
A phylogenetic view on RNA structure evolution

1
18

22
17

10
24

14
9

8
4

27
2

29
66
53
48
55
72
61
56
59
36
98
35
38
83
88
64
92
85
67
68
69
49
94

28
95
30
52
46
93
39
54
82
99
58
75
78
44
90
41
76
32
34
70
42
73
43
89
47
87
62
40
96
81
33
91
97
77
60
65
31
74
71
79
63
86
57
45
80
50
51
84
37

6
15

23
13

11
7

5
21

16
26

19
3

12

20
0

25

Tanja Gesell, Bioinformatics Institute, Heinrich-Heine University
Düsseldorf, Germany - February 2006, Bled, Slovenia,



Modeling sequence evolution
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Modeling sequence evolution
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Modeling sequence evolution
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each sequence site does not evolve independently of the others



Example for site-specific interactions

I 2D-structure

I 3D-structure

I of RNAs, e.g.
tRNA, mRNA ...

I of proteins

I CpG

I codon positions

I · · ·



Seq1: AAUCGUCCUAACGGAUGCCAUGCUCUUAUG
Seq2: ACUAGUCCACGUACGUCCCAUGCUCUUAAG
Seq3: UAUACCGCACGUACGAGGAAUCCUGGUAAG

Seq1: AAUCGUCCUAACGGAUGCCAUGCUCUUAUG
Seq2: ACUAGUCCACGUACGUCCCAUGCUCUUAAG
Seq3: UAUACCGCACGUACGAGGAAUCCUGGUAAG

ESTIMATIONSIMULATION



Model-based
approaches
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stationary and time homogeneous Markov model
the probability that sequence x evolves to sequence y

Pxy(t) = exp(Qt)



4x4 instantaneous rate matrix

Generally Reversible (REV)

Q =

0BB@
−(aπC + bπG + cπT ) aπC bπG cπT

aπA −(aπA + dπG + eπT ) dπG eπT
bπA dπC −(bπA + dπC + f πT ) f πT
cπA eπC f πG −(cπA + eπC + f πG )

1CCA

A C G T A C G T A C G T

JC69-Modell K80-Modell HKY-Modell
A ∗ α α α ∗ β α β ∗ βπC απG βπT
C α ∗ α α β ∗ β α βπA ∗ βπG απT
G α α ∗ α α β ∗ β απA βπC ∗ βπT
T α α α ∗ β α β ∗ βπA απC βπG ∗

TN93-Modell F81-Modell GTR-Modell
A ∗ βπC α1πG βπT ∗ πC πG πT ∗ aπC bπG cπT
C βπA ∗ βπG α2πT πA ∗ πG πT aπA ∗ dπG eπT
G α1πA βπC ∗ βπT πA πC ∗ πT bπA dπC ∗ f πT
T βπA α2πC βπG ∗ πA πC πG ∗ cπA eπC f πG ∗



Compensatory mutation
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Nucleotides in stem regions evolve in strong correlation with their
pairing counterpart.
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Compensatory mutation

Schöniger and von Haeseler, 1994

AA AC AG AU CA CC CG CU GA GC GG GU UA UC UG UU

AA ∗ πAC πAG πAU πCA - - - πGA - - - πUA - - -
AC πAA ∗ πAG πAU - πCC - - - πGC - - - πUC - -
AG πAA πAC ∗ πAU - - πCG - - - πGG - - - πUG -
AU πAA πAC πAG ∗ - - - πCU - - - πGU - - - πUU

CA πAA - - - ∗ πCC πCG πCU πGA - - - πUA - - -
CC - πAC - - πCA ∗ πCG πCU - πGC - - - πUC - -
CG - - πAG - πCA πCC ∗ πCU - - πGG - - - πUG -
CU - - - πAU πCA πCC πCG ∗ - - - πGU - - - πUU

GA πAA - - - πCA - - - ∗ πGC πGG πGU πUA - - -
GC - πAC - - - πCC - - πGA ∗ πGG πGU - πUC - -
GG - - πAG - - - πCG - πGA πGC ∗ πGU - - πUG -
GU - - - πAU - - - πCU πGA πGC πGG ∗ - - - πUU

UA πAA - - - πCA - - - πGA - - - ∗ πUC πUG πUU

UC - πAC - - - πCC - - - πGC - - πUA ∗ πUG πUU

UG - - πAG - - - πCG - - - πGG - πUA πUC ∗ πUU

UU - - - πAU - - - πCU - - - πGU πUA πUC πUG ∗



How to simulate more complex interactions among nucleotide and
other character based sequences?
A model, that represents a universal description of arbitrary
complex dependencies among sites.



