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Homology Search for structured RNAs

“Easy”
relatively well-conserved sequence
very strong conservation of secondary structure
little variation in size

“Hard”
short structured motifs in unconstrained context
very variable in sequence and length
few well-characterized example sequences/structures
high flexibility also in structure
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Complex Search Pattern

Given

motifs as PFMs, for each motif Wi for i ∈ 1..k
a threshold match score θi

a threshold number of deletions di

an order of the motifs

lower li and upper ui bounds for the sequence length
between motifs, better, 5’ of the motif Wi

number δ of allowed motif deletions

Search for the best scoring subsequence of the complex
pattern.
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Complex Pattern: vault RNA
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Implementation

Match each PFM allowing for di deletions
this requires a Dynamic Programming version of the
MATCH algorithm
fractional programming solution

match the most informative PFMs first and search their
surrounding for matches of others

calculate information content Hi for each motif Wi

Match the complex pattern allowing for δ deletions of motifs

this requires Dynamic Programming
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Matching PFMs without deletions

Given a PWM W and a nucleotide sequence x , both of length ℓ,
compute the MATCH score:

score =
Current − Min

Max − Min
(1)

where

Current =
ℓ

∑

i=1

HiWi ,xi
(2)

Max =
ℓ

∑

i=1

Hi f
max
i (3)

Min =
ℓ

∑

i=1

Hi f
min
i (4)
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Matching PFMs without deletions

Wi ,α: frequency of nucleotide α at position i

Hi : information content of column i of the matrix W
Hi =

∑

α∈[A,C,G,T ] Wi ,α ln Wi ,α

f max
i : frequency of most frequent nucleotide in column i

f min
i : frequency of least frequent nucleotide in column i

score(W , x) := max
A

∑ℓ
i=1 HiWi ,Xi

− Hi f min
i

∑ℓ
i=1 Hi f max

i − Hi f min
i

(5)
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Matching PFMs with deletions

Given a PFM W of length (ℓ+ d) and a sequence x of
length ℓ (deletion of matrix columns allowed)

What is the best possible match score between W and x
after deleting d columns of W?

Deleting columns achieved formally through an alignment
A

Ei ,j := Hi

(

Wi ,xj
− f min

i

)

and

Di ,j := Hi

(

f max
i − f min

i

)

,

score(W , x) := max
A

∑

(i ,j)∈A Ei ,j
∑

(i ,j)∈A Di ,j
(6)

where A are the alignments
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Fractional Programming

needed to calculate the maximum of a fraction:
find the optimal value for threshold θ ∈ [0,1]

Sθ,A :=
∑

(i ,j)∈A

Ei ,j − θ
∑

(i ,j)∈A

Di ,j (≥ 0)

the best alignment is obtained by Dynamic Programming

Sθ(i , j) = max
{

Sθ(i , j − 1)
Sθ(i − 1, j − 1) + Ei ,j − θDi ,j.

do a “binary search” on values for θ to aproach the optimal θ.
After m steps we obtain precision 2−m.
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Obtain Partial Ordering of Motif Occurences

denote by (i , ν) an occurrence of motif Wi at position ν

a motif (i ′, ν ′) is a predecessor of (i , ν) if:

(i ′, ν ′) ≺ (i , ν) ⇔
i

∑

j=i ′
uj ≥ ν − ν ′ ≥

i
∑

j=i ′
(lj + nj + dj)

where nj is the length of motif j

find chains of length k − δ in this partially ordered set

derive the chain with the best score using Dynamic
Programming
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a motif (i ′, ν ′) is a predecessor of (i , ν) if...

Σ uj
j

Σ l j
j

v v’−

l i’ ui’ l i u i

u i

l i

v’
i’

v
i

... ...

