacatcaaatgtatttc--ccattaaactataaccaa acctt
D.Vir tgaag gcaggatactccgcc...305...cctgatgtta-----tatggtgttc-----------------CAGTGTACGTATCAG-------------cttaggttgcaccca------atttctttta-----------aagaataacccattcatataaca--cactat aactt
D.Wil agcag gcaggatgttccgcc...361...--------taaatattttag---tt----tggtgg------TCAGTGTACGTATCA--------cgcaccattcgtttgcaccccgtt---aaatttgcca-----------aagaatcttta--ccaaataaccattaactt gtcat
D.Yak cgcag gcgggatgcagcggc...256...--------tagc---cattgttttc----cggtgg------TCAGTGTGCGTATC---------------atctacttacaccga------attgttgcca-----------aaatgta-gtc--ccattaaacaataacctt aactt

***** *********************************************************************************************************************************************************************** ****************

Figure 1:
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formation, leading to specific changes in the alternative
splicing outcome. This would be somewhat similar to the
bacterial attenuators which are regulated by ribosome
pausing (29). Additional regulation could likewise come
from the binding of trans-acting factors, such as proteins
and small RNAs. Regulation through local RNA struc-
tures has been demonstrated for the yeast ribosomal L30
protein, which binds a structure in its own pre-mRNA
that resembles its rRNA target. L30 binding prevents sub-
sequent U2 snRNP association, thereby auto-regulating
its own pre-mRNA splicing (30). Splicing regulation has
also been demonstrated in plants and fungi to occur by
riboswitches modulated by the binding of thiamine pyro-
phosphate (TPP) in some pre-mRNAs that encode pro-
teins involved in TPP metabolism, thereby changing the
alternative splicing outcome (31,32). The kinetics of stem
structure formation could also be regulated by sequester-
ing binding sites of single-stranded RNA-binding proteins

(intronic splicing enhancers and silencers). Such regulation
could then affect the ratio of splicing isoforms produced
and would have a strong potential to fine-tune sensitive
splicing events.

Conservation and frequency of secondary structures

The high degree of conservation of not only the RNA
structure but also the complementary sequences (almost
always 100%) in our dataset is remarkable. Indeed,
although the search allowed for up to three mismatches
in a 9 nt stretch, the boxes usually differed by at most
one nucleotide between the species (Figures 2–4, and
Supplementary Table S2). This is quite surprising since
the Drosophila species analyzed here have been diverging
for over 40 million years of evolution. One possible
explanation for this extreme conservation is that sequence
evolutionary rate is slower in base-paired regions because
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Figure 4. A stem structure regulates alternative usage of acceptor splice sites in the Nmnat (CG13645) mini-gene. (A) Top panel: Representation of
the Nmnat mini-gene (chromosome 3R:20771699–20772905). Exon 5 is an internal terminal exon that is cleaved when included (the poly-adenylation/
30-processing signals are indicated), while exon 6 is an internal exon. Box 2 is located upstream of the poly(A) signal in exon 5. Primers used in the
PCR amplifications are indicated. Bottom panel: Multiple sequence alignment of the sequence between exons 4 and 6. The complementary boxes are
almost 100% conserved, with only one change of GU to AU in the base pairs. (B) Splicing products from the mini-gene were amplified with a reverse
primer to the vector to amplify the isoforms formed by splicing to the distal acceptor (D) or to the proximal acceptor (P) that had not been cleaved.
The results of three independent splicing assays are represented graphically in the bottom panel for distal acceptor usage. Samples were normalized
prior to loading against an independent PCR performed in parallel with a reverse primer to exon 4, to visualize the constitutively-spliced product of
exon 3–exon 4 (data not shown). (C) As in (B), except that a reverse primer in exon 5 was used to amplify splice products to proximal acceptor (P) or
with intron 4 retention (IR). Proximal acceptor usage is depicted graphically at the bottom. (D) Endogenous mRNA was amplified with reverse
primers in exon 6 or exon 5. (E) Predicted base pairing for the wild-type, box 1, box 2 and box 1/2 mutants (point mutations are shown in boldface),
and their estimated equilibrium free energies. Since the sequence was completely exchanged during mutagenesis, no base-pairing is predicted to occur
for the single box mutations (box 1 and box 2).
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formation, leading to specific changes in the alternative
splicing outcome. This would be somewhat similar to the
bacterial attenuators which are regulated by ribosome
pausing (29). Additional regulation could likewise come
from the binding of trans-acting factors, such as proteins
and small RNAs. Regulation through local RNA struc-
tures has been demonstrated for the yeast ribosomal L30
protein, which binds a structure in its own pre-mRNA
that resembles its rRNA target. L30 binding prevents sub-
sequent U2 snRNP association, thereby auto-regulating
its own pre-mRNA splicing (30). Splicing regulation has
also been demonstrated in plants and fungi to occur by
riboswitches modulated by the binding of thiamine pyro-
phosphate (TPP) in some pre-mRNAs that encode pro-
teins involved in TPP metabolism, thereby changing the
alternative splicing outcome (31,32). The kinetics of stem
structure formation could also be regulated by sequester-
ing binding sites of single-stranded RNA-binding proteins

(intronic splicing enhancers and silencers). Such regulation
could then affect the ratio of splicing isoforms produced
and would have a strong potential to fine-tune sensitive
splicing events.

