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Motif Discovery

¥Motifs: sequence patterns of biological significance
- E.g.: TF binding sites in DNA, structural motifs in proteins

GAACTCATGGTG
AAAAGCACGGTC
TCAAAGCAAGGC
CCTAATCAGGGC
AAGTATGGACTC
ACTAAGCAGGGT
TCTCACGGCCCA
CCTCGTGGTGGG
TACCGTATGGTT
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GAACTCATGGTG motif
AAAAGCACGGM instances
TCAAAGCAAGGC length k=8
CCTAATCAGGGC
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Motif finding algorithms

Motif search tree:
@ 14

® Search for motifs directly in sequence pattern space f/
(e.g., all possible |! | k-length sequences) —

— ci/@\?
e MITRA,RISOTTO,WEEDER,Voting, etc. )

® Exact motif finding algorithms

depth k

\/

® [Exhaustive search, computationally expensive (very < >

large search space!) I! |« leaves

, . (for all possible k-length motif
® Problematic for (I) longer and less conserved motifs, sequences)

and (2) large-alphabet sequences (protein
sequences, structural alphabets, etc)

® Probabilistic motif finding algorithms
® Use stochastic search & PSSM  —
e MEME, EM, Gibbs, etc

® May be not optimal (local!), or complete




Motif Finding Problem

(k, m, Z, N)-motif search problem

Input: set of strings S, |S| = N, constructed
from an alphabet 2

Output: set M of motifs such that each
motifa! M, |a|=k, Is at minimum Hamming
distance of at most m from strings in S

— N
- sequences
motif over alphabet !
DNA, protein
(unknown) \ ) ( p )
N motif instances

(inexact copies, unknown)




Motif finding algorithms

Algorithm Time complexity  Space
SPELLER (Sagot, 1998) O(nN4V(m,k)) O(nN?2/w)
MITRA (Pevzner, 2002) O(knNV(m,k))  O(nNk)
CENSUS (Evans, 2003) O(knNV(m,k))  O(nNk)
Voting (Chin, 2005) O(NNV(m,k)) O(nV(m,k))

RISOTTO (Pisanti, 2006) O(nN4V(m,k))  O(nN?2)
PMS (Davila, 2007) O(n°NV(m,k))  O(n2N)

(" #$)=Z (i)#Zﬁ’=&($" #4#) | Note dependency on

yae alphabet size!

k - motif length, m - mismatch factor (m<k)
I! | - alphabet size

n - sequence length

N - number of input sequences




Motif finding algorithms

Algorithm Time complexity  Space
SPEILER (Sannt 1002\ AYIINVAV/ 2% 7aY N(NNI2 ha\
MITR| Neighbor set for
CENES string 2
Votin( Motif set M

Neighbor
set for string 3

explicitly check all patfjernhs md
' entire mutational neighborhoo
Neighbor set Vi Iet

‘I ‘ 1 for Strlﬂg 1 problematlc(for I%rgek,m,! I
- S€

N number of mput sequences




Our Results

® New algorithms for motif search

® Significantly improve search efficiency
compared to existing algorithms

® Make exhaustive search possible for

® [arge-alphabet inputs (protein
sequences, 3D structures, etc)

® |onger, less conserved motifs

® [arge length inputs




Algorithm Overview
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Algorithm Overview (2)

Algorithm 1 Motif search algorithm
1. Use multiple rounds of counting sort to iterate over input strings and construct a set of poten
instances Z, k-mers that are at Hamming distance of at most 2m from each string (Algorithm 2
2. Construct candidate set C by building stem sets H(a, b) for k-mer pairs in Z (Algorithm 3)
3. Prune all stems from C that do not satisty motif property using ( 7];; ) rounds of counting sor
rithm 2, Section ‘Pruning using selection’)
4. QOutput remaining stems as motifs.

l: Construct smaller set of candidate patterns R:
- find all k-mers at minimum Hamming distance of at most 2m

from each input sequence How to do this efficiently?
- discard all other k-mers direct approach is quadratic!

Algorithm 2 Selection algorithm

Input: set of kK-mers with associated sequence index, distance parameter d

Output: set of k-mers at distance d from each input string
1. Pick d positions and remove from the k-mers symbols at the corresponding positions to obtain a set
of (k — d)-mers.
2. Use counting sort to order (lexicographically) the resulting set of (k — d)-mers. O k N
3. Scan the sorted list to create the list of all sequences in which K-mers appear. ( (Zm) )n

4. Output the k-mers that appear in every input string.




Algorithm Overview (3)

ll: Construct stem set H from R

Find set of stems (patterns with wildcards) that represent the set
of identical substrings shared by pair of input samples in R

Algorithm 3 Stem generation (independent of the alphabet sizeX|)

Input: pair of k-mersa, b
Output: set of stems (patterns with wildcards) shared bya and b
if if d(a,b) < m then
Set stem = a
Seti =0 ...d positions in the mismatch region of the stem as inb
Place j; =0 ...d — ¢ wildcards inside the mismatch region
Place jo =0 ...m — max(d — i, j; + ¢) wildcards outside the mismatch region
end if
if d(a,b) > m then
Set stem = a
Fix ¢ = d —m...m positions in the mismatch region of the current stem as inb
Place j =0 ... m — ¢ wild-cards in the remaining d — i positions in the mismatch region
end if
Output resulting stems (patterns with wildcards)

lll: Prune stem set H to qbktain motif set M (as in step |)
total cost: O(  H &r?)




