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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

» 2D-structure

» 3D-structure
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of RNAs, e.g.
tRNA, mRNA ...

of proteins
CpG
codon positions



SIMULATION ESTIMATION

Seq1: AAUCGUCCUAACGGAUGCCAUGCUCUUAUG Seq1: AAUCGUCCUAACGGAUGCCAUGCUCUUAUG
Seq2: ACUAGUCCACGUACGUCCCAUGCUCUUAAG Seqg2: ACUAGUCCACGUACGUCCCAUGCUCUUAAG
Seq3: UAUACCGCACGUACGAGGAAUCCUGGUAAG Seq3: UAUACCGCACGUACGAGGAAUCCUGGUAAG
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Model-based

approaches

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

Schoniger and von Haeseler, 1994

[ ] AA AC AG AUJ CA CC CG CUJ GA GC GG GU] UA UC UG UU |
AA % TAC TAG TAU| TCA - - - | TGa - - - | 7Tua - - -
AC || maa * TaG Tau| - Tcc - - - Tec - - - Tuc - -
AG || maa Tac * Tau| - - Tce - - - TG - - - Tue -
AU || maa mac Tag % - - - Twmew| - - - Tmeu| - - - T
CA || maa - - - * Tcc TcG Tcu| TeA - - - | mua - - -
ccC - Tac - - | Tca * TG Tcu| - TG - - - Tuc - -
CG - - TAG - | TcaTcc * Tcu| - - W66 - - - TuG -
Ccu - - - TAU| TCATcCc TCG % - - - Tmeu| - - - T
GA || maa - - - |7ca - - - * TGC TGG TGU | TuA - - -
GC - Tac - - - Tcc - - | Tea * Tee Teu| - Tuc - -
GG - - TaAG - - - T - | TGATGc * Teu| - - TuG -
GU - - - mau| - - - Tcu| TGA TGC TG * - - - Tw
UA || maa - - - |7ca - - - |76a - - - *  Tyc TUG TUU
ucC - Tac - - - Tcc - - - Tec - - | Tua * TuG Tuu
UG - - TaG - - - T - - - 766 - | TuaTuc * Tuu
uu - - - Tmau| - - - Teu| - - - TGU| TUA TUC TUG *




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,---,/sites in a (nucleotide) sequence x = (x1,...,x/)
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Neighbourhood system N = (Nj)x=12,... /:
1. Nec{1l,...,1}, k & N for each k
2. If i € N then k € N; for each i, k.

ny denotes the cardinality of Nj.



Example: N (Pseudoknot)

Ny = {}
Ny = {16}
N3 = {15}
Ny = {14}
Ns = {}
Ne = {}
N7 = {}
Ng = {}

No = {27}

Ny = {26}
N1 = {25}
Nip = {24}
N3 = {23}
Nig = {4}
Nis = {3}
Nig = {2}
Ni7 = {}
Nig = {}

Nig = {}
Ny = {}
Ny = {}
Nop = {}
Noz = {13}
Nog = {12}
Nops = {11}
N = {10}
No7 = {9}



Example: N (Stem including stacking)

Ng = {9},

No = {8,27,10, 26}

Nio = {9, 27,26, 25,11}
Ny = {10, 26, 25, 24, 12}
Ni» = {11, 25,24, 23,13}
Nis = {12,23,24,14}
Nyg = {13}

Nop = {23}

Noz = {22,13, 12,24}
Nag = {23,13,12, 11,25}
Nos = {24,11, 10, 12, 26}
Nas = {25,9,10, 11,27}
Ny7 = {26, ,9, 10,28}
Nog = {27}



Example: Ribozyme domain




Basic idea: Different substitution matrix for each site

ooy .

gqx)= .. Qq(150) ... +... q(153) ...+... g(223) ... +...9(250) ... +... q(

Only one mutation is allowed at the current site
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[(k,)) ][ AA CA GA UA] AC CC GC UC] AG CG GG UG AU CU GU UU |