Neighbourhood system

k = 1, · · · , l sites in a (nucleotide) sequence x = (x1, . . . , xl)
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Neighbourhood system N = (Nk)k=1,2,··· ,l :

1. Nk ⊂ {1, . . . , l}, k /∈ Nk for each k

2. If i ∈ Nk then k ∈ Ni for each i , k.

nk denotes the cardinality of Nk .



Example: N (Pseudoknot)
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N1 = {}
N2 = {16}
N3 = {15}
N4 = {14}
N5 = {}
N6 = {}
N7 = {}
N8 = {}
N9 = {27}

N10 = {26}
N11 = {25}
N12 = {24}
N13 = {23}
N14 = {4}
N15 = {3}
N16 = {2}
N17 = {}
N18 = {}

N19 = {}
N20 = {}
N21 = {}
N22 = {}
N23 = {13}
N24 = {12}
N25 = {11}
N26 = {10}
N27 = {9}



Example: N (Stem including stacking)
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N8 = {9},

N9 = {8, 27, 10, 26}
N10 = {9, 27, 26, 25, 11}
N11 = {10, 26, 25, 24, 12}
N12 = {11, 25, 24, 23, 13}
N13 = {12, 23, 24, 14}
N14 = {13}
. . .

. . .

N22 = {23}
N23 = {22, 13, 12, 24}
N24 = {23, 13, 12, 11, 25}
N25 = {24, 11, 10, 12, 26}
N26 = {25, 9, 10, 11, 27}
N27 = {26, , 9, 10, 28}
N28 = {27}
. . .



Example: Ribozyme domain



Basic idea: Different substitution matrix for each site

   16 x 16 4 x 464 x 64

x

3 2 2 01

256 x 256 64 x 64Q

n

k

k

q(x) = q(150) q(223) q(l)q(250)q(153)... + ...     ... ... + ... ... + ... ... + ...

150 153 223   250 l

Only one mutation is allowed at the current site



AA AC AG AU CA CC CG CU GA GC GG GU UA UC UG UU

AA ∗ πAC πAG πAU πCA - - - πGA - - - πUA - - -
AC πAA ∗ πAG πAU - πCC - - - πGC - - - πUC - -
AG πAA πAC ∗ πAU - - πCG - - - πGG - - - πUG -
AU πAA πAC πAG ∗ - - - πCU - - - πGU - - - πUU

CA πAA - - - ∗ πCC πCG πCU πGA - - - πUA - - -
CC - πAC - - πCA ∗ πCG πCU - πGC - - - πUC - -
CG - - πAG - πCA πCC ∗ πCU - - πGG - - - πUG -
CU - - - πAU πCA πCC πCG ∗ - - - πGU - - - πUU

GA πAA - - - πCA - - - ∗ πGC πGG πGU πUA - - -
GC - πAC - - - πCC - - πGA ∗ πGG πGU - πUC - -
GG - - πAG - - - πCG - πGA πGC ∗ πGU - - πUG -
GU - - - πAU - - - πCU πGA πGC πGG ∗ - - - πUU

UA πAA - - - πCA - - - πGA - - - ∗ πUC πUG πUU

UC - πAC - - - πCC - - - πGC - - πUA ∗ πUG πUU

UG - - πAG - - - πCG - - - πGG - πUA πUC ∗ πUU

UU - - - πAU - - - πCU - - - πGU πUA πUC πUG ∗



AA AC AG AU CA CC CG CU GA GC GG GU UA UC UG UU

AA ∗ - - - πCA - - - πGA - - - πUA - - -
AC - ∗ - - - πCC - - - πGC - - - πUC - -
AG - - ∗ - - - πCG - - - πGG - - - πUG -
AU - - - ∗ - - - πCU - - - πGU - - - πUU