Conservation and frequency of secondary structures

The high degree of conservation of not only the RNA
structure but also the complementary sequences (almost
always 100%) in our dataset is remarkable. Indeed,
although the search allowed for up to three mismatches
in a 9 nt stretch, the boxes usually differed by at most
one nucleotide between the species (Figures 2–4, and
Supplementary Table S2). This is quite surprising since
the Drosophila species analyzed here have been diverging
for over 40 million years of evolution. One possible
explanation for this extreme conservation is that sequence
evolutionary rate is slower in base-paired regions because

E 5´-GAUACGUACACUGA-3´
3´-CUAUGCGUGUGACU-5
5´-AUGCGCAUGCAACU-3´
3´-UACGCGUACGUUGA-5

wild-type

box 1/2

∆G= –32.0

∆G= –34.7

A

vectorR

distal
acceptor

proximal
acceptor

vectorF

130nt 152nt 358nt
58nt 180nt 50nt

300nt

E5R E6RE3F

polyA/3’

43 5 6

D. Yak
D. Ere
D. Ana

D. Per
D. Moj
D. Vir
D. Gri
D. Wil

D. Mel
D. Sim
D. Sec

D. Pse

box 1 box 2
TAAATC gtaggtggtcttcctgt...ttcaaacgatacgtacactgaatgaggcgccac...gttttgcggtggtcagtgtgcgtatcatctactta...ctaacc--catgga--atgtag TAAGTATAAATC gtaggtggtcttcctgt...ttcgaacgatacgtacactgaatgaggcgccac...gttttgcggtggtcagtgtgcgtatcatctactta...ctaacc--cgtgga--atgtag TAAGTATAAATC gtaggtggtcttcctgt...ttcgaacgatacgtacactgaatgaggcgccac...gttttgcggtggtcagtgtgcgtatcatccactta...ctaacc--cgtgga--atgtag TAAGTATAAATC gtaggtggtcttcctgt...ttcaaacgatacgtacactgaatgaggcgccac...gttttccggtggtcagtgtgcgtatcatctactta...ctaacc--cgtgga--atgtag TAAGTATAAATC gtaggtggtcttcctgt...ttcaaacgatacgtacactgaatgaggcgccac...gttttccggtggtcagtgtgcgtatcatctactta...ctaacc--tgtgga--atgtag TAAGTATAAATC gtaggtggaatttcgtt...cgtattcgatacgtacactgagaaaagccagct...ttaaaatggtggtcagtgtgcgtatcatacagata...ttatcctgtatgga--ttttag TAAGTATAAATC gtaggtggaaaaccccc...ccactctgatacgtacactgaacgagtcgccat...gatccttggtggtcagtgtacgtatcatttactta...ctaacct-cgtggactgtgtag TAAGTATAAATC gtaggtggaaaaccccc...ccactctgatacgtacactgaatgagtcgccat...gatccttggtggtcagtgtacgtatcatttactta...ctaacct-cgtggactgtgtag TAAGTAAAAATG gtaagtgctaa--cgtt...gaaacttgatacgtacactgaaggggctaagct...ttgtacagttttccagtgtacgtatcagcgtaaat...attg--ataatgga--ttttag TAAGTAGAAATC gtaagtgccaa--cgtt...aaaacttgatacgtacactgattggacttagtt...ttatatggtgttccagtgtacgtatcagcttaggt...attt---atgatgga-ttgtag TAAGTAGAAATC gtaagtggcaat-catt...gcaatttgatacgtacactgatgctgcaactgc...tatatagtttttccagtgtacgtatcatcacaaaa...attattaatgacgga-ttgtag TAAGTAAATAAT gttactcatcttccact...cataattgatacgtacactgaacgaggcgctac...ttagtttggtggtcagtgtacgtatcacgcaccat...ttaatatttatcggatatatag TAAGTA
 * *   **   *       *             **************                            ****** *******            *          *    * *** ******
pr

ox
im

al
 a

cc
ep

to
r

P

IR

– + – + – + – +
box 1wild-type box 2 box 1/2

300

400
500
600

MW RT

1 2 3 4 5 6 7 8

E5R

0

0.5

1

1.5

2

box 1wild-type box 2 box 1/2

C
(A

U
)

1 2 3 4 5 6 7 8

D

– + – + – + – +
box 1wild-type box 2 box 1/2

500

700

MW RT

vectorR

P (uncleaved)

600

1000
1200

0

0.5

1

1.5

di
st

al
 a

cc
ep

to
r

box 1wild-type box 2 box 1/2

B

(A
U

)

