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Summary last lecture 

• TFs bind as monomers, homo-dimers, or hetero-dimers 

• Multiple TFs (~7-10) cooperate to regulate gene expression 

• TFs regulate the expression of other TFs 

• Feedback loops, autoregulation … 

•  Network 

~5000  
ncRNAs 

~375 Mio  
interactions 

• Add epigenetic modifications 

• Add ncRNAs 

•  Even more complex networks 



Can we predict the GRN from the genome sequence? 
 
 
• Motif discovery methods: 
 Experimental approaches: DNAse footprinting, SELEX, Bacterial 1-Hybrid, ChIP 
 computational approaches: MEME, Gibbs sampling, CONSENSUS 
 Beware: many false positives! 
 
 
• Improving target detection by including expression data: 
 perturbation experiments, time curves 

Predicting the GRN from genome sequence Summary last lecture 
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Protein–protein interactions in pre-40S complexes. Known and 
predicted  interactions between the various assembly factors and 
ribosomal proteins in pre-40S complexes. 

Protein complexes 

Nodes:  Proteins 
Links:     indicate binding 
               undirected 



Signal transduction occurs when an extracellular signaling molecule activates a cell surface 
receptor. In turn, this receptor alters intracellular molecules creating a response. There are two 
stages in this process: 
 

•     A signaling molecule (e.g. hormone) activates a specific receptor protein on the cell    
          membrane. 
•     A second messenger (e.g. cyclic AMP) transmits the signal into the cell, eliciting a    
          physiological response. 
 

Other activated proteins interact with adaptor proteins that facilitate signaling protein 
interactions and coordination of signaling complexes.  

Signaling cascades 

Integrin-mediated  
signal transduction: 

Nodes:  Proteins 
Links:     indicate (in)activation 
               directed 



Function: 

• Single-celled organisms:  interactions and  reaction to the environment 

• Multicellular organisms:  interactions and reactions to the environment 
                     interactions / communications between cells 

Signaling cascades 



Signaling cascades 

Receptors: 
 
• extra-cellular receptors:  integral transmembrane proteins 
                 most receptors 
                 e.g. G-protein-coupled receptors (GPCRs), tyrosine kinases, integrins 
 
• Intra-cellular receptors:   soluble proteins localized within their respective areas 
                 typical ligands: hormones 
                 e.g. nuclear receptors, cytoplasmic receptors 



Dynamics of PINs 

Obligate 
complexes 

consist of proteins that have no 
stable structure when not in 
the complex 

Non-obligate 
complexes 

consist of proteins that have a 
structure even if not bound in 
the complex 

Transient 
complexes 

Switch between association 
and dissociation 
Short half-life time 
Obligate or non-obligate 

Permanent 
complexes 

More stable 
Usually disrupted by 
proteolysis 
Usually obligate 

Note: actually no clear distinction between these complexes, rather a continuum 
           stability of complex also depends on pH, temperature, ions, chemicals … 



Dynamics of PINs 

• Phosphorylation 
 

= reversible addition of a phosphate group to a target protein 
 

Protein kinase: adds the phosphate group 
Phosphatase: removes the phosphate group 
 

 Change in activity of target protein 
 

Ca. 3—50% of proteins phosphorylated under a given condition 
 

Some proteins are more often phosphorylated: TFs, kinases 
 

Phosphorylation sites: 8 - 12 aa short motifs 
                                         Evolve rapidly 



The Interactome 

= The whole set of molecular interactions in a particular cell 
 

Typically displayed as an undirected graph 
 

The word "interactome" was originally coined in 1999 by a group of French scientists headed 
by Bernard Jacq. 
 

The term specifically refers to physical interactions among molecules  
(but sometimes also used for indirect interactions among genes (GRNs) 

DISC1 and its core interactors 



Experimental approaches to measure PPIs 

Yeast-Two-Hybrid system (Y2H): 

Only if two proteins interact  blue cells 



Experimental approaches to measure PPIs 

Co-Immunoprecipitation (Co-IP) and subsequent mass spectrometry: 

Co-IP: 
Using an antibody against a known protein that is believed 
     to be a member of a larger complex of proteins  
To “pull down” the entire protein complex out of solution  
Then identify unknown members of the complex using MS 

Mass spectrometry (MS):  
Determines the masses of the molecules of a sample  
Ionizing the chemical compounds of the sample  
    generates charged molecules or molecule fragments  
The ions are separated according to their mass-to-charge 
    ratio 
This signal is processed into the spectra (singular spectrum)  
The atoms or molecules can be identified by correlating 
     known masses with the identified masses or through 
     a characteristic fragmentation pattern 

