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Introduction to Systems Biology



Introduction to Systems Biology!

Examples from the European Network of Excellence ENFIN!
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DNA RNA Proteins 
Small 

molecules 

Next Generation Sequencing 

Functional Genomics 

Molecular Biology 

Hypothesis-driven research 

Genomics Transcriptomics Proteomics Metabolomics 

Computational integration 

Systems Biology 

Function prediction, Network reconstruction, systems-level modeling 

Cellular phenotypes 



  Systems Biology is the study of the interactions between the 
components of a biological system, and how these interactions give rise to 
the function and behaviour of that system (for example, the enzymes and 
metabolites in a metabolic pathway).  

 From Wikipedia http://en.wikipedia.org/wiki/Systems_biology 



STRUCTURE 

Gene                  Protein    Molecular network 
Organelle   Cell   Cellular Network 

Tissue   Organ   Organism   Ecosystem 

FUNCTIONAL       

Regulatory     Growth              Metabolic       

Electrical      Mechanical       Transport 

DATA TO THEORY    

Empirical Data   Statistical Modeling   Predictive Modeling  

Mathematical            Ontologies    Systems Analysis   

EASE OF EXPERIMENTS, MODELS 

Simple bacteria: rapid reproduction  

Eukaryotes: still relatively simple, rapid reproduction 
Single cells (cell lines, fertilized eggs): simple system, more difficult to obtain, maintain, artificial environment 
In-vivo studies of  model organisms: complex, more relevant 
Primates, Humans: highly complex and relevant 

NEED FOR APPROPRIATE TOOLS 

High Throughput  Quantitative and Qualitative Results   

Single cell data  Organ level data 

Systems Biology has a wide range of dimensions 



  It is impossible to fully model biological systems, even at a single level. 

  It is possible to create useful reductionist models that improve understanding, at several levels: 

  Bioinformatics (genotype-phenotype) 

  Systematic biology (pathways with linear linkage) 

  Systems biology (single or interlinked pathways with quantitative and dynamic calculations 
iterated with experiments) 

  Physiology with key effects identified (e.g. Oxford Prof. Noble – Heart modelling) 

Systems Biology has a wide range of  dimensions 



Integrative Systems Biology 

- Biological data 

- Databases 

- Analysis tools: Bioinformatics  

- Integration into Systems Biology: ENFIN  



DNA RNA Proteins 
Small 

molecules 

Genomics Transcriptomics Proteomics Metabolomics 

Computational integration 

Systems Biology 

Next Generation Sequencing 

Functional Genomics 

Function prediction, Network reconstruction, systems-level modeling 

Cellular phenotypes 

Molecular Biology 

Hypothesis-driven research 



Data acquisition 

Technology platforms 

Gene expression   DNA microarrays 
    SAGE 

Protein levels                  2-D gel electrophoresis
    Mass spectrometry 
    Phosphoproteomics 

Small molecule metabolites  Metabolomics 

Sugars    Glycomics 

Interactomes   Immunopurification 
   Yeast-2-Hybrids 

Large-scale perturbation methods 

RNAi screens 

GFP-tagged recombinant protein expression 

Chemicals screens 



Qualitative Data 

Quantitative Data 

Data Collection!

Biological Ontologies
Small chemical entities ChEBI www.ebi.ac.uk/chebi
Gene Ontology GO www.geneontology.org
Taxonomy Newt www.ebi.ac.uk/newt

Literature
Genetic diseases OMIM www.ncbi.nlm.nih.gov/omim
Literature CiteXplore www.ebi.ac.uk/citexplore

Nucleotides                
Genomes Ensembl www.ensembl.org
Nucleotide Sequences EMBL-Bank www.ebi.ac.uk/embl

Proteins
Proteins UniProt www.ebi.uniprot.org
Enzymes IntEnz www.ebi.ac.uk/intenz
Structure MSD www.ebi.ac.uk/msd
Enzymes BRENDA www.brenda-enzymes.info

