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Outline

ÅFrom expression data (reverse engineering)
Networks 
Inference

ÅExperiments and Predictions:

ÅProtein -Protein Interactions

ÅProtein -DNA Interactions

Large -scale 
Network Data 

ÅRandom Graph Model ( Erdös -Renyi )

ÅSmall -world model ( Strogatz -Watts)

ÅEvolutionary models ( Barabasi ïAlbert)

Network 
Models

ÅNetwork modules: clustering

ÅNetwork motifs

Network 
organization

Thomas Manke
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Seminars

ÅBinding Motifs and Motif Finding

ÅScores and Protein -DNA binding 
sites 

Prediction of 
Regulatory 
Interaction

ÅBiophysical binding models

ÅPredicting expression (Drosophila)

Prediction of 
Gene Expression

ÅMarkov Processes on Graphs

ÅMarkov Clustering algorithm

Network 
Deconstruction:

Clustering

Thomas Manke
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Exercises

ÅPreparation for ñKlausur ò

ÅProjects (extensive)Content

Åtheoretical and practical tasks 
(web -search & programming) 

Åat most two students
Scope

ÅattendanceEvaluation

Thomas Manke
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Interaction ăĄ Function

Thomas Manke

Structural, signaling, enzymes
Stable & transient
complexes & binary
Dynamic ñmachinesò
Molecular crowding

E.coli

Not static !
Not a single function !

Proteins  do not act
in isolation !
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Thomas Manke

Protein -Protein Interactions
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From Components to Networks

Thomas Manke

Å2 mating types 
(a/ a)

Å~ 6000 genes
yeast

Å~ 250 cell types

Å~ 30,000 genes
human

Components:

Not static!

Protein Interaction Network in Yeast

Ą many more proteins and modifications
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Proteins

Thomas Manke

Domains:
e.g. transcription factor

Fusions:
e.g. genetically engineered
TAG
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Identification of protein complexes: 
basic idea

Ą Automation ?
Bait
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Large -scale analysis of protein 
complexes

1. Cell-lysation

2. tandem affinity-purification

3. gel-electrophoresis:  size (mass) separation

4. digestion of individual bands (trypsin)

5. Mass-spectrometry & database search

Functional organization of the yeast
proteome by systematic analysis of
protein complexes
Gavin et al. (Nature 2002)

Seminal paper:
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Identification of complex members

Gavin et al.: 1739 ORF processes Ą éĄ 232 complexes identified

3. Gel -electrophoresis:
Size (mass) seperation

5. Mass -spectrometry and 
database search

4. Digestion of 
individual bands
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Example: Polyadenylation machinery

Different entry points 
(baits=tagged proteins)

Ą

similar bands

Model of protein complex
with novel components

Ą functional annotation

Ą Stable core/ dynamic periphery
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Higher - level organization

Complexes are linked
by shared proteins

Colours denote functional
Annotation ( eg. cell cycle )

Later: network properties
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Accuracy and coverage

òWe estimate that 
more than half of all 

current high -
throughput interaction 
data are spuriousò

von Mehring et al. (Nature 2002)

Add information (data integration): co - localisation , co -expression,é

reproducibiliy ~ 70%
66 ñstickyò proteins

Repeated experiments

Comparison with reference
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TAP-MS: Limitations and Advantages

Åno binary interactions

Åbias towards large and abundant proteins

Å non -specific binding

Åneed lots of material

Å tag may interfere with complex formation

Åprotein identification through MS

Limitations

ÅIn vivo

ÅLarge -scale, unbiased

Å56% of known complexes found
Advantages
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How to count TAP -MS interactions ?

Matrix and spoke model

Bait

Spoke:     N - 1
Matrix :    N*(N - 1 )/2

# proteins spoke matrix

4 3 6

10 9 45

80 79 3540

Ą binary interaction screen
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Yeast -Two hybrid screen:
binary interactions

Thomas Manke

Read-out (transcription):
Åfluorescence
Ågrowth in hostile media

Fields S, Song O (Nature 1989)

basic idea

Protein fusions : X to binding domain (BD), Y to activation domain (AD)
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Plasmid construction

Thomas Manke
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DNA manipulation and yeast growth only 

Proteins are expressed in a cellular environment

Independent of endogenous protein expression levels

Binary information

The yeast two -hybrid system

Challenge: how to assay 36 million combinations ?
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A cDNA library screen (classical)

Towards large -scale Y2H

The Matrix approach ( Uetz 2000)

ñUnlimitedò pool of proteins

Domain information

Highly redundant

Less amenable to automation

Sequencing necessary

Limited set of proteins

Immediate information on PPI

Reproducible procedure

Equal probability of PPI identification

Relatively low costs, automation

Variations: Combination of pooling and pair -wise retesting (Ito 2001)
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A comprehensive analysis of protein -protein
interactions in Saccharomyces cerevisiae

Uetz et al, NATURE|VOL 403|10 February 2000

A comprehensive two -hybrid analysis to explore the 
yeast protein interactome
Ito et al, PNAS|VOL 98|22 January 2001

Many interactions 841 (Ito -Core) ~ 90% novel

False positives ~50% TP ~50% 
From reference + annotation

False negatives ~90% From reference

Small overlap ~16%plasmid Different plasmids (+mutations)
Different stringency
Not saturated
Stochastic activation signals
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Y2H: Limitations and Advantages

Åstructural changes in fusion proteins

Åyeast

Åself -activation

Åin nucleus

Åproteins may not be simultaneously expressed 

Limitations

ÅIn vivo

Åscalable

ÅFast

ÅTransient interactions

ÅUnbiased ( eg. wrt abundance, function, é)

Advantages
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Small overlap of large -scale studies

Approaches are 
complementary !

