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Coming from PPI networks “Assembly in time”
From Lichtenberg et al,

Science 307 (2005) 724:

The wheel represents the

4 stages of a cell cycle in 

S. cerevisiae.

Colored proteins are

components of protein

complexes that are (only) 

expressed at certain stages.

Other parts of these

complexes have constant

expression rates (white).

→ “assembly in time”
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Classic: External triggers affect transcriptome

Re-routing of metabolic fluxes during the “diauxic shift” in S. cerevisiae

→ changes in mRNA levels (leads to changes of protein abundance)

anaerobic fermentation:

fast growth on glucose → ethanol

aerobic respiration:

ethanol as carbon source, 
cytochrome c as electron carrier in respiration and 

enzymes of TCA cycle (in mitochondrial matrix) 

and glyoxalate cycles upregulated

DeRisi et al., Science 278 (1997) 680

Diauxic shift
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Diauxic shift affects hundreds of genes
Cy3/Cy5 labels (these are 2 dye molecules for the 2-color microarray), comparison of 2 

probes at 9.5 hours distance; w and w/o glucose

Red: genes induced by diauxic shift (710 genes > 2-fold)

Green: genes repressed by diauxic shift (1030 genes change > 2-fold)

DeRisi et al., Science 278 (1997) 680

Optical density (OD) 

illustrates cell growth;

http://www.sciencemag.org/content/278/5338/680/F1.large.jpg
http://www.sciencemag.org/content/278/5338/680/F1.large.jpg
http://www.sciencemag.org/content/278/5338/680/F2.large.jpg
http://www.sciencemag.org/content/278/5338/680/F2.large.jpg
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Flux Re-Routing during diauxic shift

expression increases

expression unchanged

expression diminishes

DeRisi et al., Science 278 (1997) 680

fold change

metabolic flux 

increases

→ how are these 

changes coordinated?
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Gene Expression
Sequence of processes:   from DNA to functional proteins

DNA mRNA mRNA

degraded 

mRNA

protein

active 

protein

transcription

In eukaryotes:

RNA processing:

capping, splicing

transport

translation

post-

translational 

modifications

degradation

nucleus cytosol

→ regulation at every step!!!

most prominent: 

- activation or repression of the transcription initiation by TFs

- regulation of degradation by microRNAs

transcribed 

RNA

degraded 

protein

microRNAs

TFs
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Transcription Initiation
In eukaryotes:

• several general transcription factors 

have to bind to gene promoter

• specific enhancers or repressors 

may bind

• then the RNA polymerase binds

• and starts transcription

Alberts et al. 

"Molekularbiologie der Zelle", 4. Aufl.

Shown here: many RNA polymerases read central DNA at 

different positions and produce ribosomal rRNAs

(perpendicular arms). The large particles at their ends are

likely ribosomes being assembled.
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p53: example of a Protein-DNA-complex

www.rcsb.org

PDB-Structure 1TUP: tumor suppressor p53

Determined by X-ray crystallography

Purple (left): p53-protein

Blue/red DNA double strand (right)

8

The protective action of 

the wild-type p53 gene 

helps to suppress tumors 

in humans. The p53 gene 

is the most commonly 

mutated gene in human 

cancer, and these 

mutations may actively 

promote tumor growth. 

www.sciencemag.org (1993)

http://www.sciencemag.org/
http://www.sciencemag.org/content/262/5142.cover-expansion
http://www.sciencemag.org/content/262/5142.cover-expansion
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Contacts establish specific binding mode

Science 265, 346-355 (1994) 9

Nikola Pavletich,

Sloan Kettering

Cancer Center
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Contact residues

Science 265, 346-355 (1994)

10

Left: Protein – DNA contacts involve many arginine (R) and lysine (K) residues

Right: the 6 most frequently mutated amino acids (yellow) in cancer.

5 of them are Arginines. 

In p53 all 6 residues are located at the binding interface for DNA!
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What is a GRN?
Gene regulatory networks (GRN) are model representations 

of how genes regulate the expression levels of each other. 

