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I. Background

� Transcription essential 
regulatory step in gene 
expression

� Response to specific 
conditions, time points, 
tissue types

� Many different regulatory 
proteins & sequences

http:/campus.queens.edu 
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Elements in Transcriptional Control

RNA polymerase, general & regulatory transcription factor 
(TF), co-factors, co-activators, mediators, chromatin 
remodeling factors, histone modifying factors & many 
more

Lemon & Tjian, Genes & Devt. (2000)

DNA Accessibility

� Essential for 
transcription 
initiation

� Nucleosome 
remodeling

� Histone 
acetylation & 
other 
modifications

The Cell, Alberts et al., 4th edition, 2007

Transcription 
Initiation
� RNA Polymerase
� Basal transcriptional 

complex
� General transcription 

factors (TFs)
� TFIIA, B, D, E, F, I, H, J 

� TFIID – TBP (TATA-
binding protein) & TAF 
(TBP-associated factors)

The Cell: A Molecular Approach, Cooper, 2nd edition, 2000
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DNA Sequence Elements

� Basic Process (constitutive transcription)
� Core promoter elements - TATA-box (TBP), Initiator 

element, Sp1 box (Sp1), CCAAT box (CTF/NF1)
� Regulatory Process (response to specific stimuli)

� Heat shock element – HSE (HSF) and AP2 

TATASP1CCAAT AP2

-28 0-74

HSEAP2CCAATSP1

-105-158

hsp70 upstream sequence 

Adapted from Fig 1.6  Eukaryotic Transcription 
Factors, Latchman, 4th edition, 2004

hsp70 gene

Enhancer and Silencers

� Lack promoter activity, but can � or � promoter activity
� Regulatory TF binding
� Up-, downstream or 

within transcription unit
� Can be very distant & 

either orientation 
� May have multiple 

binding sites for 
multiple TFs

� Interactions by DNA 
looping & bending

Coffin et al., Retroviruses (1997)

DNA Binding Domain

Activation Domains

Sharrocks, Biochem Soc Trans (2002)  

DNA-binding TFs

� DNA-binding domain
� Examples: Helix-turn-helix motifs, zinc finger, leucine zipper 

� Recognize sequence specific DNA sites (binding sites)

� Activation domain(s)
� Mediates transcriptional activation 
� Interaction with basal transcriptional complex, co-activators, 

chromatin remodeling factors, etc.
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Transcription Factor Binding Sites 
(TFBS)

CGGCGCACTCTCGCCCG
CGGGGCAGACTATTCCG
CGGCGGCTTCTAATCCG
CGGAGGGCTGTCGCCCG
CGGAGGAGAGTCTTCCG
CGGAGCAGTGCGGCGCG
CGCGCCGCACTGCTCCG
CGGAAGACTCTCCTCCG
CGGGCGACAGCCCTCCG
CGGATTAGAAGCCGCCG
CGGGGCGGATCACTCCG
CGGCGGTCTTTCGTCCG
CGGCGCACTCTCGCCCG
CGGGGCAGACTATTCCG

Features
� Sequence specificity

� Degenerate
� 6-20 positions
� Can be palindromic, 

gapped

Biophysical View

TF S TF S+ � �
kbind

kdiss

Djordjevic et al., Genome Research (2003) 

� For some DNA site S
� The probability of Sbeing 

bound in solution is 

� Given the site-specific 
equilibrium constant

and that                      , where 1/� = kBT and E(S)
is the free energy of binding, then  
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Status

� Most genomic binding sites & binding 
specificities of TFs in human and many 
model organisms are not known

� Regulatory function of many TFs also not 
well understood on genomic scale

� Regulatory control in different conditions, 
cell types, disease states, etc. also not 
well studied

Bulyk, Curr Opinion in Biotech ( 2006)
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II. Experimental Methods for TFBS

� DNaseI footprinting methods
� Identify regions of DNA protected by bound TF

� Gel mobility shift 
� Monitors change in mobility when DNA & 

protein bind

� Reporter constructs
� SELEX Systematic Evolution of Ligands by EXponential Enrichment 

� Screen large pools of short random 
oligonucleotides for binding by a specific protein

High-throughput Experimental 
Methods for TFBS

For genome-scale discovery
1. DNA Microarray

in vivo (ChIP-chip, DamID)
2. Protein Binding Microarray

in vitro
3. Protein Microarray
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ChIP-chip
� Chromatin 

Immunoprecipitation (ChIP) 
of protein interest followed 
by microarray-based (chip) 
detection of enriched DNA 
fragments 

� Tiling arrays – tile portion 
(or complete) genome

� Examples: RNA pol II 
initiation, nucleosome 
positioning, histone 
methylation, TFs under 
different conditions MacIsaac  
et al., BMC Bioinformatics (2006) 