Pathways and Networks
Pathways Reactome www.reactome.org
Biological Models BioModels www.ebi.ac.uk/biomodels
Pathways KEGG www.genome.jp/kegg
Pathways Chillibot www.chilibot.net
Pathways iHOP www.ihop-net.org/UniPub/iHOP
Pathways Panther www.pantherdb.org/panther
Pathways Ingenuity www.ingenuity.com
Pathways GeneGO www.genego.com
Pathways BioCyc www.biocyc.org
Transporters TransportDB www.membranetransport.org
Thermodynamics NIST xpdb.nist.gov/enzyme_thermodynamics/

Gene expression Array Express www.ebi.ac.uk/aerep
Protein interaction                  IntAct www.ebi.ac.uk/intact
Reaction Kinetics SABIO-RK sabiork.villa-bosch.de
Cellular phenotypes MitoCheck www.mitocheck.org
Growth phenotypes ASAP asap.ahabs.wisc.edu/asap/home.php
Metabolite concentrations Systomonas www.systomonas.de
Metabolite concentrations Escherichia coli Multi-omics Databaseecoli.iab.keio.ac.jp
Reaction fluxes Escherichia coli Multi-omics Databaseecoli.iab.keio.ac.jp
Kinetic Parameters KMedDB sysbio.molgen.mpg.de/KMedDB



OVERVIEW 



Workflow Management 
Platform 

enXML 

EnCORE WebServices 

enXML 

Data Integration!
EnCORE - ENVISION!

Features: 

-  Open standards (SOAP, WSDL, XML, WS-I Basic Profile 1.0)"

-  Well-supported technologies (JAX-WS, AJAX)"

-  Enables data retrieval, analysis tools and algorithms"

-  Standard interface and data exchange format"

-  Support of set-based operations"

-  In-document audit trail"

-  Modular webservices"

Registry of  databases and webservices 

Protein localizations 

Cellmint 

Molecular interactions 

IntAct 

Gene expression 

ArrayExpress 

Protein identifications 

PRIDE 
Pathways 

Reactome 

Affy to UniProt mapping 

Affy2Uniprot 

Molecular models 

BioModels 

Protein ID mapping 

PICR 

find functional terms 

ggost 

Kegg pathways 

Kegg 

UniProt to Affy mapping 

Uniprot2affy 

Uniprot database 

Uniprot 

Standardization and inter-operability: 

-  Data standardization:"

         Cellular Assays (MIACA)"
         Microarray Experiment (MIAME)"
         Molecular Interactions (PSI-MI)"
          ….."

-  Standardization of experimental protocols"

-  Use of controlled vocabulary: Ontologies"Small molecules 

ChEMBL 

H. Hermjakob (EBI, UK)!



Data Integration!
EnCORE - ENVISION!



http://www.enfin.org/products/envision/ 



Ensembl 

     Genomes 

EnVision 

Taverna 

PRIDE 

Protein  
identifications 

ArrayExpress 

Microarray 
data  

IntAct 

Molecular  
interactions 

Reactome 

Pathways  

EnCore 
XML 

EnCore 
XML 

Workflow Management!
EnVISION!



P 

P 

Smad4 

Nucleus 
Cytoplasm 

TGFß 

Smad7 (I-Smad) 
Ub 

Ub Ub 

Smad4 
Ub 

Activated 
SMAD complex 

Co-activator or 
co-repressor 

Ski/Sno 
Ub 

Ub Cell-specific 
DNA-binding 

co-factor 

Cell-specific target gene 

DNA 

P 

Ub 

Ub 

Smad2/3 
Sara 

Smad2/3 Smad2/3 

P Ub 
Smad2/3 

Type II receptor 
Type I receptor 

Unidirectional movement Bidirectional movement 

Enzymatic reaction 

Smad2/3 
P 

Smad4 

Smad2/3 
P 

Smad4 

Smad2/3 
P 

Smad4 

Key 

P Ub Phosphorylation Ubiquitylation 

Example: The TGF-beta pathway!



Workflow Management!
EnVISION!

Example case: 

Query with: TGF-beta receptor type-2 

UniProtKB/Swiss-Prot P37173 (TGFR2_HUMAN) 



Workflow Management!
EnVISION2!