In transcriptional regulation, proteins called transcription factors (TFs) 

regulate the transcription of their target genes to produce 

messenger RNA (mRNA).

In post-transcriptional regulation microRNAs (miRNAs) 

cause degradation and repression of target mRNAs. 

These interactions are represented in a GRN by adding 

edges linking TF or miRNA genes to their target mRNAs. 

Narang et al. (2015). PLoS Comput Biol 11(9): e1004504
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Structural organization of 

transcription/regulatory networks

Regulatory networks are highly interconnected, 

very few modules can be entirely separated from the rest of the network.

We will discuss motifs in GRNs in a subsequent lecture.

Babu et al. Curr Opin Struct Biol. 14, 283 (2004)
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Layers upon Layers

Biological regulation

via proteins and metabolites
Projected regulatory network

Note that genes do not interact directly

<=>

<=>
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Conventions for GRN Graphs

Gene regulation networks have  "cause and action"

→ directed networks

A gene can enhance or suppress the expression of another gene

→ two types of arrows

activation

self-

repression
repression

Nodes:  genes that code for proteins which catalyze products …

→ everything is projected onto respective gene
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Which TF binds where?

Boyer et al. Cell 122, 947 (2005)

15

Chromatin immuno precipitation: use e.g. antibody against Oct4

 ”fish“ all DNA fragments that bind Oct4

 sequence DNA fragments bound to Oct4

 align them + extract characteristic sequence features

 Oct4 binding motif
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Sequence logos represent binding motifs

Crooks et al., Genome Research 

14:1188–1190 (2004) 16

Sequence conservation is defined as difference between the maximum 

possible entropy and the entropy of the observed symbol distribution:

pn : observed frequency of symbol n at a particular sequence position 

N : number of distinct symbols for the given sequence type, either 4 for 

DNA/RNA or 20 for protein. 

A logo represents each column of the alignment by a stack of letters.

The height of each letter is proportional to the observed frequency of 

the corresponding amino acid or nucleotide.

The overall height of each stack is proportional to the sequence 

conservation at that position.
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Construct preferred binding motifs

Chen et al., Cell 133, 

1106-1117  (2008)

DNA-binding domain of a glucocorticoid -

receptor from  Rattus norvegicus with the 

matching DNA fragment ; www.wikipedia.de

17
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Position specific weight matrix
Build list of genes that share a TF binding motif.

Generate multiple sequence alignment of their sequences.

Alignment matrix: how often does each letter occur 

at each position in the alignment?

Hertz, Stormo (1999) Bioinformatics 15, 563
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What do TFs recognize?
(1) Amino acids of TFs make specific contacts (e.g. hydrogen bonds) with

DNA base pairs

Dai et al. BMC Genomics 2015, 16(Suppl 3):S8

(2) DNA conformation depends on its sequence

→ Some TFs „measure“ different aspects of the DNA conformation

http://www.biomedcentral.com/1471-2164/16/S3/S8/figure/F2
http://www.biomedcentral.com/1471-2164/16/S3/S8/figure/F2
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E. coli Regulatory Network

BMC Bioinformatics 5 (2004) 199
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Global Regulators in E. coli

Ma et al., BMC Bioinformatics 5 (2004) 199
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Simple organisms have hierarchical GRNs

Network from standard 

layout algorithm

Network with all regulatory 

edges pointing downwards
→

→ a few global regulators (•) control all the details

Largest weakly connected 

component (WCC)

(ignore directions of regulation):  

325 operons 

(3/4 of the complete network)

Ma et al., BMC Bioinformatics 5 (2004) 199

Lowest level: operons that code for TFs  with only auto-

regulation, or no TFs

Next layer: delete nodes of lower layer, identify TFs that do 

not regulate other operons in this layer (only lower layers)

Continue …
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E.coli GRN modules

Remove top 3 layers and determine WCCs

→ just a few modules

Ma et al., BMC Bioinformatics 5 (2004) 199
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Putting it back together

Ma et al., BMC Bioinformatics 5 (2004) 199

The 10 global 

regulators are at the 

core of the network,

some hierarchies 

exist between the 

modules
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Modules have specific functions

Ma et al., BMC Bioinformatics 5 (2004) 199
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Frequency of co-regulation
Half of all target genes are regulated by multiple TFs.