1 2 3 4

P
D

–+ – +
E5RE6R MW

RT

IR

D

200
250
300
400
500

Figure 4. A stem structure regulates alternative usage of acceptor splice sites in the Nmnat (CG13645) mini-gene. (A) Top panel: Representation of
the Nmnat mini-gene (chromosome 3R:20771699–20772905). Exon 5 is an internal terminal exon that is cleaved when included (the poly-adenylation/
30-processing signals are indicated), while exon 6 is an internal exon. Box 2 is located upstream of the poly(A) signal in exon 5. Primers used in the
PCR amplifications are indicated. Bottom panel: Multiple sequence alignment of the sequence between exons 4 and 6. The complementary boxes are
almost 100% conserved, with only one change of GU to AU in the base pairs. (B) Splicing products from the mini-gene were amplified with a reverse
primer to the vector to amplify the isoforms formed by splicing to the distal acceptor (D) or to the proximal acceptor (P) that had not been cleaved.
The results of three independent splicing assays are represented graphically in the bottom panel for distal acceptor usage. Samples were normalized
prior to loading against an independent PCR performed in parallel with a reverse primer to exon 4, to visualize the constitutively-spliced product of
exon 3–exon 4 (data not shown). (C) As in (B), except that a reverse primer in exon 5 was used to amplify splice products to proximal acceptor (P) or
with intron 4 retention (IR). Proximal acceptor usage is depicted graphically at the bottom. (D) Endogenous mRNA was amplified with reverse
primers in exon 6 or exon 5. (E) Predicted base pairing for the wild-type, box 1, box 2 and box 1/2 mutants (point mutations are shown in boldface),
and their estimated equilibrium free energies. Since the sequence was completely exchanged during mutagenesis, no base-pairing is predicted to occur
for the single box mutations (box 1 and box 2).
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RNA structure affects both splicing and polyadenylation
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Gallery: Splicing factor 1 (SF1)

Pervouchine et al, RNA 2012

Pervouchine RNA/2011/029249: Figures 4
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GCCAACAACCCACCTCCACCGTCTCTCATGTCTACCACCCAGAGCCGCCCACCCTGGAT
GCCAACAACCCACCTCCACCG---------------------AGCCGCCCACCCTGGAT

(d)

Figure 5:

Pervouchine RNA/2011/029249: Figures 3
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exon 9 box E box F exon 10
H. sap AACCCACCTCCACCG gtgagcct-gggggct...gcaga-caatggatgTGGaTGGCAACATTGTTCTTCcGGGatctcaggcc...gtcataaCCCGAAGAACAATGTTGCCACTAggaggcgca...tgctctcacgtag TCTCTCATGTCTACC
C. jac AACCCACCTCCGCCG gtgagcct-gggggca...gcagatcgatggataTGGaTGGCAACATTGTTCTTCTG-ggatctcaagc...ggcatgaaCGGAAGAACAATGTTGCCACCAgggggcgca...tgctctcacgtag TCTCTCATGTCCACC
M. mus AACCCACCACCACCG gtgagccc--tgggac...gcttagaggtggatatagcTGGCAACATTGTTTTTCTGGgatgtctggcc...gacatagTCAGAAGAACAATGTTGCCAccagggggcgca...tgctctcacgtag TCTCTCATGTCTACA
C. fam AACCCACCTCCACCG gtgagtttcagttgct...gtgcattgacagacaTGGcTGGCAACATTGTTCTTcCGG--ataccagga...catag--CCGaAAGAACAGTGTTGCCACCAgggggcgtg...tgctctcacgtag TCTCTCATGTCCACT
B. tau AACCCACCTCCGCCG gtgagtttcgggaggg...aca----ggtggacaTGGCCGGCAACATTGTTCTTTCGGGCcatcaggaa...ggcacaGCCGAAAGAACAGTGTTGCCGCCAgagggagca...tgctctcacgtag TCTCTCATGTCCACT
F. cat AACCCACCTCCCCCG gtgagtttcaggggct...gcaggttggcggacgTGGcTGGCAACATTGTTCTTcCGG--acgtcagga...gacagagCCGaAAGAACAGTGTTGCCACCAgggggagca...tgctctcacgtag TCTCTCATGTCCACC
E. cab AACCCACCTCCACCG gtgagcttcaggggct...gcaggttgatggacaTGGcTGGCAACATTGTTCTTT-GGggatgtcagga...ggcatagCCGaAAGAACAGTGTTGCCACCAgggggagca...tgctctcacgtag TCTCTCATGTCCACC
C. por AACCCCCCTCCACCG gtgagcct--tgggcc...gtgaagtggtggacaTGGcTGGCAACATTGTTCTTCTGGaatgtatggcc...ggcagagCCAGAAGAACAGTGTTGCCACTGgggagagca...tgctctcacgtag TCTCTCATGTCCACT
L. afr AATCCACCTCCACCG gtgagcct--cgggct...acagagtgatggacaTGGcTGGCAACATTGTcCTTcCGGgatgtcaaacc...ggcatagCCGaAAGaACAGTGTTGCCACCAgggggagca...tgccctcacatag TCTCTCATGTCTACC
O. cun AACCCTCCTCCACCG gtgagcc---ggggct...gcagattggtgggcgTGGcTGGCAACACTGTTCTTCCccgggcctctcac...cacggct--GGAAGAGCAGTGTTGCCACCAgggggagcc...tgctctcacgtag TCTCTCATGTCCACT