CA πAA - - - ∗ - - - πGA - - - πUA - - -
CC - πAC - - - ∗ - - - πGC - - - πUC - -
CG - - πAG - - - ∗ - - - πGG - - - πUG -
CU - - - πAU - - - ∗ - - - πGU - - - πUU

GA πAA - - - πCA - - - ∗ - - - πUA - - -
GC - πAC - - - πCC - - - ∗ - - - πUC - -
GG - - πAG - - - πCG - - - ∗ - - - πUG -
GU - - - πAU - - - πCU - - - ∗ - - - πUU

UA πAA - - - πCA - - - πGA - - - ∗ - - -
UC - πAC - - - πCC - - - πGC - - - ∗ - -
UG - - πAG - - - πCG - - - πGG - - - ∗ -
UU - - - πAU - - - πCU - - - πGU - - - ∗



(k, i) AA CA GA UA AC CC GC UC AG CG GG UG AU CU GU UU

AA ∗ πCA πGA πUA − − − − − − − − − − − −
CA πAA ∗ πGA πUA − − − − − − − − − − − −
GA πAA πCA ∗ πUA − − − − − − − − − − − −
UA πAA πCA πGA ∗ − − − − − − − − − − − −
AC − − − − ∗ πCC πGC πUC − − − − − − − −
CC − − − − πAC ∗ πGC πUC − − − − − − − −
GC − − − − πAC πCC ∗ πUC − − − − − − − −
UC − − − − πAC πCC πGC ∗ − − − − − − − −
AG − − − − − − − − ∗ πCG πGG πUG − − − −
CG − − − − − − − − πAG ∗ πGG πUG − − − −
GG − − − − − − − − πAG πCG ∗ πUG − − − −
UG − − − − − − − − πAG πCG πGG ∗ − − − −
AU − − − − − − − − − − − − ∗ πCU πGU πUU

CU − − − − − − − − − − − − πAU ∗ πGU πUU

GU − − − − − − − − − − − − πAU πCU ∗ πUU

UU − − − − − − − − − − − − πAU πCU πGU ∗



(k, i) AA AC AG AU CA CC CG CU GA GC GG GU UA UC UG UU

AA ∗ πAC πAG πAU − − − − − − − − − − − −
AC πAA ∗ πAG πAU − − − − − − − − − − − −
AG πAA πAC ∗ πAU − − − − − − − − − − − −
AU πAA πAC πAG ∗ − − − − − − − − − − − −
CA − − − − ∗ πCC πCG πCU − − − − − − − −
CC − − − − πCA ∗ πCG πCU − − − − − − − −
CG − − − − πCA πCC ∗ πCU − − − − − − − −
CU − − − − πCA πCC πCG ∗ − − − − − − − −
GA − − − − − − − − ∗ πGC πGG πGU − − − −
GC − − − − − − − − πGA ∗ πGG πGU − − − −
GG − − − − − − − − πGA πGC ∗ πGU − − − −
GU − − − − − − − − πGA πGC πGG ∗ − − − −
UA − − − − − − − − − − − − ∗ πUC πUG πUU