AA * Tca Tga Tya| — — — — - - - = - - - -

CA Tan % TGa Tya| — — — — - - - = - - - =
GA TaAa TTca % Tya| — — — — - - = = - - - =
UA TaA TTca TTga % - - - - - - - = - - - =

AC - - - = * Tcc Tec Tuc| — — — — - - - -
CC - — — — | Tac % Tgc Myc| — — — — - - - -
GC - — = = | Tac Tcc * Tyc| — — — — - - - -
uc - — — = | Tac Tcc Tec * - - = = - - = =

AG - - - = - - - - * Tce Tee Tue | — — —  —
CG - - - - - — — — | Tas % TG Tuc| — — — —
GG - - - - - — = — | T Tcc * Tue| — — — —
UG - - - - - — — — | Tac TG Tge  * - - - =

AU - - - = - - - = - - - - % Tcu Tgu Tuu
Cu - - - - - - - - - - - - Tau % Tgu Tuyu
GU - - - = - - - = - - - = Tau Tcu % TTyu
uu - - - = - - - - - - — = | Tau Tcu Tgu *




| (k.i) [ AAACAG AUJ CA CC CG CUJ GA GC GG GU| UA UC UG UU |

AA * Tac Tac Tau - - - = - - - = S

AC Tan * Tac Tau - - - = - = — — - - = =
AG Taa TTac % Tlau - - - - - - = = - - - =
AU Taa TTac Tac % - - - = - - - -

CA - - - - * Tcc Tece Tecv| — —  —  — - - - -
CC - - = = | Tca * TegTew| — — —  — - - - -
CG - - = — | TeaTlcc * Tew| — —  —  — - - - -
Cu - — = = | Tca Tcc Tee * - - = = - - = =

GA - - - - - - - - * Tec Tee Teu| — — — —
GC - - - - - - — — | Te % T Teu| — — — —
GG - - - - - - — = | TeaTe * Teu| — — — —
GU - - - - - — — = | T Toc T * - - = =

UA - - - = - - - = - - - - %k Tyc Tuc Tyu
UC - - - = - - - - - - - - Tya 3 Tyc Tuyu
uG - - - = - - - - - - - - Tua Tuc  *  Tyu
uu - - - = - - - = — — — = | Tuya Tyc Tug  *
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Q={Qlk=1,....1}

mk(y) if H(sk,y) =1 and xx # yo
- Z Qk(skv Z) if H(Sk7 Y) =0
Qk(ska Y) = ze Akt
zF£S,
0 otherwise
with Sk = (Xk,Xil, . ’Xi"k) S .Ank+1 , where {il, ey ink} = Nk

Y=(¥,Y1-..Yn,) € A%

Normalisation:

de=— Y m(2) Qz.2)=1

ZGAnk+1



The total instantaneous substitution rate for x:

/

q(x) = > | Qulsk:sk)|

k=1
Relative mutability at site k:
P(k) _ |Qk(sk7sk)|
q(x)
Probability to replace xx by yo:
Qk(sk’ y)

Pl = yo) | Qi(sk,sk) |



SISSI:

Slmulating Sequence Evolution with Site-Specific Interactions
(Gesell and von Haeseler, Bioinformatics in press, Epub. 2005 Dec. 6)