** ** ** ** *** ***** * * *** * * ******* *** ** **** ** ******* * * * * *** ***** *** *********** **

exon 3 box C box F exon 10
H. sap TAACCCTGAGGACAG gttgggaaac...tttacc-tttttctcaatacg-ttttaCTGGTGGCAACATaTTGTGTCAgttcaata...gtcataacccgaagaacaATGTTGCCACTAGgaggcgca...tgctctcacgtag TCTCTCATGTCTACC
C. jac TAACCCTGAGGACAG gttgggaaac...tttacc-tttttctcaatacg-ttttaCTGGTGGCAACATgTTGTGTCAgttcaata...ggcatgaacggaagaacaATGTTGCCACCAGggggcgca...tgctctcacgtag TCTCTCATGTCCACC
M. mus TAACCCTGAGGACAG gttgggaaac...tttaccttttttctcaatatgtttttaCTGGTGGCAACATaTTGTGTCAgttcaata...gacatagtcagaagaacaATGTTGCCACCAGggggcgca...tgctctcacgtag TCTCTCATGTCTACA
C. fam TAACCCTGAGGACAG gttgggaaac...ttttacctttttctcaatacg-ttttaCTGGTGGCAACATaCTGTGTCAtttcaatg...ggcatagccgaaagaacaGTGTTGCCACCAGggggcgtg...tgctctcacgtag TCTCTCATGTCCACT
B. tau TAACCCTGAGGACAG gttgggaaac...tttacc-tttttctcaatacg-ttttaCTGGTGGCAACATgTTGTGTCAgttcaata...ggcacagccgaaagaacaGTGTTGCCGCCAGagggagca...tgctctcacgtag TCTCTCATGTCCACT
F. cat TAACCCTGAGGACAG gttgggaaac...tttacc-tttttctcaatacg-ttttaCTGGTGGCAACATaTTGTGTCAgttcaaag...gacagagccgaaagaacaGTGTTGCCACCAGggggagca...tgctctcacgtag TCTCTCATGTCCACC
E. cab TAACCCTGAGGACAG gttgggaaac...tttacc-tttttctcaatacg-ttttaCTGGTGGCAACATaTTGTGTCAgttcaata...ggcatagccgaaagaacaGTGTTGCCACCAGggggagca...tgctctcacgtag TCTCTCATGTCCACC
C. por TAACCCTGAGGACAG gttgggaaac...ttttacctttttctcaatacg-tttaaCTGGTGGCAACATgTTGTGTCAgttcatta...ggcagagccagaagaacaGTGTTGCCACTGGggagagca...tgctctcacgtag TCTCTCATGTCCACT
L. afr TAACCCTGAGGACAG gttgggaaac...tttacc-tttttctcaatacg-ttttaCTGGTGGCAACATgTTGTGTCAgttcgata...ggcatagccgaaagaacaGTGTTGCCACCAGggggagca...tgccctcacatag TCTCTCATGTCTACC
O. cun TAACCCTGAGGACAG gttgggaaac...tttacc-tttttctcaatacg-ttttaCTGGTGGCAACATgTTGTGTCAgttcaatg...ggcacggctggaagagcaGTGTTGCCACCAGggggagcc...tgctctcacgtag TCTCTCATGTCCACT

*************** ********** ******************* * *** ************** ******* *** * ** **** ** ******* * * * * *** ***** *** *********** **

exon 12 box G exon 13 box I
H. sap TGCCATGGCAGCAAA gtgagtagaatattttGGGcTTGTGGGGGTGGGtGGG---AtGGGGGTGGGGCtgacaggaaccatagag... ...TTCCGCCGGCATGAT gtatGCCCCGCCCCCTCCTccTCCGCCtCCCATGGaCCCttctaactt...
C. jac TGCCATGGCAGCAAA gtgagtagaatattttGGGcTTGTGGGcGTGGGtGGG---AtGGGGGTGGGCctgagaggaaccgtagag... ...TTCCGCCGGCATGAT gtatGCCcCGCCCCCTCCTccTCCGCctCCCATGGaCCCttctaactt...
M. mus TGCCATGGCAGCAAA gtgagtggaataTTTTGGGcttGTGGGGGtGGGtGGG--atGTGGGCtagggctgaggggaaca--agaa... ...TTCCGCCGGCATGAT gtatGCCcCACcCCCtCCTCCTCCGCctCCCAtGGAcccttctaactt...
C. fam TGCCATGGCAGCAAA gtgagtggaatattttGGGcTTGTGGGGGTGGGtGGG-atgaaGAGatGGGGCtgagaggagcaagagaa... ...TTCCGCCGGCATGAT gtatgccccGCCCCCTCcTCCTCCGCCtCCCATGGaCCCttctaactt...
B. tau TGCCATGGCAGCAAA gtgagtggaatattttGGGCTGgTGGGGGTGGGtgGGAttGGGGGGGTGGGGCtgagaggaatgagagac... ...TTCCGCCGGCATGAT gtatGCCCCGcCCCCTCCTCCTCCGCCtCCCATGGaCCCttctaactt...
E. cab TGCCATGGCAGCAAA gtgagtggaatattttGGGcTCCTGGGGGTGGGtGGG-tcGGGGGGGTGGGGCtgagaggagca--agaa... ...TTCCGCCGGCATGAT gtatGCCCCAcCCCCTCCTCCTCCGCCtCCCAtGGACCCttctaactt...
C. por TGCCATGGCAGCAAA gtgagtggagtattttAGGcTCGTGGGGGTGGGtgGG--AcaGGGGttGGGactgagaggaactgtagaa... ...TTCCGCCGGCATGAT gtatgccccgcCCCCCCCTCCTCCGCCtCCCATGGacCCTtctaactt...
L. afr TGCCATGGCAGCAAA gtgagtggagtatgttGGGcTCGTGGGGGTGGGtgGG---AtGGGGttGGGGCtGGGaggaacacatgaa... ...TTCCACCGGCATGAT gtatgcCCCGCCCCCTCCTCCTCCGCCtCCCATGGaCCCttctaactt...
O. cun TGCCATGGCAGCAAA gtgagtggcatattttGGGcTCGTGGGGGTGGGTGGG--atGGGGGgTGGGGCtgagaggacctgcggca... ...TTCCGCCGGCATGAT gtatGCCCCGCCCCCCCCGccCCCGCCtCCCATGGaCCCttctaactt...