UC − − − − − − − − − − − − πUA ∗ πUG πUU

UG − − − − − − − − − − − − πUA πUC ∗ πUU

UU − − − − − − − − − − − − πUA πUC πUG ∗



A|A C|A G|A U|A

A|A 
∗ πCA πGA πUA

C|A πAA ∗ πGA πUA

G|A πAA πCA ∗ πUA

U|A πAA πCA πGA ∗

A|C C|C G|C U|C

A|C 
∗ πCC πGC πUC

C|C πAC ∗ πGC πUC

G|C πAC πCC ∗ πUC

U|C πAC πCC πGC ∗

A|G C|G G|G U|G

A|G 
∗ πCG πGG πUG

C|G πAG ∗ πGG πUG

G|G πAG πCG ∗ πUG

U|G πAG πCG πGG ∗

A|U C|U G|U U|U

A|U 
∗ πCU πGU πUU

C|U πAU ∗ πGU πUU

G|U πAU πCU ∗ πUU

U|U πAU πCU πGU ∗



A|y1, . . . , ynk
C|y1, . . . , ynk

G|y1, . . . , ynk
U|y1, . . . , ynk

A|y1, . . . , ynk


∗ πC|y1, . . . , ynk
πG|y1, . . . , ynk

πU|y1, . . . , ynk

C|y1, . . . , ynk
πA|y1, . . . , ynk

∗ πG|y1, . . . , ynk
πU|y1, . . . , ynk

G|y1, . . . , ynk
πA|y1, . . . , ynk

πC|y1, . . . , ynk
∗ πU|y1, . . . , ynk

U|y1, . . . , ynk
πA|y1, . . . , ynk

πC|y1, . . . , ynk
πG|y1, . . . , ynk

∗



Q = {Qk |k = 1, . . . , l}

Qk(sk , y) =


πk(y) if H(sk , y) = 1 and xk 6= y0

−
∑

z∈Ank+1

z 6=sk

Qk(sk , z) if H(sk , y) = 0

0 otherwise

with sk = (xk , xi1 , . . . , xink
) ∈ Ank+1 , where {i1, . . . , ink

} = Nk

y = (y0, y1 . . . ynk
) ∈ Ank+1

Normalisation:

dk = −
∑

z∈Ank+1

πk(z) · Qk(z, z) = 1.



The total instantaneous substitution rate for x:

q(x) =
l∑

k=1

|Qk(sk , sk) |

Relative mutability at site k:

P(k) =
|Qk(sk , sk) |

q(x)

Probability to replace xk by y0:

P(xk → y0) =
Qk(sk , y)

|Qk(sk , sk) |



SISSI:

