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... model for the sequence-specificity of
transcription factors

ggcttc ACGGACATGTCCGGGCATGTct
atggtg GGGAACATGCCCGGGCATGTct

ACAAACATGCCCGGGCATGCcccatg
aaacga TAGAACATGCCCGGGCATGTccaggg

ACAAACATGCCCGGGCATGTtcctgc
taatgt CAAGACATGCCCGGGCATGTct

gaAGGGACATGCCCGGGCATGTcggaaa
aatgag CGGGACATGTCCGGACATGTct
gcatgc CCGGGCATGTTCTTGGAATAacaacc
gcatga TAGGACATGTCCGGACATGTtc
tccttc ATGGACATGCCCGGGCATGTcg
cccatc CGGGACATGCCCGGGCATGTt

ctgc CCAAACATGTCCGGGCATGTccgtga
acatgc CCGGGCATGTCTGTAGTTCCctctac
aagtgc GGGGGCATGCCCGGGCATGTct
acatgc CCGGGCATGCCCAAAATAAGaccatt
taggga CGGGACATGCCCGGGCATGTct

GGCTTCACGGACATGTCCGGGCATGTCT 
ATGGTGGGGAACATGCCCGGGCATGTCT
ACAAACATGCCCGGGCATGCCCCATG
AAACGATAGAACATGCCCGGGCATGTCCAGGG 
ACAAACATGCCCGGGCATGTTCCTGC 
TAATGTCAAGACATGCCCGGGCATGTCT 
GAAGGGACATGCCCGGGCATGTCGGAAA
AATGAGCGGGACATGTCCGGACATGTCT 
GCATGCCCGGGCATGTTCTTGGAATAACAACC 
GCATGATAGGACATGTCCGGACATGTTC 
TCCTTCATGGACATGCCCGGGCATGTCG 
CCCATCCGGGACATGCCCGGGCATGTT 
CTGCCCAAACATGTCCGGGCATGTCCGTGA
ACATGCCCGGGCATGTCTGTAGTTCCCTCTAC
AAGTGCGGGGGCATGCCCGGGCATGTCT 
ACATGCCCGGGCATGCCCAAAATAAGACCATT 
TAGGGACGGGACATGCCCGGGCATGTCT
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... Shannon uncertainty 
= information content

adapted from van Helden
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... information content I ij of a cell 
of the matrix

adapted from van Helden



... information content I ij of a column 
of the matrix
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... information content I ij of the matrix

adapted from van Helden
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... motif discovery 

GGCTTCACGGACATGTCCGGGCATGTCT 
ATGGTGGGGAACATGCCCGGGCATGTCT
ACAAACATGCCCGGGCATGCCCCATG
AAACGATAGAACATGCCCGGGCATGTCCAGGG 
ACAAACATGCCCGGGCATGTTCCTGC 
TAATGTCAAGACATGCCCGGGCATGTCT 
GAAGGGACATGCCCGGGCATGTCGGAAA
AATGAGCGGGACATGTCCGGACATGTCT 
GCATGCCCGGGCATGTTCTTGGAATAACAACC 
GCATGATAGGACATGTCCGGACATGTTC 
TCCTTCATGGACATGCCCGGGCATGTCG 
CCCATCCGGGACATGCCCGGGCATGTT 
CTGCCCAAACATGTCCGGGCATGTCCGTGA
ACATGCCCGGGCATGTCTGTAGTTCCCTCTAC
AAGTGCGGGGGCATGCCCGGGCATGTCT 
ACATGCCCGGGCATGCCCAAAATAAGACCATT 
TAGGGACGGGACATGCCCGGGCATGTCT

a bunch of sequences

GACATGCCCGGGCATGTCC ATGAAGGATT 
TATCGTTTCC GACATGCCCGGGCATGTCC CTTC

A GACATGCCCGGGCATGTCC CGTCCCTAAT
CAAACGATAG AACATGCCCGGGCATGTCC AGGG

AACATGCCCGGGCATGTCC CGGATGGGGG
A GACATGCCCGGGCATGTTC CCCACCATCT
A GACATGCCCGGACATGTCC GTGAAGCCTC

CTGCCCA AACATGTCCGGGCATGTCC GTGACGTGG
ACA AACATGCCCGGGCATGTTC CTGCTGTGGA

G GACATGCCCGGGCATGTCT GTAGTTCCCT
A GACATGCCCGGGCATGTCT TGACATTAGG 
G GACATGCCCGGGCATGCCC AAAATAAGAC 

GACATGCCCGGGCATGCCC CCGCACTTAC 
ACA AACATGCCCGGGCATGCCC CATGTGA 

A GACATGTCCGGACATGTCC CGCTCATTGG
G AACATGTCCGGACATGTCC TATCATGCAG 
G GGCATGCCCGGGCATGTTC TTGGAATAAC 

MEME



... the EM approach

taken from Craven



... representing motifs

taken from Craven



... representing motifs

taken from Craven



... Likelihood given the
starting position

taken from Craven



... basic EM 

taken from Craven



... the E-step: estimating Z 
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... the M-step: estimating p 

taken from Craven



... the ZOOPS model
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... the M-step in 
the ZOOPS model

taken from Craven



... initializing MEME 

taken from Craven



... MEME is expensive

• we have to iterate over all possible starting positions in each sequence
• we have to adjust the PWM at every step

... MEME is suitable only for a small
number of sequences! 



... string based motif discovery
find over-represented k-mers

adapted from van Helden



... the most frequent k-mers are not
informative 

adapted from van Helden

TF1 TF2



... background models

adapted from van Helden



... random expectation - markov model

adapted from van Helden



... random expectation 
- background sequences

adapted from van Helden



over-represented k-mers? 

adapted from van Helden

TF1 TF2



scoring over-representation

adapted from van Helden



scoring over-representation 
– the binomial test 

adapted from van Helden



6-mer analysis of TF1 

adapted from van Helden



6-mer analysis of TF2 

adapted from van Helden



over-represented motifs? 

adapted from van Helden

6-mers spaced pairs of trinucleotides



over-represented motifs? 

adapted from van Helden



... DNA binding of transcription factors

TF DNAdirect binding

TF

DNAindirect binding