Ådifferent bait proteins 
Ådifferent gold -standards
Ådifferent counting
Ådifferent conditions
Ådifferent protocols

Problems for comparison

TAP-MS
Y2H

reference

Typical Venn diagram
illustration, not to scale !
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Error terms in binary classification

+ -

+ TP FP

Type-I

- FN

Type-II

TN

m
e

a
s
u

re
d

ñtruthò

Precision / PPV :
TP / (TP+FP )

FPR:
FP / (TN+FP)

FNR :
FN / ( TP+FN)

Sensitivity:
TP / ( TP+FN)

Specificity:
TN / ( TN+FP)

Accuracy : 

(TP+TN) / (TP+FP+TN+FN) 

FDR :

FP / (TP+FP )
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Fisher exact test

Thomas Manke

m = Gold - standard (truth)
n =Predictions
K = overlap = TP
N = Universe

Probability of observing overlap k by chance

+ -

+ TP FP

- FN TN

Contigency table Venn diagram R.A. Fisher (1890 -1962)
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Thomas Manke

Predicting Interactions
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Phylogenetic profile method

Pellegrini et al, PNAS 1999

Interacting proteins 
more often co -evolve

Predict interactions 
based on phylogenetic 

profiles
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Rosetta Stone approach

>6500 protein-pairs can be mapped to 

single protein in some other genome. 

Marcotte et al (Science 1999)
Hieroglyphic, Demotic and Greek

E.coli

Extensions: Gene fusion Ą Gene neighbourhood
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Predictions should be combined: 
STRING DB

× Gene neighbourhood

× Phylogenetic profiles

× literature

× Co-expression

× Databases

von Mering et al. (NAR 2005)

>750,000 proteins 
>150 species
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Summary: PPI

ÅYeast -Two Hybrid (binary int.) 

ÅTAP-MS (complexes)
Experimental

ÅPhylogenetic Profiling + Distances

ÅGene Fusion + Neighbourhood
Predictions

ÅData Integration

ÅFalse Positives and False Negatives
Error Control

Thomas Manke
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Thomas Manke

Protein -DNA Interactions
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Control of gene expression

Thomas Manke

1. Where and when do TF bind ?
2. How do they change transcription rates ?

Integration of  signals from 
sequence and environment

Example: NFkB pathway



Max-Planck-Institut 
für molekulare Genetik

33

Experimental binding data: ChIP -chip

B. Ren et al., Science 2000

enriched control

What is on the array (chip) ?

ChIP = 
Chromatin ImmunoPreciptation

chip = 
microarray, spotted with ssDNA

Å Yeast: Intergenic regions (~1000 bp )
Å Mammalian: Tiling arrays (~25 bp )
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Binding Matrix

Thomas Manke

transcription factors

p
ro

m
o

te
rs

In -silico predictions:
~30,000 human promoters
~ 500 vertebrate TFs

In -vivo experiments
Human:
~30,000 promoters, 1 -5 TFs
Yeast:
~ 6,000 promoters, 200 TFs

Typical numbers:

Binding 
Strength
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Example: Yeast Regulatory Network

threshold

~200 TFs

~
6

0
0

0
 p

ro
m

o
te

r

Lee et al. Science 2002

Ą network properties ?Ą normalization ?

Regulation of regulators

Later more é
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Experimental binding data: ChIP -seq

Mapped reads on genome browser

üproduce millions of short reads
üHuge resources: >1TB/run
üneed fast mapping tool
üGenome -wide binding data
üPeak- finding algorithms

enriched control

Deep - sequencing

Solexa

25bp reads
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ChIP-seq also needs control !

Thomas Manke

control

enriched

Are there significantly more reads in signal than control ?
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Thomas Manke

A Case Study:
A single transcription factor
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Bach1 and heme

Bach1 =  basic leucine zipper TF

transcriptional ïmetabolic control

6 heme binding sites
Ogawa et al, Nature 2001

Bach1 =  heme sensor

Heme : oxygen transport, 
ferrous iron Fe 2+

Bach1 Hmox1

d
e

g
ra

d
a

ti
o

n
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Hmox1: the promoter of a known target

Affinity

Conservation

ChIP-chip 
score

ChIP-seq

Hmox1

peaks
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Bach1 binding sites reside near TSS

Many sites are 
evolutionary conserved

This suggests they are
functional

Many target genes are 
up - or down -
regulated after Bach1 
knock -down
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ñRegulation of the Regulatorsò

Eric Davidson

Krox

Otx

GataE
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Thomas Manke

Predictions of

Protein -DNA Interactions
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Thomas Manke :   
Biologische 
Netzwerke
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Binding sites are variable

Thomas Manke
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Score cutoff

Sequence Preferences of Transcription Factors

from Philip Bucher

Ą site -specific score

Binding model:
from known sites or 
motif discovery (MEME)

Sequence logo = 
binding motif

Motif Databases:
TRANSFAC, JASPAR, é
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Summary: PDI

ÅChIP-chip ( hybridisation ) 

ÅChIP-seq (sequencing)
Experimental

ÅMotifs + Scores ( Ą Seminars)Predictions

ÅData Integration

ÅFalse Positives and False Negatives
Error Control

Thomas Manke



Max-Planck-Institut 
für molekulare Genetik

Thomas Manke

One major omission:

Metabolic Networks
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Enzymatic Reactions

Thomas Manke

Enzymatic degradation

Reaction rate

Michaelis -Menten

Substrate
S

Product
P

Enzyme E
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Metabolic Network

Thomas Manke