∑i
j=i ′ uj . . . is the sum over all upper limits that belong to a νj

where ν ′ < νj <= ν
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A Survey for vault RNAs

#BOXES                              ------------|~~BOX_A~~|-------------------------------------------------------------------------------------------|~~BOX_B~~~|------------------|TERM
Mus_musculus                        GGCCAGC..TTTAGCTC.AGCGGTTAC.TTCGACAGTGGTTCAGTTCATTACCAGCTATT..CGTAGCAGGTTCGAACAACACAACCAACCACTTACCTAACCCGTGAGTGTTTGGTTCGAGA.CCCGCGGGCGCTCCCTGGCCCTTTT
Dipodomys_212079164                 GGCTGGC..TTTAGCTC.AGCGGTTAC.TTCGACGAGCATTC...........................TCCACAATCAACACGCGCAGCTTTCAGC........TGTGCAGTTGGTTCGAAA.CCCGCGGGCGCTCTCCAGCCCTTTT
Rattus_norvegicus                   GGCCAGC..TTTAGCTC.AGCGGTTAC.TTCGACGTGCTCCAGTTTGA.GCAGGCTATGTAACGTGGTCGGTTCGAGCAACACAACCAGCCGCTTGCCTATCTGGTGAGTGGTTGGTTCGAGA.CCCGCGGGCGCTCTCTGGCCCTTTT
Spermophilus_SQ_scaffold_13099      GGCTGGC..TTTAGCTC.AGCGGTTCC.TTCG.CCAGA..AA.ACTT........................................GCAATCATCT..........CGGT...GGTTCGAGA.CCCGCGGGCGCTCACCAGTCCTTTT
Cavia_ENSCPOG00000015766            GGCTGGC..TTTAGCTC.AGCGGTTCC.TTCGATC...................................AATCAAGCTTAGTCACTTGGGCCGGTGGCTTCCATCGGTCCGGTGGTTCGAGA.CCCGCGGGCGCTCTCCAGT......
Cavia_ENSCPOG00000015929            GGCTGGC..TTTATCTC.AGCGGTTCC.TTCGA.................................................CTGTTCTTAGTTGACTTCTTGGGCTGGTCTGGTGTTTGAGA.CCCGCGGGCGCTCTCTGGTCCTTTT
Oryctolagus_ENSOCUG00000018860      GGCTGGT..TTTAGCTC.AGCGGTTTCTTTCGGC..TAC.........................................TGAATCAGAC...GTAGTCACCAACTTTGGTGGTGGTTCGAGC.CCCGCGGGCGCTTTCCAGT......
Oryctolagus_ENSOCUG00000018936      GGCTGGC..TATAGCTC.AGCGGTTCC.TTCGAACTAC......................................CAGCTACATTTAAGCTACTAAGTCAGCACGTCAGTGTTGGTTCGAGT.CCCGCGGGCGCTCCCCAGC......
Oryctolagus_ENSOCUG00000018582      GGCTGGC..TATAGCTC.AGCGGTTCC.TTCGACG.........................................CAGAAGCTACTTGAAG.CTAAGTCAGCATGCAAGTGCTGGTTCGAGT.CCCGCGGGCGCTCCCCAGC......
Tupaia_Scaff__1775                  GACTGGC..TTTAGCTC.AGCGGTTCC.TTCGGCGACTTCAGCTGCGAATTCCACC.........CTCTCTGGGCGGATGGCTGGCTGCAAATCCACCCCTCCCCTGGGCGGGTGGCTCGAGT.CCCGCGGGCGCTCTCCAGTCCTTT.
Equus_1358350707                    GGTCGGC..TGTAGCTCAAGCGGTTAC.TTCGCAAC............................................TTCAGAATG..CTTCTGGACAACCCC.TTCCA.GGGTTCGAGA.CCCGCGGGCGCCCTCTGACCCTTTT
Canis_BROADD2_11_26999394_2700      GGTCAGC..TTTAGCTCGAGCGGTTAC.TTCGCGAC............................................TTGTCTTCGGACT.AA...CAACCCCCTTGCGGGGGTTCGAGA.CCCGCGGGCGCTCCCTGAC......
Felis_CAT_scaffold_183903_1186      GGTCGGC..TTTAGCTCAAGCGGTTAC.TTCGCATG............................................TGGTTACTAAACCTTC...CAACCCTCTCGTTAGGGTTCGAGA.CCCGCGGGTGCTTTCTGAC......
Bos_ENSBTAG00000028358              GGCTGGC..CGTAGCTC.AGCGGTTCC.TTCGACT..A..CA...CA.................................GTGTTTA..AATTACTCTCTC.....TGAGGGT.GGTTCGAGA.CCCGCGGGCGCTCTCCAGT......