Integrative Systems Biology 

- Biological data 

- Databases 

- Analysis tools: Bioinformatics  

- Integration into Systems Biology: ENFIN  



Experimental validation Experimental validation Experimental validation 

Analysis Platform!

Computational prediction Computational prediction Computational prediction 

Semantic similarity 
Fused-domain architectures 
Domain over-representation 
Inherited protein interaction 
Literature mining iHOP 
Vector machine 
Neural network 

Co-regulated genes (clusters) 
Promoter study (modules) 
Direct/indirect TF targets 

Boolean modeling 
Kinetic modeling (ODE) 
Constrain-based modeling 



Example 1: Where do we expect a protein with a 
function in mitosis to localize? 

Centrosomes 
(SPINDLE POLES) 

Microtubules 
(CENTRAL SPINDLE) 

Kinetochores 
(CHROMOSOMES) 

Microtubules 
(SPINDLE) 

γ-tubulin HURP Hec1 MKlp2 

α-Tubulin 

DAPI 

Microtubules 

DNA 

E. Nigg, MPIB, Munich 



New Mitotic Spindle Proteins 

Nucleic acid 
binding proteins 

165; 21% 

Uncharacterized  
proteins 
154; 19% 

Known spindle 
proteins 
151; 19% 

Mitochondrial 
proteins 
54; 7% 

Ribosomal  
proteins 

50; 6 

Diverse cellular functions  
and/or loclizations 

221; 28% 

Analysis Platform!
Discrete Function Prediction!

E. Nigg (Biozentrum Basel, Switzl.)!
A. Valencia (CNIO, Sp.)!

C. Orengo (UCL, UK)!
S. Brunak (DTU, Denmark)!

Semantic similarity 
Fused Domain architectures 
Domain over-representation 
Inherited Protein Interaction 

Literature mining iHOP 
Vector Machine 

Neural Networks 

Protein Purification 

Validation of  Candidates 

Function Prediction 

Data Analysis 

Silljé and Nigg, Methods 2006 
Sauer et al., Mol Cell Proteomics 2005 
Santamaria et al.,  Current Biol. 2008 



Protein localization: Immunofluorescence 
Microscopy 

M
yc
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MK13 FYN CCDC99 WDR75 KIAA1794 Pesc1 

CREST 

E. Nigg, MPIB, Munich 



www.funcNet.eu!

Analysis with Workflow!
Discrete Function Prediction!

C. Orengo (UCL)!

Kahlem et al., Comptes Rendus Biologies 2009 



G. Cesareni, Univ. Tor Vergata, Rome, Italy 

Analysis Platform!
Protein Interaction Networks!

G. Cesareni (Uni Rome, It.)!
S. Brunak (DTU, Denmark)!

Peptide Arrays 

Domain Arrays 

SH2 Domain Interaction Network 

Prediction of  new interactions 

Validation of  Candidates:  
Pull-down Assay 

Kiemer et al., Proteomics 2007 



 Differential gene expression Prediction of  regulatory networks 

Unchanged expression 

A 

B C D 

E F 

Set of  down-regulated genes  

Set of  up-regulated genes 

Unchanged expression 

Normal KO-A KO-B KO-C



Co-expression of  TGFβ target 
gene(s) 

across multiple datasets 

J. Vilo, EGeen, Estonia 



Analysis Platform!
Network Reconstruction!

Gene Expression Study 

TGF-beta Regulatory Network 
LKB1 

Comparison of  TGFβ target genes across 
multiple datasets 

Promoter analysis 

Data Analysis 

Validation of  Candidates: RNAi 



Analysis Platform!
Network Reconstruction!