SImulating Sequence Evolution with Site-Specific Interactions
(Gesell and von Haeseler, Bioinformatics in press, Epub. 2005 Dec. 6)
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15 401
T1 AGACGGUCUGGUUGCGGGGGUGAUCACGACGAACGGUCGUGAUUGCCUUAGGCCGGUGGGCCUUGGUCAAGUCAGAUGAGCUCAGGUGGUGGGACUGUGUAGGACGAGUCACUUGUGGGGGGCCUCACAUGGCGCGGCUCGUUGUAUAGGUCUCGCGACUUUGCACUCCGGCCGCGCGCGCCUGCUUAACUGCUUGCCACAGGAUUCGUUCUGUGGUCGGGAAAGCAGGGGUGCACCACGCCCAGGAGUACCUCUUUUUUCUACAGGGAAUUGGGGUCGUGCGGCUCGGACCUAUUCCGCGCAGGGAUGCGCGCCUGCUCCACUUCCGCGCGCAUGGCAAGGCGGGGGGCUUUGGGUAGCCAUGCACCUUUCGCCCAGUAAUAUCAACCAGACCGCCAGGA
T3 AGACGGUCUGGUUGCGGGGGUGAUUACGACGAACGGUCGUGAUUGCCUAAGGCCGGUGGGCCUUGGUCAAGUCGGAUGAGCUCAGGUGGUGGGGCUGUGUAGGACGAGUCACUUGUGGGGGGCUUCACAUGGCGCGGCUCGUUGCAUAGGUCUCGCGACUUUGCACUCCGGCCGCGCGCGCCUGCUUAAAUGUUUGCUACAGGAUUCGUUCUGUGGUCGGGAAAGCAGGCGUGCACCACGCCCAGGAGUACCUCUUUUUGCUACAGGGAAUUGGGGUCGUGCUGCUCGGCCCAAUUCCGUGCAGGGAUGCGCGCCUGCUCCACCUCCGCGCGCAUGGCAAGGCUGGGGGCCUUGGGUAGCCAUGCACCUUUCGCCCAGUAAUAUCAACCAGACCGCCAGGA
T2 AGACGGUCUGGUUGCGGGGGUGAUCACGACGAACGGUCGUGAUUGCCUAAGGCCGGUGGGCCUUGGUCAAGUCGGAUAAGCUCAGGUGGUGGGACUGUGUAGGACGAGUCACUUGUGGGGGGCUUCACAUGGCGCGGCUCGUUGCAUAGGUCUCGCGACUUUGCACUCCGGCCGCGCGCGCCUGCUUAAAUGCUUGCCACAGGAUUCGUUCUGUGGUCGGGAAAGCAGGCGUGCACCACGCUCGGGAGUACCUCUUUUUGCUACAGGGAAUUGGGGUCGUGCUGCGCGGCCCAAUUCCGUGCAGGGAUGCGCGCCUGCUCCACCUCCGCGCGCAUGGCAGGGCUGGGGGCCUUGGGUAGCCAUGCACCUUUCGCCCAGUAAUAUCAACCAGACCGCCAGGA
T4 AGACGGUCUGGUUGCGGGGGUGAUCACGGCGAACGGUCGUGAUUGCCUACCGCAGGUGGGCCUAGGUCAAGUCGGAUGAGCUCAGGUGGUGGGACUGUGUACGACGAGUCACUUGUGAGGGCCCUUACAUGGCGCGGCUGGUUGCAUAGGUCUCGGGACUUUGCACUCCGGCCGCGCACGCCUGGUUAACUGCUUGCCAUAGGAUUCGUUCUGUGGUCGGGAAAGCAGGGGUGUACUACGCCCAGGGGUAGCUCUUUUUGCUACAGGGAAUUGAGAUCGUGCGGCUCGGCUCAAUUCCGCGCAGGGAUGCGCGCCUGGUCCACCUCCGCGCGCAUGGCAAGGUGGGGGGCCUUGGGUAGCCAUGCUCCUUUCGCCCAGUAAAAUCAACCAGACCGCCAGGA
T5 AGACGGUCUGGUUGCGGGGGUGAUCACGACGAACGGUCGUGAUUGCCUAACGCAGGUGGGCCUAGGUCAAAUCGGACGAGCUCAGGUGGUGGGACUGUGUCCCACGAGUCACUUGUGGGGGGUUUUACAUGGCGCGGCUCCUUGCAUAGGUUUUGGGACUUUGCACUCCGGCUGCGCGCGCUUGCUUAACUGCUUGCCACAGGAUUCGUUCUGUGGUCGGGAAAGCAGGGGCGCACUACGCCCAGGAGUAGCUCUUUUUGCUACAGGGAAUUGAGAUCGUGCGGCUCGGCUCAAUUCCGCGCAGGGAUGCGCGCCUGCUCCACCUCUGCGCGCAUGGCAAGGUGGGGGGCCUUGCGUAGCCAUGCACCUUUCGCCCAGUAAUAUCAACCAGACCGCCAGGA
