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DNA sequence motifs

• Short recurring patterns in DNA that are presumed to have biological 
significance

• Often indicate sequence-specific binding sites for proteins such as 
nucleases and transcription factors (TFs)

• Others are involved in processes such as: ribosome binding, mRNA 
processing (splicing etc), transcription termination



How to find binding sites?

• Experimental: construct artificial sequences and explore binding affinities 
(using SELEX), Dnase footprinting

• Computational: search for overrepresented (and/or conserved) DNA 
patterns upstream of functionally related genes (e.g. genes with similar 
expression patterns or similar annotation)

• Huge gap between computational and experimental efforts

• Large-scale efforts to analyze genome-wide binding of TFs using ChIP-chip 
are rapidly addressing the gap 

• Motif knowledge very useful in defining genetic regulatory networks and 
regulatory program of individual genes, so an important tool for 
computational biology



Regulation perspective: restriction enzymes

• Type II restriction enzymes that bind to DNA targets in highly specific 
sequence manner

• Part of a primitive bacterial immune system design to chop up viral 
DNA from infecting phages

• Cannot stray from consensus binding site => autoimmune reaction 
that could lead to irreversible damage to the bacterial genome

• Examples: 
• EcoRI binds to 6-mer GAATTC and only to that sequence

• HindII binds to consensus sequence GTYRAC where Y stands for C or T 
(pYrimidine) and R stands for A or G (puRine)



Consensus statistics

• Probability that a random 6-mer matches EcoRI binding site is (1/4)^6

so the site occurs about once every 4^6 = 4096 bp in a random DNA 

sequence

• For HindII however, there are two positions where two out of four 
bases can match, it would occur once per 4^4 x 2^2 = 1024 bp



TATAAT box

• Well-conserved sequence centered around 10bp upstream of the 
transcription initiation site of E coli promoters

• Together with a motif TTGACA centered around -35, forms the 
binding for S70 subunit of the core RNA polymerase



TATAAT box

• Despite the high degree of conservation at each position (ranging 
from 54% to 82% for each base), it is rare to find a promoter that 
matches this consensus sequence exactly

• Most promoters match only 7-9 out of 12 bases



Position Weight Matrix (PWM)

• For TATAAT motif, activity of each promoter is related to how well it 
matches the consensus sequence, so the activity level of each gene 
can be fine-tuned by how much its -10 and -35 regions deviate from 
the consensus

• Use: Position Weight Matrix (PWM) to denote the fraction of 
nucleotide occurrences at each location of the motif and Position 
Specific Scoring Matrix (PSSM) to correct the occurrences for 
background distribution

• e.g. ROX1 transcription factor is known to bind at least 8 sites in three 
genes in the yeast (Saccharomyces cerevisiae) genome



• Panel a: multiple alignment of 8 binding 
sites of ROX1

• Consensus sequence in panel b. show a 
single base if it occurs more than half the 
sites and at least twice as often as the 
second most frequent base. Otherwise, use 
a double-degenerate symbol if two bases 
occur in more than 75% of the sties…

• Normalize columns in panel c to get PWM 
• Core motif: ATTGTT

D’haeseleer, Nature Biotech 24, 4



• Information content of a PWM :

• fb,i : frequency f of base b at position i

• Perfectly conserved: 2 bits
• Small sample corrections needed (panel e)

• Information content of partially degenerate 
6-mer HindII: 10 bits

D’haeseleer, Nature Biotech 24, 4



• Position Specific Scoring Matrices (PSSM)
• Correcting for background frequencies

• All four bases occur equally is a reasonable 
approximation for E. coli (51% GC) or human 
(41% GC)

• But is biased in S. cerevisiae (38%) C. elegans
(36%), Plasmodium falciparum (19%), 
Streptomyces coelicolor (72%)

• Motif is interesting if it is different from the 
background distribution

• Use relative entropy (or information content) with 
base background frequency (panel f) 

D’haeseleer, Nature Biotech 24, 4





TF information 

• TRANFAC

• JASPAR for multicellular eukaryotes

• YEASTRACT

• SCPD for S. cerevisiae

• RegulonDB for E. coli

• PRODORIC for prokaryotes



Motif discovery

• Three approaches: 
• Enumeration
• Deterministic optimization
• Probabilistic optimization

• Enumeration 
• Dictionary-based methods count # of occurrences of all n-mers in the target 

sequence and calculate which ones are overrepresented
• Motif based description on exact occurrence is too rigid, use a flexible consensus 

description..or..
• Search the space of all degenerate consensus sequences up to a given length
• Use a consensus sequence and allow mismatches, use suffix tree representation to 

find all such motifs in target sequences
• No getting stuck in local minima, but these methods may overlook some of the 

subtle patterns present in the real binding sites



Deterministic optimization

• Use EM to simultaneously optimize a position 
weight matrix (PWM) description of a motif 
and the binding probabilities for tis associated 
sites

• Initialize the weight matrix for the motif with a 
single n-mer subsequence plus a small amount 
of background nucleotide target sequences

