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Learning Objectives

• By the end of this lecture, you will:
• Understand challenges in predicting transcription factor (TF) 

binding
• Be able to identify binding sites for known TFs
• Be able to discover TF binding motifs in genomic regions like ChIP-

seq peaks or promoters using iRegulon and Cytoscape
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Overview
Part 1: Introduction to eukaryotic transcription
Part 2: Prediction of transcription factor binding sites
Part 3: Discovering novel motifs enriched in regulatory 

regions
Part 4: Effectiveness of position weight matrix models
Part 5: Incorporating information about the 

biochemistry of gene regulation



Part 1
Introduction to

eukaryotic transcription 



Transcription over-simplified

1. TF binds to DNA at TF binding site
2. TF recruits RNA polymerase II
3. RNA polymerase II produces RNA

ATTATCCATTAGCACAAGCCCGTCAGTGGCCCCATGCATAAATGTACACAGAAACAGGTGGGGAGAGAAGGGGCCAGGGTATAAAAAGGGCCCACAAGAGACCAGCTCAAGGATCCCAAGGCCCAACTCCCCGAACCACTCAGGGTCCTGTGGACAGCTCACCTAGCTG
TAATAGGTAATCGTGTTCGGGCAGTCACCGGGGTACGTATTTACATGTGTCTTTGTCCACCCCTCTCTTCCCCGGTCCCATATTTTTCCCGGGTGTTCTCTGGTCGAGTTCCTAGGGTTCCGGGTTGAGGGGCTTGGTGAGTCCCAGGACACCTGTCGAGTGGATCGAC

TF RNA pol II

UCCUAGGGUUCCGGGUUGAGGGGCUUGGUGAGUCCCAGGACACCUGUCGAGUGGAUCGAC



Anatomy of transcriptional regulation
WARNING: Terms vary widely in meaning between scientists

• Core promoter – Sufficient for initiation of 
transcription; orientation dependent

• TSS – transcription start site
– Often really a transcription start region

• TFBS – single transcription factor binding site
• Regulatory regions

• Proximal/distal – vague reference to distance from TSS
• May be positive (enhancing) or negative (repressing)
• Orientation independent (generally)
• Modules – Sets of TFBS within a region that function together

• Transcriptional unit
• DNA sequence transcribed as a single polycistronic mRNA

exonTFBS TATA

TSS

TFBSTFBS

Core promoter/initiation region (Inr)

TFBSTFBS

Distal regulatory region Proximal regulatory region

exonTFBS TFBS

Distal regulatory region



Complexity in transcription

Distal enhancer

Distal enhancerProximal enhancer Core Promoter

Chromatin
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Functional genomics

ENCODE Project Consortium 2011. PLoS Biol 9:e1001046.
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Functional genomics

ENCODE Project Consortium 2011. PLoS Biol 9:e1001046.



ENCODE
The Encyclopedia of DNA Elements
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Accessing regulatory data

• ENCODE Project
– http://encodeproject.org/

• UCSC Genome Browser
– http://genome.ucsc.edu/

• Ensembl
– http://ensembl.org/

• Gene Expression Omnibus (GEO)
– http://www.ncbi.nlm.nih.gov/geo/

http://encodeproject.org/
http://genome.ucsc.edu/
http://ensembl.org/
http://www.ncbi.nlm.nih.gov/geo/


Part 2 
Prediction of 

TF binding sites

Teaching a computer 
to find transcription factor 

binding sites



Representing binding sites for a TF

• Set of sites, represented as a consensus
• VDRTWRWWSHDWVDH (IUPAC degenerate DNA)

A  14 16  4  0  1 19 20  1  4 13  4  4 13 12  3
C   3  0  0  0  0  0  0  0  7  3  1  0  3  1 12
G   4  3 17  0  0  2  0  0  9  1  3  0  5  2  2
T   0  2  0 21 20  0  1 20  1  4 13 17  0  6  4

• Set of sites, represented as a
position frequency matrix (PFM)

• Single site
• AAGTTAATGATTAAC

Set of 
binding 

sites
AAGTTAATGATTAAC
CAGTTAATAAATAAC
GAGTTAAACACTAAA
CAGTTAATTAGTAAC
GAGTTAATAAATAAC
CAGTTATTCAGTAAC
GAGTTAATAAATCAT
CAGTTAATCAGTAAT
AGATTAAAGAATAAT
AAGTTAACGATTAAC
AGGTTAACGATACAC
ATGTTGATGATAAAC
AAGTTAATGATAAAT
AAGTTAACGATAAAC
AAATTAATGATTCAC
GAGTTAATGATTAAA
AAGTTAATCATTGAC
AAGTTGATGATTAAG
AAATTAATGATTGAC
ATGTTAATGATTAAC
AAGTAAATGATTAAA
AAGTTAATGATTGCC
AAGTTAATGATTGAC
AAATTAATGATTGAC
AAGTTAATGATTAGG
AAGTTAATGATTAAT
AAGTTAATGATTAGC
AAGTTAATGATTAAT