T6 GGGCGGUCUGGUUAUGGGGGUGAUCACGGCGAACGGCCGUGAUGGCCUAAGGGAGGUUAGCCUGAGUUGAGUCGGAUUAGGUCAGGUAGUGGGACUGUGUACGAUGAGUCACCUAUGGGGGGCUCCAUAUGGCGCGGCUCGUUGCAUCGGUGUCGGGGCUUUGCACUACGGCCGCGCGCGUCUGCGUAUUUGCUUGUCACGGGAAUCGUCCCGUGGUCAGGCAAGCAGGCACGCACUACGCUCAGGAGUACUUGUUUUUGGUACAGGGAAUUGGGGGCGUGCGGCUCGGCUCAAUUCCGCGCAGGGAUGUGUGCCUGCUGCGCCUCCGAGCGCAGGGCAAGGCGCGGUGCCUUGGGCAGUCUUGCAACUUUCACCCAGUAACAUCAACCAGACCGCGGGGA
T7 GGGCGGUCUGGUUAUGGGGGUGAUCACGGCGAACGGCCGUGAUGGCCUAAGGGAGGUUGGCCUAAGUUGAGUCGGAUUAGGUCAGGUAGUGUGACUGUGUACGAGGAGUCACUUGUGGGUGGCUCCAUAUGGCGCGGCUCGUUGCAUCGGUGUCGGGGCUUUGCACUACGGCCGCGCGCGUCUGCUUAUUUCCUUGUCACGGGAAUCGUUCCGUGGUCAGGCAAGCAGGCACGCACUACGCUCAGGAGUACUUGUUUUUGGUACAGGGAAUUGGGGGCGUGCGGCUCGGCUCAAUUCCGCGCAGGGAUGUGUGCCUGCUGCGCCUCCGAGCGCAGGGCAAGGCGCGGUGCCUUGGGUAGUCUUGCACCUUUCUCCCAGUAACAUCAACCAGACCGCGGGGA
T8 GGGCGGUCUGGUUAUGGGGGUCAUCACGGCGAACGGCCGUGAUGGCCUAAGGGAGGUUGGCCUAAGUUCAGUCGGAUUUGGUCAGGUAGUGGGACUGUGUACGAUGAGUCACCUGUGGGGGGCUCCACAUGGCGUGGCUCGUUGCAUCGGUGUGGGGGCUUUGCACUACGGCCGCGCGCGUCUGCUUAUUUGCUUGUCACGGGAAUCGUCCUGUGGUCAGGCAAGCAGGCGCGCACUACGCCCAGGAUUACCUCCUUUUGCUACAGGGAAUUGGGCGCGUGCGGCUCGUCUCAAUUCCGCACAGGGAUGUGCGCCUGCUGCACCUCCGAGCGCAUGGCAAGGCGCGGCGCCUUGGGUAGCCAUGCACCUUUCGCGCAGUAACAUCAACCAGACCACGAGGG
T9 CUAUGGUCUGGUUACGGGGGUGAUCAUGGCGGGCAGCCGUGAUUGCCGUGUGCAGGUGGGUUUAAGUUUAGUAGAAUUAGUGCAGGUGGUUUGAUUGUGUAAUAGUGGUCAUCUCUGGAGGGCUCCACAUGAUGUGGCGCGUUGUAUAAGUGUCGUUGUUUUGCGAUACGGCCACGAGCACCUGCUUGAUCGUUUGCCGCAGCAUUCGUUUUGUGGUCAGGCGAGCAGGCGUAUACCAUGUCCAUAAGUGGAUCGUAAUUCUACAAGGAGUUGGGUUCGUGCGGCUCGGCUCAACUUCGUACAGAGUUGUGCGCCAUCUGAACCCCCGAGCGCAGGGCGACGCGGGGCGCCUCGGGUAGCCCUGUAUCUCUCGUCGCGUUUCAUCGACCAGAUCAUGAGGA
T10 CUAUGGUCUGGUUACGGGGGUGAUCAUGGCGGGCGCCCGUGAUCGCCGUGUGCAGGUGGGUCUAAUUUUAGUCGAAUUGGCGCAGGUGGUUUGACUGUGUAGUAGGGGUCAUCUCUGGAGGGCUCCACAUGAUGUGGCUCGUUGUAUACGCGUCGUGGUUUUGCGAUACGGCCACGGGCACCUGCUUGUUCGUUUGCCACAGCAUUCGUGUUGUGGCCAGGCGAGCGGACGUGUACCAUGCCCAGGAGUGGAUCGUAAUUCUACAAGGAGUUGGGUUCGUGCGGCUCGGCUCAACUUCGUACAGAGUUGUGCGCCUGCUGCACCCCCGAGCGCAGGGCGACGCGGGGCGCCUCGCGUAGCCCUGUAUCUCUCGUCGCGUUUCAUCGACCAGACCGUGAGGA