In most cases, a „gobal“ regulator (with > 10 interactions) 

works together with a more specific local regulator.

Martinez-Antonio, 

Collado-Vides, 

Curr Opin Microbiol

6, 482 (2003)
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TF regulatory network in E.coli
When more than one TF 

regulates a gene, the order

of their binding sites is as

given in the figure. 

Arrowheads and

horizontal bars indicate

positive / negative 

regulation when the

position of the binding site

is known. 

In cases where only the

nature of regulation is

known, without binding site

information, + and – are

used to indicate positive 

and negative regulation. 
Babu, Teichmann, Nucl. Acid Res. 31, 1234 (2003)

The names of global regulators are in bold. 
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Response to changes in environmental 

conditions
TFs also sense changes in environmental conditions or other internal 

signals encoding changes.

Martinez-Antonio, Collado-Vides, Curr Opin Microbiol 6, 482 (2003)

Global environment growth conditions in which TFs are regulating.

# in brackets indicates how many additional TFs participate in the same 

number of conditions.
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Structural view at E. coli TFs
Determine homology between the domains and

protein families of TFs and regulated genes

and proteins of known 3D structure.

 Determine uncharacterized E.coli proteins with

DNA-binding domains (DBD)

 identify large majority of E.coli TFs.

Babu, Teichmann, Nucl. Acid Res. 31, 1234 (2003)

Sarah Teichmann

EBI

Madan Babu, 

MRC
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Flow chart of method to identify TFs in E.coli
SUPERFAMILY database

(C. Chothia) contains a 

library of HMM models

based on the sequences

of proteins in SCOP for

predicted proteins of

completely sequenced

genomes.

Remove all DNA-binding

proteins involved in 

replication/repair etc.

Babu, Teichmann, Nucl. Acid Res. 31, 1234 (2003)
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3D structures of putative (and real) TFs in 

E.coli3D structures of the 11 

DBD families seen in the

271 identified TFs in 

E.coli. 

The helix–turn–helix

motif is typical for DNA-

binding proteins. 

It occurs in all families

except the nucleic acid

binding family.

Still the scaffolds in 

which the motif occurs

are very different. 
Babu, Teichmann, Nucl. Acid Res. 31, 1234 (2003)
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Domain architectures of TFs
The 74 unique domain architectures of the 271 TFs. 

The DBDs are represented as rectangles. 

The partner domains are represented as

hexagons (small molecule-binding domain), 

triangles (enzyme domains), 

circles (protein interaction domain), 

diamonds (domains of unknown function).

The receiver domain has a pentagonal shape. 

A, R, D and U stand for activators, repressors, dual 

regulators and TFs of unknown function.

The number of TFs of each type is given next to each

domain architecture. 

Architectures of known 3D structure are denoted by

asterisks.

‘+’ are cases where the regulatory function of a TF has

been inferred by indirect methods, so that the DNA-

binding site is not known. 

Babu, Teichmann, Nucl. Acid Res. 31, 1234 (2003)
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Evolution of TFs

10% 1-domain proteins

75% 2-domain proteins

12% 3-domain proteins

3% 4-domain proteins

TFs have evolved by apparently extensive recombination of domains.

Proteins with the same sequential arrangement of domains

are likely to be direct duplicates of each other.

74 distinct domain architectures have duplicated to give rise to 271 TFs.

Babu, Teichmann, Nucl. Acid Res. 31, 1234 (2003)
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Evolution of the gene regulatory network

Larger genomes tend to have more TFs per gene.

Babu et al. Curr Opin Struct Biol. 14, 283 (2004)
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Transcription factors in yeast S. cereviseae

Q: How can one define transcription factors?