Sequence logo: graphical 
representation of position-
specific matrix.Information

content



Position frequency matrix (PFM)
à position weight matrix (PWM)

TGCTG = 0.9

1. Correct for nucleotide frequencies in genome

2. Weight for PFM sample size

3. Convert to log-scale probability for easy arithmetic

A 5  0  1  0  0

C 0  2  2  4  0

G 0  3  1  0  4

T 0  0  1  1  1

A 1.6 –1.7 –0.2 –1.7 –1.7

C –1.7 0.5 0.5 1.3 –1.7 

G –1.7 1.0 –0.2 –1.7 1.3

T –1.7 –1.7 –0.2 –0.2 –0.2

PWMPFM f

b
b

column !

ba
se

 b



Detecting binding sites in a single sequence
Raw scores

A  [-0.2284  0.4368    -1.5    -1.5    -1.5  0.4368    -1.5    -1.5 -0.2284  0.4368 ]
C  [-0.2284 -0.2284    -1.5    -1.5  1.5128    -1.5 -0.2284    -1.5 -0.2284    -1.5 ]
G  [ 1.2348  1.2348  2.1222  2.1222  0.4368  1.2348  1.5128  1.7457  1.7457    -1.5 ]
T  [ 0.4368 -0.2284    -1.5    -1.5 -0.2284  0.4368  0.4368  0.4368    -1.5  1.7457 ]

ACCCTCCCCAGGGGCGGGGGGCGGTGGCCAGGACGGTAGCTCC 
Sp1

Relative scores

A  [-0.2284  0.4368    -1.5    -1.5    -1.5  0.4368    -1.5    -1.5 -0.2284  0.4368 ]
C  [-0.2284 -0.2284    -1.5    -1.5  1.5128 -1.5 -0.2284    -1.5 -0.2284    -1.5 ]
G  [ 1.2348 1.2348 2.1222 2.1222 0.4368  1.2348 1.5128 1.7457 1.7457 -1.5 ]
T  [ 0.4368 -0.2284    -1.5    -1.5 -0.2284  0.4368  0.4368  0.4368    -1.5  1.7457 ]

A  [-0.2284  0.4368    -1.5    -1.5    -1.5 0.4368    -1.5    -1.5 -0.2284  0.4368 ]
C  [-0.2284 -0.2284    -1.5    -1.5  1.5128    -1.5 -0.2284    -1.5 -0.2284    -1.5 ]
G  [ 1.2348  1.2348  2.1222  2.1222  0.4368  1.2348  1.5128  1.7457  1.7457    -1.5 ]
T  [ 0.4368 -0.2284 -1.5    -1.5 -0.2284  0.4368  0.4368  0.4368    -1.5 1.7457 ]

Max_score = 15.2 (sum of highest column scores)

Min_score = -10.3 (sum of lowest column scores)

Abs_score = 13.4 (sum of column scores)
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JASPAR:
An open-access database

of TF binding profiles
http://jaspar.genereg.net

New Release Coming for 2018 
with Entirely New Interface
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Part 3:

De novo discovery of 
transcription factor

binding sites
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Motif discovery problem

• Given sequences

• Find motif 

IGRGGFGEVY at position 515
LGEGCFGQVV at position 430
VGSGGFGQVY at position 682

seq. 1
seq. 2
seq. 3

seq. 1
seq. 2
seq. 3



Motif discovery problem

• Given:
– a sequence or family of sequences.

• Find:
– the number of motifs
– the width of each motif
– the locations of motif occurrences



Why is this hard?

• Input sequences are long 
(thousands or millions of 
residues).

• Motif may be subtle
– Instances are short.
– Instances are only slightly 

similar. ?

?