*************** ****** * *** ** **** **** ********* * * * ** *** *** * **** ********** ********* ***** ** ** **************************

exon 12 box G box H exon 13
H. sap TGCCATGGCAGCAAA gtgagtagaatattttgggcttGTGGGGGtGGGTGGGaTGGGggTGGG--GCTGacagg....cccatcacCAGCCCCGCCCACCCGCCCCCCaCCACcgtaccgcatgc...ctttaccaccccag ATACGACGACTACCA
C. jac TGCCATGGCAGCAAA gtgagtagaatattttgggcttGTGGGCGtGGGTGGGATGGGggtgg--gcctgagagg....CCCATCaCCAgCCCCGCCCGCccgccccccaccaccgtaccgcatgc...ctttaccaccccag ATACGACGACTACCA
M. mus TGCCATGGCAGCAAA gtgagtggaatattttgggctTGTGGgGGTGGgtGGG-atGTGGGCtaGGGCtgagggg....----aggacagccccGCCCGCCCGCCCCCCACCaCCGTAcagcatgc...ctttactaccccag ATACGACGACTACCA
C. fam TGCCATGGCAGCAAA gtgagtggaatattttgggcttGTGGGGGTGGGTGGGatgaagagaTGGGgctgagagg....--ccaggacagcCCCGCCCGCCCGcCCCCCACcaccgtaccgcatgc...ctttaccaccccag ATACGACGACTACCA
B. tau TGCCATGGCAGCAAA gtgagtggaatattttgggcTGGTGGGGGtGGGTGGGatTGGGGGGGTGGggctgagag....--ccaggaCCACCCCgCCCGCCCGCCCCCCaCCACCGtaccgcatgc...ctttaccaccccag ATACGACGACTACCA
E. cab TGCCATGGCAGCAAA gtgagtggaatattttgggctccTGGgGGTGGGtGGGtCGGGGGGgTGGGGCTGagagg....-accaagaCAGCCCCGCCCgCCCGCCCCCCACCaCCGtaccgcatgc...ctttaccaccccag ATACGACGACTACCA
C. por TGCCATGGCAGCAAA gtgagtggagtattttaggctcGTGGGGGTGGGTGGGacaGGGGTTG-ggactgagagg....caccaggaCAGCCCCgCCCGCCCGCCCCCAC-caccgtacagcatgc...ctttaccaccccag ATACGACGACTACCA
L. afr TGCCATGGCAGCAAA gtgagtggagtatgttgggctcGTGGGGGTGGGTGGGaTGGGgtTGGGGCTG--ggagg....-ggaCAGCCCTGCCCGCCCGCCTGcCCCCCACcaccgtaccgcatgc...ctttaccaccccag ATACGACGACTACCA
O. cun TGCCATGGCAGCAAA gtgagtggcatattttgggctCGTGGgGGTGGGtGGGaTGGGGGGTGGGGCTG-agagg....caccaggaCAGCCCCGCCCgCCCGCCCCCCACCaCCGTGccgcatgc...ctttaccaccccag ATACGACGACTACCA

*************** ****** * *** ** **** **** ********* * * * ******* ** ****** ****** * ****** ****** ******* ***************
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RT

(b)

Wild type
5’-UGGCAACAUUGUUCUUC-3’

• • • • • • • • • • • • • • • • •
3’-ACCGUUGUAACAAGAAG-5’

∆E = −31.1 Kcal/mol

Box E
5’-UGGCAAGAUUCUUCUUC-3’

• • • • • • • • • • • • • • •
3’-ACCGUUGUAACAAGAAG-5’