Hughes & de Boer consider as TFs proteins that 

(a) bind DNA directly and in a sequence-specific manner and 

(b) function to regulate transcription nearby sequences they bind

Q: Is this a good definition?

Yes. Only 8 of 545 human proteins that bind specific DNA sequences and 

regulate transcription lack a known DNA-binding domain (DBD).

Hughes, de Boer (2013) Genetics 195, 9-36
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Transcription factors in yeast
Hughes and de Boer list 209 known and putative yeast TFs.

The vast majority of them contains a canonical DNA-binding domain. 

Most abundant:

- GAL4/zinc cluster domain (57 proteins), 

largely specific to fungi (e.g. yeast)

- zinc finger C2H2 domain (41 proteins),

most common among all eukaryotes. 

Other classes : 

- bZIP (15), 

- Homeodomain (12), 

- GATA (10), and 

- basic helix-loop-helix (bHLH) (8).

Hughes, de Boer (2013) Genetics 195, 9-36

1D66.pdb

GAL4 family
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TFs of S. cereviseae
(A) Most TFs tend to bind relatively few targets.

57 out of 155 unique proteins bind to ≤ 5 promoters in at least one condition.

17 did not significantly bind to any promoters under any condition tested. 

In contrast, several TFs have hundreds of promoter targets. 

These TFs include the general regulatory factors (GRFs), which play a global 

role in transcription under diverse conditions.

Hughes, de Boer 

(2013) Genetics 

195, 9-36

(B) # of TFs 

that bind to 

one promoter. 
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Co-expression of TFs and target genes?
Overexpression of a TF often leads to induction or repression of target genes.

This suggests that many TFs can be regulated simply by the abundance 

(expression levels) of the TF. 

However, across 1000 microarray expression experiments for yeast, 

the correlation between a TF’s expression and that of its ChIP-based 

targets was typically very low (only between 0 and 0.25)!

At least some of this (small) correlation can be accounted for by 

the fact that a subset of TFs autoregulate.

→ TF expression accounts for only a minority 

of the regulation of TF activity in yeast.

Hughes, de Boer (2013) Genetics 195, 9-36
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Using regression to predict gene expression
(A) Example where the relationship 

between expression level (Egx) and TF 

binding to promoters (Bgf) is found for a 

single experiment (x) and a single TF (f). 

Here, the model learns 2 parameters: the 

background expression level for all genes 

in the experiment (F0x) and the activity of 

the transcription factor in the given 

experiment (Ffx). 

(B) The generalized equation for multiple 

factors and multiple experiments. 

(C) Matrix representation of the 

generalized equation. 

Baseline expression is the same for all 

genes and so is represented as a single 

vector multiplied by a row vector of 

constants where c = 1/(no. genes).

Hughes, de Boer (2013) Genetics 195, 9-36
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Transcription factors in human: ENCODE
Some TFs can either activate or repress target genes.

The TF YY1 shows largest mixed group of target genes.

Whitfield et al. Genome Biology 2012, 13:R50

1UBD.pdb

human YY1
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YY1 binding motifs

Whitfield et al. Genome Biology 2012, 13:R50

No

noticeable

difference in 

binding

motifs of

activated or

repressed

target

genes.
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Where are TF binding sites wrt TSS?

Whitfield et al. Genome Biology 2012, 13:R50

Inset: probability to find binding site

at position N from transcriptional

start site (TSS)

Main plot: cumulative distribution.

activating TF binding sites are 

closer to the TSS than repressing 

TF binding sites (p = 4.7×10-2).
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Summary transcription

 Gene transcription (mRNA levels) is controlled by transcription 

factors (activating / repressing) and by microRNAs (degrading)

 Binding regions of TFs are ca. 5 – 10 bp stretches of DNA

 Global TFs regulate hundreds of target genes

 Global TFs often act together with more specific TFs

 TF expression only weakly correlated with expression of target 

genes (yeast)

 Some TFs can activate or repress target genes. Use similar binding 

motifs for this.


