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Alignment

sequence alignment: comparison of sequences (RNAs, DNAs, Proteins)
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structure alignment: also consider secondary structure in comparison
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Pseudoknots

an RNA structure contains pseudoknots

...if it contains any crossing arcs
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structures without pseudoknots can
easily be decomposed

It It is not well-bracketed —>efficient dynamic programming algorithms

more difficult for pseudoknots
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Optimal Alignment

]
optimal alignment = minimum edit distance
edit operation cost example
base deletion Wy A
base substitution W, N,
arc mismatch W,m/2 per mismatched base ; f, N o)
arc breaking Wi, ; f, S5 a U
arc removing W, ,f, [", S
arc altering wW,= (Wp+w,)/2 A
arc removing cost w,
arc altering N--) H--)
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Optimal Alignment

optimal alignment = minimum edit distance

edit operation cost example

base deleti

base subs

arc mism

arc breaki

arc remo

arc alterin
arc removing cost w,

arc altering - .-
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Structure Prediction vs. Alignment
]

structure prediction sequence structure alignment
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optimization problem: optimization problem:
minimum free energy structure minimum edit distance

both solvable with dynamic programming (DP)
where recursive decomposition is based on secondary structure




What has been done before
]

class of pseudoknot arbitrary
structures free R&G A&U L&P D&P R&E pseudoknots
[Zucker1981] [Reeder2004] [Uemura1999] [Lyngs02000] [Dirks2003] [Rivas1999] [Lyngso02000]
[Sankoff1985] [Akutsu2000]
prediction
time O(n3) O(n% O(n%) O(n®) O(n®) O(n®) NP-
space O(n?) O(n?) O(nd) O(nd) O(n%) O(n%) complete
. time O(n?m?) O(n°m>) NP-
alignment space O(nm) O(n*m*) complete
[Jiang2002] [Evans2006] [Evans1999]
O(mn3) O(mn%) O(mn*) O(mn%)  O(mn®) O(mn®)
O(mn?) O(mn?) O(mn3) O(mn3)  O(mn%) O(mn#)
new contribution

further alignment approaches:
[Evans1999],[M6hI2008]

m fixed parameter tractable DP algorithms for arbitrary pseudoknots
[Lenhof1998],[Bauer2007],...

m approaches based on integer linear programming (ILP)



RNA Structure Prediction

General Framework compose optimal structure recursively from arc complete fragments
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[agcagcuc| i o NOT arc complete
lagcagcuc| = [agc a| [cu] + [g [c] arc complete

common base of all DP-based RNA alignment and structure prediction algorithms algorithms
algorithms vary in

= kinds of considered fragments trade-off

= ways how to combine fragments complexity < class of structures




RNA structure prediction

formal notion for that number of intervals of a fragment

algorithms vary in | | 1interval
= | kinds of considered fragments - | ] | Y .
= | ways how to combine fragments N
1 4 [ 1 11 J| 3 intervals
/ '

, \ interval  fragment

split type \
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A Structure Prediction Algorithm Scheme

]
1 2 3
optimal structure for " all instances of split type T, H O(n3) time
fragments with 1 interval

all instances of split type T, T T O(n*) time

[ =min <

2
i) spee l all instances of split type T, O 0 ] O(nd) time
NS
optimal structure for
fragment with 2 intervals allinstances of splittype ', . [ ] O(n? time
[ 1 T 1 =min :

O(nd) time

O(n*) space all instances of split type T’ F;::FH

correctness

correct for the class of structures that can be composed that way
(= for which the case distinction is exhaustive)

complexity

time complexity: depends on number of instances of considered split types
space complexity: depends on degree of considered fragments




Alignment

recursive split of alignments: recursive split of 2 sequences simultaneously

split must be arc complete and compatible with alignment
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g agcuc] (g a > cost not independent
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-> Idea: search over all possible splits




Alignment vs. Prediction

1 2 3

Idea: search over all possible splits

O(n® instances

bad news: there exist a lot more possibilities to split an alignment

O(n¥ instances
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good news: breaking arcs in only one sequence is ok
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Alignment Algorithm

idea align RNAs A and B as follows:

consider a fixed decomposition of A , try to align it to all possible decompositions of B

fixed decomposition of A:

Fa _
splittype T
A .

Fa

Fa

A

A

j

for all F5 (i.e. for all i,j):
optimal alignment of

A

|=min

K,

fix




Alignment Algorithm

]
for each decomposition of % //__%\
the first sequence there exists alg C Ia! IC 1}! alg C ?—! f 1}!
an appropriate decomposition
of the second sequence g agcucg] g a. & U‘-
N XX N X

fixed decomposition of A:

Fa _
splittype T
A .

for all F5 (i.e. for all i,j): fix
optimal alignment of
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Alignment Algorithm

more general:

for any fragments F, and F;, and any arc complete split (F,',F,2) of F, with some type T

C(F,F)= min \C(FLFE)+C(F2,F)}

T—split (Fg,Fz) of Fy

for all F5 (i.e. for all i,j): fix

optimal alignment of &
F .
| A = min

F
[ a | Kl H FT
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Alignment Algorithm Complexity

If RNA structure A has been predicted by some structure prediction algorithm X,
there exists a decomposition of A that uses only the split types used in algorithm X

Complexity alignment vs. structure prediction

alignment fix
fixed decomposition of A:
F .
A | | = min
. k| F;H
A A
, J i k1
structure prediction 4

| Fa A:min<
R e o

| J i Kk |




Extensions of the Scheme
]

class of pseudoknot arbitrary
structures free R&G A&U L&P D&P R&E pseudoknots
- time O(n3) O(n) O(n?) o)  O(nd) O(n®) NP-
prediction space O(n?) O(n?) O(nd) O(nd) O(n%) O(n%) complete
. time O(n’m?) O(n°m>) NP-
alignment space O(nm) O(n*m#) complete
O(mnd) O(mn?) O(mn?) O(mn®  O(mn?) O(mn®)
O(mn?) O(mn?) O(mn?3) O(mn3)  O(mn%) O(mn#)
@ @ () () () @ /00
~— —~ — more
need extensions of the scheme complex
pseudoknots

m extended split types
= need to capture exactly the splits considered by the algorithms

= modify alignment computation to maintain correctness for these types

B optimize space consumption

- all tricks of the prediction algorithms can be transferred to alignment



Practical Evaluation: PKalign
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COMPALIGN SCORE

i

Parecho_CRE (83) Corona_pk3 (42) Alpha_RBS (48) Tymo_tRNA-like (51)

Corona_FSE (42) Entero_CriR (74) Antizyme_FSE (70) Prion_pknot (51)

aligned pseudoknot structures of Rfam Database (contains hand cured reference
alignments)

sequence length up to 125

l MARNA

® pK align
O Lara



Conclusions

]
RNA structure alignment and prediction
m complexity depends on the structures
class of pseudoknot arbitrary
structures free R&G A&U L&P D&P R&E pseudoknots
- time O(nd) O(n%) O(n%) O(nd) O(n®) O(n®) NP-
prediction space o(n?) o(n?) O(n3) o(nd) O(n) O(n% complete
alianment time O(n?m?) O(mn*) O(mn?) O(mn%  O(mnd) O(mn®) NP-
9 space O(nm) O(mn?) O(mn?) O(mn®)  O(mn#) O(mn#) complete
= - /

m implementation: PKalign
m accepted for RECOMB 09

new contribution
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