∆E = −11.2 Kcal/mol

Box F
5’-UGGCAACAUUGUUCUUC-3’

• • • • • • • • • • • • • • •
3’-ACCGUUCUAAGAAGAAG-5’

∆E = −11.2 Kcal/mol

Box E/F
5’-UGGCAAGAUUCUUCUUC-3’

• • • • • • • • • • • • • • • • •
3’-ACCGUUCUAAGAAGAAG-5’

∆E = −28.9 Kcal/mol

(c)

GCCAACAACCCACCTCCACCGTCTCTCATGTCTACCACCCAGAGCCGCCCACCCTGGAT
GCCAACAACCCACCTCCACCG---------------------AGCCGCCCACCCTGGAT

(d)

Figure 5:

Intron between exon 9 and 10 contains premature stop codon

ESTs from breast and uterine adenocarcinoma cell lines support distal acceptor
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Gallery: human splicing factor SRSF7

Pervouchine et al, RNA 2012

Introduction Methods Results Summary Acknowledgments

The SRSF7 gene

SRSF7

H.Sap agcag gtagggtaaaa--atttgat-ta--tgcttt----TCTAgtTATAtgGCACCAATaTCCAAAGAGTTCAAAG----------tgtttt-taattgttgaaatt-----...416...ctcatgttttgacag ccgat
M.Mus agcag gtagggtcagactatccgatttag-tgctctTATAgTTAATTATATAGCACCAATaTCCAAAGAGTTCAAAGtGTTG--a---------aaattattgagaaatgggt...375...ctcatgttttaacag ccgat
B.Tau agcag gtagagtaaaa--atctcat-tga-tgctctt-ttagttac---ATGGCACCAATaTCC--AGAGTTCA----------aagtgtttttgaattattgc---------...453...ttcatgttttgacag ccgat
E.Cab agcag gtagggtaaaa--gtctgat-tag-tgctct----TATAgtTATAtgGCACCAATaTCCAAAGAGTTCAAAgtGTTTTGAA-ttgttg-aaatttcaagcggt-----...432...ctcatgttttgacag ccgat
C.Fam agcag gtagggtaaaa--atctgat-taa-tgctttt-ctagt---TATAtgGCACCAATaTCCAAAGAGTTCAAAgtGTTTTGAA-ttgttg-aaatttcaagtgtt-----...433...ctcatgttttgacag ccgat
F.Cat agcag gtagggtaaaa--atctgat-taa-tactctt-ctagt---TATAtgGCACCAATaTCCAAAGAGTTCAAAgtGTTTTGAA-ttgttg-aaatctcaagggta-----...433...ctcatgttttgacag ccgat
C.Por agcag gtaggataaaa--atttggt-tagatgttctgaacagt---TATAtgGCACCAATaTCCAAAGAGTTCAAAG----------tatttt-gaatcattgaaaca-----...379...ttcatgttttgacag ccgat
S.Sus agcag gtagggtaaca--atctcac-tga-tgttctt-ctagt---TATAtgGCACCAATaTCCAAAGAGTTCAAAgtGTTTtTTAGttgttg-aaatttcaagtgtt-----...422...ctcatgttttgacag ccgat
L.Afr agcag gtaggacaaaa-gagctgac-tag-tgttctt-gtagttac---ATGGCACCAATaTCCAAAGAGTTCAAAG----------tgtttt-gaattgttcacatt-----...681...ctcatgttttgacag ccgat
O.Cun agcag gtagggtaaaa--atctgatgtaattgctct----TCTAg-TATAtgGCACCAATaTCCAAAGAGTTCAAAGtGTTTTGAA-tggttg-aaatttttaatgct-----...396...ctcatgtttcaacag ccgat

***** ************************************************************************************************************************************ *****

H.Sap agaag gtaagctaaatgttt...44...------tttgcttactgctttgcagt----CTTTGAGCTCTTTGGAgaATTGGTGCTATATAGA-----------ttaaaatactatgctaagtt--...808...tgtttttctttttag tcgtt
M.Mus agaag gtaagctaaacattt...31...tggagaacaactgcctactc------TAGTCTTTGAACTCTTTGGAaaGTTGGTGCTGTATaGATTGGaTATAtttttcaatgatggcttttt----...418...tgtttttctttttag tcgtt
B.Tau agaag gtaagctaaataatt...42...-------ttgcttactgcctacttccc------TGAGCTCttTGGAgaATTGGTGCTAT-------------atgttaaaatactaaataga-----...181...tttttttctttttag tcgtt
E.Cab agaag gtaagctaaataatt...40...--tttgtttgcttactgcctacTTTGcAGGCTTTGAGCTCTTTGGAgaATTGGTGCTATATATA---------tatgaaaatactagatacta----...505...tgtttttctttttag tcgtt
C.Fam agaag gtaagctacataatt...27...--atgttttgcttactgcttacTTTAcAGGCTTTGAGCTCTTTGGAgaATTGGTGCTATA-----------tatatatatatt-tatgtata-----...524...tgtttttctttttag tcgtt
F.Cat agaag gtaagctaaataatt...40...--tttgtttgcttactgcttgcTTTGcAGGCTTTGAGCTCTTTGGAgaATTGGTGCTATA-----------tatatatatata-tatatata-----...504...tgtttttctttttag tcgtt
C.Por agaag gtaagctaaatgttt...42...-----gcttgcttactctttgttgt-----CTTTGAGCTCTTTGGAgaATTGGTGCTATA-----------------tagatcttaagtattgtttc...376...tgtttttctttttag tcgtt
S.Sus agaag gtaagctaaataatt...43...---gaatttgtttactgcctactTTGAAGGCTTTGAGCTCTTTGGAgaATTGGTGCTATA---------------taaaaatattaggtacagtt--...226...tttttttccttttag tcgtt
L.Afr agaag gtaagttaaataatg...51...------cttactgcctgctttgcagt----CTTTGAGCTCTTTGGAgaATTGGTGCTAT-----------ataggtgaaaatactagatg-------...493...tgtttttctttgtag tcgct
O.Cun agaag gtaagctaaataacg...41...aatttgtttgcttactgctt-TTTAgAAGTCTTTGAGCTCTTTGGAaaATTGGTGCTATATAGA-------ttagttactata-tttctggg-----...422...tgtttctctttttag tcgtt

