The RNA Ontology Consortium

The RNA Ontology Consortium(ROQ Is an international organization
whose purpose Is to create a standard vocabulary for studying RNA.

The ROC is headed by Neocles Leontis (BGSU), and currently contains
the following working groups:

* Base-stacking : Francois Major (U Montreal), et al

* Backbone conformation : Jane Richardson (Duke), et al

* Sequence Alignment & Secondary structure: Jim Brown (NCSU), et al
* Motifs, &c : Neocles Leontis (BGSU), et al

* Biochemical/Structure mapping : Dave Mathews (U Rochester), et al
* RNA:protein/ligand interactions : Jamie Williamson (Scripps), et al

* Formal ontology : Neocles Leontis (BGSU), et al

The ROC is supported by a grant from the NSF



Sequence alignment group of the ROC

The task of the OMultiple sequence alignmentO group is to develop
definitions and concepts for both alignment and secondary structure.
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Sequence Alignments - a review
* Sequence alignments are 2-dimensional matrices
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GACAGAGGGCAGCAAGCUAGCGAUAGC - AAGCUAAUCCCGG- AAACCGUAGCUCAGUUCAGAUCGCAGGCUGCAACUCGCCUGCGUGAAGC
GACAAAGGGCAGCGAGACUGCGAAGUC - AAGCAAAUCCCAG-AAACGAAGGCUCAGUUCAGAUCGCAGGCUGCAACUCGCCUGCGUGAAGC
GACAAAGGGCAGCCAACUGGCGACAGU-GCGCUAAUCCCAU-AAACCAUGGCUCAGUUCAGAUUGCAGGCUGCAACUCGCCUGCAUGAAGC
GACAAAGAGCAGCCAGCCAGCGAUGGU - GAGCCNAUCUCAU- AAACCGGCGCUCAGUUCAGAUUGCAGGCUGCAACUCGCCUGCAUGAAGC
GACAAAGGGCAGCCAGCUAGCGAUAGU - GAGCUNAUCCCAU- AAACCGNUGCUCAGUUCAGAUUGCAGGCUGCAACUCGCCUNCAUGAAGC
GACAAAGGGCAGCAAGCGUGCGAGCGC - AAGCUAAUCCCAU-AAACCGAGGCACAGUUCAGAUUGCAGGCUGCAACUCGCCUGCAUGAAGC
GACAAAGAGCAGCCAACUCGCGAGAGU-NAGCUNAUCUCAU-MAACCCUNGCUCAGUUCGGAUUGCAGGCUGCAACUCGCCUNCAUGAAGL
UACAAAGCGAAGCGAAACAGUGAUGUG- AAGCAAAACGCAU-AAAGCAGGUCUCAGUCCGGAUUGAAGUCUGAAACUCGACUUCAUGAAGL