T11 CUAUGGCCUGGUUACGGGGGUGAUCAUGGUGGGCGGUCGUGAUUGCCGUGUGCAGGUGGGUCUAAGUUUAGGCGGAUUGGCGCAGGUGGUCUGAUCGUGUAAUAGGGAUUAGCUCUAGGGGGACCCACAUGAUGUGGCUCGUUGCAGAAGUUUCGGGACUUUGCGAUACGGCCACGAGCAUCUGGUUGUUCUUUUCCCACAGGAUUCGUCCUGUGGUCAGGCCCGCAGGCGUAUACCAUGUCUAUAAGUGGAUCGUAAUGCUACAAGGAGUUGGGUUCGUGCGGCUCGGCUCAACUCUGCACAAAGGUGUGCGCCUGCUGCACCCCCGAGCGCAGGGCGACGCGCGGAGCGUUGGGUGGCCCUGUGUCUCUCGCCGCGUUAAAUCGACCAGGCCGUGAGGA
T12 CUAUGGUCUGGUUACGGGGGUGAUCAUGGUGGGCGGCCGUGAUUGCGGUGUGCAGAUGGGUCCAAGUUUAGGCGGAUUGGCGCAGGUGGUAUGAUCGUGUAAUAGGGAUCGUCUCUAGGGGGACCCACAUGAUGUGGCUCGUUGCAUAAGUGUCGGGACUUUGCGAUACGGCCACGAGCACCUGCUUGUUCGUUUCCCACGGGAUACGUCCUGUGGUCAGGCCCGCAGGCGUAUACCAUGCCCAUAAGUGGAUCGUAAUGCUACAGGGAGUUGGGUUCGUGCGGCUCGGCUCAACUCUGCACAAAGUUGUGCGCCUGCUGCACCCCCGAGCGCAGGGCGACGCGGGGCGCCUUGGGUGGCCCUGUGUCUCUCGCCGCGUUACAUCGACCAGGCCGUAAGGA
T13 CUAUGGUCUGGUUACGGGGGUGAUCACGGUGGGCGACCGUGAUUGCCCUGUGCAGGUGGGUCUAAGUUUAGGCGAAUUGGCGUAGGUGGUUUGAUCGUGUAAUAGGGGUCAUCGCUAGGGGGACCCACAUGAUGUGGCUCGUUGCAUAAGUCUCGGGACUUUGCGAUACGGCCACGAGCACCUGCUUGUUCGUGUCCCACAGGAUUCGUCCUGUGGUCAGGCCCGCAGGCGUAUACCAUGCCCAUGAGUGGAUCGUAACGCUACAAGGAGUUGGGUUCGUGCGGCUCGGCUCAGCUCCGCACAGAGGUGUGCGCCUGCUGCACCCCCGAGCACAGGGCGACGCGGGGCGCCUUGGCCAGCCCUGUGUCUCUCGCCUCGUUUCAUCGACCAGGCCAUGAGGA
T14 CUAUGGUCUGGUUACGGGGGUGAUCAUGGUGGGCGGCCGUGAUUGGCCUGUGCAGGUGGGUCUAAGUUUAGGCGAAUUGGCGCAGGUGGUUUGAUCGUGUAAUAGGGGUCAUCGCUAGGGGGACCCACAUGAUGUGGCUCGUUGCAUAAGUCUCGGGACUUUGCGAUACGGCCACGAGCACCUGCUUGUUCGUGUCCCACAGGAUUCGUUCUGUGGUCAGGCCCGCAGGCGUAUACCAUGCCCAUGAGUGGAUCGUAACGCUACAAGGAGUUGGGUUCGUGCGGCUCGGCUCAGCUCCGCACAGAGGUGUGCGCCUGCUGCACCCCCGAGCACAGGGCGACGCGGGGCGCCUUGGGCAGCCCUGUGUCUCUCGCCUCGUUUCAUCGACCAGGCUAUGAGGA
T15 CUAUGGUCUGGUCACGGGGGUGAUCAUGGUGAGCGGCCAUGAUUGCCCUGUGCAGUUGGGUCUAAGUUUAAGCGAAUUGGCGCAGGUGGUUUGAUCGUGUGAUAGGGGUCAUCUCUAGGGGGACCCACAUGAUGUGGCUCGUUGCAUAAGUGUCGGGACUUUGCGAUACGGCCACCAGCACCUGCUUGUUCGUGUCCCGCAGGAUUCGUCCUGUGGUCAGGCCCGCAGGCGUAUACCAUGCCCAUGAGUGGAUCGUGACGCUACAAGGGGUUGGGUUCGUGCGGCUCGGCUCAGCUCCGCACAGAGGUGUGCGCCUGCUGCACCCCCGAGCACAGGGCGACGCAGGGCGCCUUGGGUAGCCCUGUGUCUCUCGCCGCGGUUCAUCGACCAGGCCAUGAGGA