***** ************************************************************************************************************************************************ *****

Figure 3:
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Complementarity: no gapsgapped seeds
Sequence A

ATACGAGTCTGATCATTTACGGTCTTATACCGGTCTTATAC

ATACGAGTCT

TACGAGTCTG

ACGAGTCTGA

n-mer position
ACCGGTCTTA 28
ACGAGTCTGA 2
ACGGTCTTAT 18
AGTCTGATCA 5
ATACCGGTCT 26
ATACGAGTCT 0
ATCATTTACG 11
ATTTACGGTC 14
CATTTACGGT 13
CCGGTCTTAT 29
CGAGTCTGAT 3
CGGTCTTATA 19, 30
CTGATCATTT 8
CTTATACCGG 23
GAGTCTGATC 4
GATCATTTAC 10

ATACGAGTCT

ATACGAGT

ATAC AGTC

ATAC GTCT

TACGAGTCTG

TACGAGTC

TACG GTCT

TACG TCTG

ACGAGTCTGA

ACGAGTCT

ACGA TCTG

ACGA CTGA

n-mer position:gap
ACCGCTTA 28:2
ACCGGTCT 28:0
ACCGTCTT 28:1
ACGACTGA 2:2
ACGAGTCT 2:0
ACGATCTG 2:1
ACGGCTTA 18:1
ACGGTCTT 18:0
ACGGTTAT 18:2
AGTCATCA 5:2

Sequence B

TACCTCGATGCAGAAATCGTCGAGACTCGTATCATTCGAGC

TACCTCGATG >> CATCGAGGTA

ACCTCGATGC >> GCATCGAGGT

CCTCGATGCA >> TGCATCGAGG

n-mer position
AATGATACGA 26
ACGAGTCTCG 20
ACGATTTCTG 10
AGTCTCGACG 17
ATACGAGTCT 22
ATGATACGAG 25
ATTTCTGCAT 7
CATCGAGGTA 0
CGAATGATAC 28
CGACGATTTC 12
CGAGTCTCGA 19
CGATTTCTGC 9
CTCGAATGAT 30
CTCGACGATT 14
CTGCATCGAG 3
GAATGATACG 27

TACCTCGATG >> CATCGAGGTA

CATCGAGG

CATC AGGT

CATC GGTA

ACCTCGATGC >> GCATCGAGGT

GCATCGAG

GCAT GAGG

GCAT AGGT

CCTCGATGCA >> TGCATCGAGG

TGCATCGA

TGCA CGAG

TGCA GAGG

n-mer position:gap
AATGACGA 26:2
AATGATAC 26:0
AATGTACG 26:1
ACGACTCG 20:2
ACGAGTCT 20:0
ACGATCTC 20:1
ACGATCTG 10:2
ACGATTCT 10:1
ACGATTTC 10:0
AGTCCGAC 17:1

Intersection:
5’-ATACGAGTCT-3’

3’-TATGCTCAGA-5’

Intersection of ordered arrays is linear in time

Number of structures =
P
w

kw (A) · kw (B)

Intersection:

5’-T G A-3’

ACGA TCTG

TGCT AGAC

3’-C AA G-5’

(pattern 4-2-4)
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Align vs. Fold: a non-commutative diagram

Align

Fold

O
(n 6

)

Fold

Align

n = 8, 48 = 65535 words, dictionary size = 8,837,747

Min number of complementary pairs = 1,191,817,686 (best case)

For 16 mammals, at least 4 bytes per pair = 342.1 Gb of RAM
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Intersection: dropping non-conserved n-mers
1 2 3 4 5 6 m

species 1

species k
species 3
species 2

n-mer segment id:position:gap

AAAAAAAA Species 1 1:100:0, 2:100:1, 7:200:1, . . .
Species 2 2:150:1, 4:200:0, 7:100:2. . .
. . .
Species k 2:500:0, 7:300:1, 8:400:1. . .