UACAGAGUGAUGCGAAGCCGCGAGGUG- AAGCAAAACGCAU-AAAGCCGGUCUCAGUUCGGAUUGGAGUCUGAAACUCGACUCCAUGAAGC
UACAGAGUGAAGCGAAGCAGUGAUGUG-GAGCAAAACGCAG-AAAGCCUGCCUCAGUCCGGAUAGGAGUCUGAAACCCGACUCCUUGAAGL
UACAGAGCGCAGCGAACCCGCGAGGGAUAAGCGAACCGCAA-AAAGCCGGCCGUAGUUCGGAUUGAAGUCUGAAACCCGACUUCAUGAAGC
UACAAAGGGUAGCCAACUCGCGAGGGG - GAGCUAAUCUCAA - AAAGCCGGUCCCAGUUCGGAUUGGAGUCUGCAACUCGACUCCAUGAAGL
UACAAAGGGUAGCCAACUCGCGAGGGG - GAGCUAAUCUCAA-AAAUCCGGUCCCAGUUCGGAUUGGAGUCUGCAACUCGACUCCAUGAAGL
UACAGAGGGUCUCCAAACUGCCAAGUG-GAGCUAAUCUCUU-AAAACCGGUCCCAGUUCAGAUUGGAGUCUNCAACUCGACUCCAUGAAGL
GACAGUGGGNAGCGACCACGCGAGUGG - AAGCGAAUCUCC- - AAAAGCCAUCUCAGUUCGGAUUGCACUCUGCAACUCGGGUGCAUGAAGL
GACAGUGGGACGCCAGGCCGCGAGGCN - GUGCUGAUCCCGA- AAAGGCCGUCUCAGUUCGGAUUGCACUCUGCAACUCGGGUGCAUGAAGC
UACAGAGGGAAGCAAGACGGCGACGUG-GAGCAAAUCCCU- - AAAAGACAUCUCAGUUCGGAUUGUUCUCUGCAACUCGAGAGCAUGAAGL
GACAAUGGGC---------------------- CAAUCCCA- - AAAAGCCAUCUCAGUUCGGAUUGGGGUCUGCAACUCGACCCCAUGAAGL
UACAGAGGGU---------------------- UAAUCCUU- - AAAAGUUGUCUCAGUUCGGAUUGUCCUCUGCAACUCGAGGGCAUGAAGL
UACAGAGGGNUNCAAUCNGGCGAGGGG - GAGCCAAUCCUN - - AAAGGUCGUCUCNGUUCGGAUUGUUCUCUGCNNCUCGAGAGCAUGAAGL
GACAAUGGGAAGCAAAGGGGUGACCCC-UAGCAAAUCUCA- - AAAAACCGUCUCAGUUCGGAUUGGGCUCUGCAACCCGAGCCCAUGAAGL
GACAAUGGGAUGCUAAGGGGCGACCCU-UCGCAAAUCUCA- - AAAAGCCGUCUCAGUUCGGAUUGGGCUCUGCAACUCGAGCCCAUGAAGL
GACAAUGGGCAGCAACUCAGCAAUGGG - AAGCUAAUCUCA- - AAAAGCCGUCUCAGUUCGGAUUGGGCUCUGCAACUCGAGCCCAUGAAGL
GACAGUGGGCAGCGAGACAGCGAUGUC-GAGCUAAUCUCC- - AAAAGCCAUCUCAGUUCGGAUUGCACUCUGCAACUCGAGUGCAUGAAGL
GACAGUGGGCAGCGAGCACGCGAGUGU - GAGCUAAUCUCC- - AAAAGCCAUCUCAGUUCGGAUUGCACUCUGCAACUCGAGUGCAUGAAGL
UACAGAGGGUAGCCAAGCCGCGAGGUG-GAGCCAAUCUCAU-AAAGCCGAUCGUAGUCCGGAUCGCACUCUGCAACUCGAGUGCGUGAAGL
JACAGAGGGUUGCCAACCCGCGAGGGG-GAGCUAALUCCCAG-AALAACGCALUCGUAGLCCGGALCGUAGUCUGCAACUCGACUACGUGAAGC