Myotis_scaffold_80695               GGCTGGC..TTTAGCTC.AGCGGTTCC.TTCGC......................................ATACAGAACTTCCTACTCGCAGTTGCTCACTTGAGCGACAGC.GGTTCGAGA.CCCGCGGGCGCTCTCCAGCCCTTTT
Erinaceus_HEDGEHOG_scaffold_33      GGCTGGC..TTTAGCTC.AGCGGTTAC.TTCG.................................................TGCTTAACAATCACACTTAC......GAGTGA.GGTTCGATA.CCCGCGGGCGCTCTCCAGC......
Erinaceus_scaffold_338733           GGCTGGC..TTTAGCTC.AGCGGTTAC.TTCGTG........................................................CTTAACAATCACACTTACGAGTGAGGTTCGATA.CCCGCGGGCGCTCTCCAGC......
Sorex_COMMON_SHREW1_scaffold_2      GGCTGGC..TTTAGCTC.AGCGGTTAC.TTCGTC.......A.GTCT.................................ACGGAGCTTTGCTTTGTAACTA..TCCTTGA..TGGTTCGAGA.CCCGCGGGCGCTCTCCAGTCCTTTT
Myotis_M1_scaffold_80695_.243_      GGCTGGC..TTTAGCTC.AGCGGTTCC.TTCGCATACA..GA.ACTT.................................CCTACTCGCAGTTGCTCACTTGAGCGACAGC...GGTTCGAGA.CCCGCGGGCGCTCTCCAGCCCTTTT
Hs_AF045143_vault.assoc1            GGCTGGC..TTTAGCTC.AGCGGTTAC.TTCG.....A..CA.GTTC.........................TTTAATTGAAACAAGCAACCTGTCTGGGT.............TGTTCGAGA.CCCGCGGGCGCTCTCCAGTCCTTTT
Hs_AF045144_vault.assoc2            GGCTGGC..TTTAGCTC.AGCGGTTAC.TTCGA..........GTAC.................................ATTGTAACCACCTCTCTGGGT.............GGTTCGAGA.CCCGCGGGTGCTTTCCAGCTCTTTT
Hs_AF045145_vault.assoc3            GGCTGGC..TTTAGCTC.AGCGGTTAC.TTCGC..........GTGT.................................CATCAAACCACCTCTCTGGGT.............TGTTCGAGA.CCCGCGGGCGCTCTCCAGCCCTCTT
Macaque_ENSMMUG00000024017          GGCTGGC..TTTAGCTC.AGCGGTTAC.TTCGGC.................................GACACCTCCTAGGATTACACCAACCTCTCTGGGT.............TGTTCGAGA.CCCGCGGGCGCTCTCCAGT......
Macaque_ENSMMUG00000025999          GGTCGGA..GTTAGCTCAAGCGGTTAC.CTCCTCATGCCG.................................CACTTTCTAACTGTCCATCTCTGTGCTG............GGGTTCGAGA.CCCGCGGGTGCTTACTGAC......
Macaque_ENSMMUG00000028464          GGCTGGC..TTTAGCTC.AGCGGTTAC.TTCGCAGTTCAGCAAA...........................................CCACCTCTCTGGGT.............TGTTCGAGA.CCCGCGGGCACTCTCCAGC......
Otolemur_BUSHBABY1_scaffold_11      GGCTGGC..TTTAGCTC.AGCGGTTCC.TTCGAC.......G.GTGC.................................ATTGCTTTCGATCCTCTGCATC..TGGCAGAGCCGGTTCGAGA.CCCGCGGGCGCTCTCCAGCCCTTTT
Echinops_ENSETEG00000021010         GGTCAGC..TTTAGCTC.AGCGGTTAC.TTCGTCAAGCTTGA.ATTAA................................TCATTCCATGATT.CAGTTCATCCAACCCCTTAGGGTTCGAGG.CCCGCGGGCGATTTCTGAC......
Echinops_ENSETEG00000020911         GGTCAGC..TTTAGCTC.AGCGGCTAC.TTCGTCA.........TT..................................TCATTTCATGATT.CAGATCATCTAACCTTTTGGGGTTCGAGG.CCTGCGGGCGCTTTCTGAC......
Loxodonata_ENSLAFG00000019342       GGTCAGC..TTTAGCTCTAGCGGTTAC.TTCG.............A..................................TCA......AAGT.CAGAACAACTC.TGTCGTGGAGTTCGAGA.CCCGCGGGCGCTCTCTGAC......