TCTCTCTCCACGGCTAATTAGGTGATCATGAAAAAATGAAAAATTCATGAGAAAAGAGTCAGACATCGAAACATACAT

ATGGCAGAATCACTTTAAAACGTGGCCCCACCCGCTGCACCCTGTGCATTTTGTACGTTACTGCGAAATGACTCAACG

CACATCCAACGAATCACCTCACCGTTATCGTGACTCACTTTCTTTCGCATCGCCGAAGTGCCATAAAAAATATTTTTT

TGCGAACAAAAGAGTCATTACAACGAGGAAATAGAAGAAAATGAAAAATTTTCGACAAAATGTATAGTCATTTCTATC

ACAAAGGTACCTTCCTGGCCAATCTCACAGATTTAATATAGTAAATTGTCATGCATATGACTCATCCCGAACATGAAA

ATTGATTGACTCATTTTCCTCTGACTACTACCAGTTCAAAATGTTAGAGAAAAATAGAAAAGCAGAAAAAATAAATAA

GGCGCCACAGTCCGCGTTTGGTTATCCGGCTGACTCATTCTGACTCTTTTTTGGAAAGTGTGGCATGTGCTTCACACA

…HIS7

…ARO4

…ILV6

…THR4

…ARO1

…HOM2

…PRO3

We are given a set of promoters from 
co-regulated genes.

TFBS motif discovery example



5’- TCTCTCTCCACGGCTAATTAGGTGATCATGAAAAAATGAAAAATTCATGAGAAAAGAGTCAGACATCGAAACATACAT

5’- ATGGCAGAATCACTTTAAAACGTGGCCCCACCCGCTGCACCCTGTGCATTTTGTACGTTACTGCGAAATGACTCAACG

5’- CACATCCAACGAATCACCTCACCGTTATCGTGACTCACTTTCTTTCGCATCGCCGAAGTGCCATAAAAAATATTTTTT

5’- TGCGAACAAAAGAGTCATTACAACGAGGAAATAGAAGAAAATGAAAAATTTTCGACAAAATGTATAGTCATTTCTATC

5’- ACAAAGGTACCTTCCTGGCCAATCTCACAGATTTAATATAGTAAATTGTCATGCATATGACTCATCCCGAACATGAAA

5’- ATTGATTGACTCATTTTCCTCTGACTACTACCAGTTCAAAATGTTAGAGAAAAATAGAAAAGCAGAAAAAATAAATAA

5’- GGCGCCACAGTCCGCGTTTGGTTATCCGGCTGACTCATTCTGACTCTTTTTTGGAAAGTGTGGCATGTGCTTCACACA

…HIS7

…ARO4

…ILV6

…THR4

…ARO1

…HOM2

…PRO3

5’- TCTCTCTCCACGGCTAATTAGGTGATCATGAAAAAATGAAAAATTCATGAGAAAAGAGTCAGACATCGAAACATACAT

5’- ATGGCAGAATCACTTTAAAACGTGGCCCCACCCGCTGCACCCTGTGCATTTTGTACGTTACTGCGAAATGACTCAACG

5’- CACATCCAACGAATCACCTCACCGTTATCGTGACTCACTTTCTTTCGCATCGCCGAAGTGCCATAAAAAATATTTTTT

5’- TGCGAACAAAAGAGTCATTACAACGAGGAAATAGAAGAAAATGAAAAATTTTCGACAAAATGTATAGTCATTTCTATC

5’- ACAAAGGTACCTTCCTGGCCAATCTCACAGATTTAATATAGTAAATTGTCATGCATATGACTCATCCCGAACATGAAA

5’- ATTGATTGACTCATTTTCCTCTGACTACTACCAGTTCAAAATGTTAGAGAAAAATAGAAAAGCAGAAAAAATAAATAA

5’- GGCGCCACAGTCCGCGTTTGGTTATCCGGCTGACTCATTCTGACTCTTTTTTGGAAAGTGTGGCATGTGCTTCACACA

…HIS7

…ARO4

…ILV6

…THR4

…ARO1

…HOM2

…PRO3

An unknown transcription factor binds to positions 
unknown to us, on either DNA strand.

TFBS motif discovery example



5’- TCTCTCTCCACGGCTAATTAGGTGATCATGAAAAAATGAAAAATTCATGAGAAAAGAGTCAGACATCGAAACATACAT

5’- ATGGCAGAATCACTTTAAAACGTGGCCCCACCCGCTGCACCCTGTGCATTTTGTACGTTACTGCGAAATGACTCAACG

5’- CACATCCAACGAATCACCTCACCGTTATCGTGACTCACTTTCTTTCGCATCGCCGAAGTGCCATAAAAAATATTTTTT

5’- TGCGAACAAAAGAGTCATTACAACGAGGAAATAGAAGAAAATGAAAAATTTTCGACAAAATGTATAGTCATTTCTATC

5’- ACAAAGGTACCTTCCTGGCCAATCTCACAGATTTAATATAGTAAATTGTCATGCATATGACTCATCCCGAACATGAAA

5’- ATTGATTGACTCATTTTCCTCTGACTACTACCAGTTCAAAATGTTAGAGAAAAATAGAAAAGCAGAAAAAATAAATAA

5’- GGCGCCACAGTCCGCGTTTGGTTATCCGGCTGACTCATTCTGACTCTTTTTTGGAAAGTGTGGCATGTGCTTCACACA

…HIS7

…ARO4

…ILV6

…THR4

…ARO1

…HOM2

…PRO3

DNA binding motif of the 
transcription factor can be 
described by a position weight 
matrix (PWM).