• For each n-mer in the target sequence, 
calculate the probability that it was generated 
by the motif, and compare that with the 
probability assigned by a background sequence 
distribution

• EM takes a weighted average across these 
probabilities to generate a more refined motif 
model

• Algorithm iterates between calculating the 
probability of each site based on the current 
motif model and calculating a new motif based 
on the probabilities

D’haeseleer, Nature Biotech 24, 8



Deterministic optimization

• MEME: multiple EM for motif 
elicitation 

• MEME performs  a single iteration 
for each n-mer in the target 
sequences, selects the best motif 
from this set and then iterates only 
that one to convergence, avoiding 
local maxima

• Find additional motifs by masking 
the sequences matched by the first 
motif and rerunning the algorithm

D’haeseleer, Nature Biotech 24, 8



Probabilistic Optimization

• Gibbs sampling: stochastic implementation of EM

• Initialize motif model with randomly selected set of sites

• Every site in the target sequence is scored against this initial motif model

• At each iteration, probabilistically decide whether to add a new site and/or 
remove an old site from the motif model, weighted by the binding 
probability of these sites

• Update the resulting motif model and recalculate the binding probabilities

• After many iterations, we would have sampled the joint probability 
distribution of motif models and sites assigned to the motif, focusing in on 
the best fitting combinations



Which one to use?

• Tompa et al compared 13 different motif discovery algorithms
• Enumerative approaches: Weeder and YMF performed well on eukaryotic 

sequences with known motifs

• Each algo covered only a small subset of known binding sites, with relatively 
little overlap between the algorithms

• Best to combine results from multiple discovery tools: MotifSampler

• Implementation details may be more important than optimization procedure
• How to represent motifs

• Whether to optimize motif width and number of occurrences

• Which objective function



Binding energy and searching for new sites

• Affinity of a DNA binding protein to a specific binding site is typically correlated 
with how well the site matches the consensus sequnces

• But not all matches in a binding site are equally forgiving of mismatches and not 
all matches at a given position have the same effect

• Assume each position contributes to the binding energy independently, we could 
measure the effect of binding energy of all possible base changes

• The resulting PWM, call it W(b,i), can be used to calculate the specific-binding 
free energy (relative to random background DNA) of a sequence S, where S(i) is 
the base occurring in position i in sequence S:



Biophysical interpretation 

• We usually have a list of known binding sites, without any affinity 
information.

• If we assume that the genomic DNA is random with base frequencies pb, 
we can optimize the values of PWM such that the probability of binding to 
the known binding sites (versus the more abundant background DNA) is 
maximized. 

• Optimal weight matrix: 

• Information content of a sequence can be interpreted as an estimate of the 
average specific binding energy to the entire set of known binding sites, in 
competition with genomic DNA



Which one of the motifs is biologically 
relevant?
• Information content

• Lo-likelihood

• MAP score

• Group specificity: probability of having this many target sequences containing the 
site (or this many sites within the target sequences), considering the prevalence 
of the motif throughout the genome

• Sequence specifity: emphasize both the number of sequences with binding sites, 
and the number of sites per sequence

• Positional bias or uniformity: real TF binding sites often (but not always) show a 
marked preference for a specific region upstream of the genes they regulate. So 
measure how uniform the binding site locations are distributed with respect to 
transcription start site of the gene.

• Experimental: phylogenetic footprinting and ChIP-chip analysis



Guidelines

• If possible, remove spurious patterns from target sequences 
(RepeatMasker)

• Use multiple motif prediction algorithms
• Run probabilistic algorithms many time
• Retrieve multiple motifs
• Try a range of motif widths and expected number of sites
• Filter out motifs with biologically implausible distribution of information 

content (‘block filtering’)
• Combine similar motifs, AlignACE, cluster and take best representative
• Use AlignACE to match up with known motifs for the organism
• Evaluate resulting motifs with criterion on the previous page







Searching for new motifs with biophysics

• The binding energy PWM can be used to search for novel sites, using 
a scoring threshold based on scores of known binding sites

• False positives?

• Do simultaneous optimization of weight matrix and thresholds

• But for large eukaryotic genomes, expect low affinity hits. 

• Other factors: chromatin structure, cooperative binding must play a 
role in determining in vivo specificity of associated TFs



Cis regulatory module (CRM)

• Stretch of DNA, usually 100-1000 DNA bp in length

• # of TFs can bind and regular expression of nearby genes

• Cis because they are typically located on the same DNA as the genes 
they control, as oppoed to trans, which refers to effects on genes not 
located on the same strand or farther away

• One cis-regulatory element can regular several genes

• One gene can have several cis-regulatory modules



• Motifs 1, 2 and 3 
are bound to TFs 
and thus are 
active

• Motif 4 is not
• TFs 1 and 2 are 

shown to be 
interacting

• Experiment on 
yeast-cell cycle

• Look for gene 
expression to 
know which 
elements are 
active



• MCB element 
ACGCGT regulates 
G1/S phase

• Expression 
changes for G1/S 
but not G2/M

• Box plots: log 
(Eg/Egc) for  
genes in two 
different phases

• Linear regression 
models



• Non-linear 
regression 
models