Bulyk, Curr Opinion in Biotech ( 2006)

DamID-chip
� DNA-binding protein fused 

to DNA adenine 
methyltransferase (Dam), 
which marks DNA near 
protein’s target sites, 
fragmented sites hybridized 
to microarray 

� Similar mapping as ChIP-
chip

� No specific antibody

� Less resolution 2-5KB 
vs .5-1KB ChIP-chip

Bulyk, Curr Opinion in Biotech ( 2006)

Protein Binding Microarrays

� Assess DNA-binding 
specificities in vitro, by 
assaying TF binding with 
double-stranded (ds) DNA 
microarrays

� Microarrays bound directly 
by tagged TF & labeled by 
antibody specific for tag

� No knowledge of TF 
binding conditions & info. 
for many variants

� Genomic context

Bulyk, Curr Opinion in Biotech ( 2006)
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Protein Arrays

� Transcription factors 
arrayed and probed with 
dsDNA of binding 
sequences (previously 
identified by evolutionary 
conservation) 

� Can assay multiple different 
proteins for specific 
sequences of interest

Ho et al., PNAS (2006)

Opportunities with 
Next Generation Sequencing (NGS)
Dramatic increases in cost-effective sequencing output (454, 

Illumina, SOLiD)
in vivo
� ChIP-seq: ChIP enriched DNA is directly sequenced using NGS 

(Mardis, Nat Methods, 2007) 

� DNaseI  + NGS: DNase I digestion of nuclei coupled with massively 
parallel DNA sequencing (Hesselberth, Nat Methods, 2009) 

in vitro
� Bind-n-Seq: Sequencing of pre and post-binding of oligonucleotides 

(Zykovich et al., NAR, 2009) 

� SULDEX: Accurate estimation of binding energy (in development, 
Pollock Lab)
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Motif: Representative pattern for 
transcription factor binding site

CGGCGCACTCTCGCCCG
CGGGGCAGACTATTCCG
CGGCGGCTTCTAATCCG
CGGAGGGCTGTCGCCCG
CGGAGGAGAGTCTTCCG
CGGAGCAGTGCGGCGCG
CGCGCCGCACTGCTCCG
CGGAAGACTCTCCTCCG
CGGGCGACAGCCCTCCG
CGGATTAGAAGCCGCCG
CGGGGCGGATCACTCCG
CGGCGGTCTTTCGTCCG
CGGCGCACTCTCGCCCG
CGGGGCAGACTATTCCG

III TFBS Motif 

Motif Representations

CGGCGCACTCTCGCCCG
CGGGGCAGACTATTCCG
CGGCGGCTTCTAATCCG
. . .
CGGGGCAGACTATTCCG

CGGSGCACANTCNTCCG1. Consensus

2. Frequency 
Matrix (or 
Position Weight 
Matrix)

3. Logo

Logos

� Graphical representation of nucleotide base (or amino acid) 
conservation in a motif (or alignment)

� Information theory 

� Height of letters represents relative frequency of nucleotide 
bases

http://weblogo.berkeley.edu/
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IV. Databases
TRANSFAC: http://www.gene-regulation.com/pub/databases.html#transfac

Binding Sites
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More
Databases

Lineage-specific:
DPInteract (E. coli) http://arep.med.harvard.edu/dpinteract/

PRODORIC® Database r8.9 (prokaryotes)   (http://prodoric.tu-bs.de)

SCPD (yeast) http://rulai.cshl.edu/SCPD/

Drosophila DNase I Footprint Database (v2.0) http://www.flyreg.org/

rVISTA (http://genome.lbl.gov/vista/rvista) & ECRbase http://ecrbase.dcode.org/
(comparative genomics in vertebrates)

http://jaspar.cgb.ki.se/

Motif Searches

Based on motif database ... is there an occurrence 
of a specific motif (or motifs) in your sequence(s) 
of interest?

Sequence 1:   actcgtcggggcgtacgtacgtaacgtacgtacggcatactgttgaccg....  
Sequence 2:   gttgagcgacaagtacggagcactggcagcggtacgtacccccgtagc....
Sequence 3:   tctcgcccgggcgtacgtacgtaacgtacgtaagggcgcgtacgctacc...

How to select sequences? 
� Upstream sequences of co-regulated or co-expressed genes 

(microarrays)

� Sequence regions from high-throughput methods

Position Weight Matrix (PWM)

Frequency Matrix
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Sequence Scoring 
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Motif Searching Issues

� Score cutoffs for defining a “hit”
� Using benchmarks, control false positive/false negative 

(Transfac)

� Theoretical (patser)

� Empirical (“scrambling”, local dependencies – Markov)

� Multiple testing issue (evaluating 103+ positions)

� Consequence: Lots of false positives!