Mass spectrum of a peptide 



Experimental approaches to measure PPIs 

Y2H Co-IP + MS 

High-Throughput 
 
Detects direct interactions 
Also detects transient interactions 
 
Better in detecting non-specific  
  tendencies towards sticky interactions 
 
Also detects false positive interactions 
   between proteins that are never  
   expressed in the same time and place 

High-Throughput 
 
Detects presence in a protein complex 
Favors stable complexes/interactions 
 
Better in detecting functional in vivo PPIs  
 
 
No false positives of PPIs never occurring 
   in-vivo 
 



The Interactome 

Current yeast interactome: 
• Estimated 38.000 – 75.000 interactions 
• Estimated to be 50% complete 
 
Current human interactome: 
• Estimated 154.000 – 369.000 interactions 
• Estimated to be 10% complete 
 
In both cases estimated 30-80% false positives 

 Current knowledge still very limited 



Dimerizations 

Common for some families of TFs to bind to DNA:  
bHLH, bZIP, Nuclear Receptors (NRs), MADS-Box, HD-ZIP, NF-kB, STATs 
 
Interactions usually transient 
Can act as reversible switches 
 
Form a large, dynamic network 
Controls many processes: e.g. cell cycle, reproduction, development, homeostasis, metabolism 
    immunity, programmed cell death 
 
DNA binding domain usually conserved 
Dimerization domain usually less conserved 



Dimerizations 

One TF can have multiple binding partners 
Depending on partner different function 
 
Theoretically number of dimers = N homodimers + (N * (N-1))/2 heterodimers 
In humans 118 bHLH  7021 dimers 
  51 bZIPs    1326 dimers 
  48 NRs      1176 dimers 
 
In practice: Which TFs interact depends on  
    concentration of each TF 
    modifications of each TF (activity) 
    affinity of TFs to each other 
     only 350 bZIP dimers detected 
 
When dimerizing TFs duplicate, their sisters tend to keep the same interaction partners 
but divergence also occurs 



Dimerizations 

Amoutzias et al. 2004 

bHLH network 
Hub-like 

NR network 
Hub-like bZIP network 

Not hub-like 
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Barabasi and Oltvai 2004 

Some pathway catalyzed by a Mg2+ dependent enzyme: 

All interacting metabolites 
are considered equal 
 

Links: reactions converting 
one substrate into another 

Only representation of source 
metabolites and products 
 

Cofactors (ADP/ATP) are ignored in 
representation 

Metabolic reactions 

Nodes:  nutrients, metabolites, products, cofactors 
Links:    reactions 
              directed 
              nutrients have only outgoing links 



KEGG = Kyoto Encyclopedia of Genes and Genomes 

KEGG = A collection of online databases dealing with genomes, enzymatic pathways, and  
              biological chemicals  
 
Initiated by the Japanese human genome program in 1995 
 
The KEGG PATHWAY database records networks of molecular interactions in the cells 
e.g. “Chemical Universe”: info about biochemical compounds and reactions 
collection of manually drawn pathway maps on the molecular interaction and reaction 
networks for metabolism and other cellular processes 



KEGG = Kyoto Encyclopedia of Genes and Genomes 

Example Citrate Cycle: 



Metabolic networks are interconnected with GRNs and PINs 

Example Nuclear hormone receptors: 
 

PPI of hormone and receptor 
PPI of dimerization of two hormone-receptor complexes 
GRN: hormone-receptor complexes bind as dimers to DNA to activate gene expression 
Expression of proteins participating in signaling cascades or metabolic functions … 

None of the molecular networks are independent, instead they form a ‘network of networks’ 
that is responsible for the behavior of the cell! 



Metabolic networks are interconnected with GRNs and PINs 

Galactose signaling pathway (GAL pathway): 
 

Uptake of the sugar galactose from the environment to put it into glycolysis pathway 
In cytosol: enzyme GAL10p initiates degradation of galactose 
In addition: galactose binds to GAL3p and activates it to GAL3p* 
GAL3p* binds GAL80 and inhibits it from inhibiting GAL4p 
GAL4p transcriptionally activates the other GAL proteins 
 

Feedback loops via gene regulation: 
Positive feedback: GAL2↑  further GAL2↑ 
                           GAL3↑  further GAL3↑ 
But also negative feedback: GAL80↑ suppression of GAL4p  GAL80↓ 

Red arrows = Four stage signaling cascade: Galactose in the 
environment controls the transcriptional activity of the GAL 
genes  

GAL3p* = GAL3p has bound galactose 

Pointed arrows = activation 
Blunt arrows = inhibition 

Blue arrows = feedback loops  
established by Gal2p, Gal3p, and Gal80p 



Metabolic networks are interconnected with GRNs and PINs 

None of the molecular networks are independent, instead they form a ‘network of networks’ 
that is responsible for the behavior of the cell! 