AAAAAAAC . . . . . .

blue = pointed at
red = min element
gray = discarded
green = retained

i1:p1:g1 ≤ i2:p2:g2⇐⇒ i1 < i2 or i1 = i2 & p1 <p2 or i1 = i2 & p1 = p2 & g1 ≤ g2

i1:p1:g1 ' i2:p2:g2 ⇐⇒ i1 = i2 & |p1 − p2| < M

for each n-mer do
initialize pointers r1 = r2 = · · · = rk = 0;
while x = min{xr1 , xr2 , . . . , xrk | ≤} is defined do

compute c = the number of j such that x ' xrj ;

keep xr1 , xr2 , . . . , xrk if c > threshold;

end

end
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Conservation and complementarity
set A

1 2 3 4 5 6 m
Species 1

Species k

Species 5

Species 4

Species 3

Species 2

n-mer 7→ (id, pos, gap)

Conserved n-mers

Hash

Intersection∗,∗

set B
1 2 3 4 5 6 m

Species 1

Species k

Species 5

Species 4

Species 3

Species 2

n-mer 7→ (id, pos, gap)

Conserved n-mers

Reverse complement + hash

Intersection∗,∗

Cartesian product: n-mer 7→ {(id1, pos1, gap1, id2, pos2, gap2)}

Conserved complementary n-mers

Extended n-mers (boxes)

Intersection∗,∗∗

Extension and alignment

* seed pattern: 4-2-4; at most 1 GT and at least 2 GC base pairs per seed; sum of weights ≥ 75%;
* (id, pos, gap)'(id′, pos′, gap′)⇐⇒ id=id′ & |pos-pos′| < M
** induced by Cartesian product
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One more thing: binary relationship R ⊆ A× B

Constrain the Cartesian product by a binary relationship R ⊆ A× B

A = B = segments of protein-coding genes

xRy iff x = y : local RNA structure

xRy iff x and y belong to the same gene: long-range RNA structure within one
gene (not necessarily at annotated splicing events)

Raker et al, NAR 2009: xRy only if the intron x → y is annotated

Pervouchine et al, RNA 2012: xRy if x and y belong to the same gene

The input to the pipeline: (A, B,R)

A = B = windows around splice sites: RNA structures around splice sites

A = miRNAs, B = 3’-UTRs, R = A× B: miRNA targets

A = snoRNAs, B = windows around splice sites: snoRNA splicing targets

A = lncRNA segments vs. B = windows around splice sites... (today at 6pm)
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Part I. Gallery

Part II. Algorithm

Part III. Results
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Statistical control

Original set of genes
gene 1
gene 2
gene 3
gene m

Control: “re-wired” set
gene 1
gene 2
gene 3
gene m

Look at introns; length reduced to 1000 nts

Estimate False Positive Rate (FPR)

Blocking by GC content and/or sequence conservation rate

D. Pervouchine (CRG, MSU) Fast detection of conserved RNA structure Benasque 2012 17 / 21



False positive rate
Pervouchine RNA/2011/029249: Figures 1
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Figure 2:

Repeats Arrangement Search Control
Control

GC
Control

GC+Cons
trans-DD 161 42.5±7.1 (26%±4%) 50.1±7.8 (31%±5%) 72.4±7.5 (45%±5%)

Not trans-AA 132 57.0±8.2 (43%±6%) 47.7±7.4 (36%±6%) 60.9±7.1 (46%±5%)
masked DA 211 60.1±4.2 (28%±2%) 61.6±4.3 (29%±2%) 76.0±4.1 (36%±2%)

AD 212 62.6±4.1 (30%±2%) 58.1±4.0 (27%±2%) 80.5±4.7 (38%±2%)

Masked

trans-DD 114 34.2±4.4 (30%±4%) 36.0±4.2 (32%±4%) 27.6±3.5 (24%±3%)
trans-AA 108 43.1±4.6 (40%±4%) 42.2±4.5 (39%±4%) 43.5±4.1 (40%±4%)

DA 167 47.4±3.1 (28%±2%) 43.8±3.2 (26%±2%) 50.6±3.0 (30%±2%)
AD 174 44.7±3.3 (26%±2%) 47.0±3.2 (27%±2%) 42.9±2.9 (25%±2%)

It is not unlikely to find a pair of conserved complementary n-mers
next to splice sites of mammalian genes

D. Pervouchine (CRG, MSU) Fast detection of conserved RNA structure Benasque 2012 18 / 21



Summary

IRBIS: a conceptually novel (and computationally realistic) framework for
predicting conserved RNA structures and RNA-RNA interactions on genome-wide
scale

Hash table (dictionary) is a natural instrument for simultaneously detecting motif
conservation and complementarity

Implemented as a C++ library

The set of genes/introns with complementary boxes differs from simple random
samples of the same size in many important ways

Even with FPR as high as 50%, there is a strong statistical evidence for many
stable long-range RNA structures to be conserved and functionally important
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Thank you for your attention

(continued for RNA-RNA interactions)
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