J. Adjaye (MPI, Germany)!
J. Vilo (QURETEC)!

I. Xenarios (SIB, Switzl.)!

KD - Gene Expression 

ES cells Regulatory Network 
Identification of  target genes of  
Oct4 

Promoter analysis 

Data Analysis 

Validation of  new targets 

ChIP-chip 

Modeling 

Jung et al., PlosONE 2010 



Modeling methods 

. Kinetic modeling 

. Boolean modeling 

. Constrain-based modeling 

A                  v1                 B                 v2                   C        

1                                        1                        0  

Experimental data availability 

Choice of  the system 



Need for informatics to understand biology 
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Wrong Real 

From Zi Z. MPIMG, Berlin, Germany 



Experiments 
Literature 

Model topology 
Size 

Components 
Reactions 

Constructing 
system of  

Ordinary Differential  
Equations 

Implementing 
experimental parameters 
and initial concentrations 

Parameter estimation 

Simulating  
various versions  

of  the model 

Predicting  
novel properties  

of  the system 

v1 

v3 

d[A]/dt=v1-v2 
d[B]/dt=v3-v4 
…. 
…. 

v2 

v4 

A 

B 

0

2

4

6

8

10

12

0 1 2 3 4 5 6 7 8 9

Constructing a mathematical model of  a biological system 



Parameter Estimation �

From Zi Z. MPIMG, Berlin, Germany 

Modeling Signaling pathways: TGF-beta 

 

Kinetic modeling �



SBML language 

From M. Barberis, MPIMG, Berlin, Germany 



Modeling Signaling pathways: TGF-beta 

From Zi Z. MPIMG, Berlin, Germany 

 

Kinetic modeling �



A kinetic core model of  the glucose-stimulated insulin 
secretion network of  pancreatic beta cells 

Jiang N, Cox RD, Hancock JM. 
Mamm Genome. 2007 Jul;18(6-7):508-20 



Boolean modeling 

From DiCara A., Merk Serono, Geneva, Switzerland 

Modeling Signaling pathways: TGF-beta 



223 = 8.388.608 activation states !! 

From L. Mendoza, UNAM, Mexico 

Need for informatics to understand biology 



Model design tools 

"   Full SBML support 
"   Graphical notation (SBGN) 
"   Built-in simulator (SBML ODE Solver) 
"   Integrate with Analysis tool, other 

simulators through SBW 
"   Database connection 
"   Export to PDF, PNG, … 
"   Freely available 
"   Supported Environment 

"   Windows (2000 or later) 
"   Mac OS X 
"   Linux 

http://www.celldesigner.org



Constrain-based modeling 

From M. Durot, Genoscope, France 

Modeling metabolic networks: 
Central carbon metabolism in Yeast 



Models database 



www.ebi.ac.uk/intact www.reactome.org 

Data Integration!
Storage of Predicted Data!



Reactome!
Database of curated biological reactions!www.reactome.org 

CatalystActivity 
(GO mol function) 

Output 1 

Reaction 

Input 1 

Input 2 Output 2 

Regulation Stats For Homo Sapiens: 

Proteins: 5037 

Complexes: 3515 

Reactions: 3837 

Pathways: 1059 

NIH!
ENFIN!

EBI Industry Programme!



www.reactome.org 



Experimental studies 

Genes/Proteins of  interest 

ENCORE 
ArrayExpress 

Reactome 
ChEMBL 

IntAct 
BioModels 

… 

Databases 

Information 
Tissue localisation 

Pathways 
Physiology models 

Drug targets 
Interactors 

…. 

Keys: 
Platforms 

Data 

Extension of  ENCORE Standards / 
Quantitative data 

Computational methods  
Development / Assessment / Integration 

Experimental methods  
Development / Assessment / Integration 

Training Documentation SME outreach Management 

Computational 
Analysis 

Discrete function 
prediction 

Network reconstruction 

Systems-level modeling 

Candidates 

Genes 
Pathways 

Drugs 

Experimental 
Validation 
Gene invalidation 

Gene overexpression 
Protein localization 

… 
: 

Cells lines 
Mouse models 



Discrete Function Prediction 

Protein Interaction Networks Prediction 

Functional Networks Reconstruction 

Molecular Systems Modeling 

Experiments 

Predictions 

New model 

Open-hypothesis screens 

Hypothesis-driven 

Parameter measurement 

Prediction of 
unknown 

parameters  

Testing 
specific 

cases  

Parameter  
estimation 

Other 
datasets 

Training sets 

Analysis Platform!
Data Integration!



ENFIN Website: www.enfin.org  

Training      Conferences      100+ Publications       Documentation 



EnSUITE 
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