Algorithm Summary

® |Improves over existing algorithms in 2
Important cases:

|. large-alphabet inputs (e.g., protein
alphabet, extended DNA alphabet, etc)

2. inputs of large length nN

¥ 0((2’;)7@N+ (Z)HaRZ) \

Rl min(nN, |3[*) H < V(k,m)
using candidate  using stems/wildcards
setR Iinstead of S Instead of explicit searc

(step |) (step II)




Evaluation

® Time efficiency
® Three motif finding tasks:

|. Predicting transcription factor binding sites
in DNA sequences

2. Finding sequence motifs in topologically
similar proteins with weak sequence-based

similarity

3. ldentifying sequence motifs corresponding
to super-secondary structure (SSS) motifs




Selection Efficiency

Motif finding speedup

(Input reduction)
(motif length k=11, max. #mismatches m=3)
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Selection Efficiency

Reduced vs Input
set

Input Reduced input R
Size (feasible set size)

11800 42
19800 35
39800 37
59800 42
99800 40




Time efficiency

® Finding planted k-length motifs with up to m

substitutions
DNA sequences (|! |=4, k=9-19, m=2-7)

Motif problem instances (k, m,|>|)
Algorithm (9.2,4) (11,3,4) (13,4,4) (15,5,4) (17,6,4) (19,7,4)

Stemming 0.95 8.8 31 187 1462 8397
MITRA [5] 0.89  17.9 203 1835 4012 n/a
PMSPrune [10]  0.99 10.4 103 858 7743 81010
RISOTTO [6] 1.64 24.6 291 2974 29792 n/a

Large-alphabet setting (]! [=20-100)

2] 9.2) (11.3) (13.4) (15,5)
MITRA Stemming MITRA  Stemming MITRA Stemming MITRA Stemming

20 8.39 0.637 1032.17 1.07 28905 5.247 n/a 12.31
50 89.82 0.633 12295.73 0.963 685015 2.244 n/a 11.92
100 265.94 0.645 n/a 0.967 > 1 month 2.227 n/a 11.86

® DNA: 3-10x speedup
® Proteins: 10-10* speedups for larger k, m
® scales for large alphabet size |! |




Motif Discovery in
Protein Sequences

® Algorithm performance on difficult motif
discovery cases (protein sequences)

Dataset Motif | MITRA | Our algorithm
Lipocalins (16,6) > 1 day 300s
Zinc metallopeptidase (11,5) > 1 day 185s
Super-secondary structure motifs | (20, 4) 00 47s

® |[mproves search for longer, less conserved
motifs in proteins




Motif Discovery in
Protein Sequences

® Algorii
discov

2
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ldentifying TF Binding
Sites

® 3 datasets: CRP-binding sites, FNR, LexA
. I Consensus (CRP):

~ TGTGAnnnnnnTCACA

(k=18, m=7), | 2x faster than
MITRA

Fotif instances found

10 20 30 40 50 60 70 80 90 100
position




Summary & Outlook

® |Improves search efficiency for

® |arge-alphabet
® |arge length inputs

® Significant speed-ups in practice
e |0-10% more efficient on planted motif finding problems

® more than 10x more efficient in TF-binding site problems
® more than |00x more efficient on protein motif finding

® Can search for longer, less conserved motifs

® Outlook:
® Applies as a speed-up mechanism to a variety of exact motif
finders

® Combines with probabilistic motif finders as a candidate
selector (e.g., MEME, EM)




Thank you !



Input set

ACTCATGG
AAGCACGG
AAGCAAGG
AATCAGGG ATCAGGG
CCTCGTGG ¢CTCG+GG

k-mers  (k-d)-mers




Planted motif (2)

® |arge-alphabet setting:
® Jarge-|! | sequences (|! |[=20-100): N=20 seqs, seq.
length n=600 nt
® Motif: length k=9-19, max. mismatch m=2-7

® Running time (seconds):

2] 9.2) (11.3) (13.9) (15.5)
MITRA Stemming MITRA  Stemming MITRA Stemming MITRA  Stemming

20 8.39 0.637 1032.17 1.07 28905 5.247 n/a 12.31
50 89.82 0.633 12295.73 0.963 685015 2.244 n/a 11.92
100 265.94 0.645 n/a 0.967 > 1 month 2.227 n/a 11.86

® |0-10* speedups for larger k, m

® scales well with alphabet size |! |
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GAACTCATGGTG
AAAAGCACGGTC
TCAAAGCAAGGC
CCTAATCAGGGC
AAGTATGGACTC

ACTAAGCAGGGT
TCTCACGGCCCA
CCTCGTGGTGGG
TACCGTATGGTT

ACCACTCGTCGA

GAACTCATGGTG
AAAAGCACGGTC
TCAAAGCAAGGC
CCTAATCAGGGC
AAGTATGGACTC
ACTAAGCAGGGT
TCTCACGGCCCA
CCTCGTGGTGGG
TACCGTATGGTT
ACCACTCGTCGA




Planted motif (|)

® Running time (seconds) , DNA sequences

Motif problem instances (k, m,|>|)
Algorithm (9.2,4) (11,3,4) (13,4,4) (15,54) (17,6,4) (19,7,4)

Stemming 0.95 8.8 31 187 1462 8397
MITRA [5] 0.89  17.9 203 1835 4012 n/a
PMSPrune [10]  0.99 10.4 103 858 7743 81010
RISOTTO [6] 1.64 24.6 291 2974 29792 n/a

® DNA sequences (|! [=4): N=20 segs, seq.
length =600 nt
® Motif: length k=9-19, max. mismatch m=2-7

® 3-10x speedup for larger k, m