Metabolic networks are interconnected with GRNs and PINs 

Feedback loops: 
 

The balance between the strengths of the positive and negative feedback loops 
    determines which steady state the system will eventually obtain 
 

GAL network remembers previous galactose exposure over hundreds of generations 



Summary molecular networks 

All these molecular networks are inter-connected in the cell 

GRNs PINs MNs 

Nodes:  Proteins 
Links:     binding 
               undirected 

Nodes:  Proteins 
Links:    (in)activation 
               directed 

Nodes:  nutrients, 
metabolites, products, 
cofactors 
Links:    reactions 
              directed 

Nodes:  Genes including TFs 
Links:     transcriptional  
               activation/repression 
               directed 
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Why do species look different? 



Why bother how networks evolve? 

Organismal complexity 

• correlates with number of PPI domains per protein 

• Correlates with expansion of certain gene families (e.g. TFs) 

Phenotype determined  

by the sum of all interactions in the cell  

(and interactions of cells) 



Why bother how networks evolve? 

Comparison of networks between species to 

• Find universal core network components 

• Find lineage specific network components 

• Find species specific network components 



Fate of duplicates 

Occur quite frequently 
But become fixed rarely 
Almost all eukaryote underwent one or 
   more rounds of WGD 
   e.g at the origin of vertebrates 2 WGDs 
Important for speciation, adaptation 

Whole Genome Duplication (WGD) Single Gene Duplication (SD) 

Occur frequently 
But also “die” frequently 
Half life of a duplicate is ~4 million years, 
    then pseudogenization 
Fixation in population:  
    ~1 out of 100 genes per million years 
 

Genomes grow by duplication  Addition of nodes to the molecular networks 



Fate of duplicates 

Whole Genome Duplication (WGD) Single Gene Duplication (SD) 

Genomes grow by duplication  Addition of nodes to the molecular networks 

“Original network” 

TF TF 
tg 

tg 
tg 

tg 



Divergence of SGDs 

Sequence divergence: 
New target genes 

Expression divergence: 
Function in other tissues 
or time points 

Pseudogenization 

Very rapid, within a few million years! 
One copy diverges: neo-functionalization 
Both copies diverge: sub-functionalization 

Often asymmetric divergence: one duplicate retains much more links than the 
other (although both will have more links in common than expected by chance) 



Fate of duplicates 

Innan & Kondrashov 2010 



Whole Genome Duplications 

Duplicated genes are called ohnologues (Susumu Ohno, 1970) 
 
After WGD:  
    Organism is tetraploid for a short period of time 
    Then extensive gene loss, genomic rearrangements 
     until organism is again diploid 

Ohnologues are kept in the genome much more frequently than SGDs – Why? 
 
• Protein dosage effect 
• Buffering of essential genes 
• Enhancement of metabolic fluxes 
• Rapid divergence of gene pairs 

Network rewiring: 
 

Even though WGDs and SGDs have on average the same connectivity (ca. 10 PPIs per protein) 
     WGDs share more common interactors than SGDs 



Dosage Balance Hypothesis 

Important to keep the stoichiometric balance  
         e.g. for PPI: to form proper complexes 
         e.g. GRNs: to keep the balance of activators and repressors 
 
 Genes that are sensitive to dosage should 
          be less involved in SGDs 
          be preferentially retained after WGD 
          e.g. TFs, genes involved in signal transduction 



Fate of duplicates 

Occur quite frequently 
But become fixed rarely 
Almost all eukaryote underwent one or 
   more rounds of WGD 
   e.g at the origin of vertebrates 2 WGDs 
Important for speciation, adaptation 

Whole Genome Duplication (WGD) Single Gene Duplication (SD) 

Occur frequently 
But also “die” frequently 
Half life of a duplicate is ~4 million years, 
    then pseudogenization 
Fixation in population:  
    ~1 out of 100 genes per million years 
 