� Extensions
� Position relative to transcription start sites

� Clusters of motif “hits”

� Conservation (comparative genomics)
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V. Novel Motif Prediction

� Goal: Characterize and predict locations of 
unknown motif in sequences of interest

� Challenges: 
� Locations not fixed
� Degenerate
� Short (6-20 bases)
� Signal to noise

� eg., yeast 600-800 bases

Problem

Data: Upstream sequences from co-regulated/co-expressed genes.
Assumption: Binding site occurs in most sequences

1:  act cgt cggggcgt acgt acgt aacgt acgt acggacaact gt t gaccg
2:  cggagcact gt t gagcgacaagt acggagcact gt t gagcggt acgt ac 
3:  ccccgt aggcggcgcact ct cgcccgggcgt acgt acgt aacgt acgt a 
4:  agggcgcgt acgct accgt cgacgt cgcgcgccgcact gct ccgacgct

Goals: 1) Estimate motif  
2) Predict locations

of motifs

1:  act cgt cggggcgt acgt acgt aacgt acgt aCGGACAACTGTTGACCG
2:  cggagcact gt t gagcgacaagt aCGGAGCACTGTTGAGCGgt acgt ac
3:  ccccgt aggCGGCGCACTCTCGCCCGggcgt acgt acgt aacgt acgt a
4:  agggcgcgt acgct accgt cgacgt cgCGCGCCGCACTGCTCCGacgct

Strategies

� Deterministic
� Regular expression representation 

A-C-[AG]-x(5)-T-A

� Enumerative

� Probabilistic
� Statistical model

� Frequency matrix
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Deterministic

� Select pattern type (e.g., 6mers with 1 “gap”)
� Enumerate all possibilities 

AAXAAG, AXAAAG, AAAXGA, ... (>6000 for 
this simple example)

� Count occurrence of each possibility and 
evaluate if more than expected by chance
� Use background genome frequencies or 

Markov local dependencies

RSA Tools
http://rsat.ulb.ac.be/rsat/

Regression Method: REDUCE
Enumerative approach that uses ALL expression data

agggg Count (X)

G
en

e 
E

xp
re

ss
io

n
 (

Y
)

-2
0

2
4

6

0 1 2 3 4

eba ++= gg XY

0.430aggggYMR064W

7.277aggggYFL014W

-0.092aggggYAL003W

0.270aggggYAL001C

Exp-
ression

Promoter 
Count Word

Gene 
Name

0.430tccgaYMR064W

7.271tccgaYFL014W

-0.090tccgaYAL003W

0.273tccgaYAL001C

Bussemaker et al., Nat Genetics 2001
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Strategies

� Deterministic
� Regular expression representation 

A-C-[AG]-x(5)-T-A

� Enumerative

� Probabilistic
� Statistical model

� Frequency matrix

Algorithm Overview

� Simultaneous discovery of both motif and 
occurrences

� Two-step procedure
Start with initial guess of motif (random)
1. Find best occurrences of motif in sequences

2. Update frequency matrix

Iterate, until the motif does not “change”

MEME
http://meme.sdsc.edu/meme/website/meme.html (Bailey et al., NAR 2006)
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MEME Output

MAST: Motif Searching

Extensions

� Multiple occurrences in sequence
� Motif width

� Multiple motifs
� Alternative background models
� Palindromes or gapped motifs
� Dependencies between positions

� Nucleosome occupancy

Sometimes predicted motifs still do not look “real”, 
they may not be reflecting structural constraints
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Incorporating Structural Constraints

� Nature of transcription 
factor - DNA interactions 
imposes constraints on 
the motifs  …. not all 
motifs are equally likely!

� Goal is to bias the search 
for motifs which reflects 
these types of structural 
constraints.

CGGACAACTGATGACCG
CGGAGCACAGTTGAGCG
CGGCGGCTTCTAATCCG
CGGAGGGCTGTCGCCCG

TFEM; Kechris et al., Genome Biology (2004), 
van Zwet et al., SAGMB (2005)

Examples: Information Content

yeast : gal4, abf1,         
pho4

E. coli : crp, purR

Bi-modal

Uni-modal

Comparative Genomics

� Many methods do not work well with higher 
eukaryotes
� complexity, cooperativity, search space

� Tendency of TFBS to be conserved across 
species

Zhang & Gerstein Journal of Biology (2003) 
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Comparative Genomics - Approaches

� Examine conserved blocks (phylogenetic 
footprinting) 

� Account for evolutionary relationships 
� Model evolution of orthologous sequences
� Software: CompareProspector, Ortho-MEME, 

PhyloGibbs, c-REDUCE & m-REDUCE (Kechris & Li, 

BMC Bioinformatics 2008; Siewert & Kechris SAGMB 2009) and many 
more
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