TFBS motif discovery example



5’- TCTCTCTCCACGGCTAATTAGGTGATCATGAAAAAATGAAAAATTCATGAGAAAAGAGTCAGACATCGAAACATACAT

5’- ATGGCAGAATCACTTTAAAACGTGGCCCCACCCGCTGCACCCTGTGCATTTTGTACGTTACTGCGAAATGACTCAACG

5’- CACATCCAACGAATCACCTCACCGTTATCGTGACTCACTTTCTTTCGCATCGCCGAAGTGCCATAAAAAATATTTTTT

5’- TGCGAACAAAAGAGTCATTACAACGAGGAAATAGAAGAAAATGAAAAATTTTCGACAAAATGTATAGTCATTTCTATC

5’- ACAAAGGTACCTTCCTGGCCAATCTCACAGATTTAATATAGTAAATTGTCATGCATATGACTCATCCCGAACATGAAA

5’- ATTGATTGACTCATTTTCCTCTGACTACTACCAGTTCAAAATGTTAGAGAAAAATAGAAAAGCAGAAAAAATAAATAA

5’- GGCGCCACAGTCCGCGTTTGGTTATCCGGCTGACTCATTCTGACTCTTTTTTGGAAAGTGTGGCATGTGCTTCACACA

…HIS7

…ARO4

…ILV6

…THR4

…ARO1

…HOM2

…PRO3

Sequence motif discovery problem is to discover the 
sites (or the motif) given just the sequences.

TFBS motif discovery example



Alternating approach

1. Guess an initial weight matrix
2. Use weight matrix to predict instances in the input 

sequences
3. Use instances to predict a weight matrix
4. Repeat 2 & 3 until satisfied.



Gibbs Sampler: 1. Initialization

• Randomly guess an instance si from each of t input 
sequences {S1, ..., St}.

sequence 1

sequence 2

sequence 3

sequence 4

sequence 5

ACAGTGT
TTAGACC
GTGACCA
ACCCAGG
CAGGTTT



Gibbs Sampler: 2a. Define PWM

ACAGTGT
TAGGCGT
ACACCGT
???????
CAGGTTT

A
C
G
T

.45 .45 .45 .05 .05 .05 .05

.25 .45 .05 .25 .45 .05 .05

.05 .05 .45 .65 .05 .65 .05

.25 .05 .05 .05 .45 .25 .85
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Gibbs Sampler: 2b. Predict instances 

ACAGTGT
TAGGCGT
ACACCGT
???????
CAGGTTT

A
C
G
T

.45 .45 .45 .05 .05 .05 .05

.25 .45 .05 .25 .45 .05 .05

.05 .05 .45 .65 .05 .65 .05

.25 .05 .05 .05 .45 .25 .85

ACGCCGT:20% ACGGCGT:52%

sequence 4
11%
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Gibbs Sampler: 3. Pick new instance

ACAGTGT
TAGGCGT
ACACCGT
???????
CAGGTTT

A
C
G
T

.45 .45 .45 .05 .05 .05 .05

.25 .45 .05 .25 .45 .05 .05

.05 .05 .45 .65 .05 .65 .05

.25 .05 .05 .05 .45 .25 .85

ACGCCGT:20% ACGGCGT:52%

ACAGTGT
TAGGCGT
ACACCGT
ACGCCGT
CAGGTTT

sequence 4
11%
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Gibbs sampler

• Initially: randomly guess an instance si from each of t
input sequences {S1, ..., St}.

• Steps 2 & 3 (search):

– Throw away an instance si: remaining (t - 1) instances define 

weight matrix.

– Weight matrix defines instance probability at each position of 

input string Si

– Pick new si according to probability distribution

• Return highest-scoring motif seen



TOMTOM:
predict which proteins may bind a DNA motif

TOMTOM

Query motif

Motif databases

• TOMTOM compares the query motif   
against all motifs in databases of known   
motifs (such as JASPAR).