Ohnologues compared to SGDs: 
• Diverge less in function 
• Diverge less in network links 
• Are more often in transient interactions 
• Are more dispensable (b/c of redundancy) 



Evolution of GRNs) 

“Original network” 

Node duplication 
Node deletion 

Sequence change in TF Sequence change in binding site 

Whole genome duplication 



Transcription factors (TFs) 

Modified after Messina et al., 2004 

~ 1500 TFs in human genome 

RFX 

ZNF 

HOX 

BHLH 

Β-Scaffold 

BZip 

NHR 

Trp cluster 

FOX Bromodomain 

T-Box 

Jumonji 

E2F 

Dwarfin 

Paired Box 

Heat shock 

Tubby 
AF-4 

Methyl-CpG-binding 

AP-2 

TEA 

Pocket domain 

GCM 

Other 

Structural 

ZNF 
762 

HOX 
199 

BHLH 
117 
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Archaea 

Human 
Mouse 
Ciona 

Drosophila 
C.elegans 

Numbers of TFs are different between 
species 

# of TF domains: 
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Different TF families dominate in 
different species 



 Example: Neofunctionalization 

Duplications of transcription factor RUNT: 

Runt 

Runx 1, 2, 3 

 Ihh PTH  Sox9  Col2α1  Cartilage T 
Runx 2, 3: Teeth 

Runx 1, 2, 3: Bones 

Runx 1: Blood cells 

Sequence of Runx 1-3 very similar, but different expression patterns  
Rewiring of GRN  evolution of new tissues 



Schmidt et al. 2010 

TFBS change quickly between species 

Conservation and divergence of TF binding. For (A) CEBPA and (B) HNF4A, the pairwise 
distribution and numbers of binding events are shown as a pie chart distributed into the 
following segments: intergenic (red), intronic (yellow), exonic (blue), and promoter (TSS ±3 kb) 
(green) regions. The left-most column contains the distributions of the bulk genomes. The right-
most pie chart represents all binding events in each species, with the total number of alignable 
peaks above the total peaks (in parentheses). 



Gain and loss of DNA binding 
sites leads to divergent gene 
expression 

Why are expression levels different? 



Evolution of dimerization networks 

Mutations Mutations 

SGD SGD WGD 

Gained interaction 
Lost interaction 



Evolution bZIP network, 
Amoutzias et al. 2008 

Evolution of dimerization networks 



Authors argue that: 
• Importance of a TF is better reflected by its position in the hierarchy than by its hubiness 
• Prediction of outcome of a mutation is better based on the position in the hierarchy than 

based on hubiness 

Evolution of networks (changes in hierarchy) 

Bhardwaj et al. 2010 



Elements of networks change with different 
speed and consequences 

Hierarchy 

Top layer 
Kernels 

Initial TFs 

Core layer 

Bottom layer 
Differentiation batteries 

Terminal TFs 

Big effect: 
Hubs 
Initial TFs 
Less frequent 
Species differences, 
Disease 
 
 
 
 
 
 
Small effect: 
Peripheral nodes 
Terminal TFs 
More frequent 
Cell differentiation 

• Mutations of the most central players (e.g. hub or core TFs) and of initial modules (e.g. kernels or top 
TFs), are expected to have the most dramatic impact because they influence many other genes in the 
network.  

• Hub TFs evolve more slowly because their mutation tends to disrupt critical features of the network.  
• Core and ‘top-layer’ TFs are generally more highly conserved and the removal of hub genes from (e.g. the 

yeast) network is often lethal. 
• In metazoans, mutations in kernel TFs, are typically highly consequential and often lethal.  
• These observations explain why kernels are highly con-served between species and metazoans have 

broadly similar body plans. 



Slow evolution of kernels 

Endomesoderm specification kernel, common to 
sea urchin and starfish. The relevant area of the 
sea urchin network is at the top; the 
corresponding starfish network is in the middle; 
and the network architecture, which has been 
exactly conserved since divergence—i.e., the 
kernel—is shown at the bottom.  

Possible heart specification kernels. Some aspects of the 
GRN that may underlie heart specification in Drosophila 
are at the top; the approximately corresponding 
vertebrate relationships are shown in the middle; and 
shared linkages are shown at the right. Absence of a 
linkage simply means that this linkage is not known to 
exist. A core set of regulatory genes are used in common 
and are linked in a similar way in a conserved subcircuit. 
The gray boxes represent in each case different ways that 
the same two nodes of the network are linked in 
Drosophila and vertebrates. 
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