substitution
model
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AGACGGUCUGGUUGCGGGERUGAUCACGACGAACGGEUCGUGAUUGCCUUAGGCCGRUGGGECCUUGGUCAAGUCAGAUGAGCUC
AGACGGUCUGGUUGCGGEEGEEUGAUUACGACGAACGRUCGUGAUUGCCUAAGGCCGRUGGEECCUUGGEUCAAGUCGGAUGAGCUC
AGACGGUCUGBUUGCGGEEEEUGAUCACGACGAACGGEUCGUGAUUGCCUAAGECCCRUGEGECCUUGEUCAAGUCGGAUAAGCUC
AGACGGUCUGGUUGCGGEEEEUGAUCACGGCGAACCEUCGUGAUUGCCUACCGECAGBUGEGECCUAGGBUCAAGUCGGAUGAGCUC
AGACGGUCUGGUUGCGGEEEUGAUCACGACGAACGGEUCGUGAUUGCCUAACGCAGBUGEGCCUAGGEUCAAAUCGGACGAGCUC
GEECCGEUCUGGUUAUGEGEEEUGAUCACGECGAACGECCEUGAUGGCCUAAGGGAGGUUAGCCUGAGUUGAGUCGGAUUAGGUC
GEECCEUCUGGUUAUGEGEEEUGAUCACGECGAACGECCEUGAUGGCCUAAGGGAGGUUGGECCUAAGUUGAGUCGGAUUAGGUC
GEECCGEUCUGGUUAUGEGEEEUCAUCACGECGAACGECCEUGAUGGCCUAAGGGAGGUUGGECCUAAGUUCAGUCGGAUUUGGEUC
CUAUGGUCUGGUUACGGGEEUGAUCAUGGCGGEECAGCCEUGAUUGCCGUGUGCAGGUGGRUUUAAGUUUAGUAGAAUUAGUGC
CUAUGGUCUGGUUACGGGEEEUGAUCAUGGCGEECECCCEUGAUCGCCCUGUGCAGGUGGEUCUAAUUUUAGUCGAAUUGGCGL
CUAUGGCCUGGUUACGGGEEEUGAUCAUGGUGGEECGEEUCEUGAUUGCCGUGUGCAGGUGGEUCUAAGUUUAGGCGGAUUGGECGL
CUAUGGUCUGGUUACGGGEEEUGAUCAUGGUGGEECGEECCAUGAUUGCGEUGUGCAGAUGGEUCCAAGUUUAGGCGGAUUGGECGL
CUAUGGUCUGGUUACGGEGEEUGAUCACGGEUGGEECGACCGUGAUUGCCCUGUGCAGBUGGEREUCUAAGUUUAGGCGAAUUGECGL



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:

fnkzl fnkZO
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.

substitution-

model

To.035 To.075> To.1, To.3, To.5



ConStruct

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

Combination of Sequence Alignment, Thermodynamics and
Mutual Information Content.

Consensus Structure
» Thermodynamic Consensus Dotplot:
Consensus Dotplot using RNAfold: Hofacker et al. (1994)
» Mutual Information Content: MIC:
(Chiu & Kolodziejczak, 1991, Gutell et al. 1992)

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



Mean branch length

Consensus Structures based on Mutual Information Content




Mean branch length

Thermodynamic Consensus Structures

N 0.03 0.075




Prediction of tertiary interactions

Using Maximum Weighted Matching: Tabaska et al. (1998)




Prediction of tertiary interactions

Using Maximum Weighted Matching and a threshold

N 0.03 0.075




Tree topology

Subtree: 30 sequences

Fulltree: 100 sequences

Is maximisation of evolutionary divergence useful for structure
predictions?



Evolve along the fulltree and the subtree

Consensus structures based on Mutual Information Content

Fulltree

Subtree




Evolve along the fulltree and the subtree, threshold

Consensus structures based on Mutual Information Content

Fulltree

Subtree




Reducing the alignment

Consensus structures based on Mutual Information Content

Fullalignment Subalignment




Reducing the alignment

Consensus structures based on Mutual Information Content

Fullalignment Subalignment




Reducing the alignment

Using Maximum Weighted Matching and a threshold

N Subalignment

Fullalignment




Influence of the tree topology

Mutual Information:

» Long branches — many true positives correlations
» Short branches — few true positives correlations
» Many false positives

» 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?

ancestral
correlation




Conclusion

» Including phylogenetic information in comparative analysis is
potential useful
» Phylogeny can help to choose sequences for structure
prediction methods:
» Statistical study is necessary.
» How looks the optimal tree for comparative structure
prediction methods, with and without thermodynamics?
» Method for Reconstructing Dependencies with Phylogenetic
Trees

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



Extension of SISSI

» SISSI is not limited to F81 types of rate matrices

» E.g. inclusion of a transition-transversion parameter
Inclusion of codon position-specific heterogeneity
Studies with tertiary interactions
Inclusion of mixture models

v vy

» Inclusion of energy values

» Inclusion of indels
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