RNAs have well-defined 2° structure

Ribonuclease P RNA
Methanobacterium thermoautotrophicutil

Sequence : U42986, Pannucci 1999 PNAS 96:7803
Structure : Harris, et al, RNA (in press)

Image created 10/5/00 by JWBrown
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The building block of secondary structures are

u
e ¢
G -G
N C
CG\ C
N
N
c?\CGG
GC\ G
U G
Uu >N, G
cGAG C A )
R G Ribonuclease P RNA
A G Ralstonia (Alcaligenes) eutrophus DSM 531
G U
A G Sequence : M59353, Browsy,al., 1991 J. Bacteriol 73:3855
o A g - ‘
A AA Structure : Harrisgr al., RNA (in press)
“GcaC
G . G Image created 10/3/00 by JWBrown
G U
A
u G\\CAA
ATCGuU Aa_C
c 117 g6l U
Gécacy G AAUA
A_ ySus rJceeAaGccAaAucce GCAGGC
c>u Gg ® 1111 RN L1Tlel A,
G A~ Ccuc AGGG CGUCUGAL /'Gcog
AGG c A A G Augc® ud /s ¢
C G C G C G C
CA U G A G U C
A G S 2
Ga G
c GCCGGCUGG
UG [ I B A | A
CGGCCGAC
A AUC A
A G
é A
G
G G GC,
G.A A S LA
AAGGUGCAGGC GG A G G
[ I R B o | U ~
C
G CCACGUCCGUCG . o et
C-G G °c®
c VG
A—-U c’~.C
A-U A \GG
- C
5« (C;.S CG\\GG
3« AAAGCAGGCC A G-CAN,
NN : :
UUCGUUUCGUC CGGCU CACAL NCSU Microbiology
A A Brown lab

UUCGGCCUA

base pairs




RNA sequence/structure alignments

Sequences are aligned on the basis of both
sequence similarity and secondary structure

helices ....
pairing ----
pairing ----
Ssolfat UAA-
Sacidoc UUA-
Msedula CCA-
Apernix CCA-
Pfurios UGCH
Tlittor CCU-
Mthermo UGA-
MthMarb UGA-
Mformic UAC-
Tvolcan UGA-
Mbarker UGA-
Hcutiru UGCQ
Hvolcan UCCH
Hmorrhu CACH
Ngregor UGCH

If residue X of any sequence pairs to residue Y, then so
must the corresponding residues in all sequences.



Problems with alignments

* You're forced to align the helices, both en mass and nt-by-
nt, in all sequences. Do these nts really correspond?

helices ....<----- ~--PIII-5'----- >.LIII.<-—--—---——- PIII-3'|------—-- >. ..

pairing —--= ((((C((CCCCC((====(((((==-=-- ))))) -=--- ))))))Pf=))=)))) -=--
pairing ----ABCDEFGHIJKLMN----OPQRS------ SRQPO----- NMLKJIHG--FE-DCBA----
Ssolfat UAA-CGGGG—|-f---—-—-=---—-—-—- CAAA-—-————————————— - C-CCUGAGGA
Sacidoc UUA-CGGGA-|-f-----—-—--—-—-——- AUA--—-————————————— U-CCUGAGGA
Msedula CCA-CGG--—f-f-—=-—=—=————————— GAAA-—-——————————— CUGGGGA
Apernix CCA-CGGCCCCLC------—-—-—--- AGCCA---—-—-————————- GGG--GG-GCUGAGGA
Pfurios UGC-CGGGC—ff-----—-—-—-—-—- UUUAU--=-—=—=—=—=————— =~ —— G-CCCGAGGA
Tlittor CCU-CGGGU-|-f—-—=-—-—-—-—-——— AUUUG---—-—=-—==—==—=———-~|-—- A-CCCGAGGA
Mthermo UGA-CGGUCECY-------—-—-—-—-- UCAA--—=-—=——————————— ~G--GG-GCUGAGGA
MthMarb UGA-CGGCCCE-T™<g-—---—------ UUUU--—=—=—=—————————— --GG-GCUGAGGA
Mformic UAC-CGGUUUCYAUAGKU)-------- UUAAU----—-—-——- GUCUGUAGUUAA-ACUGAGGA
Tvolcan UGA-CGCC-—|-f-=—-=-=—=———————- GUAA-—-—-——————————— - GGUGAGGA
Mbarke] ’ . CG-—-—==—=—————————— —--GG-UCUGAGGA
neatiz] YVHO's the corresponding nt? |-, ___________ | —Ge-CcAVGAGGA
Hvolcan UCC-CGUGCCCG---------------- AGA--—-—-—-————=——————- --GG-CAUGAGGA
Hmorrhu CAC-CGCGGCGUACC---GACAGGCAC-ACAC-GUGCCAGCG----GGUAC--GCACGCGAGGA
Ngregor UGC—CGCGGG%GUC —————————————— GUGC---—-—-—=—————- GAQG--CG-CGCGAGGA