Example: Bacillus subtilis

RNase P database (Brown, 1999)
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Sequence M13175, image created by Brown



Example: Counted frequencies from a RNase P sequence of
Bacillus subtilis taken from the RNase P database:

fnk=1 fnk=0

second nucleotide in doublet

first nucleotide A C G U

A 0.000423 0.004228 0.012685 0.169133 0.422360
C 0.004228 0.000423 0.262156 0.000423 0.105590
G 0.012685 0.262156 0.000423 0.042283 0.236025
U 0.169133 0.000423 0.042283 0.016915 0.236025



Relationship between number of substitutions per site d
and number of observed differences per site h:
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A pilot study of SISSI

Does phylogeny matter?

A phylogenetic view on some existing structure prediction methods.



Influence of the tree topology

Examples with 5 bifurcating trees, with the same topology, but different
mean branch length.

1

10

20

30

40

50

60

70

80

90
100110

120

130

140

150

160

170

180

190

200

210

220

230

240

250

260

270

280

290
300 310

320

330

340

350

360

370

380

390

400

+

T75
T12

T20
T56

T87
T88

T49
T860.014

T14
T95

T31
T42

T44
T74

T54
T36

T82
T18

T2
T28

T99
T4

T83
T7

T91
T19

T45
T63

0.008

T27
T46

T60
0.011

T25
T78

T97
0.009

T40
T68

T71
T51

T23
T84

T67
T29

T55
T890.011

0.011T66
T0

T32
T5

T62
T50

T48
T37

T58
T1

T59
T61
T92

T11
T76

T9
T690.011

T26
T8

T90
T24

T35
T16

T41
T52

T47
T64

T700.011
T39

T65
T57

T73
T34

0.010

T10
T6

T98
T93

T43
T79

T94
T81

0.013

T38
T96

T21
T30

T15
T33

T85
T72

T53
T17

T77
T80

T22
T13

T0.03, T0.075, T0.1, T0.3, T0.5

+ substitution-
model −→



ConStruct

Construction of RNA consensus structures (Lück et al. 1999),
(Wilm, A. & Steger, G. 2006, submitted)

Combination of Sequence Alignment, Thermodynamics and
Mutual Information Content.

Consensus Structure

I Thermodynamic Consensus Dotplot:
Consensus Dotplot using RNAfold: Hofacker et al. (1994)

I Mutual Information Content: MIC:
(Chiu & Kolodziejczak, 1991, Gutell et al. 1992)

I Prediction of Tertiary Interaction
Maximum Weighted Matching: Tabaska et al. (1998)



Mean branch length

Consensus Structures based on Mutual Information Content
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Mean branch length

Thermodynamic Consensus Structures
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Prediction of tertiary interactions

Using Maximum Weighted Matching: Tabaska et al. (1998)
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Prediction of tertiary interactions

Using Maximum Weighted Matching and a threshold

N 0.03
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Tree topology

Fulltree: 100 sequences
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Is maximisation of evolutionary divergence useful for structure
predictions?



Evolve along the fulltree and the subtree

Consensus structures based on Mutual Information Content
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Evolve along the fulltree and the subtree, threshold

Consensus structures based on Mutual Information Content
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Reducing the alignment

Consensus structures based on Mutual Information Content

Fullalignment
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Reducing the alignment

Consensus structures based on Mutual Information Content
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Reducing the alignment

Using Maximum Weighted Matching and a threshold

Fullalignment N Subalignment



Influence of the tree topology

Mutual Information:

I Long branches → many true positives correlations

I Short branches → few true positives correlations

I Many false positives

I Comparative analysis ignores the phylogenetic information in
the sequences, it tends to overestimate the amount of
covariation between two positions.



Ancestral correlations

How long the branches need to be to avoid ancestral correlations?
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Conclusion

I Including phylogenetic information in comparative analysis is
potential useful

I Phylogeny can help to choose sequences for structure
prediction methods:

I Statistical study is necessary.
I How looks the optimal tree for comparative structure

prediction methods, with and without thermodynamics?

I Method for Reconstructing Dependencies with Phylogenetic
Trees

I Self-consistent method, where no threshold is needed.



Extension of SISSI

I SISSI is not limited to F81 types of rate matrices
I E.g. inclusion of a transition-transversion parameter
I Inclusion of codon position-specific heterogeneity
I Studies with tertiary interactions
I Inclusion of mixture models

I Inclusion of energy values

I Inclusion of indels
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