Alignment to
matching motif

• TOMTOM reports all statistically 
significant matches.
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Part 4

Effectiveness of the 
position weight matrix 

model



The Good…
• Tronche (1997) tested 50 predicted HNF1 TFBS 

using an in vitro binding test and found that 96% 
of the predicted sites were bound!

• Stormo and Fields (1998) found in detailed 
biochemical studies that the best weight matrices 
produce scores highly correlated with in vitro 
binding energy

PWM score

Binding
energy



…the Bad…

• Fickett (1995) found that a profile for the MyoD 
TF made predictions at a rate of 1 per ~500 bp of 
human DNA sequence

– This corresponds to an average of 20 sites / gene 
(assuming 10,000 bp as average gene size)



…and the Ugly!
Human Cardiac a-Actin gene analyzed

with a set of profiles
(each line represents a TFBS prediction)

Futility conjecture: 
TFBS predictions are 
almost always wrong

Red boxes are protein coding exons -
TFBS predictions excluded in this analysis



More stringency doesn’t help

• Counter to intuition, the ratio of true positives to 
predictions fails to improve for �stringent�
thresholds

• For most predictive models this ratio would increase

• Why? 
• True binding sites are defined by properties not incorporated 

into the profile scores - above some threshold all sites could
be bound if present in the right setting

Threshold

Positive
predictive

value



It’s even worse than we imagined



Please make it stop



Part 4

What have we learned?
• PWMs can accurately reflect in vitro binding properties of 

DNA-binding proteins

• Suitable binding sites occur at a rate far too frequent to 
reflect in vivo function

• In vivo presence of a DNA-binding protein often occurs 
without a strong motif

• Bioinformatics methods that use PWMs for binding site 
studies must incorporate additional information to 
enhance specificity
– Unfiltered predictions are too noisy for most applications
– Organisms with short regulatory sequences are less problematic (such as 

yeast and E. coli)



Part 5
Incorporating information about 

the biochemistry of gene regulation



Segway: semi-automated
genome annotation

genomic signal

pattern
discovery

visualization

annotation

interpretation
49



Transcription start site (TSS)

Hoffman MM et al. 2013. Nucleic Acids Res 41:827.



ht
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GCATACAGCATCATCAGATACGACTACAGCA
TACATAGATATCAGCATACAGCAGACTCATG
ACATCAGACAGCAGCGACGCAGACTCTCTC
ATCATACATCAGACAGCAGCATACCCCACCA
AACGATAGACONTEXTCATACTACTCATAGA
ACACACCATACTACGACTACAGACTCAGAC
CAAAGGGGTCCGCTCGACGCGCCTACTGCA
GCATCTCGGATCGCATCAMATTERSCGCAG
CTTCATCTCAGCGCAGCAGGCCCATTAGCG
AGCTACTCGAGCGATCAGCGACTCTCAGCG
ATCTACCGGGCTATTCACGAGCAGCTTACGC

Module 6                                                               53

GCATACAGCATCATCAGATACGACTACAGCA
TACATAGATATCAGCATACAGCAGACTCATG
ACATCAGACAGCAGCGACGCAGACTCTCTC
ATCATACATCAGACAGCAGCATACCCCACCA
AACGATAGACONTEXTCATACTACTCATAGA
ACACACCATACTACGACTACAGACTCAGAC
CAAAGGGGTCCGCTCGACGCGCCTACTGCA
GCATCTCGGATCGCATCAMATTERSCGCAG
CTTCATCTCAGCGCAGCAGGCCCATTAGCG
AGCTACTCGAGCGATCAGCGACTCTCAGCG
ATCTACCGGGCTATTCACGAGCAGCTTACGC



TFBSshape:   http://rohslab.cmb.usc.edu/TFBSshape/

http://rohslab.cmb.usc.edu/TFBSshape/


Shape Properties



Big challenges ahead

• Understanding all TFs across a developing organism

• Genetic variation in TFBS

• Integration of context and more complex predictive 
models

• Transition from matrices to hidden Markov models or 
energy models



Complexity in transcription

Distal enhancer

Distal enhancerProximal enhancer Core Promoter

Chromatin
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Reflections
• Futility conjecture – essentially predictions of 

individual TFBS have no relationship to an in vivo
function

• Successful bioinformatics methods for site 
discrimination incorporate additional information 
(clusters, conservation)

• TFBS enrichment is a powerful means to identify 
TFs likely to contribute to observed patterns of 
co-expression

• Successful methods for pattern discovery will 
have to incorporate additional information (ChIP-
seq, conservation, structural constraints on TFs, 
3D genome organization)
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We are on a Coffee Break & 
Networking Session

Workshop Sponsors:


