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Trendy Concepts and Hypotheses

• Transcription regulatory elements act in a context-dependent manner. The

autonomous functional unit is a regulatory region consisting of several

transcription factor binding sites.

• Transcription regulatory regions are recognized by large protein

complexes consisting of several DNA binding and non-binding

transcription factors

• The regulation of transcription initiation takes place at different levels:

DNA methylation, chromatin remodeling, pre-initiation complex

assembly, re-initiation at assembled complexes. Some of the epigenetic

regulatory states are inherited through mitosis.

• Transcription regulatory regions occur everywhere in the genome: in

promoters, introns, downstream regions, probably also in coding regions.

They may act over very long distances in linear DNA sequence space.

Experimental Techniques For Studying Gene Regulatory

Elements

• Promoter mapping experiments: nuclease protection and primer extension

analysis. New technologies: RACE, 5’SAGE, CAGE:

• Reverse genetics: Introduction of mutations into native regulatory regions

and study of their effects in experimental gene expression systems (e.g.

transfected cells, transgenic organisms)

• In vitro protein binding experiments: DNA footprinting, electrophoretic

mobility shift assays, SELEX experiments

• In vivo DNA and chromatin structure analysis: DNA methylation, DNAse

I sensitivity assay, in vivo footprinting, chromatin IP etc. New

technologies: ChIP-chip.

• Global gene expression profiling of cells, tissues or organisms with trans-

regulatory defects



Limitations of Experimental Approaches

Transcription regulatory events are not directly observable. Most data or open

to different interpretations, for instance:

• Expression conditions in a reverse genetics experiment (e.g. DNA and

protein concentrations) may not resemble physiological conditions.

• A cis-regulatory element binding a particular protein in vitro may not

bind the same protein in vivo.

• Point mutations leading to lower transcription rates my be explained

by: (i) the destruction of an activator element, (ii) the accidental

creation of a repressor element.

Some data require advanced computational tools in order to be converted into

a testable hypothesis. Known hard problems are:

• The derivation of a transcription factor binding site predictor from a set of

example sequences

• The extraction of a regulatory network from a set of gene expression profiles

Computational Approaches to Gene Regulatory elements

• Finding a common sequence motif in a set of sequences known to contain

a binding site to the same transcription factor or to confer the same
regulatory property to an adjacent gene. Bottleneck: appropriate data sets,
computer algorithms. New perspective: ChIP-chip data.

• Identification of sequence motifs that are over-represented at  a particular

distance from transcription initiation sites. Bottleneck: large sets of
experimentally mapped promoters. Hope comes from mass mass genome
annotation (MGA) data (CAGE, etc.).

• Identification of transcription factor binding sites and other sequence

elements in DNA regulatory sequences. Bottleneck: accurate and reliable
motif descriptions.

• Development of promoter prediction algorithms. Current bottleneck: large
sets of experimentally mapped promoters.  Perspective: MGA data.

• Identification and interpretation of conserved non-coding sequence
regions between orthologous genes of related organisms. Current

bottleneck: concepts and  models of gene regulatory regions.

Commonly addressed problems and corresponding bottlenecks:



Transcription Factor Binding Sites: Features and Facts

Degenerate sequence motifs

Typical length: 6-20 bp

Low information content: 8-12 bits (1 site per 250-4000 bp)

Quantitative recognition mechanism: measurable affinity of

different sites may vary over three orders of magnitude

Regulatory function often depends on cooperative interactions

with neighboring sites

Representation of sequence motifs, domains, and

families



Weight matrices – Position specific scoring matrices

A weight matrix or position-specific scoring matrix (PSSM) is a table of

numbers containing scores for each residue at each position of a fixed-length

(gap-free) motif.

There are two types of numerical representations:

• frequency matrix: reflects position-dependent frequencies of residues

• Scoring matrix: contains additive weights for computing a match score

Weigh matrices or PSSMs are quantitative, fixed-length motif descriptors.

Unlike regular expressions, they can distinguish between mild and severe

mismatches.

For qualitative definition of a match, a cut-off score needs to be defined.

Title



It is not always easy to guess were the binding sites to a

transcription factor are located in DNA sequences which

are somewhat longer than the actual binding sites

Algorithms for defining weight matrices

Word counting algorithms (for ab initio discovery of consensus sequences)

• Chose word length, define number of allowed mismatches

• Count number of occurrences of each word in input sequences, most

frequent words are motif candidates

Iterative refinement algorithms:

1. Starting with a consensus sequence-like matrix (same score for all

matches, same score for all mismatches) find best match(es) in each

input sequences.

2. Compile new set of putative matches, derive frequency matrix,

compute score, and repeat step 1 with new matrix

3. Iterate step 1 and 2 until the matrix does not change anymore.



Motif discovery algorithms – details.

Computation of log-odds scores from base counts:

b

ibi

bi

e

Nn
w

)4/()1(
log

++
=

nbi denotes the number of bases b at position i, Ni the total number of bases

at position i, and eb the expected fraction of bases b, usually estimated from

the base composition of the input sequences.

Variants of the iterative alignment procedure:

• Expectation-Maximization: Instead of picking the best motif of within

a sequence, compute motif probability scores for each subsequence and

take weighted average over subsequences (useful in case of two equally

good motif occurrences)

• Gibbs-sampling: Instead of taking the best motif per sequence, choose

randomly one of the most probable, according to probability

distribution (may overcome local optimum problem)

Motif discovery – a multiple local alignment problem

The motif discovery problem may be viewed as a multiple local alignment

problem:

For a given set of input sequences:

Find one or several un-gapped multiple alignments (sets of fixed-length

sequences) minimizing the entropy function.

Constraints about motif occurrences:

Each motif must occur exactly once,

at most once,

or one or several times

per sequence.



Limitations of Motif Discovery Algorithms

A recent papers show that computational motif discovery is disappointingly

ineffective:



Bad Performance indices used by Tompa et. al. 2005

Bad Performance of Motif Discovery algorithms on Eukaryotic

Benchmark Data Sets (Results from Tompa et. al. 2005)



Similar results are obtained with prokaryotic benchmark datasets
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Motivation and Goals of the Project

Motivation: Accurate and reliable computational tools to predict  transcription factor binding

sites are still not available.

Potential reasons:

1. Lack of adequate experimental data

2. Lack of adequate computational models

3. Lack of an adequate method to estimate the parameters of a computational model from

the experimental data

Goal: To develop a combined computational-experimental protocol to derive an accurate

predictive model of the sequence specificity of a DNA-binding protein

Potential benefits:

1. Being able to predict transcription factor binding in genome sequences.

2. Insights into molecular mechanisms of sequence-specific protein-DNA interactions

3. Ability to rationally design gene control regions of desired properties for biotechnological

applications

Our Approach to the Problem of Characterizing the

Sequence-Specificity of a DNA Binding Transcription

Factor

1. Choice of a quantitative predictive model for representing the binding

specificity. Our choice: a profile-HMM

2. Choice of an experimental method to generate data for estimating the

model parameters. Our choice: a SELEX experiment

3. Choice of a machine learning algorithm to estimate the model parameters

from the data. Our choice: the Baum-Welch HMM training algorithm

4. Validation of the approach and optimization of the experimental parameters

by a computer simulation of step 2 and 3

5. Adjustment of experimental protocol to produce the necessary data as

suggested by the computer simulation

6. Generation of the experimental data

7. Building a binding site model from the data

8. A posteriori validation of the model by cross-validation and comparison with

independent experimental results



Old CTF/NFI Binding Site Profile

Example: TGGGCATATAGCCAC

Score: 10-1+10+10+10 +0 +10+10+10+10+9 = 88

Random sequence library

5’ –TCCATCTCTTCTGTATGTCGAGATCTA.N(25).TAGATCTCCTAACCGACTCCGTTAATT-3’

Second strand synthesis by pcr

                                                 Bgl II                       Bgl II

5’–TCCATCTCTTCTGTATGTCGAGATCTA.N(25).TAGATCTCCTAACCGACTCCGTTAATT-3’

3’–AGGTAGAGAAGACATACAGATCTAGAT.N(25).ATCTAGAGGATTGGCTGAGGCAATTAA-5’

Selection of binding sequences (gel shift)

Amplification

Digestion Bgl II

5’ –GATCTA..N(25)..TA

               AT..N(25)..TACTAG-3’

Concatemerization and cloning
5’-GATCTA…N(25)…TAGATCTA…N(25)…TAGATCTA…N(25)…TA

              AT…N(25)…ATCTAGAT…N(25)…ATCTAGAT…N(25)…ATCTAG-3’

    site 1               site 2              site 3

HTS sequencing

Primer 1

Primer 2

Selection cycles







Quality Assessment of the New Model: Comparison of

Predicted Binding Scores with in vitro measured Binding

Constants

Data from Meisterernst et al. (1988). Nucl. Acids Res. 16, 4419-4435