Problem :What about regions that are alignable between some
sequence but not others!?



roblems with alignments

Ribonuclease P RNA
Methanobacterium thermoautotrophicutil

Sequence : U42986, Pannucci 1999 PNAS 96:7803
Structure : Harris, et al, RNA (in press)
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Problems with alignments

Correspondence must be assigned nt-by-nt;
columns are 1 nt wide by definition.

helices ....<-—------- PIII-5'--—-- >.LIII.K-----—-——- PIII-3'-—-—-——-- >.. ..
pairing —=-= ((((((CCCCCC((====(((((F===== ))))) -=--- )1))))))==))=)))) -~
pairing ----ABCDEFGHIJKLMN----OPQRS------ SRQPO----~- NMLKJIHG--FE-DCBA----
Ssolfat UAA-CGGGG—-—-—=-————=——————~ ~CAAA—|—————m—mmm e C-CCUGAGGA
Sacidoc UUA-CGGGA-----—-——-—-—————— ——AUA—-—-——-——————————————— U-CCUGAGGA
Msedula CCA-CGG---—=-—=———=———— == BV CUGGGGA
Apernix CCA-CGGCCCCCC-———-——==—==== GCCA-|-—————————m—m GGG--GG-GCUGAGGA
Pfurios UGC-CGGGC—-—-—=-—=———=—————~ EUUAU— ————————————————————— G-CCCGAGGA
Tlittor CCU-CGGGU--—=-—=-—=———=———— UUUG—|-—— =~ === ———mm e A-CCCGAGGA
Mthermo UGA-CGGUCCC-—-—-—=—m———=———~ ~UCAA—|-———————m—m—m G--GG-GCUGAGGA
MthMarb UGA-CGGCCCA-—-—=-—=-—=———=———~ MG 1610 1 S U--GG-GCUGAGGA
Mformic UAC-CGGUUUCUAUAGAU--------- UUAAU-|-------—-- GUCUGUAGUUAA-ACUGAGGA
Tvolcan UGA-CGCC-—-—-—=—=——=——— - ~GUAA—|-———————m—m e GGUGAGGA
Mbarker UGA-CGGGCC—-—=-———=—m———=———~ —UUCG—|———————m—m e GG-UCUGAGGA
Houtiru UGCCCGUGCC---—-—=—=—= === ~GUGA—|-———————m—mmm - GG-CAUGAGGA
Hvolcan UCC-CGUGCCCG-—-———=—m==m==—=— ~AGA-—|-—————m—mmm - CG--GG-CAUGAGGA
Hmorrhu CAC-CGCGGCGUACC---GACAGGCAC-ACAC-GUGCCAGCG----GGUAC--GCACGCGAGGA
Ngregor UGC-CGCGGGCGUC-————————==—= ~GUGC—|-——————— - GACG--CG-CGCGAGGA
Problems :

* Alignments contain regions correspond en masse but not alignable nt-by-nt
* Sequences do not correspond along their entire length



roblems with alignments

How do we align regions of non-corresponding
structure In different classes of an RNA?
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roblems with alignments

How do we align regions of non-corresponding
structure In different classes of an RNA?

Ribonuclease P RNA
Bacillus subtilis 168

Sequence : M13175, Reich, et al., 1986 J. Biol. Chem. 261:7888
Structure : Harris, ef al., RNA (in press)

Image created 10/3/00 by JWBrown
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Problems with the 2D matrix paradigm

1.The 2D matrix paradigm forces alignment nt-by-nt
even In regions where only alignment of OregionsO
IS meaningful.

2.The 2D matrix forces alignment of non-
corresponding regions between structure classes.

3.Alignments expand as large numbers of similar
sequences and gaps accumulate, to the point that
they are unmanageable.

4.Annotation of data within an alignment Is
problematic, and ad hoc solutions are highly
constrained and usually result in data lost In
translation.