Monodelphis_ENSMODG00000021883      GGCTGGC..TTTAGCCC.AGCGGTTCC.TTCCCTCATTTAAACATTTC....TTACAATTTCCCTTGGTGGTTCGAATCCCA............................GGACCATCAGAGA.CCCGCGGGCGCTTCCCGGT......
Platypus_OANA5_Contig27750_113      GGCCGGC..CGTAGCTC.AGCGGTTAC.TTCTGTCAAC............................................GAAAGGCTTCTTTCGGTTAAATC.TCTTCGGAGGTTCGAGCCCCCGCGGGCGCTTTCCGGT......
Platypus_OANA5_Contig242806_6_      GGCCGGC..TCTAGCTC.AGCGGTTAC.TTCGAACGA..............................................AAGTGCTACTTTCCACTAAATC.TCTTCGGAGGTTCGAGC.CCCGCGGGCGCTTTCTGGT......
Chicken.13                          GGCCGGC..TTTAGCCC.AGCGGTTCC.TTCG.GCAAA..CA.GTTT.................................CTGAGTTGCGG..GCCC.........CGACTGG.GGTTCGAT..CCCGCGGGC.ACCCCTGGCCCATTT
Xenopus_JGI4.1_sca_306_236003_      GGTCAGC..TATAGCTC.AGCGGTTCC.TTCACTC........ATTTC................................TTGCAAACAAATAAA...GTC....TCTC.CGGAGGTTCAAGA.CCCGCGGGCGCTTTCTGACCTTTTT
Xenopus_ENSXETG00000028464          GGCTGGCCATATAGCTC.AGCGGTTCC.TTCTCA......AA.ACTC.................................TGATTTA..AACAGACCAAT.....CCTCTCGGGGGTTTGAAA.CCCGCGGGCGCTATCCAGCCTTTTT
Xenopus_JGI4.1_sca_177_1931260      GGCTGGCCATATAGCTC.AGCGGTTCC.TTCTTG......AG.ATCT.................................CTGTTTACTACCAGACCAAT.....CCTCTCGGGGGTTTGAAA.CCCGCGGGCACTATCTAGCCCTTTT
Xenopus_JGI4.1_sca_177_1911219      GGCTGGCATTGTAGCTC.AGCGGTTCC.TTCACG......GG.CTCT.................................CTGATTT..ATCAGACTAAT.....CCTCTCGGGGGTTCAAAA.CCTGCGGGCGCTATCCAGCCTTTTT
Xenopus_JGI4.1_sca_177_1931587      GGCTGGCAATATAGCTC.AGCGGTTCC.TTCACA......TG.CTTT.................................CTGGTT....TCAGAATAAT.....CCTTTTGGGGGTTCAAAA.CCCGCGGGTGCTATCCAGCCTTTTT
Rc.vRNA.1                           GGTCAGC..AACAGCTC.AGCGGTTAC.TTCTCGAAA.....TACCA.................................CGGAATTGTAATTCTGAAAA.....CCTTTC.GGGGTTCGAAA.CCCGCGGGCGCCACCTGAC......
Rc.vRNA.2                           GGTCAGC..AACAGCTC.AGCGGTTAC.TTCTCGACA...........................................CGGAATTGTAATTCTGAAAA.....CCTTTC.GGGGTTCGAAA.CCCGCGGGCGCCACCTGAC......
Dr.cand                             CGCCGG...GTTAGCTC.AGTGGTTAC.TTCTCAGCCAAAAGACAACT................................CTCATGGCCGCCGGGTCTCCGGAA.....GCCAGAGATCGAA...CCACGGGCACTGTCCAGCGTTTT.
tetNig1_dna.2                       CGCTGG...TTTAGCTC.AGTGGTTAC.TTCACCAC.AAATCCTTTGG................................ATTTCGCGGTCTCCTCCCAACT...........GGGATCCAA...CCACGGGCGCTGCTCAGCGTTTT.
tetNig1_dna                         CGCCGG...TTTAGCTC.AGTGGTTAC.TTCTTGAAGTTCCCGCTTGC.....................................GGCTCGCGCGGGCT............GCGGGTTCG.....CCACGGGCGCTGCCCGGCGTTTT.
#=GC SS_cons                        ((((((.......((((..((((......((((---------------------------------------------------------------------------------...))))....)))))))).....)))))).....
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U7 snRNAs

