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Turn, Turn, Turn… 
From Lichtenberg et al, 
Science 307 (2005) 724: 

 
The wheel represents the 4 
stages of a cell cycle in yeast. 
 
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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External Triggers affect transcriptome 
Re-routing of metabolic fluxes during the diauxic shift in S. cerevisiae 
→ changes in protein abundances (measured via mRNA levels) 

anaerobic fermentation: 
fast growth on glucose → ethanol 

aerobic respiration: 
ethanol as carbon source 

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/F2.large.jpg
http://www.sciencemag.org/content/278/5338/680/F1.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 

degrade
dprotein 

microRNAs 

TFs 
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Transcription Initiation 
In eukaryotes: 

• several general transcription factors  
  have to bind 

• specific enhancers or repressors  
  may bind 

• then the RNA polymerase binds 

• and starts transcription 

Alberts et al.  
"Molekularbiologie der Zelle", 4. Aufl. 
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Layers upon Layers 

Biological regulation 
via proteins and metabolites 

Projected regulatory network 

Remember:  
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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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),  
whereas 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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What is a GRN? 
Since these physical interactions are fixed,  
we can represent a GRN as a static network  
even though regulatory interactions occur  
dynamically in space and time. 
 
A GRN provides a systemic view of gene regulation  
by coordinated activity of multiple TFs and miRNAs  
and thus serves as a medium for  
understanding the mechanism of gene regulation. 

Narang et al. (2015). PLoS Comput Biol 11(9): e1004504 
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Which TF binds where? 

  

Boyer et al. Cell 122, 947 (2005) 

12 

Chromatin immuno 
precipitation: use e.g. 
antibody against Oct4 
 
 ”fish“ all DNA frag-
ments 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) 
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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, with 
the height of each letter proportional to the observed frequency of the 
corresponding amino acid or nucleotide, and the overall height of each 
stack proportional to the sequence conservation, measured in bits, 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 

14 
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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 the TFs make specific contacts (e.g. hydrogen bonds) 

with DNA base pairs 
 

(2) DNA conformation  
depends on its sequence  
→ Some TFs „measure“ 
different aspects of  
the DNA conformation  

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

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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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 
(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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Global Regulators in E. coli 

Ma et al., BMC Bioinformatics 5 (2004) 199 
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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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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? 
 
E.g. 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 which contain 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 



Bioinformatics 3 – WS 15/16 V 7  –  26 

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).  
 
Considering that at least some of this correlation can be accounted for  
by the fact that a subset of TFs autoregulate, this finding supports  
the notion that 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 



Bioinformatics 3 – WS 15/16 V 7  –  28 

Transcription factors in human: ENCODE 
Some TFs can activate and express target genes.  
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 
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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 
significantly closer to the TSS than 
repressing TF binding sites  
(p = 4.7×10-2). 
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Cooperative transcriptional activation 

Mediator 

looping 
factors 

DNA-looping enables interactions for the distal 
promotor regions, 

Mediator cofactor-complex serves as a huge linker 
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cis-regulatory modules 

TFs are not dedicated activators or respressors! 
It‘s the assembly that is crucial. 

coactivators 

corepressor 

TFs 

IFN­enhanceosome from RCSB Protein Data Bank, 2010 
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Borrow idea from ClusterOne method: 

Identify candidates of TF complexes 

in protein-protein interaction graph 

by optimizing the cohesiveness 

   Protein complexes involving  
multiple transcription factors 
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   underlying domain-domain representation of 
PPIs 

34 

Green proteins A, C, E form actual complex.  

Their red domains are connected by the two green edges. 

 

B and D are incident proteins. They could form new interactions 

(red edges) with unused domains (blue) of A, C, E 

Assumption: every domain supports only one interaction. 
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   data source used: Yeast Promoter Atlas, 
PPI and DDI 

35 

Will, T. and Helms, V. (2014) 
Bioinformatics, 30, i415-i421 
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   Daco identifies far more TF complexes than 
other methods 

36 

ClusterOne (Cl1), MCD and MCL are other methods to generate 

protein complexes from PP interaction data. 

 

Listed here are the number of disjoint protein complexes generated by 

these methods that involve at least 2 TFs. 
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   Examples of TF complexes – comparison 
with ClusterONE 
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Green nodes: proteins in the reference 
that were matched by the prediction  
 
red nodes: proteins that are in the 
predicted complex, but not part of the 
reference. 
 
→ DACO complexes are more 
compact than ClusterONE complexes 
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   Performance evaluation 

38 

Columns 1-3: overlap of predicted complexes with gold-standard sets 

Column 4: functional homogeneity (GO terms) of complex components 
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Co-expressed target genes of MET4/MET32 
TF complex during yeast cell cycle 
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X-axis: 32 time points 

during yeast cell cycle 

 

Y-axis: normalized 

expression of target 

genes of TFs MET4 and 

MET32 

Grey: target genes of either MET4 or MET32 show scattered expression 

 

Black: target genes of MET4 and MET32 show 2 expression modes 
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   Functional role of TF complexes 

40 