Solution: Assign correspondence explicitly

Alignment is just the assignment of sets of
Crorresponds_toQO relations

helices .

pairing
pairing
Ssolfat
Sacidoc
Msedula
Apernix
Pfurios
Tlittor
Mthermo
MthMarb
Mformic
Tvolcan
Mbarker
Hcutiru
Hvolcan
Hmorrhu
Ngregor

D PIII-5' -—--- > LIII.<--—=—===== PIII-3' -—-———-- >. ...
=== (OO (=== (=== ))))) —==-- )1))))))==))=)))) =~
~---ABCDEFGHIJKLMN----OPQRS-~-~~-~- SRQPO----- NMLKJIHG--FE-DCBA----
UAA:CGGGG:++3+ 3 +7 38772575 ¢F CARR+ #5345 5535 545555524235 C+CCUGAGGA
UUA-CGGGA- -ttt trorrtrorrrs AUA-+r-trssotodratosoas U-CCUGAGGA
CCA-CGGr=trirmtrdtrrtarrrtr GAAA-+-+t st fosstosrooooooio CUGGGGA
CCA-CGECCCCCCrrtrrrartrtrs AGCCA--r-ttsmsmtoarn GGG~ -GG+ GCUGAGGA
UGC-CGEGC-rrrtrtraratrtrs UUUAU- -+ =F-ssctadsmosatas G-CCCGAGGA
CCU-CGGEU-t-r-tratrrararrt AUUUG--+-=t=sssssmsrasasoas A-CCCGAGGA
UGA-CGGUCCCrr-trtrrtrrrrrrt UCAA-t-st-srdsossaan G-+GG-GCUGAGGA
UGA-CGGCCCAT-t-trtrrtrrrrrrt 1016110 B U--GG-GCUGAGGA
UAC-CGGUUUCUAUAGAUT---t-117 UUAAU---=+7-7-71 GUCUGUAGUUAA-ACUGAGGA
UGA-CGCC--trrrtrdtarrarrrtt GUAA-+-+t-tdsoaratassoos GGUGAGGA
UGA-CGGGCCtr-trtrrtrrrrrrt UUCGrrradmrtrdrstratrrrs GG-UCUGAGGA
UGCCCGUGCCrrrr-tratarrarrrtr GUGA-+-ft st dsttrat s GG-CAUGAGGA
UCC-CGUGCCCGr--t-rtrrarrrtr AGA-----a-sstrrsooos CG--GG-CAUGAGGA
CAC-CGCGGCGUACC T - -GACAGGCACACACGUGCCAGCG - - GGUAC + - GCACGCGAGGA
UGC-CGCGGGCGUC-trtrrtorrrrtt GUGCr-rristrotrtrot GACG--CG-CGCGAGGA

Traditional alignments implicitly assign correspondence (“*homology”) to
all columns, and all such assignments are nt-by-nt



Solution: Assign correspondence explicitly

Alignment is just the assignment of sets of
Crorresponds_toQO relations

helices ... .<-—-—=—=—=—-- PIII-5 -—---- >.LITI . <--—-—————-- PIII-3' ' —-—-==———- >. ...
pairing ----(((((CCCCCCCCC=—=(C(C( (===~ )))))————- )))N)N))--))-)))) -
pairing ----ABCDEFGHIJKLMN----OPQRS-—-—-——--— SRQPO————- NMLKJIHG--FE-DCBA----
Ssolfat UAA||CGGGG CAAA C :
Sacidoc UUA ||ICGGGA AUA U

