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An integrated framework

 Level 1: Single motif models
• give a distinct score for each sequence segment in a regulatory 

system

• score: match btw the segment and a motif consensus model + 
prior belief (occurrence score)

 Level 2: Composite motif models
• modules:  clusters of TFs that bind to DNA in proximity to each 

other (set of single motifs), certain flexibility about distance btw 
binding sites. 

• score: score of single motifs + inter-motif distances

 Level 3: Gene level models
• several modules act together to determine the regulation of a 

single gene

• gene score: ∑composite motif scores

 Level 4: Genome level models



An integrated framework (contd.)

Level 4: Genome level models
• sets of modules act on sets of genes

• scores at this level used for evaluation and ranking of de 

novo discovered motifs



Single motif models (Level 1)

TFs bind to specific short segments of 

DNA: TF binding sites (e.g. TATAAAA, TATATAT)

• Match model: gives the degree of match 

btw the substring beginning at position p

and and underlying consensus model

• The occurrence prior: gives the prior belief 

that position p represents a regulatory 

element for gene g



Match models
Match model m*(p) is a fn that gives a 

distinct score for any given substring 

Deterministic match model
• binary score (0,1): hit/no hit

• oligos (TATAAAA)

• regular expressions: exact, ambiguous symbols 
and fixed/flexible gaps (TATAA*)

• mismatch expressions 
(hamming dist 1: TATAAAA, matches also TATATAA)

Probabilistic match models
 PMs more expressive than DMs, but DMs allow 

exhaustive discovery of optimal motifs



Probabilistic match models
 weighted score

 position weight matrix (PWM, or PSSM), 

assumes iid

 extensions: positional dependencies 
• PWM with pairs of correlated positions
• mixture model (motif occurs as a stochastic prototype)
• n’th order Markov chains

 a variable-length Markov Model (VLMM): if the relative 
importance of dependencies varies within a motif

 for long range (not neighbouring positions) dependencies:
– permutation of positions in the Markov chain + VLMM

• Bayesian networks



Occurrence priors
Prior belief that an (unspecified) regulatory 

element is located at the given position p

 concerning genetic context ➙ important for 
activity (distance to TSS, DNA structure, presence of CpG-
islands)

• spatial distribution of binding sites: most known regulatory 
element immediately upstream from TSS

• conservation in orthologous sequences: phylogenetic 
footprinting - only search for motifs in highly conserved 
sequence parts

• DNA structure: 3D structure of the DNA: bendability of a 
region, position in DNA loops 

• nucleotide distribution high CG content, presence of CpG 
islands



Composite motif models (Level 2)

Clusters of binding sites for cooperating TFs -
modules
• both sequential order and distance of independent 

binding site can be important

• score: the sum or product of individual motifs and 
the distance scores

• distance fns: constraints (fixed dist, dist below threshold, 
dist within interval, window of certain length, non-binary score fns: 
increase linearly with distance; also conservation fns of inter-motif 

distances), usually in base pairs

• combining single motifs:
deterministic models: intersection of single motif scores 

(exceptional case: m out of n single motif scores required 
to be 1; also motif count can be used directly)

 if single motif scores non-binary: calculate sum of motif 
scores and distance scores (variations)



Gene level models (Level 3)

 gene score: calculated from composite motif 
scores across the regulatory region of gene 
g

 gene level score:
• some methods define it as the max motif score 

(assumes exactly 1 relevant occurrence of motif in the 
regulatory region)

• most sum the (log-)scores of all motifs in the 
area, or the ones above a certain threshold
variations: p-value of the observed set of motif scores;
use logistic regression, ANN, etc.

• calculate the score from the scores of composite 
motifs



Genome level models (Level 4)

Motif scores at the genome level are 

generally used for significance 

evaluation of de novo motifs

genome score usually based on either 

overrepresentation of the motif, or on 

the correspondence between gene 

scores and experimental data



Genome level models (Contd.)

Motif overrepresentation

Correspondence with experimental 

data

Some Algorithmic concerns



Comparison of methods