HairpinSMNHistone binding region
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#                      |<Histone-binding-region>|.|<SMN>|.......<<<<<.<<<.<<<<......>>>>..>>>.>>.>>>....
Homo                   .....CAGTG.TTACAGCTCTTTTAGAATTTGTCTAGTA..GGCTT.TCT.GGC.TTTTT..ACC..GGA.AA.GCCCCT.
Mus                    .....AAGTG.TTACAGCTCTTTTAGAATTTGTCTAGCA..GGTTT.TCT.GAC..TTCG..GTC..GGA.AA.ACCCCT.
Xenopus_l              .....AAGTG.TTACAGCTCTTTTACTATTTGTCTAGCC..GGTTT.TTA.C....TCT.....G..TTG.GA.GCCACA.
Takifugu               ....AGGAATGATT..GCTCTTTAGATATTTCTCTAGTA..GGCTT.TTC.....ATACA.......GAG.AA.GCCCCCT
Petromyzon-c1          ..........ATTGAGGATCTTTGAC.TTTTGTCTTTGTGTGGTGCACC.......GAAA........GGAGC.ACC....
Branchiostoma-c1       .....ACTGG.TAAC.GCTCTTTCAC.CTTTATCCGCG...GGGTA.A........CCT..........T.TA.TCCGTA.
Branchiostoma-c2       .....GAGTG.TAAC.GTTCTTTCAC.CTTTATCCGCG...GGGTA.........ACCTA...........TA.TCCGTT.
Psammechinus_1         .................ATCTTTCA.AGTTTCTCTAGAA.GGGTCT.CGCGTCCG.AAGT.CGGA.GGCG.AGTGCCCAAC
Bombyx_mori-c1         TCCATCAAT.ATGTTCTATCTTTTA..ATTTATCGAAAA.CGGTCA.AG.A....ACTAGTC....G.CT.TG.GCC....
Bombyx_mori-c2         AAGATTTTG.GTGTGTAATCTTTAACTGTTTATCTTTTG.CGGTAGG...T.AGCGGCTTGGCT.......CT.GCC....
Dr_melanogaster        ATTGAAAAT.TTTTATTCTCTTTGA.AATTTGTCTTGGT..GGGACCCTT..TGT.CTAG.GCA.TTGAGTGT.TCCCGTT
#                      |<Histone-binding-region>|.|<SMN>|.......<<<<<.<<<.<<<<......>>>>..>>>.>>.>>>....
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