Msedula CCA||ICGG GAAA

Apernix CCA||CGGCCCCCC AGCCA GGG GG

Pfurios UGC ||ICGGGC [UUUAU G

Tlittor CCU||ICGGGU AUUUG A

Mthermo UGA ||ICGGUCCC UCAA G GG

MthMarb UGA ||[CGGCCCA [9161810) U GG

Mformic UAC ||CGGUUUCUAUAGAU| [UUAAU GUCUGUAGUUAA

Tvolcan UGA ||CGCC GUAA

Mbarker UGA ||[CGGGCC UUCG GG

Hcutiru UGCUCGUGCC GUGA GG

Hvolcan UCC ||CGUGCCCG AGA CG GG

Hmorrhu CAC ||[CGCGGCGUACC GACAGGCAQ ACAC |GUGCCAGCG GGUAC GCACGCGH
Ngregor UGC ||CGCGGGCGUC GUGC GACG CG CGCGr

These homology relations should be assigned explicitly and specifically
rather than implicitly and indiscriminantly



Corresponding elements in

RNA

CA
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C—G
e ¢
. _ Ribonuclease P RNA
Ribonuclease P RNA ¢-a "
X o C-G Escherichia colK-12 W3110
Bacillus subtilis 168 Ggeu”?
G-C
Sequence : M13175, Reich, et al., 1986 I. Biol. Chem. 261:7888 AU=Ap o geq“ence : g 00_338’tRT°%§23l_’ 1982 Cell 30:627
Structure : Harris, et al., RNA (in press) Gg:g tructure : Harris, et al, (in press)
GeUA
Image created 10/3/00 by JTWBrown C—GA Image created 10/3/00 by JWBrown
C-G
AR Gy
G "
ca ACA
U’ e, ACGAA eYicUA A A
Uc’ Aua 6 cuSG T\ \LGUA nt corresponds to nt G
u’e U u uln Gg L3
G Gg.UGA G VLA rUg
c e G A AG /' 7CaGuy
AyCd/ u G Cacl 7 A
Ca A C G
A, A U. G, A U C G A
20 A ’ CCU Ar\,'\'c G G GAG
L PApAAg U AQGC\\G AG - G’?)
Gp/ Aule G CGCA c CF
G % G MaTA S5 U
A 7‘?9CUGACG ~cC A A P9 u A//Ge
Ybucod ) #ec2P10 bp corresponds to bp @ ¢eS c
P9 G ’Cg P5 PISA™ U GGGGAEG P15a G P16 A AA
G ~cG s ?AGCGAGAAACCC u GGAG CAAGGCC GGGUUC ¢ F?7
ébA\\C UGG 7 1111 | L1 u o I o1 I 11111 4Gy
uSU LUV cecuc GGG U qQ ccuc UCGG cccaaG y./ / Aca
GC\GA AU—A G e ALpG oo CC G G AU Ca !/ CG
AR ~c UgG-c . a G c GG G.C
U G —<C-G | region corresponds to > C G y
A A Gy . AA C Usaec. G
A region SN Reonaygace
U u = G CGGUCGUU
A G " Ayl iAAU GCT A AUC A
G A GUGUCUII G A G P18
a A | P18 YuC LAy A A
G U] Ll G U
A P3 A 53 G gfipﬁ
GMAUCUGUAG i G A
helix corresponds to GGGGGAGACCSCGaAGGGa A
U~UAGACGUC ; -&
¢ Gg helix L CUCCUCUGC UGCUUCGCC G C-G N4
Usr T~ G U-A
A—U A\A G-C
P2A-0 | ol P2A-U
U.G U OA , CfG
. Pl G-C |cC 5 P1 A-U
GUUCUUAACGUUCGG-CG|c_gY . GARGCUGACCAG-CCACG,
, c;‘”(‘;c‘;“(i,é GAAC, 3 Frfre 110 CA
AUUGCAA
UUCAGCA A \ UCCACUUUGACUGGCUA 5
Wuccauacah A

UUCGGCCCA



What Is needed Iin an alignment editor?

An ontology-based approach to alignment

The traditional approach of manipulating gaps to move nts into
columns (in a 2D matrix) that imply correspondence is
fundamentally backwards.

The user (machine or human) should assign correspondence and
then the editor should display this appropriately, perhaps (but not
necessarily) by putting corresponding elements into columns of a 2D
or multidimensional matrix.
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My brain hurts too!
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